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Abstract
Dynamic combinatorial chemistry utilises reversible reactions to set up a dynamic library of molecules, with the library composition determined by the thermodynamic stability of each library member. Upon addition of a protein template, any library members which bind to the template are stabilised and amplified. Analysis of the library composition enables the identification of molecules which bind to the template protein. The suitability of two enzyme catalysed reactions catalysed by N-acetylneuraminic acid aldolase and subtilisin® Carlsberg was investigated for use in the synthesis of a DCL. A 173 component dynamic combinatorial library was successfully synthesised using these reactions with the resulting library screened against two protein template molecules, wheat germ agglutinin and Div1B. Several methods were investigated for the simplification of DCL analysis including the immobilisation of protein template molecules and the segregation of DCL proteins using semi-permiable membranes, however, the preferred method for the simplification of DCL analysis was found to be the use of size exclusion column chromatography to isolate protein-ligand complexes. This has lead to the identification of novel substrates for wheat germ agglutinin and Div1B.
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Adenosine Triphosphate - ATP
Alkene Cross Metathesis - CM 
Atomic Mass Units - amu
Benzotriazol-1-yl-oxytripyrrolidinophosphonium Hexafluorophosphate - PyBOP®
Bacillus subtilis - B.subtilis
Bovine Carbonic Anhydrase II - bCA II
Bovine Serum Albumin - BSA
Calmodulin - CaM
Carbonic Anhydrase - CA
Carbonic Anhydrase II - CA II
Change in Enthalpy - ΔG
Change in Entropy - ΔS
Deoxyribonucleic acid - DNA
Dimethylformamide - DMF
Dimethyl Sulfoxide - DMSO 
Diaminopyrimidine - DAP
Dissociation Constant - Kd
Dynamic Combinatorial Chemistry - DCC
Dynamic Combinatorial Libraries - DCLs
Dynamic Combinatorial Library - DCL
Electron Withdrawing Group - EWG
Electrospray Ionization Mass spectrometry - ESI-MS
Enzyme - Enz
Escherichia coli - E.coli
Ethacrynic Acid - EA 
Fourier Transform-Infra Red - FT-IR
Glutamine - Q
Glutathione - GSH
Glutathione S-Transferase - GST
Guanosine Triphosphate - GTP
H-D-Ala-D-Ala-OH - DADA
Hen Egg White Lysozyme - HEWL
High Performance Liquid Chromatography - HPLC
High Resolution Mass Spectrometry - HRMS 
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Isothermal Titration Calorimetry - ITC
Ketodeoxynonulosonic Acid - KDN
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Liquid Chromatography-Mass Spectrometry - LC-MS
Liquid Chromatography-Mass Spectrometry -Mass Spectrometry - LC-MS-MS
Liquid-Assisted Grinding - LAG
Mass Spectrometry - MS
Mass Spectrometry-HPLC - MS-HPLC
Methanol - MeOH
Molar Substitution Ratio - MSR
N-Acetylglucosamine - GlcNAc 
N-Acetyl-D-glucosamine - D-GlcNAc
N-Acetyl-D-mannosamine - ManNAc
N-Acetyl-D-neuraminic Acid - Neu5Ac
N-Acetyl-D-neuraminic Acid Aldolase - NANA
Naphthalenediimide - NDI
N-Demethylvancomycin - NDMVan
N-Methylmorpholine - NMM
N,N-Diisopropylethylamine - DIEA
Nuclear Magnetic Resonance - NMR
Phosphate Buffered Saline - PBS
Phosphatidyl Choline - PC
Polyethylene Glycol 3 - PEG3
Polyethylene Glycol Polyacrylamide Copolymer - PEGA
Polymerase Chain Reactions - PCR
Pre-Equilibrated DCL - pDCL
Pyruvate - PA
Resin-Bound DCC - RBDCC
Ribonucleic Acid - RNA
Root Mean Squared - r.m.s.
Serine - S
Structure Activity Relationship - SAR
Sugar Amino Acid - SAA
Systematic Evolution of Ligands by Exponential Enrichment - SELEX
Thin Layer Chromatography - TLC
Total Peak Area - TPA
Total Aldol Product Area - TAPA
Total Aldol Product Height - TAPH
Transition State Analogues - TSAs
Trifluoroacetic Acid - TFA
Ugi 4-Component Reaction - Ugi-4CR  
Ultra Violet - UV
Ultraviolet/Visible - UV/Vis 
Ultra Violet High Performance Liquid Chromatography - UV-HPLC
Virtual Combinatorial Library - VCL
Wheat Germ Agglutinin - WGA
1,4-Dithio-D,L-threitol - DTT
1,8-Diazabicyclo[5.4.0]undec-7-ene - dbu
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide) - EDC 
2’-Amino-2’-deoxyuridine - U*
5-(Dimethylamino)-1-napthalinesulfonamide - DNSA
9-O-Methoxymethyl - 9-O-MOM
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[bookmark: _Toc326047421]3.1. Dynamic Combinatorial Chemistry

Dynamic Combinatorial Chemistry (DCC) is a relatively young field with the concept first documented in 1996.[1] Since then, many examples of chemical libraries synthesised using DCC principles (Dynamic Combinatorial Libraries (DCLs)) have been published, but many technical improvements are still needed before DCC can be used as an effective tool for a range of applications including drug discovery chemistry. This introduction will highlight the range of DCLs created thus far in order that the full scope of DCC as it currently stands can be understood. The weaknesses and deficiencies within the field will be identified which will provide justification to investigate and develop further techniques which will improve upon these deficiencies.

[bookmark: _Toc326047422]3.1.1. What is DCC?

DCC is defined as combinatorial chemistry under thermodynamic control.[2] It is based upon Le Châtelier’s principle which states that if a change in conditions occurs in a system containing a dynamic equilibrium, the position of the equilibrium will shift to counteract this change. This means that if, for example, the concentration of a product in a Dynamic Combinatorial Library (DCL) is decreased, the conversion of starting materials into that product will increase to counteract this change. It is therefore imperative that any reaction linking library members in a DCL is reversible.[3] 

The thermodynamic stability of each library member in a DCL can be altered by applying selection pressures such as pH and temperature to the DCL. This would select, for example, pH-dependent molecules.[4] There are a range of different selection tools which can be used in a DCL,[2] however, the selection tool which is used most commonly and which is the focus of this project is a template. A template can be used to influence the geometry or structure of a product. Generally it will bind to a specific DCL member and stabilise it. This shifts the equilibrium towards the stabilised library member and usually results in an amplification of the concentration of this stabilised molecule. This is known as thermodynamic templating.[5],[6] Usually the template can be removed from the reaction at the end of the library synthesis. 

Although a DCL usually selects the compound which binds most strongly to the template, it is possible that a DCL can select a molecule which is not, in isolation, the most stable species. In explaining this phenomenon, it is important to take into account the fact that DCLs are complex molecular networks[7] in which members are connected by a complex set of equilibrium reactions, and as such, DCLs do not always amplify the most stable compound. The final equilibrium distribution of a DCL is determined not by the thermodynamic stability of a single molecule, but by the combined total thermodynamic stabilities of all species in the mixture.[8]

DCLs can be used for in situ screening of combinatorial libraries without the need for separation or deconvolution steps.[9] It may not be necessary to produce all members of the library with equal efficiency, since library products formed in trace amounts may be amplified enough for detection.

Despite its potential, DCC has not been widely used for fragment-based lead discovery thus far. This is primarily because of a wide range of technical hurdles which must be overcome before DCC can be applied easily in this way.[10] 

[bookmark: _Toc326047423]3.1.2. Early DCLs

One of the first examples of fragment-based lead discovery using a DCL was performed by Huc and Lehn.[11] They developed the concept of a virtual combinatorial library (VCL) which is a potential library made up of all possible combinations in number and nature of the available components which could potentially react together via reductive amination to form new secondary amine products.[11] In their experiments, a VCL is made based upon recognition directed assembly of inhibitors of carbonic anhydrase (CA) II, a well characterised Zn (II) metalloenzyme. All potential VCL molecules can be seen in Table 1.
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Table 1. Precursor amines a-d and aldehydes I-1-I-3 with resulting components of the combinatorial library. The products are given as the amines resulting from hydride reduction of the initially formed amines. Aldehydes I-1-I-3 are reduced to form the respective alcohol side products (I-1’-I-3’).[11]
Two libraries, one with and the other without CA, were prepared as in Table 1. The fifteen reduction products and four starting amines can be seen as separate signals in the high performance liquid chromatography (HPLC) trace shown in Figure 1A for the non-CA containing library and in Figure 1B showing the effect of adding CA to the library. Although the traces look similar there are a few key differences. The first difference is seen in a 20-30 % decrease in the yield of I-1a-I-1d and I-2a-I-2d. The proportions of amine products obtained from the sulphonate aldehyde I-1 and the carboxylate aldehyde I-2 are, however, unchanged by the presence of the enzyme. The amounts of the products of the aldehyde sulphonamide I-3 change in the presence of CA with an 80 % decrease in the abundance of I-3a and I-3d, it more than doubles the abundance of I-3b and it does not change significantly the abundance of I-3c.
[image: ]
Figure 1. HPLC traces of the final reaction mixtures of a + b + c + d (at 4 nM) with I-1 + I-2 + I-3 (each at 0.4mM) and NaBH3CN (1.2mM) in aqueous phosphate (20mM, pH 6). A corresponds to the trace without CA, B corresponds to the trace with CA.[11] 
Reprinted with permission of the publisher.

In order to further determine that the above effects were valid, experiments containing a single aldehyde and two amines were conducted. With aldehyde I-1 or I-2, the presence of CA did not result in a change in the proportions of the products, however, when aldehyde I-3 was used in the presence of CA, it had an influence on the products formed. These experiments demonstrated the varying affinity that each substrate had with CA. After I-c, I-b is the second best competitor for aldehyde I-3 and the ratio I-3c/I-3b is only increased by a factor of 4.5 in the presence of CA. Amine I-d is the poorest binder to CA when condensed with I-3. This is demonstrated with the ratio of I-3c/I-3d being multiplied by 20 in the presence of CA. The effect of CA is reduced to a ratio of only 2 for I-3c/I-3d when the CA inhibitor hexyl 4-sulphamoylbenzoate is present in the reaction mixture.

The above DCL demonstrated the potential that DCC has in identifying the strongest binder to a target molecule such as CA from a library of molecules. It introduces the possibility of using DCC for fragment-based lead discovery, a technique which could reduce the need for the costly synthesis and screening steps often used in lead discovery. It, however, only demonstrated a proof-of-principle towards the utilisation of this technique in fragment-based lead discovery. Many more suitable reversible reactions, which are also orthogonal to peptide/protein chemistry, are needed before DCC can be used on a routine basis. 

[bookmark: _Toc326047424]3.1.3. The Reactions of DCC

Following the early promise of the dynamic libraries created by Huc and Lehn, DCC research has centred upon two key areas; expanding the size of DCLs and introducing new reversible reactions that can be used in DCC. The addition of new reversible reactions for use in DCC is of vital importance if DCC is to be used for fragment-based lead discovery as it allows for diversity to be introduced into libraries.  By far the most common functional group used in DCLs thus far is the thiol functional group which has been used predominantly for disulphide exchange reactions but also for conjugate addition and thioester exchange.





[bookmark: _Toc326047425]3.1.3.1. DCLs Using Thiols

Disulphide Exchange



Figure 2. Structures of the disulphides used as precursors in a library to probe CaM.[12]

Disulphide exchange is the most widely used reversible reaction in DCC, with many examples of its use found in the literature. Its most prevalent use is in reactions linking together two ligands of low relative affinity in order to create a high affinity bifunctional ligand.[13] These bifunctional ligands can bind into one large pocket or into two pockets of a monomeric or multimeric protein. A well-studied target for these bifunctional ligands is the calcium transducer Calmodulin (CaM). It has been shown that simultaneous binding of peptides into both CaM domains and additional interactions with the central linker lead to a higher binding constant in comparison with small monomeric ligands.[12] The structures of some typical disulphides used as precursors in a DCL can be seen in Figure 2. In this case, a cysteine residue was used to link the disulphides and the reversible chemistry needed to create a DCL was provided by the disulphide bond of the cysteine linker. Experimental conditions compatible with thiol/disulphide exchange were created using an excess of 1,4-dithio-D,L-threitol (DTT). 

After analysing the library using ultra violet high performance liquid chromatography (UV-HPLC), 15 disulphides were found in a non-CaM containing library whose identities were confirmed using mass spectrometry,[13] whilst in the CaM containing library, the peaks corresponding to molecule I-7 and the molecule made up from the exchange reaction between molecules I-7 and I-8 are significantly more intense in the presence of CaM in relation to the non-CaM containing library. 

The above DCL demonstrates that disulphide exchange reactions can be successfully used to create a DCL aimed at finding novel bifunctional substrates for a protein template. It shows that experimental conditions can be developed to allow for protein template molecules to be present within the DCL without any denaturation when conditions suitable for disulphide exchange are utilised. The size of the DCL created, however, is relatively small.

A further variation on the use of disulphide exchange to create bifunctional ligands uses a technique known as tethering. In this technique, reversible disulphide bonds between a cysteine residue in a protein and a thiol-containing fragment were used to enable the capture and identification, by mass spectrometry, of weak binding fragments.[14] A further development known as tethering with extenders involves the identification of a companion fragment in the presence of a known binding moiety or ‘extender’.[15] A third technique, known as tethering with dynamic extenders[10] uses two disulphide groups in the extender. The first disulphide group allows both targeted and reversible cysteine modification whilst the second disulphide reversibly captures fragments, allowing detection of those with binding affinity. This technique has been demonstrated using the protein kinase Aurora A[10] which has a suitable adaptive binding pocket (Figure 3).


[image: ]
Figure 3. Tethering schematic.[10] 

Initially a cysteine residue was introduced next to the adenosine triphosphate (ATP) binding site of Aurora A using site-directed mutagenesis. Then a dynamic extender (I-9) was synthesised based on a diaminopyrimidine (DAP) known to bind in the purine binding site. One arm of the linker binds to the introduced cysteine residue in the purine binding site, the other has the potential to bind to disulphide-containing fragments. A library of fragments were then incubated in the presence of Aurora A with fragments which bind to the adaptive region of the protein in close proximity to the extender forming a stabilised disulphide bond with the extender. These complexes were then identified by electrospray ionisation mass spectrometry. Fragments were screened in pools of ten and an example of a fragment which was a hit was fragment I-10 in Figure 3. A co-crystal of a library member and Aurora A was obtained to confirm that the purine moiety binds to the ATP binding pocket.

This technique appears to be a powerful tool for the identification of bifunctional ligands, with ligands for Aurora A identified. It does, however, require site-directed mutagenesis to introduce a cysteine residue next to one of the protein target’s binding sites, which complicates the DCC process, and it relies upon there being a known binder to this binding site which may not always be the case with other target molecules. It must also be stressed that although a wide range of fragments were screened for binding into the second binding site; these were only screened in pools containing 10 molecules at a time, once more giving a small DCL size.

DCL size can be expanded by creating a range of macrocyclic structures from very few dithiol building blocks (Figure 4). In a DCL which used Transition State Analogues (TSAs) as the template molecules, exposure of the DCL composed of a range of dithiol macrocycles to the TSAs resulted in the amplification of two receptors for hydrophobic ammonium ions.[16] 



Figure 4. Dithiol building blocks.[16]

The same library was then used to look for catalysts for the Diels-Alder reaction between acridizinium bromide (I-14) and cyclopentadiene (I-15).[17] Product I-16 (Scheme 1) was used as a TSA with addition of this molecule to the library resulting in the amplification of two macrocycles, I-17 and I-18 (Figure 5). These molecules were identified using HPLC and mass spectrometry. Diels-Alder experiments with I-17 present in the reaction mixture exhibited a small acceleration in the rate of reaction. 


Scheme 1.[17] Diels–Alder reaction schematic demonstrating the similarity between transition state and product.


Figure 5.[17] Structures of macrocycles I-17 and I-18.

Whilst the above DCL is a good example of a DCL composed of macrocycles and of how very few dithiols can be used to create a large number of DCL components, the DCL is aimed at determining catalysts for the Diels-Alder reaction rather than for use in fragment-based lead discovery.
  
Most recently, disulphide exchange has been used to identify ligands for the Tau Exon 10 splicing regulatory element Ribonucleic Acid (RNA).[18] A series of building blocks were synthesised with known affinity for RNA (Figure 6) and after incubation of the monomers with biotinylated RNA immobilised on streptavidin magnetic beads, the RNA-ligand complexes were removed magnetically and subjected to denaturation. The resulting solution was analysed by mass spectrometry-HPLC (MS-HPLC) with results shown in Figure 7. The key differences between the RNA containing and non-RNA containing libraries include amplification of the Acr2-Nea and Acr2-Acr2 library members of around 3600 % and 2300 % respectively. In addition to this, amplifications ranging from between 140 % and 200 % for the TyrP-Acr2, TrpP-Acr2 and Azq-Acr2 were also observed. This suggests that those ligands which contain the Acr2 moiety bind most strongly to the RNA. Further binding studies revealed that although the Acr2-containing molecules bind to the RNA with high affinity, they have a limited specificity, whereas those molecules which bind to the RNA with a lower affinity such as Acr1-Nea have a greater specificity.



Figure 6. Building blocks used in a DCL containing the Tau Exon 10 spicing regulatory element RNA.[18]
[image: ]
Figure 7. MS-HPLC results from the incubation of a number of building blocks with known affinity for RNA in the presence and absence of the Tau Exon 10 spicing regulatory element RNA.[18]
Reprinted with permission of the publisher.

Interestingly, in this example, the isolation of RNA-ligand complexes by immobilising the RNA on magnetic beads has the potential to significantly simplify DCL analysis. This is because only those molecules which bind to the RNA will be analysed in the reaction mixture resulting from the denaturation of the RNA-ligand complexes. Unfortunately, in this case, it would appear that most of the ligands bind to the RNA to some degree. This means that the post-denaturation reaction mixture contains most of the ligands and therefore the relative quantity of each ligand has to be determined in relation to a DCL which contains no RNA. If a degree of specificity could be built into the reaction procedure such that only those ligands which bind most strongly to the RNA were seen in the reaction mixture following denaturation, this would simplify DCL analysis which in turn may allow DCL size to be increased.



Figure 8. Building blocks used to create bi-phasic DCLs.[19]

One of the major obstacles when creating DCLs is ensuring that conditions are suitable for protein template molecules. This means that pH needs to be as close to neutral as possible and that reactions generally have to be conducted in aqueous conditions. Often this means that hydrophobic reagents cannot be included in DCLs, however, disulphide exchange has been used in conjunction with phase-transfer DCC in order to allow the incorporation of hydrophobic substrates into a DCL.[19] A range of carboxylate building blocks are used which are insoluble in organic solutions but which can form a strong ion-pair with an organic base. This promotes interactions between hydrophobic building blocks in the organic phase. A DCL was created by adding I-19 (Figure 8), which is soluble in aqueous solution and I-20, which is soluble in chloroform to a biphasic solution of water and chloroform. In addition to this, N-methylmorpholine (NMM) was added as a base. An ion-pair complex is formed between NMM and I-19, increasing the hydrophobicity of I-19 alone and allowing for the reaction between I-19 and I-20 in the organic phase to form a linear trimer composed of both I-19 and I-20. Addition of a third building block, I-21, to the DCL was used to confirm that the reaction was under equilibrium. This was done by analysing the solution of a DCL where all three components had been added together and a DCL where I-21 was added after equilibrium of I-19 and I-20. The same composition was achieved in both experiments demonstrating that the DCL was under thermodynamic control. 

The same building blocks (I-19, I-20 and I-21) were used in a further disulphide exchange reaction containing a cysteine functionalised naphthalenediimide (NDI) building block.[20] Air oxidation of I-19 in water at pH 8.5 yielded a DCL after 5 days which contained a mixture of dimeric, trimeric and tetrameric macrocycles in a distribution of approximately 50%, 35% and 15% of library material respectively. In a second set of experiments, created to probe the effect of different electron donors, I-20 and I-21 were added to two separate DCLs with the result that a colour change was observed in both DCLs. This suggested that donor-acceptor interactions were taking place between NDI and I-20 or I-21. In the DCL containing I-20, an increase in trimer concentration was observed (amplification factor 1.4), whilst when I-21 was present in a DCL, an increase in trimer concentration of around 80 % was observed (amplification factor 5.7).

The above example demonstrates that it is possible to create a biphasic DCL for the incorporation of hydrophobic molecules into a DCL. It is still very early in the development process of these techniques; however, if they could be mastered for a wider range of reactions and DCL applications, they have the potential to expand the scope of molecule and reaction that could be used in fragment-based lead discovery.
 
In addition to biphasic conditions, reversible disulphide bond formation has recently been conducted under mecanochemical conditions.[21] The specific conditions used were neat and liquid-assisted grinding (LAG).[22],[23] This involved grinding a stochiometric mixture of all solid reagents either neat or in the presence of 50 µL of acetonitrile. Results of several different equilibrium mixtures composed of I-22-I-22, I-23-I-23 and I-22-I-23 (Figure 9) show variability in the equilibrium mixture between solution-phase experiments and mecanochemical experiments. 

Whilst mechanochemical conditions are unlikely to be used for fragment-based lead discovery DCC, it is interesting to note the potential that DCC has for use with a wide variety of different reaction conditions and equipment.

There are several further examples of the use of disulphide exchange in DCLs, the reaction that is most widely used in DCC. The ability to create large numbers of different DCL members from only a few starting materials makes it an attractive reaction for use in DCLs. However, disulphide bonds do not lend themselves to the creation of DCL members which make ideal drug-like molecules as disulphide bonds are easily broken down in the body. For this reason, a range of other DCL reactions have been investigated utilising thiol functionality.



Figure 9. Molecules used to create DCLs using solution-phase and mecanochemical conditions.

Conjugate Addition

The conjugate addition of thiols to enones has been studied as a method for DCL synthesis.[24] The DCL created (Scheme 2), consisted of tripeptide glutathione (GSH I-24), three tripeptide GSH analogues I-25-I-27 which differ from GSH at the γ-glutamyl residue and the enone ethacrynic acid (EA) (I-28). The three tripeptide analogues were expected to be poor binders for the GSH binding region of the template molecule Glutathione S-Transferase (GST) as the γ-glutamyl residue is believed to be necessary for binding. This biases the DCL towards the GSH adduct I-29. The DCL in the absence of enzyme equilibrated in one hour to give a distribution of the four conjugates I-29-I-32, however, upon incubation of the same compounds with GST for ten minutes, the DCL collapsed to one adduct, GS-EA I-29. 


Scheme 2. DCL created using four tripeptides I-24, I-25, I-26 and I-27 which undergo reversible conjugate addition to EA (I-28) at pH 7.5 in the presence of GST.[24]

The success of the biased library showed that it was reasonable to extend the thiol addition methodology to the discovery of new GST inhibitors. DCC was used to explore the H-site of GST with a series of EA analogues. A DCL was prepared where a variety of EA analogues (R1R2 = a-n as shown in Figure 10) react with GSH to give a library of GS-EA adducts. 



Figure 10. DCL made using 14 EA analogues in the presence of GSH.[24]

The fourteen EA analogues were equilibrated with GSH in both the absence and presence of GST. It was verified that all of the expected GSH conjugates were present in the DCL using electrospray ionization mass spectrometry (ESI-MS) and those components that had been amplified were identified including I-34a, d, m and n whilst I-34f was seen to be reduced. IC50 values were obtained for the compounds with both I-34a and I-34n derivatives of EA being shown to inhibit GST at low macromolar/high nanomolar level.

The use of conjugate addition to create DCLs aimed at fragment-based lead discovery has been successful, however, as with previous DCLs, the library size is small. The use of only one enone molecule (EA) in the DCL limits the size and complexity of the library. Library size and complexity could be increased by using derivatives of EA with different functionalities.  
Thioester Exchange

[image: ]
Figure 11. Thioester DCLs featuring aliphatic (left) and aromatic (right) dithiols in bulk aqueous solution (top) and the phospholipid bilayer interface (bottom).[25]

Thioester exchange has been used to create a DCL at the egg phosphatidyl choline (PC) bilayer interface to compare the difference between molecules formed in solution and at the bilayer interface.[25]  Egg PC is a good model for cellular membranes and so investigating the way in which DCL molecules behave at the interface between the membrane and the bulk solution may lead to novel molecules which could interact with the membranes found in cells. A DCL was created in the presence of large unilamellar vesicles constructed from egg PC using both aromatic and aliphatic dithiols to give the library members seen in Figure 11. It can be seen that in solution, when the aliphatic thiols are used, the dominant DCL members are the cyclic heterodimer with a small amount of the cyclic tetramer also present. When the lipid bilayer is present the starting material (I-37) dominates followed by linear thioesters. When aromatic thiols are used, in bulk water, no compounds can be detected that contain more than one molecule of I-38. In contrast, at the lipid bilayer, many different linear species are present containing multiple copies of thioester I-39. This is the case because DCLs at the membrane interface are created using building blocks which can bind to the membrane. This means that DCLs next to the membrane are biased towards larger linear species, whilst smaller macrocyclic species are more abundant in solution-phase libraries.
 
The above reaction indicates the diversity that can be developed using thioester exchange reactions for the creation of DCLs. Using only two different DCL building blocks a huge number of theoretical DCL members can be created in one pot; however, the diversity of such a DCL is limited to different structural conformations of the two building blocks. It would be interesting to determine the effect of adding several building blocks into the DCL together (e.g. I-36 with I-35, I-37, I-38 and I-39) and to determine what effect this has on the DCL composition. 

A considerable amount of research has been directed towards the use of thiols for DCC and whilst many of the DCLs created have been successful in identifying novel binders to target molecules; many of the DCLs discussed above have been limited in their size and diversity. Larger DCLs created using disulphide chemistry have been created (see Section 3.1.4.) but on the whole, these DCLs also lack diversity. The immobilization of the template molecule may be a way of simplifying DCL analysis, however, in the example discussed above the experiment was not optimized to identify only those DCL members which bound most strongly to the template and so did not deliver any increase in DCL size or reduction in the analytical effort needed to analyse DCLs. Disulphide exchange reactions may not be suitable for identifying lead compounds as they are easily broken down in the body. For all of the above reasons it is worth investigating some other reactions which have been used in DCC.

[bookmark: _Toc326047426]3.1.3.2. Hydrazone Exchange 

Hydrazone exchange reactions have also been extensively studied for use in DCC. An example is a DCL based upon cyclodextrins which are an extensively studied class of molecules which can be used as ‘artificial’ receptors in host-guest chemistry.[26] The DCL was made using reversible acyl-hydrazone formation and exchange reactions for the synthesis of cyclic oligomers based on a furanoid sugar amino acid (SAA) repeat unit.[27] The addition of an acid to a building block functionalised with an aldehyde and a hydrazide catalyses deprotection of the aldehyde along with hydrazone exchange (Figure 12). This gives a DCL of interchanging cyclic hydrazone oligomers (Scheme 3). Analysis by electrospray mass spectrometry of DCLs created with I-40 which were catalysed with 25 µL of trifluoroacetic acid (TFA) showed that initially, cyclic oligomers An were formed. Analysis after a period of time, however, revealed a full complement of mixed oligomers containing both the protected (A) and deprotected (B) 2,3-cis diol species AnBn’ were obtained. The reaction proceeded from the partially deprotected species to the fully deprotected 2,3-cis diol species (Bn’) over time. After 72 hours the dominant species in the DCL was B2.



Figure 12. Reversible hydrazone exchange for the synthesis of a DCL of cyclic hydrazone oligomers. [27] 



Scheme 3. Generation of a DCL of cyclic carbohydrate oligomers utilising hydrazone exchange. A designates the 2,3-O-isopropylidene protected repeat unit while B designates the 2,3-cis diol repeat unit.[27]

In a further DCL utilising hydrazones to make cyclic species, a range of dimethyl acetal functionalised hydrazides were created[28] and treated with TFA to remove the dimethyl acetal protecting group and to catalyse formation of the macrocyclic N-acyl hydrazones. HPLC and electrospray ionisation-mass spectrometry (ESI-MS) analysis revealed that the dominant products formed were cyclic N-acetyl hydrazone dimers from meta substituted dimethyl acetal functionalised hydrazides (Figure 13). Trace amounts of trimer and tetramer could also be detected. In order to increase the range of compounds in the DCL, the aldehyde was switched from meta to para. This lead to the formation of macrocycles I-42 and I-43 (Figure 14). Inversion at the 3-position of the steroid to form the meta substituted dimethyl acetal functionalised hydrazide resulted in the formation of I-44 (Figure 15). Experiments in which a macrocycle was isolated and left under reaction conditions gave the same library distribution as was seen with the forward reaction proving that the reaction was reversible. The authors conclude that the meta substituted aldehyde leads predominantly to the formation of macrocyclic N-acyl hydrazone dimers at equilibrium. A para substituted aldehyde, however, allows for the formation of significant formation of macrocyclic trimer. 




Figure 13. Cyclic N-acetyl hydrazone dimers from meta substituted dimethyl acetal functionalised hydrazides.[28]




Figure 14. Macrocycles formed in the presence of para substituted dimethyl acetal functionalised hydrazides.[28]


Figure 15. Product formed upon inversion at the 3-position of the steroid to form the meta substituted dimethyl acetal functionalised hydrazide.[28] 
Similar studies into the suitability of hydrazone chemistry by the same group involved the synthesis of heterocyclic and steroidal motifs. When these molecules were treated with TFA a series of cyclic dimers was revealed as was seen in the above experiment. The authors, however, report a disappointing level of library diversity regardless of whether a single building block or mixed building blocks are used.[28]



Figure 16. mHis 

The above libraries are a good demonstration of the suitability of hydrazine exchange reactions for use in DCLs; however, they do not show the effect that adding a template has upon DCL component composition. More recently, cyclic oligomers have been created in a DCL using histidine-derived building blocks to produce metalloenzyme active site mimics.[29] Histidine is important in enzyme active sites as it acts as an acid/base residue[30] and as a ligand for transition metals in metalloenzymes.[31] Treatment of mHis (I-45) (Figure 16) with an excess of TFA or hydrochloric acid (HCl) yielded cyclic dimers, cyclic trimers, and cyclic tetramers, whilst longer reaction times lead to near complete conversion to the cyclic dimer. Template candidates in the shape of metal ions such as zinc triflate, cadmium chloride, mercuric chloride, copper (II) triflate, cobalt (II) chloride, and iron (III) chloride and anions such as diphenylphosphate and phenylphosphonic acid were added but did not affect the composition of the library. The final distribution of oligomers remained unchanged showing that no templating took place, possibly because interactions between imidazoles and metals are suppressed when the imidazoles are protonated in the acidic conditions present in the DCL. Substitution of the histidine imidazole to generate the N-benzyl-histidine derivative of I-45 (mBnHis (I-46)) (Figure 17) allowed the generation of a similar library of cyclic dimers, cyclic trimers and cyclic tetramers as was seen with I-45 but they also showed no templating behaviour.


Figure 17. mBnHis



Figure 18. Building blocks Fc−[CO−Val−NHNH2]2 (V), isophthalaldehyde (I), and 4-methylbenzhydrazide (H).[32] 

Templating behavior was seen in a DCL of hydrazone-linked, ferrocene-based macrocycles and linear oligomers. The DCL was created by reacting V (Figure 18), isophthalaldehyde (I) and 4-methylbenzhydrazide (H) in the presence of 1-naphthoic acid in 96:4 CHCl3/MeOH.[32] Analysis of the resulting DCL by Liquid Chromatography-Mass Spectrometry (LC-MS) revealed macrocycles (VI), (VI)2, (VI)3, and (VI)4 and the linear oligomers HIH, HIVIH, HIVIVIH, and HIVIVIVIH. Addition of Bu4NH2PO4 to the DCL caused an increase in the concentrations of HIVIH, HIVIVIH, and HIVIVIVIH as well as (VI) and (VI)3. This would suggest that these molecules are binding to the H2PO4-. The amplification factors for HIVIH, HIVIVIH, and HIVIVIVIH were 1.6, 1.8 and 2.5, respectively. It was determined that the linear oligomer HIVIH was actually a combination of two isomers; HIVIHA and HIVIHB with the HIVIHA isomer showing greater affinity to H2PO4- in NMR titration experiments. It was also determined that binding of each isomer to H2PO4- was in a ratio of 2:1. 

One of the major issues with the hydrazine exchange reactions developed thus far is that they require acidic conditions to form the DCL components. This means that template molecules that may be sensitive to acidic conditions such as proteins could not be used in these DCLs. For this reason, the use of hydrazine derivatives I-47-I-52 (Figure 19) containing electron withdrawing groups (EWG) to form hydrazones which are more readily hydrolysed has been studied to allow for the creation of a DCL at neutral pH.[33] When hydrazine derivatives are mixed with a model aliphatic aldehyde (isobutyraldehyde) or a model aromatic aldehyde (4-carboxy-benzaldehyde) in water under close to neutral conditions, hydrazone formation takes place.



Figure 19. Structures of amines I-47-I-52 and the steps in the formation of hydrazones.[33]
Integration of the 1H Nuclear Magnetic Resonance (NMR) signals corresponding to the individual library components allows calculation of the equilibrium constant of hydrazone formation. It was seen that the equilibrium constants vary over a wide range and do not correlate with pKBH+s of the hydrazines. In each series, the most stable hydrazone is formed from the amine bearing a single EWD group followed by the imine formed by the amine bearing one carbonyl EWD group and one phenyl ring (I-48). The reverse of the above reaction is demonstrated upon diluting a solution of hydrazone and observing its hydrolysis into the original hydrazine and aldehyde. At pH 6, equilibrium is reached in minutes and at pH 8, in an hour.

The above reactions have shown hydrazone exchange to be a suitable reaction for the creation of DCLs. Most of the DCLs are composed of macrocycles or linear oligomers making the reaction particularly suited for the identification of large molecules composed of a series of repeating units rather than smaller more drug-like molecules. The use of acidic conditions in the hydrazine exchange reaction also make it unsuitable for use in DCLs containing an acid-sensitive template such as a protein, however, the use of hydrazines to form hydrazones may enable the reactions to be carried out at more neutral pHs in the future.

[bookmark: _Toc326047427]3.1.3.3. Imines in DCC



Scheme 4. Structures of the building blocks and components of a DCL containing HEWL.[34]

One of the most promising reactions used thus far in DCLs for fragment-based lead discovery has been the generation of imines. Imines have been used in DCLs using hen egg white lysozyme (HEWL) as the template protein.[34] This enzyme cleaves N-acetyl-D-glucosamine oligomers (D-GlcNAc) into smaller units which, up to the tetramer, act as competitive inhibitors for HEWL.[35] The affinity of HEWL for D-GlcNAc oligomers lies in the 20-50 mM range and involves the D-GlcNAc oligomers binding into shallow carbohydrate-binding sites on HEWL. The DCL adopted is based upon a D-GlcNAc scaffold and uses the generation of imines to introduce diversity (Scheme 4). 
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Figure 20. Selected portion of HPLC chromatograms showing the products of the DCL prepared from amine A and aldehydes AI-54-AI-59 over 24 h: (A) in the absence of HEWL, (B) in the presence of 1 equivalent of HEWL, (C) in the presence of 3 equivalents of HEWL, and (D) in the presence of 1 equivalent of HEWL and 3 equivalents of chitotriose.[34]
Reproduced with permission of the publisher.

The DCL was created by adding two amine-derived carbohydrate compounds (amines A and B) to six aromatic aldehydes (I-54-I-59) and in the presence of sodium cyanoborohydride at room temperature and pH 6.2, slow formation of the amines was observed. Addition of HEWL to the library resulted in amplification of AI-55 and AI-59, whilst DCLs containing only amine A also showed amplification of these molecules (Figure 20). This confirmed that amine A is selected as a scaffold over amine B and that the 2-acetamido group is an essential feature for recognition of the library members by HEWL.[36] Inhibition constants for AI-55 and AI-59 were determined and compared to the inhibition constant of chitotriose, a known inhibitor of HEWL. Results showed that inhibition by AI-55 was competitive and in a similar range to that of chitotriose.

The above DCL is a model example of a protein template DCL constructed using a reaction that can function at neutral pH and room temperature. Functional group diversity is added to the DCL members which allows for the development of an understanding about which functional groups aid binding to the HEWL. Unlike some of the previous reactions discussed above, bonds formed in the reaction are strong and unlikely to be as easily broken down in the body as, for example, a disulphide bond. In addition to this, the DCL members are drug-like and not based upon large macrocycles or oligomers. Unfortunately DCL size is still small and the HPLC method of analysing the DCL may not allow for much expansion in size before peaks start to overlap.    

A  DCL utilising imine chemistry has also been performed with nucleic acids as template compounds.[37] A self-complementary hexadeoxyribonucleotide (I-60) bearing a 2’-amino-2’-deoxyuridine (U*) at its 3’-terminus (Figure 21) was reacted with a set of aldehydes (I-61a-c) in aqueous media. This reaction provides a dynamic mixture of conjugated duplexes whose proportions are dictated by their relative thermodynamic stabilities. Reduction of the imines with NaBH3CN lead to chemically stable secondary amines which could be analysed using HPLC. Results were compared to a reaction containing a non-self-complementary hexadeoxyribonucleotide with a significant increase in the proportion of I-62c observed in the DCL.


Figure 21. Selection by DCC of 3’-appended residues that stabilize a deoxyribonucleic acid (DNA) duplex.[37]

A second library was then formed using a tertiary-structured RNA complex formed by a loop-loop interaction between an RNA hairpin aptamer developed using systematic evolution of ligands by exponential enrichment (SELEX) and the TAR RNA hairpin element of human immunodeficiency virus (HIV)-1. A DCL was constructed containing I-63b-d and the aptamer I-63a (Figure 22). Reaction mixtures were incubated at 20oC, at pH 6 and in an aqueous environment for 16 hours. Inclusion of MiniTAR (a 27-nucleotide form of TAR) in the DCL lead to an amplification of around 20% for molecule I-63c.


Figure 22. Structures of appended R groups (b–d) that were screened by DCC for the stabilisation of a kissing complex formed between the MiniTAR (italic letters) target and the aptamer (I-63a, bold letters) incorporating a 2’-amino-2’-deoxyuridine.[37]

As well as DCLs composed of small drug-like molecules, the imine formation process has been used to explore the synthesis of larger heterocyclic molecules. This includes azacoronands, a group of heterocyclic polyamine ligands.[38] In an experiment to create a model DCL, a furan-derived dialdehyde (I-65) was mixed with an aliphatic diamino ether (I-66) and the reaction mixture was left to equilibrate for two days (Figure 23). Reduction of the library members was subsequently performed with NaBH4 followed by addition of TFA. After analysis of the DCL by HPLC, it was found that macrocycles I-71 and I-72 were predominant in the non-templated libraries. Upon addition of NaClO4.H2O to the library, amplification of macrocycle I-67 was observed from 3 % to 14 % of the sum of all compounds. Strong affinity of sodium to macrocycle I-67 was supported by x-ray analysis. 


Figure 23. Formation of the (1 + 2) imine library and its transformation into the secondary library of amines.[38]

In order to show that thermodynamic control governed the DCLS, a library composed of macrocycles I-71 and I-72 was templated with NaClO4.H2O and allowed to equilibrate for 2 days. This leads to exclusive formation of I-67. The outcome was exactly the same when the template was added simultaneously to the library with the substrate. This shows that the terminal state of the reaction is independent of the pathway leading to it and so the library is under thermodynamic control.

The method developed for library construction and analysis was used to synthesise macrocycles (Figure 24). Diamine I-70 was formed with an 84 % yield. Cations for the amplification of I-68 and I-69 were also examined but no conditions could be found for their amplification. A 10 fold decrease in substrate concentration, however, was found to amplify I-68 and I-69. The corresponding amine (I-71) and macrocycle (I-72) were isolated in 50% and 10% yield respectively from the (1+2) library in methanol. This concentration-dependence offers an easily applicable method of library composition control.



Figure 24. Amplification of various macrocycles from the (I-65 + I-66) library.


The reactions above showed that imine chemistry can be used for the creation of DCLs based upon macrocycles. As with previous DCLs composed of macrocycles, diversity in the library is mainly based upon the number of monomers which make up the macrocycle rather than there being a range of different monomers which form the building blocks of the DCL.

A disadvantage of the use of imine chemistry in DCLs is that the Schiff base is unstable which means that to analyse a DCL based upon imine chemistry a reduction step has to be included before analysis can take place. A recent development which can be used to freeze the exchange process of imine-based DCLs uses the ugi 4-component reaction (Ugi-4CR).[39] The Ugi-4CR is the one-pot condensation of a primary amine, an oxo component, a carboxylic acid, and an isocyanide to afford a N-substituted peptide backbone.[40]  It was found that addition of a 3-fold excess of an isocyanide and a carboxylic acid to a DCL was suitable for freezing a DCL composed of molecules containing a Schiff base. The library composition was not altered by the use of this reaction.

Imine chemistry has a great deal of promise for the creation of DCLs based upon small drug-like molecules and larger macrocycles. It is suitable for use in DCLs which rely on neutral pH and room temperature conditions and has the potential to be used in conjunction with many protein templates. As with many of the reactions discussed so far, DCL size is small and improvements need to be made in the analysis of larger DCLs so that DCL size can be increased.

[bookmark: _Toc326047428]3.1.3.4. Alkene Cross Metathesis

Alkene cross metathesis (CM) (Scheme 5) has been used to create a DCL with Carbonic Anhydrase II (CA II) as the host protein.[41] The DCL was constructed using allyl ester benzene sulphonamide as a scaffold building block (I-73 (Figure 25)). This building block has dual functionality possessing an allyl substituent for CM and an aromatic sulphonamide which acts as a bovine carbonic anhydrase II (bCAII) recognition fragment.  A further ten building blocks were prepared (o-x (Figure 25)) each containing a terminal alkene functionality for CM.
.


Scheme 5. Alkene cross metathesis.[41]

A simple library was constructed using only a single allyl ester benzene sulphonamide building block as a starting material (I-73) along with the 10 building blocks (o-x), all in the presence of bCA II. The only products formed were those from self CM (I-73yz and oo-xx); however, only I-73yz demonstrated affinity for bCA II. In an attempt to increase the proportion of the products I-73o-I-73x, a DCL was created using ten equivalents of o-x as the CM partner to I-73 (Figure 26). Screening was conducted using a fluorescence-based assay relying upon competition between the ligand 5-(dimethylamino)-1-napthalinesulfonamide (DNSA) and the test compounds for the active site of bCA II.[42],[43],[44] The results show that each of the products I-73o-x bind bCA II with differing affinities. The most potent product was I-73v with bulkier compounds such as those with amino acid side chains of leucine (I-73p and I-73s), phenylglycine (I-73t) and phenylalanine (I-73q and I-73u) showing a reduced bCA II affinity.



Figure 25. (A) Building block I-73 containing an aromatic sulphonamide moiety, bCA II recognition fragment and a terminal alkene (for CM). (B) Building blocks o – x each containing a terminal alkene for CM. (C) Possible self-CM products from building block I-73.[41]

[image: ]
Figure 26. (A) Preparation of DCLs from I-73 and each of o-x. (B) bCA II binding screen results at 10 µM.[41] 
Reproduced with permission of the publisher.

This example is one of a pre-equilibrated DCL (pDCL). A pDCL involves preparation of the DCL in the absence of the protein target and the library is screened post-synthesis for identification of components with affinity for the protein target.[45] Although it does not benefit from the amplification of potential binders by the target, a pDCL still benefits from the diversity of a library achieved by using reversible covalent reactions. 

The authors conclude that the observed trend of bCA II affinity obtained using a library without purification is significant due to the fact that synthesis and purification of CM products can be avoided at the early stage of the drug discovery time line. The DCL has the potential to be larger than most of the other DCLs described thus far as DCL products can be the product of self-CM or CM between different building blocks. It would appear, however, that it is difficult to get all potential CM products to form in the DCL. The creation of the DCL as a pDCL does mean that amplification of DCL products does not occur in this DCL. The composition of the DCL is not based upon the relative stabilities of the DCL members in relation to the bCA II template but upon the stability of the DCL members before the template was added. This necessitates the addition of a fluorescence-based assay to determine the strongest binder to bCA II making the DCL procedure more complex than would be ideal. It would be interesting to create a DCL using CM with the template molecule added at the beginning to see what effect this template has upon the composition of the DCL.

[bookmark: _Toc326047429]3.1.3.5. Acetyl Formation

The acid-catalysed reaction between carbonyls and alcohols to give acetyls has been used to construct a DCL. Until recently only two DCLs using this chemistry have been published [46],[47] with the formation of water during the equilibration period significantly complicating the use of acetyl formation in a DCL. However, a recent DCL has been constructed which uses triethylene glycol and 4-nitrobenzaldehyde to create a library which contains oligomers and macrocycles.[48] Following the reaction of these DCL members in the presence of sulphuric acid and in toluene, the reaction was quenched using potassium carbonate and the reaction mixture was separated using preparative HPLC. This revealed that over 15 library members had formed, both cyclic and acyclic. Addition of a range of ammonium cations caused a significant change in the concentrations of DCL members, with an increase in the concentration of macrocycles at the expense of other library members. Whilst this DCL shows the potential of acetyl formation reactions for the creation of DCLs, DCL size was, once again, small.

[bookmark: _Toc326047430]3.1.3.6. Thiazolidine Exchange

The acid-catalysed transacetylation of thiazolidines has recently been reported as a suitable reversible reaction for use in a DCL.[49] The reversible nature of the reaction to form thiazolidines under basic conditions has been demonstrated,[50], [51] however, it is only relatively recently that this reaction has been used in a DCL. The reaction was applied to a DCL combining I-74a with a range of aldehydes (I-75b-e). Yields of each library member can be seen in Scheme 6. In addition to the above DCL, a series of fused thiazolidine-oxazolidine heterocycles were synthesised which could be equilibrated at the oxazolidine moiety. This adds further diversity which can be incorporated into a DCL utilising the acid-catalysed transacetylation reaction. The use of thiazolidine exchange for DCC is still in its infancy, with the creation of a DCL in the presence of a suitable template molecule needed before its full potential can be realised. 


Scheme 6. Synthesis of heterocycles.[49]


[bookmark: _Toc326047431]3.1.3.7. Metal-Ligand Coordination
 
Salicylamides have been selected as ligands for ribonucleic acid (RNA). DCL components were organised around Cu2+  and were composed of compounds I-76-I-82 (Figure 27).[52] 

An RNA hairpin derived from the guanosine triphosphate (GTP)-binding P7 helix from the Pneumocystis carinii group I intron with the sequence 5’-UAGUCUUUCGAGACUA-3’ was synthesised. Experiments were conducted by placing the receptor (DNA or RNA) into a dialysis tube and this tube was immersed in a solution of I-77-I-82. Experiments were carried out in the presence and absence of CuCl2. Solutions were analysed by HPLC and can be seen in Figure 28. Dialysis conducted in the presence of Cu2+ shows a significant increase in the amount of I-81 selected by RNA. The authors suggest that this is because selection is driven by a specific recognition process. Ultra violet (UV) titration confirmed the ability of I-81 to bind the RNA hairpin with good affinity. 


Figure 27. Compounds synthesised for use in a DCL. R = amino acids.[52]

[image: ]
Figure 28. Results of selection experiments in the presence and absence of Cu2+.[52]
Reproduced with permission of the publisher.

This experiment demonstrates the important role that Cu2+ has in enabling both DNA and RNA to bind to molecule I-81. It shows that metal-ligand coordination can be successfully used to construct a DCL. Interestingly, in this example, the receptor molecule is contained within a dialysis device. This allowed for the receptor to be easily isolated and removed from the DCL. It may be that this technique could be further utilized to remove template molecules from a DCL to allow different large DCL molecules such as templates and catalysts to be separated from each other within a DCL or to stop a reaction by removing a catalyst from the reaction mixture

[bookmark: _Toc326047432]3.1.3.8. DCL Reaction Overview

After studying the above reactions, it is clear that whilst some reactions are relatively well studied for use in DCLs, there is a lack of diversity in the range of reactions that are regularly used for DCL synthesis. In addition to this, some of the reactions discussed above are unsuitable for fragment-based lead discovery of small drug-like molecules as they lend themselves to the creation of larger supramolecular molecules that coordinate a target molecule. If DCC is to be used for lead discovery, it is essential that a wider range of suitable reactions are developed for use in DCLs. There are other reactions that have not been covered in this review, however, these reactions generally do not lend themselves to for fragment-based lead discovery or are still in their infancy in terms of being adapted for use in DCC. From studying the above DCLs it is also clear that DCL size is generally small and needs increasing before DCC can offer genuine efficiency savings for the discovery and initial screening of lead compounds.
 
[bookmark: _Toc326047433]3.1.4. Increasing the Size of a DCL

There is a great deal of speculation as to what the optimal DCL size is for efficient identification of the strongest binder in a DCL. This question is hard to answer as the typical average size of a DCL is currently small, however, it is desirable that DCL size is increased whilst still maintaining the DCLs ability to select the strongest binder so that as many molecules as possible are screened against the template protein in one pot. Separate experiments by Moore et al[53] and Corbett et al[54] gave indications that significant template-induced amplifications are seen in larger DCLs, however, these experiments used only a single building block. Ludlow et al have recently used dedicated DCLSim software[55] to model a series of DCLs made from 4, 6, 8, 10, 13 or 16 building blocks, giving theoretical DCLs ranging in size from 65 to 4828 compounds.[56] Each DCL was tested under 81 different experimental conditions. It was found that with increasing DCL size, the probability of finding a stronger binder also increased at a greater rate than the rate at which detection efficiency drops. Larger DCLs have a statistically smaller probability of failing to show any amplification than smaller DCLs. The authors recommend an optimum building block to template concentration ratio of around 10:1. The results would indicate that larger DCLs are possible and that contrary to the belief that they can inhibit the effectiveness of a DCL they, in fact, could aid the discovery of a strong binder.  

An example of just such a large DCL used a solution-phase disulphide DCL made from eight different thiol building blocks (Figure 29).[57] Results suggested that cyclic oligomers up to tetramer were sampled in this library, giving at least 9000 unique compounds. 

Figure 29. Thiol building blocks for the creation of a DCL.[57]

The template in this DCL was ephedrine (I-90). Ephedrine contains both hydrophobic and hydrophilic functionality and is protonated under the DCL conditions (pH 8.0). It was postulated that binding to this compound may take place via the hydrophobic and anionic groups of building blocks I-83-I-89 and I-19. Libraries were produced by mixing equal amounts of the eight building blocks with and without ephedrine and were stirred for one week. After HPLC analysis, it was clear that some peaks had appeared or increased in size.

The problem with screening such a large library is that many peaks co-elute in the HPLC analysis. An example is a peak at 17.5 minutes (Figure 30) which has a mass of 922.7. The compounds that could be present in the DCL within 0.5 atomic mass units (amu) of this mass are: (I-87)2(I-89)2, (I-86)2(I-88)(I-89)2, (I-84)2(I-87)3 or (I-84)4(I-85). Liquid Chromatography-Mass Spectrometry -Mass Spectrometry (LC-MS-MS) experiments allowed the authors to identify (I-87)2(I-89)2 as the product. Further compounds which were shown to be amplified in the library were a series of isomers of (I-87)2(I-89)2 and a tetramer of (I-87)3(I-89)3. Compounds (I-87)(I-89)3 and (I-87)2(I-89)3 were only detectable with the template present. This is worth noting as it shows that a molecule doesn’t need to be at a detectable concentration in the untemplated library as long as amplification is high enough to push the concentration above a detectable level in the templated library. Binding of ephedrine to the molecules amplified in the DCL was measured using isothermal titration calorimetry (ITC). Affinities for amplified DCL compounds are among the highest reported for this class of molecule in water.

[image: ]
Figure 30. HPLC chromatograms of DCLs made from building blocks I-83-I-89 and I-19 (5.0 mM total concentration in 50 mM pH 8.0 borate buffer) (A) in the absence of template and (B) in the presence of 5.0 mM ephedrine I-90.[57]
Reproduced with permission of the publisher.

In conclusion, it has been shown that large DCLs can be screened successfully in a DCL with in silico experiments showing that increasing DCL size increases the likelihood of seeing amplification of DCL members in the presence of a template. With increased DCL size, however, comes increasing difficulty in identifying those members which are amplified in a DCL. Work still needs to be done to identify a simple technique for the analysis of large DCLs.

[bookmark: _Toc326047434]3.1.4.1. Resin-Bound Dynamic Combinatorial Chemistry

One potential way of getting around the problem of screening large DCLs is to use resin-bound DCC (RBDCC). This technique simplifies characterization of library compounds by adding a spatial localisation dimension to the procedure. Practically this involves combining a library of resin-bound monomers with an identical library of monomers in solution and allowing the two to equilibrate in the presence of a fluorescently tagged target. Examination of the beads by fluorescence microscopy allows identification of selected library members. This spatial segregation allows the user to determine the monomers present in selected compounds, for example, with a dimeric RBDCC library of n monomers, if beads bearing monomers 1 and 2 are found to bind to the target, then it can be concluded that dimers 1-1, 1-2 or 2-2 are potential binders. This process has the potential to significantly simplify the screening of a DCL. 

A library was designed based upon DNA-binding compounds based loosely on the octadepssipeptide family of bis-intercalating DNA binding agents.[58] This family includes natural products such as echinomycin, triostin A and synthetic analogues such as TANDEM (Figure 31). A DCL was screened against a sequence reported to be preferentially bound by triostin A (DNA-1: 5’-TCTAGACGTC-3’)[59] and a sequence which is preferentially bound by its synthetic analogue TANDEM (DNA-2: 5’-CCATGATATC-3’).[60] It was believed that a library of peptide quinolines with the generic sequence C-R1-R2-Quin, when subjected to oxidative conditions which facilitate reversible disulfide exchange, would create a DCL of potential DNA binders. Nine quinoline tripeptides were synthesized on solid support using the amino acids serine (S), glutamine (Q) and histidine (H). In combination, these afford 45 unique disulphides and 54 total library members.




	Compound
	Amino acid 1 (R1)
	Amino acid 2 (R2)

	I-93
	Q
	Q

	I-94
	Q
	S

	I-95
	Q
	H

	I-96
	S
	Q

	I-97
	S
	S

	I-98
	S
	H

	I-99
	H
	Q

	I-100
	H
	S

	I-101
	H
	H


Figure 31. Natural product bis-intercalates echinomycin (I-91), TANDEM (I-92, R = H), and triostin A (I-92, R = CH3). Disulphide-mediated DCL of natural product bis-intercalater mimics (I-93-I-101, I-102).[58]

In order to compare a traditional DCL with RBDCC, a traditional solution-phase DCL was created. This involved adding the nine quinoline tripeptides (I-93-I-101, Figure 31) to vessels with the DNA and allowing them to equilibrate over a time period of up to 7 days. Acidification of the solution then halted the reaction before it was analysed by HPLC. It was clear from these experiments that the library composition was perturbed by the presence of DNA-2 but not DNA-1. It was noted; however, that chromatographic overlap and mass degeneracy prevented HPLC and LC-MS being used to identify the specific library member being amplified.

After this, the library was screened using the RBDCC protocol. Nine reaction vessels, each containing a single species of library monomer bound to Tentagel-s resin, were prepared. The monomers were trapped using thiopropanol and then each tube was treated with a solution of monomer thiols and DNA-2. The reaction was left to equilibrate for seven days at room temperature before being drained, washed and imaged using epiflourescence microscopy. The results of this experiment can be seen in Figure 32.

[image: ]
Figure 32. Fluorescence images of RB-DCC screening.[58]
Reproduced with permission of the publisher.

It can clearly be seen from the images in Figure 32 that beads bearing monomer I-97 gave the strongest fluorescence. This showed that I-97-I-97 has been selected. 1H NMR titrations were performed and gave a dissociation constant of 2.8 μM. This shows that RBDCC can be successfully used to simplify the identification of molecules binding to their target in DCLs.



Figure 33. HIV-1 targeted RBDCL.[61]

A greater scale DCL utilizing RBDCC was demonstrated using a library targeted at the HIV-1 frame shift regulatory sequence.[61] A library was designed using 150 amino acid and carboxylic acid building blocks, which, when allowed to equilibrate by disulphide exchange, had the theoretical potential to create 11,325 unique library members (Figure 33). Libraries were equilibrated over 72 hours before being analysed by fluorescence microscopy. The three beads with the highest fluorescence were then removed, washed and photolytically cleaved. The solution was analysed by mass spectrometry to identify unreacted thiol-S-tBu monomers. Masses corresponding to three building blocks were observed (Figure 34). This means that only dimers from these three building blocks could be formed. This gives a total of nine possible compounds. Further analysis of these three building blocks showed that dimers I-103-I-103 and I-103-I-105 had the best affinity for the RNA stem-loop.



Figure 34. Library building blocks selected by RBDCC.[61]

A recent use of resin for the simplification of DCL analysis immobilizes the H-D-Ala-D-Ala-OH (DADA) fragment of the growing peptidoglycan biosynthetic precursor.[62] This fragment binds N-demethylvancomycin (NDMVan), an analogue of vancomycin, through an intricate network of five hydrogen bonds. The DADA was immobilised onto polyethylene glycol polyacrylamide copolymer (PEGA) NH2 resin. It was then exposed to a series of 6 DCLs, each containing 9 or 10 aldehydes and NDMVan (Figure 35). Each aldehyde is able to form Schiff bases with the free amino of NDMVan, thus creating the DCL. After incubation at room temperature of each DCL with immobilised DADA, the resin was washed, dried and following denaturation using NaBH3CN/methanol, were analysed using LC-MS. This revealed amplification of a vancomycin derivative cyy202 (Figure 36).



Figure 35. Aldehydes used to create solid-phase DCLs.[62]

Although RBDCC has been shown to aid the analysis of large and complex DCLs, it does add a degree of complexity to the DCC protocol which detracts from the benefit that DCC provides of allowing for a simple way of screening molecules in one pot against a template. In particular the spatial immobilisation of each individual DCL building block would be time-consuming and expensive in large DCLs containing a large number of diverse building blocks. In addition to this, in many of the DCLs created, the initial screening step only identifies the monomers that make up the selected DCL component, with further analysis needed to determine the exact identity of the selected DCL member. The immobilisation of the template molecule, as seen in the final example, does show promise in simplifying DCL analysis. This is because it allows target-ligand complexes to be isolated and following denaturation, analysis of the resulting solution should identify only those molecules which bind to the target. In this example DCLs are created by adding 9 or 10 aldehydes to each DCL at any one time. If more aldehydes could be added to each DCL, this would result in an increase in DCL size, which in turn would enable an increase in the number of DCL compounds screened against the target in a single experiment. Increasing DCL size in this way has to be a major aim of DCC as it allows for a decrease in the amount of time spent, and therefore the cost, in screening libraries of molecules for lead compounds. 


Figure 36. Mass Spectrometry (MS) fragmentation of cyy202.[62]
[bookmark: _Toc326047435]


3.1.4.2. Template Immobilisation on Polystyrene

As was seen in the previous example, one way of simplifying the analysis of large DCLs is to immobilise the template molecule. This allows the template to be removed after being incubated in the presence of the DCL components and following denaturation of the template, any DCL members which were bound to the template can be identified in the resulting solution. A recent DCL used a template immobilised on polystyrene to test this theory. The DCL used a range of disulphide building blocks (Figure 37) to create a DCL of macrocycles.[63] The authors believed that a potential DCL of up to 140 different DCL members could be formed, with sizes ranging from simple dimers up to hexamers. It is difficult, however, to be certain of the presence of all DCL members due to difficulty in detecting all DCL members using LC-MS. In order to combat this, a polymer-supported template DMAM GT I-107 (Figure 38) was used. The DCL was constructed in the presence of the DMAM GT I-107 and after allowing the library to equilibrate; the DMAM GT I-107 was removed and washed with borate buffer to remove weakly bound species followed by ethanol to remove the more strongly bound species. The results suggest that (I-89)4 is the strongest binder to template I-106. 



Figure 37. Anionic disulphide building blocks and cationic guest.[63]

This experiment does show that immobilisation of the template molecule can be used to successfully identify the strongest binder to the template from a range of DCL molecules. It does highlight the importance of making sure that the washing procedure for the immobilised template is optimised such that all bound DCL components are removed from the immobilised template. In this case, it is only after the second washing procedure that the strongest binder to the target is identified. The technique, however, shows promise and could be used to vastly improve the capability of analysing large DCLs.  



[bookmark: _Toc326047436]Figure 38. Gel-type polymer-supported template DMAM GT I-107.[63]

3.1.5. SELEX 
 
SELEX (Systematic Evolution of Ligands by Exponential Enrichment)[65] (Figure 39) has been developed as a method for the in vitro selection of aptamers,[64] i.e. structured DNA or RNA oligonucleotides that display specific target binding or catalytic properties.  A library has been created where 2’amino-RNAs are incubated with aldehydes and a target molecule. When at equilibrium, the DCL is composed of a large number of conjugated 2’imino-RNAs, some of which are associated with the target. The ligand-target complexes can then be removed from the unbound molecules and ligands are eluted from the target causing hydrolysis of imine linkages. The aldehydes are removed and the selected 2’amino-RNAs are reverse transcribed and amplified by polymerase chain reactions (PCR). The resulting double-stranded DNAs are then transcribed into 2-amino-RNAs for another round of selection. Repetition of this process leads to a population of 2’-amino-RNA scaffolds which, in the presence of aldehydes and the target, have evolved to furnish high affinity conjugated 2’-imino-RNA ligands. After several stages of repetition of this process, remaining sequences are cloned and sequenced to identify them. 2’-amino-RNA scaffolds are resynthesised and incubated with the aldehydes, the target and sodium cyanoborohydride to reduce the imine bonds. This gives conjugated aptamers which should have the highest affinity for the target. 
[image: ]
Figure 39. Schematic of the process of SELEX.[64]

This technique was applied to the isolation of conjugated aptamers against the RNA hairpin, MiniTAR.[64] Three aldehydes, I-108, I-109 and I-107 (Figure 40) and a random library of 2’amino-RNAs were used to create the DCL. In the absence of the aldehydes, A-13 and A-15 (Figure 41) were the most prevalent sequences, however, with aldehydes present, sequence A+30 was most prevalent.




Figure 40. Aldehydes used in a DCL.




Figure 41. Most prevalent sequences obtained for (a) selection carried out in absence of the aldehydes and (b) selection performed in the presence of the aldehydes.[64]

A truncated 19-nucleotide form of A+30, A+30sl (Figure 42) was used to resynthesise the selected conjugated aptamers. In the absence of MiniTAR, the reaction between A+30sl with aldehydes I-108, I-109 and I-110 gave rise to a complex product mixture, however, in the presence of MiniTAR, preferential formation of three products I-111, I-112 and I-113 could be seen. 

The technique of in vitro selection has led to the identification of a unique 2’-amino-RNA scaffold. This sequence has been selected in the presence of reversibly reacting aldehydes and readily provides chemically stable conjugated aptamers that bind tightly to the target when incubated with the aldehydes and the target, in the same conditions as the in vitro selection and in the presence of NaBH3CN.

SELEX appears to be a very powerful tool for the selection of aptamers. It is unlikely to be a technique used in this study as the study will concentrate upon selecting small organic molecule ligands for protein targets rather than DNA or RNA oligonucleotides. It does, however, give a powerful demonstration of the scope of DCC and the potential that DCC has for utilising a range of different types of molecule in the construction of DCLs.





Figure 42. Structures of the 2-amino-RNA scaffold (A+30sl), amplified products (I-111, I-112, and I-113) and the deselected product (I-114).

[bookmark: _Toc326047437]3.1.6. Unusual Behaviour of DCLs

It is important to ensure that any DCL constructed aimed at identifying the strongest binder to a template protein does identify the strongest binder and not any other DCL components.  Experiments have demonstrated that “amplification of the fittest” is not necessarily always the case in a DCL.[8] This can occur because of the tendency of a library to maximize binding interactions in the entire library. When there is a choice between producing a large number of small moderate binders and producing a small number of larger, stronger binders, the latter option will not necessarily be preferred. To add to this, the best binder may be suppressed by inferior competitors when a homo-oligomer competes with a hetero-oligomer or a large oligomer competes with an oligomer made up of fewer building blocks.



Figure 43. Guest-induced receptor amplification.[8]

To test this theory a template molecule (I-124) (Figure 43) was used which binds to a series of receptors in the following order: tetramer >> homotrimer > heterotrimer. A DCL prepared with building blocks I-115 and I-116 in a 2:1 ratio shows that in the presence of I-124, the weaker binding heterotrimer was amplified more than the stronger binding homotrimer.

Simulations done by the authors and by Severin et al; [8],[66] suggest that when the template concentration is low, producing a large number of moderate binders is no longer beneficial and the library will revert to preferentially producing the highest affinity host-guest complexes.[55]

The amplification of trimer and tetramer was studied at different template concentrations in silico and experimentally. Both studies show the amount of tetramer reaching a maximum at a guest concentration of 1.5 mM. Keeping guest concentration below this value leads to amplification of the strongest binder. The conclusion is that whilst it is possible for a DCL to amplify the “wrong” binder, this behaviour is only seen when the affinities of receptors are similar or when large amounts of template are used. For this reason, it will be important to ensure that template concentration in any DCLs created is such that the strongest binder to the template is identified.

[bookmark: _Toc326047438]3.1.7. Conclusion

The DCLs discussed above and summarised in Table 2 indicate the range of reactions that have been studied for use with DCC. There are several further examples; however, the general picture is that a limited range of reactions have been shown to be suitable for use in a DCL thus far. In addition to this, many reactions create DCLs composed of molecules which would not make good drug-like lead compounds. They are constructed using relatively weak bonds such as disulphide bonds which are easily hydrolysed under the conditions found in the body. Most DCLs created thus far have been small, with only a few DCLs having more than 30 members. Those DCLs which are of a larger size are, for the most part, not synthesised using members which would make good drug-like molecules and in many cases DCLs are not templated or contain templates which are not designed to identify drug-like molecules. Problems have occurred with the analysis of large DCLs with difficulty in resolving all DCL members using HPLC or LC-MS techniques. Spatial localisation of DCL members using resin or immobilisation on a surface such as polystyrene does allow for simplification of analysis of larger DCLs, however, many of these procedures add complexity to the DCC process which negates some of its benefits as a simple and quick way of screening many molecules against a template. DCLs where the strongest binder does not show the greatest amplification are rare and can be avoided if the template concentration is kept at a minimum.

	Reaction
	Template
	DCL Size
	Amplified DCL Member

	Disulphide Exchange
	Calmodulin (CaM)
	15
	
I-7 and (I-7)(I-8)

	
	I-11
	-
	I-17

	
	Aurora A
	-
	I-10

	
	Tau Exon 10 Splicing Regulatory Element RNA
	17
	Acr2-Neu, Acr2-Acr2, TyrPAcr2, TrpP-Acr2, Azq-Acr2, Acr1-Nea

	
	Ephedrine
	9000
	(I-87)2(I-89)2, (I-87)3(I-89)3, 
(I-87)(I-89)3, (I-87)2(I-89)3

	
	DNA-1
DNA-2
	-
	I-97-I-97

	
	HIV-1 frame shift regulatory sequence
	11325
	I-103-103, I-103-105

	
	DMAM GT I-107 (I-106)
	140
	(I-89)4

	
	I-124
	-
	Heterotrimer

	Reductive Amination
	Carbonic Anhydrase (CA)
	22
	I-3b

	Conjugate Addition
	Glutathione S-Transferase
	4
	I-29

	
	Glutathione S-Transferase
	14
	
34a and 34n 

	Thioester Exchange
	Egg phosphatidyl choline (PC) bilayer interface
	-
	I-37 when aliphatic  dithiols are used and linear sequences of I-39 when aromatic dithiols are used

	Hydrazone Exchange
	zinc triflate, cadmium chloride, mercuric chloride, copper (II) triflate, cobalt (II) chloride, iron (III) chloride, diphenylphosphate acid, phenylphosphonic acid
	-
	No effect upon DCL composition

	
	H2PO4-
	-
	HIVIH, HIVIVIH, and HIVIVIVIH

	Imine Formation
	HEWL
	12
	AI-55 and AI-59

	
	Self-complementary hexadeoxyribonucleotide (I-60)
	-
	I-62c

	
	MiniTAR
	-
	I-63c

	
	Na+
	-
	I-67

	
	MiniTAR
	-
	A+30

	
	MiniTAR and A+30sl
	-
	I-111, I-112 and I-113

	Alkene Cross Metathesis
	Carbonic Anhydrase (CA II)
	-
	I-73v

	Acetyl Formation
	Ammonium Cations
	15
	Macrocycles

	Thiazolidine Exchange
	-
	5
	-

	Metal-Ligand Coordination
	RNA + Cu
DNA + Cu
	6
	I-81 (His)

	Hydrogen Bonding
	DADA fragment
	6 × 9 or 10 
	cyy202


Table 2. Summary of DCLs.



The following table contains all of the building blocks and the corresponding products used in the creation of Dynamic Combinatorial Libraries throughout the project:

	


	R1
	R2 = H
	
R2 = 
	
R2 = 
	
R2 = 

	

	1
Mr: 309
C15H19NO6
	-
	-
	-

	

	2
Mr: 313
C14H19NO7
	-
	-
	-

	

	3
Mr: 283
C13H17NO6
	60
Mr: 325
C15H19NO7
	82
Mr: 339
C16H21NO7
	124
Mr: 387
C20H21NO7

	

	4
Mr: 313
C14H19NO7
	61
Mr: 355
C16H21NO8
	83
Mr: 369
C17H23NO8
	125
Mr: 417
C21H23NO8

	

	5
Mr: 301
C13H16NO6F
	62
Mr: 343
C15H18NO7F
	84
Mr: 357
C16H20NO7F
	126
Mr: 405
C20H20NO7F

	

	6
Mr: 311
C15H21NO6
	63
Mr: 353
C17H23NO7
	85
Mr: 367
C18H25NO7
	127
Mr: 415
C22H25NO7

	

	7
Mr: 303
C12H17NO6S
	64
Mr: 345
C14H19NO7S
	-
	-

	

	8
Mr: 303
C12H17NO6S
	65
Mr: 345
C14H19NO7S
	86
Mr: 359
C15H21NO7S
	128
Mr: 407
C19H21NO7S

	

	9
Mr: 347
C18H21NO6
	
-
	
-
	
-

	

	10
Mr: 327
C15H21NO7
	66
Mr: 369
C17H23NO8
	87
Mr: 383
C18H25NO8
	129
Mr: 431
C22H25NO8

	

	11
Mr: 299
C13H17NO7
	67
Mr: 341
C15H19NO8
	88
Mr: 355
C16H21NO8
	130
Mr: 403
C20H21NO8

	

	18
Mr: 297
C14H19NO6
	68
Mr: 339
C16H21NO7
	89
Mr: 353
C17H23NO7
	131
Mr: 401
C21H25NO7

	

	19
Mr: 289
C11H15NO6S
	69
Mr: 331
C13H17NO7S
	90
Mr: 345
C14H19NO7S
	132
Mr: 393
C18H19NO7S

	

	ManNAc
Mr: 221
C8H15NO6
	17
Mr: 263
C10H17NO7
	91
Mr: 277
C11H19NO7
	133
Mr: 325
C15H19NO7

	

	20
Mr: 235
C9H17NO6
	71
Mr: 277
C11H19NO7
	92
Mr: 291
C12H21NO7
	134
Mr: 339
C16H21NO7

	

	21
Mr: 263
C11H21NO6
	72
Mr: 305
C13H23NO7
	93
Mr: 319
C14H25NO7
	135
Mr: 367
C18H25NO7

	

	22
Mr: 305
C14H27NO6
	73
Mr: 347
C16H29NO7
	94
Mr: 361
C17H31NO7
	136
Mr: 409
C21H31NO7

	

	23
Mr: 417
C22H43NO6
	74
Mr: 459
C24H45NO7
	95
Mr: 473
C25H47NO7
	137
Mr: 521
C29H47NO7

	

	24
Mr: 247
C10H17NO6
	75
Mr: 289
C12H19NO7
	96
Mr: 303
C13H21NO7
	138
Mr: 351
C17H21NO7

	

	25
Mr: 261
C11H19NO6
	76
Mr: 303
C13H21NO7
	97
Mr: 317
C14H23NO7
	139
Mr: 365
C18H23NO7

	

	26
Mr: 249
C10H19NO6
	77
Mr: 291
C12H21NO7
	98
Mr: 305
C13H23NO7
	140
Mr: 353
C17H23NO7

	

	27
Mr: 277
C12H23NO6
	78
Mr: 319
C14H25NO7
	99
Mr: 333
C15H27NO7
	141
Mr: 381
C19H27NO7

	

	28
Mr: 275
C12H21NO6
	79
Mr: 317
C14H23NO7
	100
Mr: 331
C15H25NO7
	142
Mr: 379
C19H25NO7

	

	29
Mr: 289
C13H23NO6
	80
Mr: 331
C15H25NO7
	101
Mr: 345
C16H27NO7
	143
Mr: 393
C20H27NO7

	


	R1
	R2 = H
	
R2 = 
	
R2 = 
	
R2 = 

	-
	D-mannose
Mr: 180
C6H12O6
	81
Mr: 222
C8H14O7
	102
Mr: 236
C9H16O7
	144
Mr: 284
C13H16O7

	

D-Lyxose
Mr: 150
C5H10O5

	
	


	R1
	R2 = H
	
R2 = 
	
R2 = 
	
R2 = 

	

	12
Mr: 397
C18H23NO9
	-
	-
	-

	

	30
Mr: 401
C17H21NO9
	-
	-
	-

	

	14
Mr: 371
C16H21NO9
	16
Mr: 413
C18H23NO10
	103
Mr: 427
C19H25NO10
	145
Mr: 475
C23H25NO10

	

	31
Mr: 401
C17H23NO10
	50
Mr: 443
C19H25NO11
	104
Mr: 457
C20H27NO11
	146
Mr: 505
C24H27NO11

	

	13
Mr: 389
C16H20NO9F
	51
Mr: 431
C18H22NO10F
	105
Mr: 445
C19H24NO10F
	147
Mr: 493
C23H24NO10F

	

	32
Mr: 399
C18H25NO9
	52
Mr: 441
C20H27NO10
	106
Mr: 483
C21H29NO10
	148
Mr: 503
C23H29NO10

	

	33
Mr: 391
C15H21NO9S
	53
Mr: 433
C17H23NO10S
	-
	-

	

	34
Mr: 391
C15H21NO9S
	54
Mr: 433
C17H23NO10S
	107
Mr: 475
C18H25NO10S
	149
Mr: 495
C22H25NO10S

	

	35
Mr: 435
C21H25NO9
	55
Mr: 477
C23H27NO10
	-
	-

	

	36
Mr: 415
C18H25NO10
	56
Mr: 457
C20H27NO11
	108
Mr: 471
C21H29NO11
	150
Mr: 519
C25H29NO11

	

	37
Mr: 387
C16H21NO10
	57
Mr: 429
C18H23NO11
	109
Mr: 443
C19H25NO11
	151
Mr: 457
C23H25NO11

	

	38
Mr: 385
C17H23NO9
	58
Mr: 427
C19H25NO10
	110
Mr: 441
C20H27NO10
	152
Mr: 489
C24H27NO10

	

	39
Mr: 377
C14H19NO9S
	59
Mr: 419
C16H21NO10S
	111
Mr: 433
C17H23NO10S
	153
Mr: 481
C21H23NO10S

	

	Neu5Ac
Mr: 309
C11H19NO9
	15
Mr: 351
C13H21NO10
	112
Mr: 365
C14H23NO10
	154
Mr: 413
C18H23NO10

	

	40
Mr: 323
C12H21NO9
	60
Mr: 365
C14H23NO10
	113
Mr: 379
C15H25NO10
	155
Mr: 427
C19H25NO10

	

	41
Mr: 351
C14H25NO9
	61
Mr: 393
C16H27NO10
	114
Mr: 407
C17H29NO10
	156
Mr: 455
C21H29NO10

	

	42
Mr: 393
C17H31NO9
	62
Mr: 435
C19H33NO10
	115
Mr: 449
C20H35NO10
	157
Mr: 497
C24H35NO10

	

	43
Mr: 505
C25H47NO9
	63
Mr: 547
C27H49NO10
	116
Mr: 561
C28H51NO10
	158
Mr: 609
C32H51NO10

	

	44
Mr: 335
C13H21NO9
	64
Mr: 377
C15H23NO10
	117
Mr: 391
C16H25NO10
	159
Mr: 439
C20H25NO10

	

	45
Mr: 349
C14H23NO9
	65
Mr: 391
C16H25NO10
	118
Mr: 405
C17H27NO10
	160
Mr: 453
C21H27NO10

	

	46
Mr: 337
C13H23NO9
	66
Mr: 379
C15H25NO10
	119
Mr: 393
C16H27NO10
	161
Mr: 441
C20H27NO10

	

	47
Mr: 365
C15H27NO9
	67
Mr: 407
C17H29NO10
	120
Mr: 421
C18H31NO10
	162
Mr: 435
C22H31NO10

	

	48
Mr: 363
C15H25NO9
	68
Mr: 405
C17H27NO10
	121
Mr: 419
C18H29NO10
	163
Mr: 467
C22H29NO10

	

	49
Mr: 377
C16H27NO9
	69
Mr: 419
C18H29NO10
	122
Mr: 433
C19H31NO10
	164
Mr: 481
C23H31NO10

	


	R1
	R2 = H
	
R2 = 
	
R2 = 
	
R2 = 

	-
	KDN
Mr: 268
C9H16O9
	70
Mr: 310
C11H18O10
	123
Mr: 324
C12H20O10
	165
Mr: 372
C16H20O10

	


	R1
	R2 = H
	
R2 = 
	
R2 = 
	
R2 = 

	-
	KDO
Mr: 238
C8H14O8
	166
Mr: 280
C10H16O9
	167
Mr: 294
C11H18O9
	168
Mr: 342
C15H25O9








[bookmark: _Toc326047439]4. Aims

It became apparent, after a thorough survey of the literature, that there are several areas within the field of DCC that need improving before it can become an effective tool for fragment-based lead discovery.

The aims of my PhD project are:

· The development of suitable and efficient reactions which can be used for the in situ creation of DCLs composed of drug-like molecules that are stable in vivo. 
This can be achieved by developing enzyme-catalysed reactions for use in DCC because enzymes can catalyse complex reactions at neutral pH and at 37 °C and the products of such reactions are generally stable and drug-like. In addition to this, reactions are usually thermodynamically controlled which makes them ideal reactions for use in DCC. This should also help to expand the number of reactions that can be used to construct a DCL. 

· Increase the size of DCLs and improve the analysis of large DCLs. 
Currently, there are very few examples of DCLs which have over 30 compounds in them and in large DCLs it is often difficult to identify all of the individual compounds using a range of analytical techniques. A range of different techniques for the simplification of the analysis of large-scale DCLs will be analysed. Once methodologies have been developed using model systems, a protein template of potential therapeutic interest will be investigated in order to find novel binders to this protein.







An outline of the research conducted in this project can be seen below:

Investigating the suitability of NANA aldolase as an enzyme catalyst for DCL synthesis
↓
Investigating the suitability of subtilisin Carlsberg as an enzyme catalyst for DCL synthesis
↓
Creation of DCLs
↓
Simplifying DCL analysis
(Immobilisation of WGA, SEC chromatography, semi-permeable membranes)
↓
Further experiments with SEC chromatography
↓
Validating DCL results













[bookmark: _Toc326047440]
5. Investigations into the Suitability of NANA Aldolase as an Enzyme Catalyst for DCL Synthesis
[bookmark: _Toc326047441]5.1. Introduction

N-Acetyl-D-neuraminic acid aldolase (NANA aldolase) is a 32 kDa protein which catalyses the cleavage of N-acetyl-D-neuraminic acid (Neu5Ac) to N-acetyl-D-mannosamine (ManNAc) and pyruvate[67] (Scheme 7). When an excess of pyruvate is present, the reaction can be driven from ManNAc in the direction of Neu5Ac formation. Sodium pyruvate is necessary as the nucleophilic equivalent but a range of reducing sugars can be used.



Scheme 7. Reversible reaction catalysed by NANA aldolase.

The structure of NANA aldolase from Escherichia coli (E.coli) has been resolved to 2.2 Ǻ[68] (Figure 44). It is that of an α/ß-barrel, a structure first seen for triose phosphate isomerase[69] and subsequently observed for around 20 different enzymes.[70] A circular ß-barrel structure makes up the core of the NANA aldolase, with a deep pocket located at the carboxy-terminal end of this barrel likely to be the active site. The active site in the pocket is lined with the following amino acids: Ala11, Ser47, Thr48, Tyr137, Ile139, Lys165, Thr167, Gly189 and Tyr190 (Figure 45).

[image: ]
Figure 44. Schematic drawing of the secondary structure of NANA aldolase viewed down the ß-barrel axis from its carboxy-terminal end.[68]
Reproduced with permission of the publishers.

[image: ]
Figure 45.  Putative active site of NANA aldolase showing the nine amino acids lining the pocket.[68] 
Reproduced with permission of the publishers.

The synthesis of Neu5Ac from ManNAc and sodium pyruvate can be seen in Figure 46. The mechanism of action of NANA aldolase is proposed to proceed via a Schiff base intermediate formed between Neu5Ac and a lysine residue, presumably lys165 in the active site of the pocket of the aldolase identified in Figure 45.[71] It is believed that once a Schiff base has formed between the substrate and the lysine residue of NANA aldolase, an imidazole nitrogen residue of a histidine serves as an acceptor for the hydrogen of the hydroxyl group of the C-4 of Neu5Ac. This deprotonation facilitates the cleavage of the bond between C-3 and C-4 leading to the formation of ManNAc and an enamine from pyruvate and the lysine residue. Termination of the reaction occurs when the proton from the nucleophilic imidazole group is transferred to the enamine and hydrolysis of the Schiff base occurs, leading to the formation of pyruvate and the re-generation of the NANA aldolase. It has been shown that NANA aldolase cannot tolerate the epimerisation or removal of the hydroxyl residue at the C-4 of the pyranose ring[71] but can tolerate some modification at positions in the glycerol side chain.[72] These findings support the Schiff base formation mode of action for NANA aldolase as they demonstrate the importance of the C-4 hydroxyl group for the catalytic activity of NANA aldolase.



Figure 46. Mechanism for the synthesis of Neu5Ac from ManNAc and sodium pyruvate.

In a more recent study of the action of NANA aldolase a different method of action is proposed.[73] In the original mechanism, a histidine residue is presumed to act as the base to remove the proton from the C-4 hydroxyl. No such histidine residue has been identified in the active site of crystal structures published for NANA aldolase[74],[68]  leading to the belief that it is the carboxylate of the substrate pyruvate molecule and not the imidazole nitrogen from a histidine residue which forms the intermolecular hydrogen bond with the C-4 hydroxyl.

The stereochemical outcome of reactions catalysed by NANA aldolase depends upon the structure of the substrate. Most acceptor substrates with the S configuration at C3, including the natural substrate D-ManNAc, undergo carbonyl attack from the si face which results in the formation of a new stereogenic centre with an S configuration. However, with the opposite configuration at C3, the carbonyl group is attacked from the re face, giving rise to the R configuration at the C4 position of the neuraminic acid product (Scheme 8).[75]



Scheme 8. Stereochemical outcome of the reaction catalysed by NANA aldolase.[75]

The structure of NANA aldolase cocrystalised with two inhibitors; 3-hydroxypyruvic acid (Figure 44) and with the aldol product resulting from the sodium borotetrahydride reduction of Neu5Ac,[76] has been used to model the Schiff base and enamine intermediates in the active site of NANA aldolase[73] and thus account for the stereochemistry seen with NANA aldolase. Figure 47 shows the way in which both the si and the re conformations of the ligand bind to NANA aldolase. Key interactions include the Schiff base forming with lys165 as previously proposed; however, in this model the carboxylate of the substrate forms an intermolecular hydrogen bond with the C-4 hydroxyl.

[image: ]
Figure 47. Interactions between the protein and the Schiff base intermediate: (a) si configuration, (b) re configuration.[73]
Reproduced with permission of the publishers.

In experiments conducted by Kim et al[67] and Uchida et al;[77] a range of potential substrates and donor molecules were examined to probe their suitability as substrates for NANA aldolase. The results revealed (Table 3) that of all the molecules tested as the donor, only pyruvate can act as the nucleophilic component, whereas 15 of the 18 electrophilic components were found to be suitable. A common feature for all molecules found to be substrates for NANA aldolase is that they all contain a hydroxyl group at the C-2 position of the sugar.

Work by Schauer et al; also highlighted the importance of hydroxyl groups at certain positions in the Neu5Ac acid substrate.[71] They synthesised several deoxy- and epi- derivatives of Neu5Ac to determine the effect of these modifications on their cleavage by NANA aldolase. Once again it was found that the C-4 position hydroxyl of the Neu5Ac, which corresponds to the 2 position of the mannosamine sugar, was essential for enzymatic activity. Removal of a hydroxyl group from the C-7 to C-9 positions of the Neu5Ac produced varied results. It was found that C-7 and C8 deoxy-Neu5Ac were resistant to cleavage by NANA aldolase; however, the C-9 deoxy derivative was readily cleaved.

	Substrate
	Km
	Vmax

	N-acetyl-D-mannosamine
	0.7
	25

	N-acetyl-D-glucosamine
	?
	0

	6-O-acetyl-ManNAc
	0.5
	3

	D-mannose
	2.8
	50

	D-glucose
	2.3
	1.8

	6-O-acetyl-D-mannose
	0.8
	2.5

	L-glucose
	?
	0

	D-allose
	?
	0.1

	2-deoxy-D-glucose
	1.8
	31

	2-deoxy-D-galactose
	1.3
	4.5

	L-fucose
	?
	0.9

	D-lyxose
	1.7
	3.3

	D-arabinose
	?
	0.8

	L-xylose
	?
	0.3

	2-deoxy-D-ribose
	?
	0.6

	D-glyceraldehyde
	?
	0

	L-glyceraldehyde
	?
	0

	Glycolaldehyde
	?
	0

	Pyruvate
	0.01
	25

	Acetylphosphonate
	?
	0

	3-fluoropyruvate
	?
	0

	3-bromopyruvate
	?
	0

	3-hydroxypyruvate
	?
	0

	Acetopyruvate
	?
	0

	Acetoacetate
	?
	0

	2-oxobutyrate
	?
	0

	Phosphoenolpyruvate
	?
	0


Table 3. Potential acceptor and donor substrates for NANA aldolase.[77] 

The effect of modification at the C-9 position of Neu5Ac has been studied using the modifications seen in Table 4. With the exception of the CH=CHCO2H derivative, all other derivatives were recognised as substrates for NANA aldolase. Trends within the compounds are closely related to the steric demand of the functionality at the C-9 position. The sterically more demanding 9-o-methoxymethyl (9-O-MOM) ether is transformed more slowly to the starting mannosamine than the 9-O-methyl ether.



	R
	Relative Cleavage Rates (%)

	CH2OH
	100

	CH2OMe
	54

	CH2OMOM
	36

	CH2OAc
	39

	CH2OBz
	14

	CH=CHCO2H
	-


Table 4. Relative cleavage rates of a number of C-9 modified Neu5Ac derivatives.[78]



	R
	% Conversion

	CH2NHAc
	70

	

	63

	(CH2)8CH3
	71

	(CH2)2Ph
	71

	Gly•GlyCbz
	60

	Dansyl
	72

	Biotin
	55


Table 5. The effect of modification at the C-2 position of ManNAc upon the catalytic activity of NANA aldolase.[76]

In experiments conducted by Lin et al;[76]  the effect of modifications at the C-2 position of ManNAc were conducted. Table 5 shows the various modifications made and their % conversion into the aldol product in the presence of NANA aldoalse. As can be seen, all compounds made were substrates for NANA aldolase, with aldol product yields varying from the highest yield of 72 % for the dansyl derivative and the lowest yield of 55 % for the biotin derivative.

The effect of modification at the N position of mannosamine upon accessibility to NANA aldolase has been investigated.[79] The modifications made, along with their initial rates of reaction with NANA aldolase, can be seen in Table 6.


	R
	Initial Rate (mM min‑1)

	CH3
	0.0114

	CH2CH3
	0.0131

	CH(CH3)2
	0.0140

	C(CH3)3
	0.0137

	CH2Ph
	0.0159

	Ph
	0.0093

	CH2CF3
	0.0034


Table 6. N-Modification of ManNAc and its effect upon initial rate of aldol product formation with NANA aldolase.[79]

As can be seen, all molecules synthesised are suitable substrates for NANA aldolase. The rates vary, with molecules containing strongly electron deficient acyl groups having slower rates. The size of the R group does not appear to have a significant effect upon the initial rate of reaction.

The functionality of ManNAc can be altered at the C-6 Position[72] (Table 7). In all cases, NANA aldolase was found to catalyse the aldol reaction, although with differing degrees of success. The ManNAc has the highest conversion percentage with a conversion into Neu5Ac of 78 %. 

There are several competitive inhibitors of NANA aldolase which have been reported including N-acetyl-4-deoxyneuraminic acid, N-acetyl-4-epineneuraminic acid, N-mono-flouroacetylneuraminic acid and N-acetyl-3-fluoroneuraminic acid [71] whilst N-acetyl-3-hydroxyneuraminic acid has been shown to inhibit NANA aldolase in a non-competitive manner.[80],[81]



	R
	% Conversion

	H
	78

	Ac
	47

	

	18

	

	42


Table 7. Preparation of Neu5Ac derivatives via NANA aldolase-catalysed aldol condensation of a variety of C-6 modified ManNAc derivatives.
	
[bookmark: _Toc326047442]5.2. Methodology

One of the most common ways to analyse DCLs is to use High Performance Liquid Chromatography (HPLC) to visualise the amount of each member in the library. Because UV detection HPLC depends upon there being a chromophore in the molecules to be analysed, it was decided to add a chromophore to mannosamine at the N position in order that the mannosamines and neuraminic acids created in a DCL can be visualised. This is the synthetically convenient position to add variation to the DCL and the fact that this position hasn’t been thoroughly investigated in previous research also means it warrants further investigation. Modification at the N position of mannosamine should allow for the creation of a diverse library of molecules to be tested in a DCL. In order to do this, two methods were investigated for the synthesis of N-modified mannosamines and the conversion into the relevant neuraminic acids in the presence of NANA aldolase was investigated.
All reagents were purchased from commercial sources and used as supplied. Thin Layer Chromatography (TLC) was performed upon aluminium-backed silica gel 60 plates (0.20 mm layer). Flash column chromatography was carried out using silica gel (60 Å). HPLC analysis was carried out using a Waters 2690 instrument with a Waters 486 detector set at 254 nm. The column used was a Genesis C18 4 µ (4.6 × 150 mm) and unless otherwise stated, a gradient of 5 to 95 % acetonitrile in 0.01 % TFA solution over 20 minutes was used. A flow rate of 0.2 mL/min and an injection volume of 5 µL was used. Preparative HPLC was carried out using a Varian Prostar 410 fitted with an Alltech Autima HP 5 µ C18 column (150 × 22 mm). A gradient of 5 to 95 % acetonitrile in 0.01 % TFA solution over 20 minutes was used with a flow rate of 20 mL/min. Mass measurements were taken using a Waters LCT Premier XE in both ES+ and ES- mode and coupled to a Waters Aquity Ultraperformance LC. Injections were 1 µL and an Aquity UPLC BEH C18 1.7 µm column (2.1 × 50 mm) was used with a gradient of 5-95 % acetonitrile (0.1 % formic acid) in 0.1 % formic acid solution over 3 minutes (flow rate of 0.4 mL/min). NMR spectra were recorded using a Brucker AV-1400 NMR spectrometer (1H at 400 MHz, 13C at 101 MHz) as indicated. Chemical shifts are reported in ppm relative to an internal standard (δH, δC). The following multiplicities are used to assign the relative integrals: s = singlet, d = doublet, t = triplet, q = quintet, m = multiplet and br = broad. Infrared spectra were recorded from the solid state on Fourier Transform-Infra Red (FT-IR) machines. UV measurements were made using a Varian Carey 50 Prove UV-Visible Spectrophotometer. Absorbance readings for Bradford assays were carried out using a Bio-Tek 96 well plate reader set to 570 nm with a reference wavelength of 405 nm. All materials and methods for the immobilisation of protein molecules were acquired from SolulinkTM and centrifugation steps were carried out using an Eppendorf MiniSpin® microcentrifuge.

[bookmark: _Toc326047443]







5.2.1. Synthesis of N-cinnamoyl-D-mannosamine using EDC
 


1

A solution of cinnamic acid (74 mg, 0.5 mmol), EDC (115 mg, 0.6 mmol) and hydroxybenzotriazole (HOBt) (81 mg, 0.6 mmol) in dimethylformamide (DMF) (4 mL) was left at 0 °C and under nitrogen for 1 hour. Following this, a solution of D-mannosamine.HCl (129 mg, 0.6 mmol) in DMF (2 mL) was added followed by NaHCO3 (200 mg, 2.4 mmol) in H2O (2mL). The solution was stirred for 24 hours at room temperature before being subjected to rotary evaporation to remove the H2O. The resulting oil was purified by flash-chromatography on silica gel using 10% methanol in dichloromethane with fractions containing the product combined and solvent removed under reduced pressure. Following this, the resulting oil was dissolved in 10 mL of water and washed three times with 20 mL of chloroform. The water was then removed under reduced pressure before the resulting oil was once again subjected to flash-chromatography on silica gel (10% methanol in dichloromethane). Product-containing fractions were subjected to rotary evaporation to give a white solid: Yield: 38 %. 1H NMR (400 MHz, Methanol-d4): (α-isomer) δ 7.66 – 7.52 (m, 3H), 7.47 – 7.34 (m, 3H), 6.79 (d, J = 15.5 Hz, 1H), 5.10 (d, J = 1.5 Hz, 1H), 4.44 (dd, J = 4.5, 1.5 Hz, 1H), 4.09 (dd, J = 9.5, 4.5 Hz, 1H), 3.95 – 3.77 (m, 3H), 3.68 (t, J = 9.5 Hz, 1H); (ß-isomer) δ 7.66 – 7.52 (m, 3H), 7.47 – 7.34 (m, 3H), 6.83 (d, J = 15.5 Hz, 1H), 4.95 (d, J = 1.5 Hz, 1H), 4.57 (dd, J = 4.5, 1.5 Hz, 1H), 3.95 – 3.77 (m, 3H), 3.73 (dd, J = 9.5, 4.5 Hz, 1H), 3.57 (t, J = 9.5 Hz, 1H). 13C NMR (101 MHz, Methanol-d4): (both isomers) δ 168.92, 167.81, 140.63, 140.45, 135.13, 135.02, 129.42, 129.35, 128.56, 127.43, 120.87, 120.56, 93.78, 93.55, 76.98, 73.35, 72.13, 69.30, 67.20, 66.81, 60.96, 60.78, 54.79, 54.03. m/z (ES+), 310 ([M + H]+); HRMS, found 310.1290 (C15H20NO6) ([M + H]+, requires 310.1291). νmax (solid)/cm-1 3380.0, 3266.1, 2919.8, 1652.2, 1611.7, 1527.8, 1449.0, 1356.2, 1210.4, 1063.8, 1022.8, 764.4. Mpt., 99-102 °C.

[bookmark: _Toc326047444]5.2.2. Synthesis of N-cinnamoyl-D-mannosamine using PyBOP®



1

To a stirring solution of D-mannosamine.HCl (64.5 mg, 0.3 mmol) in DMF (2.1 mL), was added N,N-Diisopropylethylamine (DIEA) (0.21 mL, 1.2 mmol). After stirring at room temperature for 5 minutes, cinnamic acid (44.4 mg, 0.3 mmol) and PyBOP® (156 mg, 0.3 mmol) were added to the solution. The reaction was left to stir at room temperature for 16 hours, after which the majority of the solvent was removed under reduced pressure. The remaining solution was purified using flash-chromatography on silica gel (10% methanol in dichloromethane) with fractions containing the product combined and solvent removed under reduced pressure. Following this, the resulting oil was dissolved in 5 mL of water and washed three times with 10 mL of chloroform. The water was then removed under reduced pressure before the resulting oil was once again subjected to flash-chromatography on silica gel (10% methanol in dichloromethane). Product-containing fractions were subjected to rotary evaporation to give a white solid: Yield: 75 %. 1H NMR (400 MHz, Methanol-d4): (α-isomer) δ 7.66 – 7.51 (m, 3H), 7.47 – 7.31 (m, 3H), 6.79 (d, J = 16.0 Hz, 1H), 5.10 (d, J = 1.5 Hz, 1H), 4.44 (dd, J = 4.5, 1.5 Hz, 1H), 4.09 (dd, J = 9.5, 4.5 Hz, 1H), 3.93 – 3.77 (m, 3H), 3.67 (t, J = 9.5 Hz, 1H); (ß-isomer) δ 7.66 – 7.51 (m, 3H), 7.47 – 7.31 (m, 3H), 6.84 (d, J = 15.5 Hz, 1H), 4.95 (d, J = 1.5 Hz, 1H), 4.56 (dd, J = 4.5, 1.5 Hz, 1H), 3.93 – 3.77 (m, 3H), 3.73 (dd, J = 9.5, 4.0 Hz, 1H), 3.56 (t, J = 9.5 Hz, 1H). 13C NMR (101 MHz, Methanol-d4): (both isomers) δ 167.80, 140.63, 135.01, 129.42, 128.56, 127.42, 120.56, 93.55, 72.13, 69.31, 67.20, 60.96, 54.02. m/z (ES+), 310 ([M + H]+); HRMS, found 310.1299 (C15H20NO6) ([M + H]+, requires 310.1291). νmax (solid)/cm-1, 3260.1, 2951.8, 1653.0, 1619.8, 1543.4, 1449.8, 1353.9, 1202.5, 1060.3, 1025.9, 800.0, 769.2. Mpt., 98-100 °C.

[bookmark: _Toc326047445]5.2.3. General procedure for synthesis of N-modified D-mannosamines



To a stirring solution of D-mannosamine.HCl (129 mg, 0.6 mmol) in DMF (4.2 mL), was added N,N-Diisopropylethylamine (DIEA) (0.42 mL, 2.4 mmol). After stirring at room temperature for 5 minutes, the appropriate carboxylic acid derivative (0.6 mmol) and PyBOP® (312 mg, 0.6 mmol) were added to the solution. The reaction was left to stir at room temperature for 16 hours, after which the majority of the solvent was removed under reduced pressure. The remaining solution was purified using flash-chromatography on silica gel (10% methanol in dichloromethane) with fractions containing the product combined and solvent removed under reduced pressure. Following this, the resulting oil was dissolved in 5 mL of water and washed three times with 10 mL of chloroform. The water was then removed under reduced pressure before the resulting oil was once again subjected to flash-chromatography on silica gel (10% methanol in dichloromethane). Product-containing fractions were subjected to rotary evaporation to give a white solid.

5.2.3.1. Synthesis of N-benzoyl-D-mannosamine



3

Using the general procedure in Section 5.2.3., 3 was obtained as a white solid. % Yield: 39 %. 1H NMR (400 MHz, Deuterium Oxide): (α-isomer) δ 7.69 – 7.59 (m, 2H), 7.48 (t, J = 7.5, 1H), 7.38 (td, J = 8.0, 3.0 Hz, 2H), 5.12 (d, J = 1.5 Hz, 1H), 4.44 (dd, J = 4.5, 1.5 Hz, 1H), 4.02 (dd, J = 10.0, 5.0 Hz, 1H), 3.84 – 3.66 (m, 3H), 3.61 (t, J = 10.0 Hz, 1H); (β-isomer) δ 7.69 – 7.59 (m, 2H), 7.48 (t, J = 7.5, 1H), 7.38 (td, J = 8.0, 3.0 Hz, 2H), 5.00 (d, J = 1.5 Hz, 1H), 4.58 (dd, J = 4.5, 1.5 Hz, 1H), 3.84 – 3.66 (m, 3H), 3.50 (t, J = 10.0 Hz, 1H), 3.33 (ddd, J = 10.0, 4.5, 2.5 Hz, 1H). 13C NMR (101 MHz, Deuterium Oxide): (both isomers) δ 172.92, 172.14, 133.73, 133.62, 132.15, 128.57, 127.46, 93.14, 77.74, 76.35, 72.30, 72.01, 69.14, 66.72, 66.49, 60.24, 54.68, 53.86. m/z (ES+), 284 ([M + H]+); HRMS, found 84.1129 (C13H18NO6), [M + H]+, requires 284.1134). νmax (solid)/cm-1, 3290.1, 2921.3, 1632.5, 1577.2, 1530.2, 1490.2, 1434.6, 1354.0, 1057.3, 1024.6. Mpt., 82-83 °C.

5.2.3.2. Synthesis of N-4-methoxybenzoyl-D-mannosamine
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Using the general procedure in Section 5.2.3., 4 was obtained as a white solid. Yield: 21 %. 1H NMR (400 MHz, Deuterium Oxide): (α-isomer) δ 7.64 (dd, J = 14.5, 9.0 Hz, 2H), 6.96 – 6.88 (m, 2H), 5.11 (s, 1H), 4.41 (dd, J = 4.5, 2.0 Hz, 1H), 4.01 (ddd, J = 10.0, 5.0, 1.5 Hz, 1H), 3.81 – 3.66 (m, 6H), 3.60 (t, J = 10.0 Hz, 1H); (β-isomer) δ 7.64 (dd, J = 14.5, 9.0 Hz, 2H), 6.96 – 6.88 (m, 2H), 4.99 (d, J = 1.5 Hz, 1H), 4.56 (dd, J = 4.5, 2.0 Hz, 1H), 3.81 – 3.66 (m, 6H), 3.49 (dd, J = 10.5, 9.0 Hz, 1H), 3.32 (ddd, J = 9.5, 4.5, 2.5 Hz, 1H). 13C NMR (101 MHz, Methanol-d4): (both isomers) δ 171.05, 164.00, 130.63, 128.42, 127.87, 114.59, 95.20, 95.01, 78.32, 75.03, 73.90, 73.44, 71.00, 68.35, 68.09, 61.95, 56.61, 55.95, 55.84. m/z (ES+), 314 ([M + H]+); HRMS, found 314.1227 (C14H20NO7), [M + H]+, requires 314.1240). νmax (solid)/cm-1, 3289.0, 2934.1, 1605.1, 1575.3, 1534.8, 1499.4, 1456.8, 1357.0, 1252.3, 1179.2, 1056.6, 1023.4, 842.5, 766.1. Mpt., 83-85 °C.

5.2.3.3. Synthesis of N-4-fluorobenzoyl-D-mannosamine
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Using the general procedure in Section 5.2.3., 5 was obtained as a white solid. Yield: 19 %.1H NMR (400 MHz, Deuterium Oxide): (α-isomer) δ 7.77 – 7.61 (m, 2H), 7.09 (td, J = 9.0, 3.5 Hz, 2H), 5.11 (d, J = 1.5 Hz, 1H), 4.42 (dd, J = 4.5, 1.5 Hz, 1H), 4.02 (dd, J = 10.0, 4.5 Hz, 1H), 3.85 – 3.66 (m, 3H), 3.60 (t, J = 10.0 Hz, 1H); (β-isomer) δ 7.77 – 7.61 (m, 2H), 7.09 (td, J = 9.0, 3.5 Hz, 2H), 5.00 (d, J = 1.5 Hz, 1H), 4.57 (dd, J = 4.5, 1.5 Hz, 1H), 3.85 – 3.66 (m, 3H), 3.50 (t, J = 10.0 Hz, 1H), 3.33 (ddd, J = 10.0, 4.5, 2.5 Hz, 1H). 13C NMR (101 MHz, Deuterium Oxide): (both isomers) δ 171.85, 171.05, 165.98, 163.50, 130.09, 130.00, 115.56, 115.34, 93.13, 76.33, 72.29, 71.99, 69.14, 66.69, 66.46, 60.21, 54.72, 53.90. m/z (ES+), 302 ([M + H]+); HRMS, found 302.1032 (C13H17NO6F), [M + H]+, requires 302.1040). νmax (solid)/cm-1, 3315.7, 2889.7, 1632.2, 1602.2, 1534.6, 1499.0, 1437.6, 1350.8, 1232.2, 1159.9, 1056.3, 1024.5, 848.9, 810.5. Mpt., 86-90 °C.

5.2.3.4. Synthesis of N-3,5-dimethylbenzoyl-D-mannosamine
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Using the general procedure in Section 5.2.3., 6 was obtained as a white solid. Yield: 20 %. 1H NMR (400 MHz, Deuterium Oxide): (α-isomer) δ 7.30 (s, 1H), 7.26 (s, 1H), 7.17 (s, 1H), 5.12 (d, J = 1.5 Hz, 1H), 4.42 (d, J = 5.0 Hz, 1H), 4.02 (dd, J = 10.0, 5.0 Hz, 1H), 3.83 – 3.68 (m, 3H), 3.59 (t, J = 10.0 Hz, 1H), 2.22 (d, J = 2.5 Hz, 6H); (β-isomer) δ 7.30 (s, 1H), 7.26 (s, 1H), 7.17 (s, 1H), 5.01 (d, J = 1.5 Hz, 1H), 4.56 (d, J = 4.0 Hz, 1H), 3.83 – 3.68 (m, 3H), 3.48 (t, J = 10.0 Hz, 1H), 3.35 (dd, J = 5.0, 2.5 Hz, 1H), 2.22 (d, J = 2.5 Hz, 6H). 13C NMR (101 MHz, Methanol-d4): (both isomers) δ 172.00, 139.27, 135.95, 134.09, 126.41, 95.16, 94.96, 73.41, 70.95, 68.30, 68.05, 61.91, 55.87, 21.29. m/z (ES+), 312 ([M + H]+); HRMS, found 312.1455 (C15H22NO6), [M + H]+, requires 312.1447). νmax (solid)/cm-1, 3374.6, 3297.1, 2918.0, 1634.8, 1598.9, 1523.4, 1468.3, 1352.1, 1240.1, 1202.2, 1060.2, 1023.5, 860.6, 802.1. Mpt., 116-118 °C.

5.2.3.5. Synthesis of N-2-thiopheneacetyl-D-mannosamine
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Using the general procedure in Section 5.2.3., 7 was obtained as a white solid. Yield: 40 %. 1H NMR (400 MHz, Deuterium Oxide): (α-isomer) δ 7.26 – 7.20 (m, 1H), 6.97 – 6.86 (m, 2H), 4.98 (d, J = 1.5 Hz, 1H), 4.19 (dd, J = 4.5, 1.5 Hz, 1H), 3.94 (dd, J = 10.0, 4.5 Hz, 1H), 3.80 – 3.70 (m, 2H), 3.72 – 3.68 (m, 2H), 3.68 – 3.61 (m, 1H), 3.48 (t, J = 9.5 Hz, 1H); (β-isomer) δ 7.26 – 7.20 (m, 1H), 6.97 – 6.86 (m, 2H), 4.91 (d, J = 1.5 Hz, 1H), 4.32 (dd, J = 4.5, 1.5 Hz, 1H), 3.81 (s, 1H), 3.80 – 3.70 (m, 2H), 3.72 – 3.68 (m, 2H), 3.36 (t, J = 10.0 Hz, 1H), 3.28 (ddd, J = 10.0, 5.0, 2.0 Hz, 1H). 13C NMR (101 MHz, Deuterium Oxide): (both isomers) δ 174.89, 174.07, 136.25, 127.35, 127.23, 125.65, 92.96, 76.38, 72.07, 68.82, 66.78, 66.53, 60.42, 54.34, 53.45, 36.24. m/z (ES), 304 ([M + H]+); HRMS, found 304.0859 (C12H18NO6S), [M + H]+, requires 304.0855). νmax (solid)/cm-1, 3310.3, 3285.1, 3233.5, 3185.9, 2936.5, 1607.5, 1533.7, 1498.6, 1427.0, 1354.8, 1248.1, 1180.3, 1027.1, 842.6, 799.5. Mpt., 72-74 °C.

5.2.3.6. Synthesis of N-5-methyl-2-thiophenecarboxyl-D-mannosamine
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Using the general procedure in Section 5.2.3., 8 was obtained as a white solid. Yield: 18 %.1H NMR (400 MHz, Deuterium Oxide): (α-isomer) δ 7.46 (dd, J = 18.0, 4.0 Hz, 1H), 6.71 (d, J = 4.0 Hz, 1H), 5.09 (d, J = 1.5 Hz, 1H), 4.38 (dd, J = 4.5, 1.5 Hz, 1H), 3.98 (dd, J = 10.0, 4.5 Hz, 1H), 3.82 – 3.65 (m, 3H), 3.60 (t, J = 9.5 Hz, 1H), 2.36 (d, J = 2.0 Hz, 3H); (β-isomer) δ 7.46 (dd, J = 18.0, 4.0 Hz, 1H), 6.71 (d, J = 4.0 Hz, 1H), 4.97 (d, J = 1.5 Hz, 1H), 4.52 (dd, J = 4.5, 2.0 Hz, 1H), 3.82 – 3.65 (m, 3H), 3.50 (t, J = 10.0 Hz, 1H), 3.31 (ddd, J = 9.5, 4.5, 2.5 Hz, 1H), 2.36 (d, J = 2.0 Hz, 3H). 13C NMR (101 MHz, Deuterium Oxide): (both isomers) δ 165.99, 165.20, 147.69, 147.64, 134.12, 133.96, 130.64, 130.55, 126.55, 93.19, 93.13, 76.33, 72.30, 71.99, 69.19, 66.65, 66.42, 60.16, 54.51, 53.70, 48.85, 14.67. m/z (ES+), 304 ([M + H]+); HRMS, found 304.0859 (C12H18NO6S), [M + H]+, requires 304.0855). νmax (solid)/cm-1, 3324.2, 2920.4, 1607.0, 1544.0, 1520.1, 1457.8, 1354.5, 1244.5, 1062.0, 1021.4, 808.1. Mpt., 80-82 °C.

5.2.3.7. Synthesis of N-1-napthaleneacetyl-D-mannosamine
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Using the general procedure in Section 5.2.3., 9 was obtained as a white solid. Yield: 32 %. 1H NMR (400 MHz, Methanol-d4): (α-isomer) δ 8.17 – 8.04 (m, 1H), 7.91 – 7.75 (m, 2H), 7.58 – 7.38 (m, 4H), 5.06 (d, J = 1.5 Hz, 1H), 4.33 (dd, J = 4.5, 1.5 Hz, 1H), 4.17 – 4.08 (m, 2H), 4.06 (dd, J = 9.5, 4.5 Hz, 1H), 3.95 – 3.63 (m, 3H), 3.59 (t, J = 9.5 Hz, 1H); (β-isomer) δ 8.17 – 8.04 (m, 1H), 7.91 – 7.75 (m, 2H), 7.58 – 7.38 (m, 4H), 4.46 (dd, J = 4.5, 1.5 Hz, 1H), 4.17 – 4.08 (m, 2H), 3.95 – 3.63 (m, 3H), 3.47 (t, J = 9.5 Hz, 1H), 3.27 (ddd, J = 10.0, 4.5, 2.5 Hz, 1H). 13C NMR (101 MHz, Methanol-d4): (both isomers) δ 175.71, 174.60, 135.36, 133.74, 133.19, 129.66, 129.55, 128.87, 128.76, 127.25, 126.74, 126.56, 125.33, 125.06, 95.03, 94.83, 78.33, 74.66, 73.50, 70.59, 68.71, 68.34, 62.36, 56.11, 55.39, 41.04. m/z (ES+), 348 ([M + H]+); HRMS, found 348.1430 (C18H22NO6), [M + H]+, requires 348.1447). νmax (solid)/cm-1, 3300.3, 2931.5, 1643.4, 1597.3, 1535.7, 1419.3, 1398.2, 1357.8, 1251.5, 1063.8, 1017.0, 973.8, 781.2. Mpt., 90-92 °C.

5.2.3.8. Synthesis of N-4-ethoxybenzoyl-D-mannosamine
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Using the general procedure in Section 5.2.3., 10 was obtained as a white solid. Yield: 30 %. 1H NMR (400 MHz, Deuterium Oxide): (α-isomer) δ 7.69 – 7.60 (m, 2H), 6.98 – 6.89 (m, 2H), 5.12 (d, J = 1.5 Hz, 1H), 4.42 (dd, J = 4.5, 1.5 Hz, 1H), 4.09 – 3.98 (m, 3H), 3.83 – 3.67 (m, 3H), 3.61 (t, J = 10.0 Hz, 1H), 1.27 (t, J = 7.0 Hz, 3H); (β-isomer) δ 7.69 – 7.60 (m, 2H), 6.98 – 6.89 (m, 2H), 5.00 (d, J = 1.5 Hz, 1H), 4.57 (dd, J = 4.5, 1.5 Hz, 1H), 4.09 – 3.98 (m, 2H), 3.83 – 3.67 (m, 3H), 3.50 (t, J = 10.0 Hz, 1H), 3.33 (ddd, J = 10.0, 4.5, 2.5 Hz, 1H), 1.27 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, Methanol-d4): (both isomers) δ 171.06, 163.32, 130.57, 127.71, 115.07, 95.00, 73.42, 70.98, 68.33, 64.76, 61.93, 55.83, 15.04. m/z (ES+), 328 ([M + H]+); HRMS, found 328.1398 (C15H22NO7), [M + H]+, requires 238.1396). νmax (solid)/cm-1, 3388.3, 3297.8, 3270.1, 2930.3, 1606.3, 1536.8, 1500.3, 1250.2, 1180.7, 1022.6, 845.0, 767.8. Mpt., 99-101 °C.

5.2.3.9. Synthesis of N-2-furanacryl-D-mannosamine
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Using the general procedure in Section 5.2.3., 11 was obtained as an orange solid. Yield: 31 %. 1H NMR (400 MHz, Deuterium Oxide): (α-isomer) δ 7.46 (d, J = 1.5 Hz, 1H), 7.22 (dd, J = 15.5, 4.5 Hz, 1H), 6.62 (d, J = 3.5 Hz, 1H), 6.52 – 6.30 (m, 2H), 5.03 (d, J = 1.5 Hz, 1H), 4.32 (dd, J = 4.5, 1.5 Hz, 1H), 3.96 (dd, J = 10.0, 4.5 Hz, 1H), 3.82 – 3.63 (m, 3H), 3.53 (t, J = 9.5 Hz, 1H); (β-isomer) δ 7.46 (d, J = 1.5 Hz, 1H), 7.22 (dd, J = 15.5, 4.5 Hz, 1H), 6.62 (d, J = 3.5 Hz, 1H), 6.52 – 6.30 (m, 2H), 4.93 (d, J = 1.5 Hz, 1H), 4.45 (dd, J = 4.5, 1.5 Hz, 1H), 3.81 – 3.64 (m, 3H), 3.43 (t, J = 10.0 Hz, 1H), 3.30 (ddd, J = 10.0, 5.0, 2.5 Hz, 1H). 13C NMR (101 MHz, Deuterium Oxide): (both isomers) δ 170.11, 169.19, 150.69, 145.13, 128.80, 116.94, 116.76, 115.05, 112.45, 93.1, 76.34, 72.20, 72.00, 68.99, 66.77, 66.49, 60.36, 54.29, 53.39. m/z (ES+), 300 ([M + H]+); HRMS, found 300.1085 (C13H18NO7), [M + H]+, requires 300.1083). νmax (solid)/cm-1, 3324.3, 3270.8, 2980.2, 1657.9, 1615.4, 1562.9, 1537.3, 1225.2, 1063.9, 1016.6, 882.9, 823.2, 750.0.  Mpt., 88-90 °C.
[bookmark: _Toc326047446]5.2.4. Bradford Assay to Determine the Concentration of NANA Aldolase

Bovine Serum Albumin (BSA) standards were used to create a linear concentration gradient using concentrations of 0.1 to 1.0 mg/mL. Each standard was prepared in potassium phosphate buffer (pH 7.4) and 5 μL of each standard was added in triplicate to a 96 well plate. 5 μL of potassium phosphate buffer was also added in triplicate to act as a blank. 5 μL of the NANA aldolase solution was also added in triplicate to the 96 well plate at the concentration in which it was supplied and at 10, 15 and 20 times dilutions. 250 μL of Bradford Reagent was added to each well and the plate was left to incubate for 5 minutes at room temperature. Absorbance was then measured at 570 nm with a reference wavelength of 405 nm. Net absorbance is plotted against the protein concentration of each standard to construct a standard curve. The protein concentration of the unknown sample was then determined by interpolation of the net absorbance values.

[bookmark: _Toc326047447]5.2.5. Procedure to Determine the Identity of HPLC Peaks from the Reaction of N-modified Mannosamines with Sodium Pyruvate in the Presence of NANA Aldolase

To an Eppendorf tube was added 38.8 mg of 5 (0.13 mmol) and 28.6 mg of sodium pyruvate (0.26 mmol). Added to this was 500 µL of NANA aldolase stock solution (5.13 µM) and the reaction was left to stir at 37 °C for 24 hours. Following this, the reaction mixture was subjected to preparative HPLC (5-10 % acetonitrile in 0.01 % TFA solution). Fractions containing individual peaks were combined and subjected to rotary evaporation before each sample was characterised.


5
[image: ]
Figure 48. Preparative HPLC trace of the reaction between 5 and sodium pyruvate in the presence of NANA aldolase showing two starting material peaks (P1 and P3) and one product peak (P2).

Peak 1: 1H NMR (400 MHz, Deuterium Oxide): (α-isomer) ä 7.79 – 7.58 (m, 2H), 7.09 (td, J = 9.0, 2.5 Hz, 2H), 5.12 (d, J = 1.5 Hz, 1H), 4.42 (dd, J = 4.5, 1.5 Hz, 1H), 4.01 (dd, J = 10.0, 4.5 Hz, 1H), 3.84 – 3.64 (m, 3H), 3.59 (t, J = 10.0 Hz, 1H); (β-isomer) ä 7.79 – 7.58 (m, 2H), 7.09 (td, J = 9.0, 2.5 Hz, 2H), 5.00 (d, J = 1.5 Hz, 1H), 4.56 (d, J = 5.0 Hz, 1H), 3.84 – 3.64 (m, 3H), 3.49 (t, J = 10.0 Hz, 1H), 3.33 (ddd, J = 10.0, 4.5, 2.5 Hz, 1H). m/z (ES+), 302 ([M + H]+); HRMS, found 302.1028 (C13H17NO6F), [M + H]+, requires 302.1040).
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Peak 2: 1H NMR (400 MHz, Methanol-d4): δ 7.97 (m, 2H), 7.21 (t, J = 8.5 Hz, 2H), 4.32 – 4.07 (m, 3H), 3.86 – 3.70 (m, 2H), 3.64 (dd, J = 11.0, 5.5 Hz, 1H), 3.58 (d, J = 9.0 Hz, 1H), 2.29 (dd, J = 13.0, 5.0 Hz, 1H), 1.91 (dd, J = 13.0, 11.0 Hz, 1H). 13C NMR (101 MHz, Methanol-d4): δ 170.61, 165.10, 131.73, 131.37, 131.28, 116.40, 116.18, 96.78, 72.25, 71.80, 70.35, 67.78, 64.81, 54.93, 41.23. m/z (ES-), 388 ([M - H]-); HRMS, found 388.1043 (C16H19NO9F), [M - H]-, requires 388.1044). νmax (solid)/cm-1, 3326.5, 3013.5, 2946.2, 1707.8, 1633.2, 1603.8, 1534.4, 1507.4, 1425.2, 1325.9, 1298.5, 1231.1, 1152.2, 1113.6, 1058.8, 1024.3, 911.0, 848.8, 766.1. Mpt., 176-178 °C.
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Peak 3: 1H NMR (400 MHz, Deuterium Oxide): (α-isomer) ä 7.74 – 7.62 (m, 2H), 7.15 – 7.02 (m, 2H), 5.12 (s, 1H), 4.42 (d, J = 5.0 Hz, 1H), 4.01 (dd, J = 10.0, 4.5 Hz, 1H), 3.84 – 3.65 (m, 3H), 3.59 (t, J = 10.0 Hz, 1H); (β-isomer) ä 7.74 – 7.62 (m, 2H), 7.15 – 7.02 (m, 2H), 5.00 (d, J = 1.5 Hz, 1H), 4.56 (d, J = 4.0 Hz, 1H), 3.84 – 3.65 (m, 3H), 3.48 (t, J = 10.0 Hz, 1H), 3.32 (ddd, J = 10.0, 5.0, 2.5 Hz, 1H).  m/z (ES+), 302 ([M + H]+); HRMS, found 302.1048 (C13H17NO6F), [M + H]+, requires 302.1040).

[bookmark: _Toc326047448]5.2.6. General Procedure for the Determination of the Initial Rate of Reaction of Potential Substrates for NANA Aldolase

The following stock solutions were made as detailed in Table 8. 

	Stock No.
	Content
	Concentration
	Buffer/pH

	1
	N-substituted D-mannosamine and sodium pyruvate
	50 mM and 100 mM respectively
	potassium phosphate, pH 7.4

	2
	sodium azide
	0.02% w/v
	potassium phosphate, pH 7.4

	3
	NANA aldolase
	1.19 µM
	potassium phosphate, pH 7.4


Table 8. Stock solutions used for the determination of the initial rate of reaction of potential substrates for NANA aldolase.

20 μL of stock 1, 40 μL of stock 2 and 50 μL of stock 3 were added to an Eppendorf tube. This tube was stirred in a water bath at 37 °C. At regular time intervals, 5 μL aliquots of the solution were removed, diluted with 45 μL of water and analysed by HPLC.

[bookmark: _Toc326047449]5.2.7. Procedure to Determine Initial Rate of Aldol Product Breakdown in the Presence of NANA Aldolase

To an Eppendorf tube was added 20 µL of stock 1, 40 µL of stock 3 and 50 µL of stock 4 (Table 9). The tube was stirred in a water bath at 37 °C and at regular time intervals 5 µL aliquots were removed, diluted with 45 µL of water and analysed by HPLC. 

For the experiment where extra pyruvate was added, the reaction procedure was exactly the same except that stock 2 was used in place of stock 1.

	Stock No.
	Content
	Concentration
	Buffer/pH

	1
	5
	50 mM 
	potassium phosphate, pH 7.4

	2
	5 and sodium pyruvate
	50 mM and 100 mM respectively
	potassium phosphate, pH 7.4

	3
	sodium azide
	0.02% w/v
	potassium phosphate, pH 7.4

	4
	NANA aldolase
	1.19 µM
	potassium phosphate, pH 7.4


Table 9. Stock solutions used for the determination of the initial rate of aldol product breakdown in the presence of NANA Aldolase.

[bookmark: _Toc326047450]5.2.8. Immobilisation of NANA Aldolase on Magnetic Nanoparticles 

5.2.8.1. Buffer Exchange Procedure

Before the biotinylation procedure could commence, NANA aldolase had to be exchanged from the buffer in which it was supplied into modification buffer.

The bottom was twisted off a ZebaTM desalt spin column and the top was loosened (but not removed). The spin column was placed into a 1.5 mL microcentrifuge tube and centrifuged at 1500 × g for 1 minute. The column was then removed from the microcentrifuge and the storage solution was discarded. The side of the spin column where the resin was slanted upwards was marked using a permanent marker and this mark was used in all future centrifugations to orientate the spin column with the mark facing outwards when it was placed in the microcentrifuge. 300μL of 1× modification buffer (1.0 M sodium phosphate and 1.5 M sodium chloride, pH 7.4) was added to the top of the resin bed and the column was placed back into the collection tube and centrifuged at 1500 × g for 1 minute. The filtrate was discarded and this procedure was repeated twice more. Following this, the spin column was placed into a new collection tube, the cap was removed and 100 μL of 0.26 mM NANA aldolase protein solution was added to the centre of the resin bed. The tube was placed in a microcentrifuge and centrifuged at 1500 × g for 2 minutes. The NANA aldolase in modification buffer solution was stored in the collection tube for future use. 

For experiments where repeat wash procedures were used, following the removal of the first eluent from the collection tube, 100 µL of phosphate buffered saline (PBS) was added to the resin bed and the column was centrifuged at 1500 × g for 2 minutes. The resulting eluent was removed and the procedure was repeated up to a further 2 times.

5.2.8.2. Determination of Exchanged Protein Concentration

Once the buffer exchange procedure had been completed, the new concentration of the NANA aldolase solution was determined using the Bradford Assay (Section 5.2.4.). 

5.2.8.3. Biotinylation of NANA Aldolase

Once the concentration of protein exchanged into the modification buffer had been determined, biotinylation of the NANA aldolase was carried out.

A ChromaLink biotin working solution was created by adding 500 µL of 1× modification buffer to 5 mg of Sulfo-ChromaLink biotin reagent and vortexing the mixture vigorously for 2-4 minutes to ensure that all solid reagent was dissolved. The ChromaLink biotin protein labelling calculator provided by SolulinkTM [82] was then used to calculate the volume of ChromaLink biotin working solution to be added to the NANA aldolase solution from Section 5.2.8.1. (Equation 1) and this volume was added immediately to the NANA aldolase solution. The solution was mixed well and left at room temperature for 90 minutes. 15 minutes before the end of the reaction, a new ZebaTM spin column was equilibrated in 1× PBS using the procedure outlined in Section 5.2.8.1. Five minutes before the end of the reaction, the PBS hydrated ZebaTM spin column was transferred to a centrifuge and spun at 1500 × g for 1 minute. The flow-through was discarded and the spin column was placed in a clean collection tube. The contents of the completed biotinylation reaction was added to the top of the spin column, placed in the centrifuge and spun at 1500 × g for 2 minutes. The biotinylated protein in the flow-through was then collected from the collection tube. 



Equation 1. Equation to determine: (A) Volume of ChromaLink biotin working solution to be added to NANA aldolase solution (µL). (B) Moles of NANA aldolase to be biotinylated (mM). (C) Linker equivalents added to the NANA aldolase (10). (D) Moles of ChromaLink biotin linker to be added to solution (mM). (E) Volume of 1 × modification buffer used to dissolve linker (500 µL).

For experiments where repeat wash procedures were used to remove more of the biotinylated protein from the spin columns, following the removal of the first eluent from the collection tube, 100 µL of PBS was added to the resin bed and the column was centrifuged at 1500 × g for 2 minutes. The resulting eluent was removed and the procedure was repeated up to a further 2 times.

5.2.8.4. Determining Biotin Incorporation 

A spectrophotometer was blanked at 354 nm using 1 × PBS and the absorption at 354 nm of the biotinylated protein sample was measured. Using the biotin molar substitution ratio (MSR) calculator provided by Solulink,[82] the number of biotin molecules per molecule of NANA aldolase was calculated.

5.2.8.5. Magnetic Nanoparticle Washing Procedure

Using a vortex mixer, the magnetic nanoparticles were re-suspended in their original vial. The desired volume of nanoparticles was then transferred to a new Eppendorf tube and nucleic acid binding and wash buffer (50 mM Tris-HCl, 150 mM NaCl, 0.05% Tween 20, pH 8.0) was added to make the total volume up to 0.25 mL. The tube was then placed on a magnet and the supernatant was discarded. Finally the tube was removed from the magnet and the nanoparticles were re-suspended in 0.25 mL of nucleic acid binding and wash buffer.

5.2.8.6. Immobilisation Procedure

After the required volume of magnetic nanoparticles had been washed using the above protocol, 0.25 mL of the biotinylated NANA aldolase was added to 0.25 mL of nanoparticles in an Eppendorf tube. The mixture was incubated for 30 minutes at room temperature on a platform shaker. The tube was then placed on a magnet until all nanoparticles had collected at the bottom of the tube and the supernatant was discarded. Following this, the tube was removed from the magnet and the nanoparticles were re-suspended in 0.5 mL of nucleic acid binding and wash buffer, followed by centrifugation and decanting of the supernatant. The above washing procedure was repeated twice before the beads were re-suspended in potassium phosphate buffer.

5.2.8.7. Procedure for the Creation of a Calibration Curve to Determine the Activity of Nanoparticle-Linked NANA Aldolase

10 μL of stock 1 and 20 μL of stock 2 (Table 10) were added to 12 Eppendorf tubes. 20 μL of stock 4 was added to one of the 12 eppedorf tubes. Stock 3 was diluted to give a range of 11 different concentrations from 0.1 to 2.8 mg/mL and 20 μL of one of these 11 stock solutions was added to one of the 11 remaining Eppendorf tubes. This was repeated such that each Eppendorf tube contained one of the 11 stock solutions. The tubes were left to incubate in a water bath at 37 °C for 10 minutes before a 5 μL sample was removed from each tube, diluted with 45 μL of deionised water and analysed using HPLC.

	Stock No.
	Content
	Concentration
	Buffer/pH

	1
	1 and sodium pyruvate
	50 mM and 100 mM respectively
	potassium phosphate, pH 7.4

	2
	sodium azide
	0.02% w/v
	potassium phosphate, pH 7.4

	3
	NANA aldolase
	87.7 µM
	potassium phosphate, pH 7.4

	4
	-
	-
	potassium phosphate, pH 7.4


Table 10. Stock solutions used for the creation of a calibration curve to determine the activity of nanoparticle-linked NANA aldolase

5.2.8.8. Procedure to Determine Activity of Nanoparticle-Bound NANA Aldolase

The same procedure as in Section 5.2.8.7. was performed, except instead of using stock 3, one tube was created containing 20 μL of the nanoparticle-bound NANA aldolase. A % aldol product peak area was then determined from the HPLC trace and compared to the initial rate calibration curve to determine a value for the activity of the nanoparticle-linked NANA aldolase.

[bookmark: _Toc326047451]5.3. Results and Discussion

[bookmark: _Toc326047452]5.3.1. Synthesis of Substrates for NANA Aldolase

The syntheses of N-substituted mannosamines using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide) (EDC) as a coupling reagent was attempted (Scheme 9).[83] The reaction also contained hydroxybenzotriazole (HOBt) which is used to suppress racemisation and improve the efficiency of the reaction yield.[84] The reaction gave 59 mg of product in a 38% yield, however, due to the potentially explosive nature of HOBt, an alternative coupling reaction using benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP®) was adopted (Scheme 10). This reaction gave a greater yield (75%) than the reaction using EDC and therefore it was decided to use PyBOP® as the coupling reagent in library synthesis.



Scheme 9. Synthesis of 1 using EDC.



Scheme 10. Synthesis of 1 using PyBOP®

The method using PyBOP was used to synthesise a library of 10 compounds (Table 11). This range should enable a good level of structure activity relationship (SAR) data to be gathered on the potential substrates. Yields ranged from 18 % for 8 up to 75 % for 1, however, the difficulty in removing all traces of DMF and PyBOP® from the reaction meant that in all cases two silica columns as well as a washing procedure using chloroform were necessary to remove all traces of DMF and PyBOP® from the reaction. This meant that overall yield was sacrificed in favour of compound purity. All yields were high enough, however, to provide enough of each compound for further experiments with the NANA aldolase.





	R
	% Yield

	1
	

	75

	3
	

	39

	4
	

	21

	5
	

	19

	6
	

	20

	7
	

	40

	8
	

	18

	9
	

	32

	10
	

	30

	11
	

	31


Table 11. Potential substrates for NANA aldolase and their % Yields.

[bookmark: _Toc326047453]



5.3.2. Reactivity of Potential Substrates for NANA Aldolase

[bookmark: _Toc326047454]5.3.2.1. Aldol Product Formation

Following the synthesis of the N-modified mannosamines shown in Table 11, it was decided to test these molecules in order to determine their suitability as substrates for NANA aldolase. This was done to ensure that all potential substrates could be converted into their aldol products by NANA aldolase in a DCL. In a similar experiment, Pan et al[79] used the Svennerholm method,[85] a colorimetric method developed for the quantitative estimation of neuraminic acids using resorcinol, to determine the initial rate of aldol product formation of eight N-modified D-mannosamines. Because the mannosamines made in this project contain chromophores, it was decided to monitor the formation of the aldol product using UV detection HPLC. This is both a quicker and more accurate way of monitoring the reaction than the Svennerholm method.

[image: ]
Figure 49. Equations to show the order of the reaction catalysed by NANA aldolase.

Equation (1)[86],[87] (Figure 49) shows the reversible nature of aldolase-catalysed reactions with the reaction rate being expressed in equation (2).[88] Initially the concentration of the aldol product [NeuNR] is low so the reverse reaction k-1 [NeuNR][Enz] can be disregarded to give equation (3). The sodium pyruvate [PA] is in large excess and the enzyme concentration is constant so the concentrations of enzyme [Enz] and pyruvate [PA] can be taken as constants. At the initial stage of the reaction, the change in substrate concentration [ManNR] is small and so it too can be considered as a constant (equations (4) and (5)). This shows that for the initial stages of the reaction, zero order kinetics should be observed. 

The protein concentration of supplied NANA aldolase solution was determined using the Bradford Assay.[89] It was found that in order for the net absorbance of the NANA aldolase sample to be within the range of the standard curve created using the Bradford Assay, it was necessary to dilute the NANA aldolase solution by a factor of 20. Interpolation of the net absorbance values for the NANA aldolase solution revealed a protein concentration of 16.4 mg/ml ± 1.68.


[image: ]
Figure 50. HPLC trace showing the formation of aldol product over time in a NANA aldolase catalysed reaction with 1.

The conversion of the N-modified mannosamine starting materials into the aldol product in the presence of NANA aldolase can be clearly seen by comparing HPLC traces from differing time points in the reaction (Figure 50). As can be seen, there is a peak corresponding to the aldol product which appears over time. There are also two peaks corresponding to the starting material on either side of the aldol product peak. The identities to all the peaks were verified by isolating each peak using preparative HPLC and analysing them using 1H NMR and mass spectrometry. It was thought that the existence of the two peaks corresponding to the starting material could correspond to the two anomers of the N-modified mannosamines.  

[image: ]
Figure 51. Graph to show initial rate of product formation with NANA aldolase.







	Compound
	Rate (µM Sˉ¹)

	7
	

	0.550

	3
	

	0.379

	5
	

	0.325

	4
	

	0.250

	1
	

	0.215

	8
	

	0.191

	10
	

	0.188

	11
	

	0.169

	6
	

	0.0832

	9
	

	0.00


Table 12. Initial rates of reaction of N-modified mannosamines with NANA aldolase.

Once the peaks had been assigned, kinetic experiments were performed on all N-modified mannosamines by incubating each one at 37 °C with a two-fold excess of sodium pyruvate and in the presence of NANA aldolase. A two-fold excess of sodium pyruvate was used to mimic the amount of sodium pyruvate to be used in a DCL as it allowed for an equilibrium position to be reached where around 40 % of the mannosamine starting materials were converted into the aldol product. This is an ideal conversion rate for the creation of a DCL as it allows for both starting materials and products to be screened in the DCL. The initial rate of reaction was determined by measuring the initial gradient of a plot of % aldol product peak area against time. The results can be seen in Table 12. As can be seen, there is a range of initial rates for the potential substrates, the best being for substrate 7 with a rate of 0.550 µM Sˉ¹ followed by 3 and 5 with rates of 0.379 µM Sˉ¹ and 0.325 µM Sˉ¹ respectively. The slowest rate of 0.0832 µM Sˉ¹ is for 6 whilst 9 showed no aldol product formation at all. It was thought that this may be due to the naphthalene group being too large for the active site of the NANA aldolase. The plots of % product peak area against time can be seen in Figure 51. They show initial zero order kinetics for each substrate whilst for those reactants that have the largest rate of reaction, equilibrium conditions are approached after around 300 minutes and with a % product peak area of around 40 %. Importantly, with the exception of 9, all DCL molecules were shown to be suitable substrates for NANA aldolase.

In addition to the analysis of initial rate, experiments were also conducted where the concentration of NANA aldolase was varied whilst the concentration of other reactants remained constant. After 10 minutes of incubation of 1 with varying concentrations of NANA aldolase ranging from 0.05 to 2.8 mg/mL, 5 µL of the sample was removed and diluted with 45 µL of deionised water. These samples were then analysed by HPLC. Figure 52 shows results obtained with equilibrium not yet reached, but being approached, with 2.8 mg/mL of NANA aldolase after 10 minutes.
[image: ]
Figure 52. Graph to show the effect of differing concentrations of NANA aldolase on rate of formation of aldol product 12.

[bookmark: _Toc326047455]5.3.2.2. Exploring the Reversibility of the Reaction Catalysed by NANA Aldolase



Scheme 11. Conversion of 13 into 5 in the presence of NANA aldolase.

The breakdown of the aldol products back into mannosamine and sodium pyruvate starting materials was investigated to show that the NANA aldolase could catalyse both the forward and reverse aldol reaction so that a true dynamic combinatorial library can be synthesised using this enzyme catalyst (Scheme 11). This was done by adding 13 (isolated in Section 5.2.5.) in equimolar quantities to the amount of N-modified mannosamine used in the experiments in Section 5.3.2.1. to NANA aldolase. In addition to this, extra sodium pyruvate was also added to the reaction such that the total amount of pyruvate both as free pyruvate molecules and the pyruvate which forms part of 13 was equimolar with the amount of sodium pyruvate used in Section 5.3.2.1. The breakdown of this product was then followed by HPLC analysis of aliquots removed from the reaction at regular intervals.

[image: ]
Figure 53. Graph to show formation and breakdown of 13 over time in the presence of NANA aldolase.

As can be seen in Figure 53, the initial breakdown of the aldol product appears to be much greater in comparison to the rate of formation of the aldol product which is 0.325 µM S-1. Equilibrium appears to have been reached when around 40% of the total mannosamine concentration is converted into the aldol product. This shows that in a DCL that does not contain a target molecule it can be expected that there will be around 40 % neuraminic acid product and 60 % mannosamine present.

Figure 54 compares the rate of breakdown of 13 achieved in a reaction where no excess of sodium pyruvate is used with a reaction where a two-fold excess of sodium pyruvate is used. As expected, the latter reaction rate is slower and the equilibrium position is at a lower percentage of product, showing how the amount of pyruvate added to the reaction affects the equilibrium position of the reaction.

[image: ]
Figure 54. Graph to show breakdown of 13 over time in the presence and absence of an excess of sodium pyruvate.

[bookmark: _Toc326047456]5.3.3. Immobilisation of NANA Aldolase to Magnetic Nanoparticles

The attachment of NANA aldolase to magnetic nanoparticles was considered to allow the easy removal of NANA aldolase from reactions, simply by applying a magnet to the reaction mixture. This should enable the rapid and simple halting of the reaction, as well as possibly allowing the NANA aldolase to be collected after the experiment and re-used. A variety of magnetic nanoparticles and attachment procedures are available, however, after careful consideration, streptavidin coated magnetic nanoparticles from Solulink were purchased which can be used to immobilise proteins using a biotin-containing linker molecule. 

[bookmark: _Toc326047457]5.3.3.1. Biotinylation of NANA Aldolase

Biotin is a naturally occurring vitamin that binds with high affinity to streptavidin proteins with a dissociation constant (Kd) of ~ 4 x 10-14 M.[82] Using a kit provided by Solulink, proteins with a molecular weight of between 20 and 200 kDa can be biotinylated and at concentrations of between 0.25 and 10 mg/mL a high rate of biotinylation can be achieved. This should be suitable for NANA aldolase which has a molecular weight of 32 kDa.


Figure 55.  Molecular structure of ChromaLink Biotin containing a bis-aryl hydrazone
chromophore (a), linked by a PEG3 linker arm (b), to biotin (c) and a water-soluble sulfo-succinimidyl ester functional group (d).[82]

The ChromaLink Biotin purchased form Solulink has several features designed to improve the biotinylation procedure (Figure 55). It includes a bis-aryl hydrazone chromophore linked by a polyethylene glycol 3 (PEG3) linker arm to biotin which can be used to spectroscopically quantify the incorporation of biotin to the protein. The PEG3 linker preserves biotin affinity and maintains protein solubility whilst the water-soluble sulfo-succinimidyl ester functional group can be used to bind to lysine groups on the NANA aldolase (Figure 56).

[image: ]
Figure 56. The Structure of NANA aldolase with basic residues, including lysine highlighted in yellow.

The protocol used for the biotinylation of the NANA aldolase was one supplied by Solulink and can be found in Section 5.2.8.3.  After the buffer exchange had taken place on a spin column, a Bradford Assay revealed the NANA aldolase concentration to be 0.414 mg/mL (0.041 mg of biotinylated NANA aldolase in total). This was much lower than the concentration of 8.21 mg/mL (0.821 mg) which was applied to the column. For this reason it was decided to optimise the methodology in order to maximise protein recovery from the ZebaTM spin columns. It was found that following the initial spin step, the addition of a further 100 μL of PBS to the ZebaTM spin column followed by an extra centrifugation step improved the recovery of the NANA aldolase. The concentration of this second wash solution was calculated as 5.45 mg/mL which equates to a total of 0.545 mg of NANA aldolase being recovered. This would suggest that it is the second wash step that recovers the majority of the NANA aldolase from the spin columns rather than the first wash step.

Biotinylation was then carried out on the buffer exchanged NANA aldolase and the resulting solution was once more applied to prepared ZebaTM spin columns and spun at 1500 × g for 2 minutes. As with the previous buffer exchange, the eluent following the first spin step gave no biotinylated product, but when the column was washed through a second time with 100 μL of PBS a NANA aldolase concentration of 2.67 mg/mL was achieved (0.267 mg of NANA aldolase recovered in total). This shows that most of the protein seems to come off the column in the second wash but that around 51 % of the protein added is left on the ZebaTM columns. Using the Ultraviolet/Visible (UV/Vis) technique described in Section 5.2.8.4. it was determined that there was an average of 1.3 biotin molecules conjugated to each protein (Table 13). This level was lower than expected, especially as there are several lysine residues on the surface of the NANA aldolase and it would suggest that the efficiency of the conjugation is low. This may be due to the fact that these lysine residues are not exposed enough on the surface of the NANA aldolase to be biotinylated, or that once a biotin has been added to a NANA aldolase molecule, the addition of further biotin molecules is hindered. A higher biotinylation level would be preferable to ensure a high loading level of biotinylated protein molecules to the magnetic nanoparticles.

	N-Acetyl-D-neuraminic acid aldolase
	N-Acetyl-D-neuraminic acid aldolase

	2403
	Total volume of biotinylated protein recovered (µL)

	32000
	Protein molecular weight (daltons)

	0.1223
	A354 reading

	0.10
	Protein concentration (mg/mL) 

	0.24
	Total biotinylated protein recovered (mg)

	1.3
	MSR (biotins/protein)


Table 13. Biotin molar substitution ratio (MSR) calculator.

Due to the disappointingly high level of NANA aldolase which was retained on the ZebaTM spin columns after biotinylation using the manufacturer’s recommended procedure, the biotinylation procedure was repeated and a small 30 μL plug of PBS buffer was added to the top of the column after the loading of the initial NANA aldolase reaction mixture. A further four washes of 100 μL of PBS each followed and the resulting solutions were analysed using a Bradford Assay. The results can be seen in Table 14. They show that the largest quantity of protein is actually recovered from the second wash, although this is only just above 50% of the total protein added to the column. In total, around 82% of the protein added to the column was recovered after 4 washes. Analysis of the solution using the Ultraviolet/Visible (UV/Vis) technique described in Section 5.2.8.4. showed an average of 0.9 biotin molecules conjugated to each protein with a NANA aldolase concentration of 0.1 mg/mL.

	Fraction
	Amount Recovered (mg)
	% Recovered
	Cumulative % Recovered

	1
	0.145
	17.66
	17.66

	2
	0.479
	58.34
	76.00

	3
	0.0316
	3.85
	79.85

	4
	0.0156
	1.90
	81.75

	5
	0.0018
	0.22
	81.97


Table 14. Protein recovery after repeated washing of the ZebaTM Spin Columns with 100 µL of PBS.

[bookmark: _Toc326047458]5.3.4. Attachment of Biotinylated NANA Aldolase to Magnetic Nanoparticles

Once the NANA aldolase was biotinylated, NanoLinkTM streptavidin magnetic microspheres were used to capture the biotinylated NANA aldolase. These magnetic microspheres, or magnetic nanoparticles, are polymer-encapsulated, super-paramagnetic particles containing covalently cross-linked streptavidin (Figure 57). The binding capacity for the nanoparticles is ~ 1.7 nmol/mg (250 µg/mg).

The biotinylated NANA aldolase was attached to the magnetic nanoparticles using the technique described in Section 5.2.8.6. A sample containing the biotinylated NANA aldolase at a concentration of 2.67 mg/mL and with a MSR of 1.3 biotins per protein was used (Table 13). It was calculated that 0.56 mg of nanoparticles were needed to conjugate to biotinylated NANA aldolase which equates to 0.056 mL of suspended magnetic nanoparticles where the concentration of magnetic nanoparticles supplied was 1 mg/mL. The calculated amount of nanoparticles were washed and re-suspended in nucleic acid binding and wash buffer supplied by SolulinkTM, added to biotinylated NANA aldolase and left to shake for 30 minutes at room temperature. Following this, the binding and wash buffer was removed from the nanoparticles and they were washed and re-suspended in 0.1 μL of potassium phosphate buffer for future use. 
[image: ]
Figure 57. Diagram to show the structure of magnetic nanoparticles.
Figure reproduced with permission of Solulink.

The same attachment procedure was used with the second stock of biotinylated protein with a concentration of 0.1 mg/mL and a MSR of 0.9 biotins per protein. It was calculated that 1.72 mg of magnetic nanoparticles were needed to bind the 0.43 mg of biotinylated NANA aldolase. This corresponded to 172 µL of the suspended nanoparticle solution. After the nanoparticle attachment procedure, the nanoparticles were re-suspended in 100 µL of potassium phosphate buffer.

It was found that, once the biotinylated NANA aldolase was conjugated to the nanoparticles, it was very difficult to assess its activity. One way of determining the concentration of the NANA aldolase attached to the nanoparticles was to ascertain the protein concentration of the supernatant. Once the magnetic nanoparticles were attached to the protein, a magnet can be applied to the solution, which pulls down the nanoparticles carrying NANA to the bottom of the container that they are in. The supernatant can then be removed and the Bradford Assay used to determine the protein concentration of the supernatant. This can then be subtracted from the known concentration of biotinylated protein added to the nanoparticles to calculate the concentration of nanoparticle-linked protein. Unfortunately this method does not give any indication as to the activity of the NANA aldolase immobilised on the magnetic nanoparticles. For this reason, it was decided to create a calibration curve with known concentrations of NANA aldolase in order to compare the activity of the nanoparticle bound enzyme with that of the NANA aldolase free in solution. This was done by incubating a known amount of 1 (N-cinnamoyl-D-mannosamine) and double molar quantities of sodium pyruvate with 20 μL of a range of different NANA aldolase concentrations from 0 to 2.8 mg/mL. After 10 minutes of incubation at 37 °C, a sample was removed from the reaction and analysed by HPLC. The % product peak area in relation to the amount of starting material in the reaction was plotted against NANA aldolase concentration to give a calibration curve (Figure 58). 

The activity of the NANA aldolase attached to the nanoparticles was then determined using the calibration curve. This was done by adding 20 μL of the nanoparticle-bound NANA aldolase solution to the same amount of all other reactants as were used in the generation of the standard curve and in determining the product peak area there was in the resulting HPLC trace when the reaction was sampled after 10 minutes. The peak area was compared to the standard curve to give a concentration of 0.08 mg/mL for the nanoparticle-linked NANA aldolase solution used in the reaction. When this concentration is used to calculate the total amount of NANA aldolase attached to the nanoparticles, a value of 0.008 mg of NANA aldolase linked to nanoparticles is determined. This value represents only 1.9 % of the total amount of NANA aldolase which was used at the start of the immobilisation procedure indicating that the level of immobilisation is very low.







A.


B.
[image: ]
Figure 58. A. Calibration curve to show amount of aldol product formed after 10 minutes incubation at 37 °C in the presence of NANA aldolase and double molar quantities of sodium pyruvate. B. Expansion of the rate of aldol product formation with the lowest NANA aldolase concentrations.

[bookmark: _Toc326047459]5.4. Conclusion

In conclusion, a range of N-modified mannosamines have been synthesised using PyBOP® as a coupling reagent. These mannosamines were then investigated to determine their suitability as substrates for NANA aldolase, with all but the naphthalene derivative (9) shown to be substrates. Reverse reactions were completed to show that NANA aldolase can catalyse both the forward and reverse reactions, with the amount of sodium pyruvate added shown to affect the equilibrium position of the reaction. Higher levels of aldol product formation are seen when larger amounts of pyruvate are added to the reaction. The N-modified mannosamines synthesised can now be used to create a DCL. Immobilisation of NANA aldolase to magnetic nanoparticles was attempted, however, the immobilisation rate was low and it was difficult to determine the activity of the NANA aldolase once it was immobilised. For this reason, it was decided not to proceed with the use of immobilised NANA aldolase in future reactions.














[bookmark: _Toc326047460]6. Investigations into the Suitability of Subtilisin Carlsberg as an Enzyme Catalyst for DCL Synthesis

[bookmark: _Toc326047461]6.1. Introduction

It was proposed that the number of members in the DCL could be significantly increased by adding a second enzymatic reaction. It is important that any such reaction is either reversible itself, or that the modification does not affect the ability of NANA aldolase to catalyse the reversible aldol reaction with any new DCL members formed. Previous experiments have shown that Neu5Ac can be modified at the C-9 position without affecting it’s suitability as a substrate for NANA aldolase.[71] For this reason it was decided to try modifying the Neu5Ac at the 9-C position using a suitable enzyme.
[image: http://www.pdb.org/pdb/images/1sbc_bio_r_500.jpg]
Figure 59. View from a crystal structure of subtilisin Carlsberg.[90],[93]
Subtilisin Carlsberg is a 27 kDa protein secreted by Bacillus licheniformis.[91] It is a member of a family of “subtilisin-like” serine proteases which utilise a catalytic triad of serine, histidine and aspartic acid to perform a variety of catalytic functions in nature.[92] The crystal structure of subtilisin Carlsberg in water has been solved by Neidhart et al to 2.5 Å.[93] The structure can be seen in Figure 59. Subtilisin Carlsberg has two Ca2+ binding sites, a strong and a weak site. The x-ray structure of the strong site shows an octahedral coordination sphere[94],[95],[93] with a binding constant of 108 M-1 [96] whilst the weak binding site has a quadrangular pyramidal structure[94],[95] with a binding constant of 102 M-1.[96] 

[image: ]
Figure 60. Active site of subtilisin Carlsberg in anhydrous dioxane compared with that in water (A) and acetonitrile (B). The catalytic triad and solvent molecules are depicted as balls-and-sticks with carbon, oxygen and nitrogen shown in white, light-grey and black respectively. Water molecules are depicted as dark-grey balls. Acetonitrile molecules in (B) are shown as linear balls-and-sticks. The surface of the protein is portrayed with black dots.[97]
Reproduced with permission of the publishers.

The crystal structure of subtilisin Carlsberg has been determined in a series of other anhydrous solvents including acetonitrile[98] and dioxane.[97] A comparison of the active site of subtilisin Carlsberg between dioxane and acetonitrile and dioxane and water can be seen in Figure 60. Results showed that the crystal structures of the subtilisin in all three solvents were essentially identical, with the active site of the crystal structures in each solvent also very similar. The root mean squared (r.m.s.) shifts for all the main chain atoms in a comparison between crystal structures in dioxane and water is around 0.33 Å. The overall surface area of the subtilisin in all three solvents is also similar and the crystallisation of subtilisin Carlsberg in solvents composed of mixtures of aqueous and non-aqueous media show a great deal of similarity to the structure determined in neat solvents.[99] 

A comparison of the distance between equivalent α-carbon positions between subtilisin Carlsberg and a similar subtilisin from B.amyloliquefaciens, subtilisin BPN’, showed a r.m.s. value of 0.55. This was despite finding 82 amino acid substitutions and one deletion in subtilisin Carlsberg relative to subtilisin BPN’ and is an indication of the close similarity between the two proteins. In addition to this, the active sites of both subtilisin molecules are almost identical indicating that they both recognise a substrate in very similar ways.[93]

Subtilisin has been shown to be an important reagent for the acylation of both monosaccharides and oligosaccharides. It has broad specificity, with monosaccharides such as glucose being selectively acylated at the C-6 position and oligosaccharides such as lactose and maltose also selectively acylated at the corresponding primary alcohol.[100] In experiments by Cai et al; 6’-Deoxy-6-fluoro and 6-Deoxy-6-fluorolactosides were synthesised with a high degree of specificity using subtilisin.[101]

Subtilisin BPN’ has been shown to catalyse the formation of the 9-C acylated Neu5Ac (15) from Neu5Ac.[102] The best reaction rate is achieved when DMF is used in conjunction with a small amount of buffer and triethylamine.[103] In experiments conducted by Takayama et al; incubation at 37 °C of Neu5Ac with vinyl acetate, DMF and small amounts of triethylamine and potassium phosphate buffer showed a 76 % yield of 15 (Scheme 12). 


Scheme 12. The 9-C acylation of Neu5Ac.

It was decided to use subtilisin in a DCL in conjunction with NANA aldolase. The successful introduction of this reaction to a DCL has the potential to double the number of library components created, thus increasing the number of compounds which can be screened against a target protein molecule in a single experiment.

[bookmark: _Toc326047462]6.2. Methodology

The acylation at the 9 position of neuraminic acids gives an added dimension to a DCL, with the potential to double the number of DCL components screened against a protein target in a single library. Whilst experiments conducted by Takayama et al;[102]  using subtilisin BPN’ showed acylation of Neu5Ac at the 9-C position was possible, subtilisin BPN’ proved very hard to purchase. Subtilisin Carlsberg, however, is readily available and structurally very similar to subtilisin BPN’, therefore, it was decided to investigate the suitability of subtilisin Carlsberg for use in a DCL. 

Instrumentation and equipment used was the same as in Section 5.2.

[bookmark: _Toc326047463]6.2.1. Synthesis of N-benzoyl-D-neuraminic acid
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To an Eppendorf tube was added 9.2 mg (0.03 mmol) of 3 and 6.6 mg (0.06 mmol) of sodium pyruvate. To each tube was added 500 µL of NANA aldolase stock (5.13 µM in potassium phosphate buffer (pH 7.4)). The reaction was left to stir at 37 °C for 24 hours before the reaction mixture was subjected to preparative HPLC (5-10 % acetonitrile in 0.01 % TFA over 20 minutes). The fractions containing the product were combined and subjected to rotary evaporation to give the product. Yield: 72 %. 1H NMR (400 MHz, Deuterium Oxide): δ 7.96 – 7.86 (m, 2H), 7.61 – 7.51 (m, 1H), 7.48 (td, J = 7.5, 1.5 Hz, 2H), 4.33 – 4.07 (m, 3H), 3.87 – 3.71 (m, 2H), 3.64 (dd, J = 11.0, 5.5 Hz, 1H), 3.59 (dt, J = 9.0, 2.0 Hz, 1H), 2.30 (dd, J = 13.0, 5.0 Hz, 1H), 1.91 (dd, J = 13.0, 11.5 Hz, 1H). 13C NMR (101 MHz, Deuterium Oxide): δ 173.56, 171.90, 135.33, 132.88, 129.46, 128.68, 96.73, 72.27, 71.78, 70.35, 67.72, 64.81, 54.92, 41.24. m/z (ES-), 370 ([M - H]-); HRMS found 370.1138 (C16H20NO9) ([M - H]-, requires 370.1138). νmax (solid)/cm-1, 3295.45, 2935.32, 1704.76, 1630.66, 1527.52, 1444.72, 1200.81, 1146.11, 1110.51, 1064.52, 1023.53, 907.68, 854.19, 840.47, 802.16.

[bookmark: _Toc326047464]6.2.2. Experiments to Investigate the 9-C Acylation of Neuraminic Acid Molecules 

6.2.2.1. 9-C Acylation of 14 in 40 % DMF and 1 M Vinyl Acetate Concentration
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[bookmark: OLE_LINK26]14 from Section 6.2.1. was made into a stock (50 mM in potassium phosphate buffer (pH 7.4)) and 20 μL of this stock was added to an Eppendorf tube. Added to this was 20 μL of potassium phosphate buffer (pH 7.4), 0.92 μL of vinyl acetate and 1.4 μL triethylamine. This was followed by 40 μL of DMF and 20 μL of subtilisin Carlsberg stock (5 mg of subtilisin Carlsberg in 200 μL potassium phosphate buffer (pH 7.4)). The reaction was left to incubate at 37 °C and at the following time intervals: 0, 7, 12, 20, 30, 60, 90, 120, 180, 240, 300 and 360 minutes, 2 μL of the reaction mixture was removed and diluted with 48 μL of deionised water. The samples were then analysed by LC-MS. m/z (ES-), 370 ([M - H]-); HRMS found 370.1151 (C16H20NO9) ([M - H]-, requires 370.1138). m/z (ES-), 412 ([M - H]-); HRMS found 412.1234 (C18H22NO10) ([M - H]-, requires 412.1244).

6.2.2.2. 9-C Acylation of 14 in 40 % DMF and 10 M Vinyl Acetate Concentration



16

The same procedure as in Section 6.2.2.1. with the exception that in place of 0.92 μL of vinyl acetate, 9.2 μL of vinyl acetate were used. m/z (ES-), 370 ([M - H]-); HRMS found 370.1153 (C16H20NO9) ([M - H]-, requires 370.1138). m/z (ES-), 412 ([M - H]-); HRMS found 412.1253 (C18H22NO10) ([M - H]-, requires 412.1244).

6.2.2.3. 9-C Acylation of 14 in 40 % DMF and 100 M Vinyl Acetate Concentration



16

The same procedure as in Section 6.2.2.1. with the exception that in place of 0.92 μL of vinyl acetate, 92.0 μL of vinyl acetate were used. m/z (ES-), 370 ([M - H]-); HRMS found 370.1145 (C16H20NO9) ([M - H]-, requires 370.1138). m/z (ES-), 412 ([M - H]-); HRMS found 412.1249 (C18H22NO10) ([M - H]-, requires 412.1244).








6.2.2.4. 9-C Acylation of 14 in 40 % MeOH and 100 M Vinyl Acetate Concentration



16

The same procedure as in Section 6.2.2.3. with the exception that in place of 40 μL of DMF, 40 μL of MeOH was used. m/z (ES-), 370 ([M - H]-); HRMS found 370.1154 (C16H20NO9) ([M - H]-, requires 370.1138). m/z (ES-), 412 ([M - H]-); HRMS found 412.1240 (C18H22NO10) ([M - H]-, requires 412.1244).

6.2.2.5. 9-C Acylation of 14 in 40 % DMSO and 100 M Vinyl Acetate Concentration



16

The same procedure as in Section 6.2.2.3. with the exception that in place of 40 μL of DMF, 40 μL of DMSO was used. m/z (ES-), 370 ([M - H]-); HRMS found 370.1137 (C16H20NO9) ([M - H]-, requires 370.1138). m/z (ES-), 412 ([M - H]-); HRMS found 412.1241 (C18H22NO10) ([M - H]-, requires 412.1244).

6.2.2.6. 9-C Acylation of 14 in 20 % DMSO and 100 M Vinyl Acetate Concentration



16
The same procedure as in Section 6.2.2.3. with the exception that in place of 40 μL of DMF, 20 μL of DMSO and 20 μL of potassium phosphate buffer (pH 7.4) was used. m/z (ES-), 370 ([M - H]-); HRMS found 370.1130 (C16H20NO9) ([M - H]-, requires 370.1138). m/z (ES-), 412 ([M - H]-); HRMS found 412.1237 (C18H22NO10) ([M - H]-, requires 412.1244).

6.2.2.7. 9-C Acylation of 14 in 10 % DMSO and 100 M Vinyl Acetate Concentration



16

The same procedure as in Section 6.2.2.3. with the exception that in place of 40 μL of DMF, 10 μL of DMSO and 30 μL of potassium phosphate buffer (pH 7.4) was used. m/z (ES-), 370 ([M - H]-); HRMS found 370.1145 (C16H20NO9) ([M - H]-, requires 370.1138). m/z (ES-), 412 ([M - H]-); HRMS found 412.1254 (C18H22NO10) ([M - H]-, requires 412.1244).

6.2.2.8. 9-C Acylation of 14 in 100 % Potassium Phosphate Buffer and 100 M Vinyl Acetate Concentration



16

[bookmark: OLE_LINK7]The same procedure as in Section 6.2.2.3. with the exception that in place of 40 μL of DMF, 40 μL of potassium phosphate buffer (pH 7.4) was used. m/z (ES-), 370 ([M - H]-); HRMS found 370.1129 (C16H20NO9) ([M - H]-, requires 370.1138). m/z (ES-), 412 ([M - H]-); HRMS found 412.1259 (C18H22NO10) ([M - H]-, requires 412.1244).
6.2.2.9. 9-C Acylation of 14 in 10 % DMSO and 100 M Vinyl Acetate Concentration with No Subtilisin Present



16

The same procedure as in Section 6.2.2.6. with the exception that in place of 20 μL of subtilisin Carlsberg stock, 20 μL of potassium phosphate buffer (pH 7.4) was used. m/z (ES-), 370 ([M - H]-); HRMS found 370.1129 (C16H20NO9) ([M - H]-, requires 370.1138). m/z (ES-), 412 ([M - H]-); HRMS found 412.1259 (C18H22NO10) ([M - H]-, requires 412.1244).

[bookmark: _Toc326047465]6.2.3. 9-C Acylation of Neu5Ac
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To a stirring solution of Neu5Ac (0.5 g, 1.6 mmol) under an atmosphere of nitrogen was added trimethyl orthoacetate (2.0 mL, 16.0 mmol) and p-TsOH.H2O (20 mg, 0.1 mmol). The reaction was stirred for 1.5 hours and then purified by anion exchange resin column chromatography using Dowex 1×4 (HCO2-) (40 × 2.5 cm). Elution was with H2O (110 mL) followed by formic acid (1 N, 75 mL). Fractions containing the product were combined and subjected to rotary evaporation to remove the solvent before the resulting solid was applied to a silica column and purified using flash column chromatography (10 % MeOH in dichloromethane). Fractions containing the product were, once again, subjected to rotary evaporation to give pure product (0.42 g, 1.2 mmol, 75 % yield). 1H NMR (400 MHz, Deuterium Oxide): δ 4.24 (dd, J = 11.5, 2.5 Hz, 1H), 4.05 (dd, J = 12.0, 5.5 Hz, 1H), 4.00 – 3.87 (m, 2H), 3.86 – 3.79 (m, 2H), 3.48 (dd, J = 9.5, 1.0 Hz, 1H), 2.17 (dd, J = 13.0, 5.0 Hz, 1H), 1.98 (s, 3H), 1.92 (s, 3H), 1.74 (dd, J = 13.0, 11.5 Hz, 1H). 13C NMR (101 MHz, Deuterium Oxide): δ 174.80, 174.45, 173.92, 95.52, 70.23, 68.20, 67.69, 66.84, 66.33, 52.10, 38.95, 22.09, 20.25. m/z (ES-), 350 ([M - H]-); HRMS found 350.1089 (C13H20NO10) ([M - H]-, requires 350.1087).

[bookmark: _Toc326047466]6.2.4. Reverse Acylation Reaction with No Vinyl Acetate Added



Neu5Ac

To an Eppendorf tube was added 20 µL of 15 (50 mM in potassium phosphate buffer (pH 7.4)). This was followed by 50 µL of potassium phosphate buffer (pH 7.4), 1.4 µL of triethylamine and 10 µL of DMSO. Finally 20 µL of subtilisin Carlsberg stock (5 mg of subtilisin Carlsberg in 200 μL potassium phosphate buffer (pH 7.4)) was added. The reaction was left to incubate at 37 °C and at regular time intervals, 5 µL of the reaction was removed and added to 45 µL of water. The samples were analysed by LC-MS. m/z (ES-), 350 ([M - H]-); HRMS found 350.1082 (C13H20NO10) ([M - H]-, requires 350.1087). m/z (ES-), 308 ([M - H]-); HRMS found 308.0972 (C11H18NO9) ([M - H]-, requires 308.0982).

[bookmark: _Toc326047467]6.2.5. Reverse Acylation Reaction with Vinyl Acetate Added



Neu5Ac

The same procedure as in Section 6.2.4. with the exception that 92 µL of vinyl acetate were added. m/z (ES-), 350 ([M - H]-); HRMS found 350.1079 (C13H20NO10) ([M - H]-, requires 350.1087). m/z (ES-), 308 ([M - H]-); HRMS found 308.0971 (C11H18NO9) ([M - H]-, requires 308.0982).

[bookmark: _Toc326047468]6.2.6. Reaction of 15 with NANA Aldolase 
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To an Eppendorf tube was added 20 µL of 15 (50 mM in potassium phosphate buffer (pH 7.4)) and 40 µL of 0.02 % w/v sodium azide stock in potassium phosphate buffer. This was followed by 50 µL of NANA aldolase stock (5.13 µM). The reaction was left to stir at 37 °C and at regular time intervals, 5 µL aliquots were removed, diluted with 45 µL of water and analysed using LC-MS. m/z (ES+), 352 ([M + H]+); HRMS found 352.1228 (C13H22NO10) ([M + H]+, requires 352.1244). m/z (ES+), 264 ([M + H]+); HRMS found 264.1086 (C10H18NO7) ([M + H]+, requires 264.1083).

[bookmark: _Toc326047469]6.2.7. Reaction of 15 with NANA Aldolase and with 50 mM Sodium Pyruvate Added 



17

The same procedure as Section 6.2.6. with the exception that sodium pyruvate was added to stock containing 15 such that its concentration was 50 mM. m/z (ES+), 352 ([M + H]+); HRMS found 352.1243 (C13H22NO10) ([M + H]+, requires 352.1244). m/z (ES+), 264 ([M + H]+); HRMS found 264.1080 (C10H18NO7) ([M + H]+, requires 264.1083).
[bookmark: _Toc326047470]6.3. Results and Discussion

Previous reactions involving the acylation of neuraminic acids were done in DMF with only a small amount of buffer present.[102],[103] In order for the acylation reaction to be suitable for use in a DCL, it was important to investigate the catalytic activity of subtilisin Carlsberg under more protein friendly conditions. With this in mind, N-benzoyl-D-neuraminic acid (14) was synthesised and isolated for use in a reaction with subtilisin Carlsberg. This was done by incubating N-benzoyl-D-mannosamine (3) in the presence of double molar quantities of sodium pyruvate. The reaction mixture was purified using preparative HPLC to give 14 in a 63 % yield (Section 6.2.1.).  

[image: ]
[bookmark: OLE_LINK5]Figure 61. The 9-C acylation of 14 (0.01 M) in the presence of subtilisin Carlsberg (0.19 mM), triethylamine (0.1 M) and in a solution composed of 40 % DMF and 60 % potassium phosphate buffer with: (A) 100 mM vinyl acetate, (B) 1 M vinyl acetate and (C) 10 M vinyl acetate.

[bookmark: OLE_LINK27]Initially a series of reactions were done to determine the correct amount of vinyl acetate to add to the reaction. 14 (1 μmole) and triethylamine (both 10 μmole) were added to a reaction containing 0.5 mg (0.019 μmole) of subtilisin Carlsberg. Potassium phosphate buffer and DMF were used in the reaction such that DMF made up 40 % of the reaction volume and potassium phosphate buffer the remaining 60 %. Following this, either 10 μmole, 100 μmole or 1 mmole of vinyl acetate was added to each reaction giving a vinyl acetate concentration of 100 mM, 1 M and 10 M respectively and at regular time intervals the reactions were analysed using LC-MS. Results can be seen in Figure 61. With a 100 mM vinyl acetate concentration, a maximum conversion from the aldol product into the acylated version of around 7 % peak area was achieved. This percentage conversion is low with an ideal percentage conversion before templating being around 50 %. This would allow for the highest possible concentration of both starting materials and products in the DCL, thus maximising the ability to detect all components in the DCL. High resolution mass spectrometry (HRMS) of the reaction mixture showed that the product and starting material were present.

In the reactions containing 1 and 10 M vinyl acetate concentrations, a much higher conversion percentage into 16 was observed. In each case equilibrium appears to have been reached with around 30 % of the total peak area taken up by the product. This is clearly a much better conversion percentage; however, it was decided to further investigate the reaction parameters in order to further improve upon the procedure for use in a DCL.

A series of experiments were conducted using different organic solvents in order to see if the yield of the reaction could be improved. Initially MeOH was chosen as it is capable of solubilising the carbohydrate reaction materials and the vinyl acetate. An experiment was conducted with all reagents in exactly the same quantities as with the previous experiment but with 40 µL of MeOH replacing the 40 µL of DMF. Results can be seen in Figure 62. They appear to show a reduction in the conversion from starting material into product with the reaction nearing equilibrium after 360 minutes with a % product peak area of around 16 %. The same reaction was attempted using DMSO in place of MeOH. It was thought that DMSO might be an ideal solvent to have in the reaction as proteins are known to tolerate small amounts of DMSO in solution without a large effect upon the stability of the protein. The results from this reaction can be seen in Figure 63. As can be seen, the reaction is much more successful with a % product peak area reached of 26 % after 360 minutes. This is not much lower than those reactions containing DMF and may be better for use in a DCL because of the greater tolerance of proteins for DMSO in solution.



[bookmark: OLE_LINK29]Figure 62. The 9-C acylation of 14 (0.01 M) in the presence of subtilisin Carlsberg (0.19 mM), triethylamine (0.1 M), vinyl acetate (10 M) and in a solution composed of 40 % MeOH and 60 % potassium phosphate buffer.

Following the success of the reaction with DMSO, it was decided to try a series of reactions lowering the amount of DMSO in each reaction to determine the lowest percentage of DMSO which could be used in the reaction with a suitably high level of conversion into the product for use in a DCL. With this in mind, reactions were set up containing either 20 % or 10 % of DMSO. The results can be seen in Figure 64 and show an increase in the conversion into product in both cases. For the reaction with 20 % DMSO, equilibrium is just reached after 360 minutes with a % product peak area at around 37 %. For the reaction containing 10 % DMSO, there is a % peak area for the product of around 42 %. These results would indicate that rather than having a detrimental effect on the acylation of 14, lowering the amount of organic solvent in the reaction appears to improve the conversion percentage.



Figure 63. The 9-C acylation of 14 (0.01 M) in the presence of subtilisin Carlsberg (0.19 mM), triethylamine (0.1 M), vinyl acetate (10 M ) and in a solution composed of 40 % DMSO and 60 % potassium phosphate buffer.

1
[bookmark: OLE_LINK6]
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Figure 64. The 9-C acylation of 14 (0.01 M) in the presence of subtilisin Carlsberg (0.19 mM), triethylamine (0.1 M), vinyl acetate (10 M) and in a solution composed of: (A) 20 % DMSO and 80 % potassium phosphate buffer and (B) 10 % DMSO and 90 % potassium phosphate buffer.

A reaction was also conducted containing no organic solvent (Figure 65). As can be seen, equilibrium is reached with a % peak area for the product at around 40 %. This is a very similar conversion percentage as was seen with the reaction containing 10 % DMSO and is an improvement upon the 26 % conversion seen with 40 % DMSO. The fact that the reaction appears to give high % conversion into the acylated product with no organic solvent present is surprising, however, it was thought that the large amount of vinyl acetate present in the solution might act as the organic component in the reaction, negating the need for an organic solvent to be added to the reaction.


Figure 65. The 9-C acylation of 14 (0.01 M) in the presence of subtilisin Carlsberg (0.19 mM), triethylamine (0.1 M), vinyl acetate (10 M) and in a solution composed of 100 % potassium phosphate buffer.

In order to ensure that the reaction was being catalysed by the subtilisin Carlsberg, a control experiment was done containing none of the enzyme. The results can be seen in Figure 66. As can be seen, there is a small amount of product formation seen in the absence of subtilisin Carlsberg. However, the % peak area of product after 360 minutes (12 %) is far lower than was achieved in the same reaction with subtilisin Carlsberg present (42 % (Figure 65B)). It was thought that with the vinyl acetate in 1000 fold excess in the reaction (1 mmole with 1 µmole of 14), this may drive the thermodynamic equilibrium towards product formation in the absence of subtilisin Carlsberg which would explain why a small amount of product was seen in the absence of subtilisin. 


Figure 66. The 9-C acylation of 14 (0.01 M) in the presence of subtilisin Carlsberg (0.19 mM), triethylamine (0.1 M), vinyl acetate (10 M) and in a solution composed of 10 % DMSO and 90 % potassium phosphate buffer.

Once it had been ascertained that subtilisin Carlsberg was able to catalyse the formation of the 9-C acylated neuraminic acids, it was important to determine if the reaction was reversible. This would allow the easy incorporation of the acylation step in the DCL. Two reactions were attempted, one with the same total amount of vinyl acetate in the reaction as was used in the forward reaction (10 M) and one with no vinyl acetate added. This would allow for a comparison of the level of de-acylation in the presence of differing concentrations of vinyl acetate. Both reactions were identical to the above reaction in every other way with the exception that 9-C acylated Neu5Ac (15) was used in place of 14. The synthesis of 15 was achieved using a method developed by Kiefel et al.[104] It involved stirring Neu5Ac (1.6 mmol) with trimethylorthoacetate (16 mmol) and p-TsOH.H2O in DMF under nitrogen for 1.5 hours after which the reaction was purified using Dowex® 1×4 (HCO2-) and flash silica column chromatography (Scheme 13). Following the synthesis of 15, it was added to the reactions with subtilisin Carlsberg and the results can be seen in Figure 67.


Scheme 13. The synthesis of 15.

[image: ]
Figure 67. Reverse acylation of 15 (0.01 M) in the presence of subtilisin Carlsberg (0.19 mM) and in a solution composed of 10 % DMSO and 90 % potassium phosphate buffer with: (A) 10 M vinyl acetate and (B) no extra vinyl acetate added.

As can be seen, there is a vast difference between the two reactions. With 10 M vinyl acetate added to the solution, there is very little formation of Neu5Ac (~ 2 %), with the majority of the saccharide staying as the 9-C acylated version of Neu5Ac. This is due to the large excess (1000 ×) of vinyl acetate added to the reaction when compared to the amount of 15 added. This drives the reaction towards the formation of the acylated product, preventing the conversion of 15 back into Neu5Ac. When there is no additional vinyl acetate added to the reaction, the percentage peak area of Neu5Ac is much greater with around 28 % Neu5Ac product peak seen after 25 hours.

Although there is formation of Neu5Ac from 15 in the reaction with no extra vinyl acetate added, it was thought that the acylation reaction catalysed by subtilisin Carlsberg may not be reversible. This is because formation of 15 results in the release of a by product of the reaction, ethenol, which can tautomerise into acetaldehyde. In aqueous conditions the acetaldehyde can form the aldehyde hydrate. This makes it unlikely that the reaction could be reversible and it seems likely that formation of Neu5Ac from 15 releases acetic acid, which does not convert back into the vinyl acetate (Scheme 14). 



Scheme 14. The formation of aldehyde hydrate from ethanol, a by product of the reaction of neuraminic acids with vinyl acetate.

Because it was thought that the acylation reaction catalysed by subtilisin Carlsberg may not be reversible, it was important to inversigate the reversibility of the reaction of 15 with NANA aldolase so that any library created was dynamic. It was thought that 15 could be converted back into C-6 acylated ManNAc (17) using NANA aldolase. In experiments conducted by Kiefel et al; it was found that incubation at 37 °C of 100 mg of 15 with NANA aldolase (1.4 units) resulted in a relative cleavage rate of 39 % after 4 days.[78] In order to ensure that 15 can be converted into 17 using the conditions used in Section 5, 50 mmole of 15 was incubated with NANA aldolase (0.23 mM), either with 50 or 100 mmole of sodium pyruvate. The reactions were monitored over time and the results can be seen in Figure 68. They both show formation of 17, however, the amount of sodium pyruvate in the reaction effects the equilibrium position of the reaction. With no extra sodium pyruvate added to the reaction, the only sodium pyruvate in the reaction is that contained within 15, leading to an equimolar amount of sodium pyruvate and 17 in the reaction. In these conditions, equilibrium is reached with around 55 % peak area for 17. With sodium pyruvate added to the reaction such that the total pyruvate concentration is twice that of 17, equilibrium conditions are approached after 25 hours with 40 % of the peak area taken up with 17. The added pyruvate favours moving the equilibrium towards 15, meaning that less of 17 is formed. In both cases, however, the formation of 17 indicates that NANA aldolase can catalyse the conversion of 15 into 17 under the conditions used above.


[image: ]
Figure 68. Graph to show the conversion of 15 into 17 in the presence of NANA aldolase and with: (A) No extra sodium pyruvate added and (B) 50 mmole of sodium pyruvate added.

[bookmark: _Toc326047471]6.4. Conclusion

In conclusion, it has been shown that 9-C acylation of neuraminic acids can be achieved using subtilisin Carlsberg. A range of reaction conditions have been tested with the greatest conversion into the 9-C acylated neuraminic acid product achieved with a 1000 molar excess of vinyl acetate and in 10% DMSO. A very similar conversion percentage, all be it slightly lower, was achieved with 100 % potassium phosphate buffer. Reactions were also conducted to investigate the reversibility of the reaction catalysed by subtilisin Carlsberg, however it was thought that due to oxidation of the reaction by product, it was unlikely that the reaction is reversible. Very little conversion from 15 to Neu5Ac was seen with a 1000 fold excess of vinyl acetate, however, with equimolar amounts of vinyl acetate to Neu5Ac in the reaction a much greater percentage conversion is seen. It has also been shown that NANA aldolase is capable of converting 15 into 6-C acylated ManNAc (17).











[bookmark: _Toc326047472]7. Dynamic Combinatorial Libraries

[bookmark: _Toc326047473]7.1. Introduction
	
With the exception of early work published by Venton et al;[105] the only other published enzyme-catalysed reaction used in a DCL is that of N-acetylneuraminic acid aldolase (NANA aldolase).[9] NANA aldolase is used in nature to catalyse the cleavage of N-acetyl neuraminic acid (Neu5Ac) into N-acetyl mannosamine (ManNAc) and pyruvate[67] (Scheme 15). In the presence of excess pyruvate, however, the equilibrium can be driven towards the aldol product. NANA aldolase will accept a range of reducing sugars as the electrophilic component of the reaction but requires pyruvate as the nucleophilic equivalent (Section 5.1.).



Scheme 15. NANA aldolase catalyses the cleavage of Neu5Ac to ManNAc and pyruvate. In the presence of excess pyruvate, aldol products Neu5Ac and ketodeoxynonulosonic (KDN) may be produced from substrates ManNAc and D-mannose.

NANA aldolase has been used in a series of small scale DCLs in order to probe its suitability for use in the creation of a DCL with wheat germ agglutinin (WGA) as the host molecule. WGA is a plant lectin which is found in the seeds of Triticum vulgaris and exists in three closely related isoforms, WGA1, WGA2 and WGA3.[106] It forms a 36 kDa homodimer with a two-fold symmetry axis [107],[108],[109] composed of two monomers. WGA is specific for Neu5Ac[110] and N-acetylglucosamine (GlcNAc).[111],[112] Each WGA dimer has 8 binding sites (two sets of 4 unique sites) with the crystal structure of WGA co-crystallised with GlcNAc solved to 1.40 Å[106] (Figure 69).
[image: 2uvo_bio_r_500]
Figure 69. View from a structure of WGA co-crystallised with GlcNAc.[113],[106]

In order to determine if the WGA was able to bias the composition of a DCL in favour of the product it binds to most strongly, the authors designed three DCLs, each containing two, three or four starting materials.[9] The first library designed was a four-component library containing equimolar amounts of two starting materials, ManNAc and D-mannose which could be converted in the presence of an excess of sodium pyruvate and NANA aldolase into two products, Neu5Ac and the aldol product of D-mannose, ketodeoxynonulosonic acid (KDN). It is known that  WGA specifically binds Neu5Ac; with the diequatorial C-4 hydroxy and C-5 acetamido groups of Neu5Ac forming the primary recognition motif.[9] Therefore, the Neu5Ac was expected to be amplified in the DCL at the expense of KDN. When these substrates were incubated overnight with a stochiometric amount of WGA binding sites in the solution based on the equilibrium concentration of Neu5Ac, HPLC analysis of this solution showed small but reproducible amplification of Neu5Ac over KDN whilst an increase in reaction time of up to 7 days showed almost complete suppression of KDN.  After a seven day incubation period, the peak assigned to Neu5Ac had risen from 49 % to 85 % total aldol product area (TAPA), a 73 % amplification, whilst the peak assigned to KDN had dropped from 51 to 15 % TAPA, a 71 % suppression. 

A six-component library was created with the addition of D-Lyxose as a third substrate. D-Lyxose has been shown to be a relatively poor substrate for NANA aldolase[67] but it slowly reacts to form ketodeoxyoctulosonic acid (KDO). When the incubation was performed with WGA, Neu5Ac was amplified by 53 %, KDN was suppressed by 72 % and KDO showed a 10 % amplification.

An eight-component library including D-galactose as well as all DCL members previously used was created. In this experiment, no % TAPA data was obtained due to poor peak resolution, however, it was clear that the aldol product formed from the D-galactose, 7-epi-KDN, remained relatively unchanged.

From the above experiments, it is clear that NANA aldolase can be successfully used in a DCL and that the use of WGA as a host molecule does allow for the selection of the DCL components which bind most strongly to WGA. There are, however, some major problems with the DCLs created in the above experiments. The most significant of these is the low number of DCL members in any DCL created and the difficulty in deconvoluting large DCLs using HPLC analysis. A maximum DCL size of 8 components (4 building blocks and 4 products) has been created and, even in this experiment, there were difficulties experienced with resolving the different compounds in the DCL by HPLC. In addition to this, the DCL components used (Neu5Ac, KDN, KDO and 7-epi-KDN) have known binding affinity to WGA and so the library does not identify any novel molecules binding to WGA. For this reason, the experiments discussed above were used as inspiration to create a series of DCLs with increased size and using novel DCL components, some of which were synthesised in Section 5.



[bookmark: _Toc326047474]7.2. Methodology

A series of experiments were designed based upon expanding the scope of the DCLs discussed above. This involved the use of the N-modified mannosamines synthesised in Section 5 alongside ManNAc in a series of 8-component DCLs which were analysed by HPLC. Larger DCLs were then developed with the addition of a further series of aliphatic N-modified mannosamines and these DCLs were analysed using Liquid Chromatography- Mass Spectrometry (LC-MS).

Instrumentation and equipment used was the same as in Section 5.2.

	Stock No.
	Content
	Concentration
	Buffer/pH

	1
	ManNAc and sodium pyruvate
	50 mM and 100 mM respectively
	Potassium Phosphate, pH 7.4

	2
	N-Cinnamoyl-D-mannosamine (1) and sodium pyruvate
	50 mM and 100 mM respectively
	Potassium Phosphate, pH 7.4

	3
	sodium azide
	0.02% w/v
	Potassium Phosphate, pH 7.4

	4
	WGA
	111.11 µM
	Potassium Phosphate, pH 7.4

	5
	NANA aldolase
	5.13 µM
	Potassium Phosphate, pH 7.4

	6
	WGA
	222.22 µM
	Potassium Phosphate, pH 7.4

	7
	N-4-Ethoxybenzoyl-D-mannosamine (10) and sodium pyruvate
	50 mM and 100 mM respectively
	Potassium Phosphate, pH 7.4

	8
	N-4-Methoxybenzoyl-D-mannosamine (4) and sodium pyruvate
	50 mM and 100 mM respectively
	Potassium Phosphate, pH 7.4


Table 15. Stock solutions used for the creation of DCLs.


[bookmark: _Toc326047475]7.2.1 Determining the Amount of WGA to be Added to DCLs

7.2.1.1. Procedure to Determine the Effect of Adding 0.3 mg of WGA to a 4-Component DCL Containing ManNAc and N-Cinnamoyl-D-mannosamine (1) Building Blocks

To make the DCL, 10 μL of stock 1 containing ManNAc and sodium pyruvate (Table 15) and 10 μL of stock 2 containing 1 and sodium pyruvate were added to two Eppendorf tubes. 20 μL of stock 3 containing sodium azide was also added to both tubes followed by 75 μL of stock 4 containing 0.3 mg of WGA to one tube and 75 μL of potassium phosphate buffer to the other. Finally 11.7 μL of stock 5 containing NANA aldolase was added to both tubes followed by 28.3 μL of potassium phosphate buffer. The reactions were left to stir in a water bath at 37 °C and at 24 hour intervals 5 μL aliquots were removed from the reactions, diluted with 45 μL of water and analysed by HPLC (5-95 % MeOH in 0.1% TFA solution over 20 minutes).

7.2.1.2. Procedure to Determine the Effect of Adding 0.6 mg of WGA to a 4-Component DCL Containing ManNAc and N-Cinnamoyl-D-mannosamine (1) Building Blocks
	
The same procedure as in Section 7.2.1.1. was used with the exception that in place of 75 μL of stock 5, 75 μL of a new WGA stock (stock 6) was used.

7.2.1.3. Procedure to Determine the Effect of Adding 0.3 mg of WGA to a 4-Component DCL Containing ManNAc and N-4-Ethoxybenzoyl-D-mannosamine (10) Building Blocks

The same procedure as in Section 7.2.1.1. was used with the exception that in place of stock 2, stock 7 containing 10 and sodium pyruvate was used.




7.2.1.4. Procedure to Determine the Effect of Adding 0.6 mg of WGA to a 4-Component DCL Containing ManNAc and N-4-Ethoxybenzoyl-D-mannosamine (10) Building Blocks

The same procedure as in Section 7.2.1.2. was used with the exception that in place of stock 2, stock 7 containing 10 and sodium pyruvate was used.

[bookmark: _Toc326047476]7.2.2. Creation of DCLs using NANA Aldolase and N-Modified Mannosamines Synthesised in Section 5

A series of DCLs designed to assess the strength of binding of N-modified mannosamines to WGA.

[bookmark: _Toc326047477]7.2.2.1. Creation of a 4-Component Library with N-4-Ethoxybenzoyl-D-mannosamine (10) and N-4-Methoxybenzoyl-D-mannosamine (4) Building Blocks.

To make the DCL, 10 μL of stock 1 containing ManNAc and sodium pyruvate and stock 8 containing 4 and sodium pyruvate were added two separate Eppendorf tubes. 10 μL of stock 3 containing sodium azide was also added to the tubes before 75 μL of stock 6 containing 0.6 mg of WGA was added to one tube and 75 μL of potassium phosphate buffer added to the second. Finally 11.7 μL of stock 5 containing NANA aldolase was added followed by 28.3 μL of potassium phosphate buffer. The reaction was left to stir in a water bath at 37 °C and at 24 hour intervals a 5 μL aliquot was removed from the reaction, diluted with 45 μL of water and analysed by HPLC (5-95 % MeOH in 0.1 % TFA solution over 20 minutes).

[bookmark: _Toc326047478]7.2.2.2. Procedure for the Creation of a 6-Component Library

To two separate Eppendorf tubes was added 10 μL of stock 1 containing ManNAc and sodium pyruvate, 10 μL of stock 2 containing 1 and sodium pyruvate and 10 μL of stock 7 containing 10 and sodium pyruvate. 10 μL of stock 3 containing sodium azide was also added to the tubes before 75 μL of stock 6 containing 0.6 mg of WGA was added to one tube and 75 μL of potassium phosphate buffer added to the second. Finally 11.7 μL of stock 5 containing NANA aldolase was added followed by 28.3 μL of potassium phosphate buffer. The reaction was left to stir in a water bath at 37 °C and at 24 hour intervals a 5 μL aliquot was removed from each reaction, diluted with 45 μL of water and analysed by HPLC (5-95 % MeOH in 0.1 % TFA solution over 20 minutes).

[bookmark: _Toc326047479]7.2.2.3. General Procedure for the Creation of 8-Component Libraries

Exactly the same procedure as was used for the 2-component libraries was used with the exception that 10 μL of a third and fourth N-modified mannosamine derivative stock solution (both 50 μmol of N-modified mannosamine derivative and 100 μmol of sodium pyruvate (11 mg) in 1 mL of potassium phosphate buffer (pH 7.4)) were also added to each Eppendorf tube. The amount of each other component in the library was also doubled to compensate for the extra amount of mannosamine in the solution. 

[bookmark: _Toc326047480]7.2.2.4. General Procedure for the Creation of Further 4-Component Libraries

The same procedure as in Section 7.2.2.1. was used with the exception that in place of stocks 1 and 8, two different N-modified mannosamine stocks were used (both 50 μmol of N-modified mannosamine derivative and 100 μmol of sodium pyruvate (11 mg) in 1 mL of potassium phosphate buffer (pH 7.4)).

[bookmark: _Toc326047481]7.2.3. DCLs Created using NANA Aldolase and Building Blocks Synthesised in One Pot 

The individual synthesis and purification of N-modified mannosamines is time-consuming. In order to reduce the time taken to synthesise DCL building blocks, the synthesis of several building blocks in one pot was attempted. These building blocks were then used in the creation of DCLs.


[bookmark: _Toc326047482]7.2.3.1. Procedure for the Synthesis of 8 Aromatic N-Modified Mannosamine Building Blocks in One Pot

A solution of 8 aromatic carboxylic acids: 5-methylthiophene-2-carboxlic acid, thiophene-2-acidic acid, 4-flourobenzoic acid, benzoic acid, cinnamic acid, 3,5-dimethylbenzoic acid, 4-ethoxybenzoic acid and 4-methoxybenzoic acid (all 0.075 mmol) and EDC (115 mg, 0.6 mmol) in water (4 mL) was left to stir at 0 °C for 1 hour. A solution of D-mannosamine.HCl (129 mg, 0.6 mmol) in water (2 mL) was added followed by NaHCO3 (202 mg, 2.4 mmol) in H2O (2 mL). The solution was stirred for 24 hours at room temperature before being neutralised by 1 N HCl to pH 7.4 and analysed by mass spectrometry. 1 m/z (ES-), 308 ([M - H]-); HRMS found 308.1133 (C15H18NO6) ([M - H]-, requires 308.1134). 3 m/z (ES-), 282 ([M - H]-); HRMS found 282.0983 (C13H16NO6) ([M - H]-, requires 282.0978). 6 m/z (ES-), 310 ([M - H]-); HRMS found 310.1287 (C15H20NO6) ([M - H]-, requires 310.1291). 7, 8 m/z (ES-), 302 ([M - H]-); HRMS found 302.0707 (C12H16NO6S) ([M - H]-, requires 302.0698). 10 m/z (ES-), 326 ([M - H]-); HRMS found 326.1225 (C15H20NO7) ([M - H]-, requires 326.1240). 

[bookmark: _Toc326047483]7.2.3.2. Procedure for the Use of Stock from Section 7.2.3.1. Directly in a Library

Two 100 µL aliquots from Section 7.2.3.1. were added to two separate Eppendorf tubes along with 40 µL of 0.02 % w/v sodium azide stock, 46.64 µL of NANA aldolase stock (5.13 µM) and sodium pyruvate (0.02 mmol). The solutions were then left to stir at 37 °C for 24 hours before being analysed by mass spectrometry to reveal: 32 m/z (ES-), 398 ([M - H]-). 31 m/z (ES-), 400 ([M - H]-).

[bookmark: _Toc326047484]7.2.3.3. Procedure for the Synthesis of 9 Aromatic N-Modified Mannosamines in One Pot and 3 mL of Water

A solution of 9 aromatic carboxylic acids, 5-methylthiophene-2-carboxlic acid, thiophene-2-acetic acid, 4-flourobenzoic acid, benzoic acid, cinnamic acid, 3,5-dimethylbenzoic acid, 4-ethoxybenzoic acid, 4-methoxybenzoic acid and 3-(2-furyl)acrylic acid (all 0.067 mmol) and EDC (115 mg, 0.6 mmol) in water (1.5 mL) was left to stir at 0 °C for 1 hour. A solution of D-mannosamine.HCl (129 mg, 0.6 mmol) in water (0.75 mL) was added followed by NaHCO3 (202 mg, 2.4 mmol) in H2O (0.75 mL). The solution was stirred for 24 hours at room temperature before being neutralised by HCl to pH 7.4 and analysed by mass spectrometry. 1 m/z (ES+), 310 ([M + H]+); HRMS found 310.1288 (C15H20NO6) ([M + H]+, requires 310.1291). 3 m/z (ES+), 284 ([M + H]+); HRMS found 284.1126 (C13H18NO6) ([M + H]+, requires 284.1134). 4 m/z (ES+), 314 ([M + H]+); HRMS found 314.1245 (C14H20NO7) ([M + H]+, requires 314.1240). 5 m/z (ES+), 302 ([M + H]+); HRMS found 302.1034 (C13H17NO6F) ([M + H]+, requires 302.1040). 6 m/z (ES+), 312 ([M + H]+); HRMS found 312.1459 (C15H22NO6) ([M + H]+, requires 312.1447). 7, 8 m/z (ES+), 304 ([M + H]+); HRMS found 304.0846 (C12H18NO6S) ([M + H]+, requires 04.0855). 10 m/z (ES+), 328 ([M + H]+); HRMS found 328.1395 (C15H22NO7) ([M + H]+, requires 328.1396). 11 m/z (ES+), 300 ([M + H]+); HRMS found 300.1075 (C13H18NO7) ([M + H]+, requires 300.1083).
 
[bookmark: _Toc326047485]7.2.3.4. Procedure for the Synthesis of 9 Aromatic N-Modified Mannosamines in One Pot and 2 mL of Water

A solution of 9 aromatic carboxylic acids, 5-methylthiophene-2-carboxlic acid, thiophene-2-acetic acid, 4-flourobenzoic acid, benzoic acid, cinnamic acid, 3,5-dimethylbenzoic acid, 4-ethoxybenzoic acid, 4-methoxybenzoic acid and 3-(2-furyl)acrylic acid (all 0.067 mmol) and EDC (115 mg, 0.6 mmol) in water (1 mL) was left to stir at 0 °C for 1 hour. A solution of D-mannosamine.HCl (129 mg, 0.6 mmol) in water (0.5 mL) was added followed by NaHCO3 (202 mg, 2.4 mmol) in H2O (0.5 mL). The solution was stirred for 24 hours at room temperature before being neutralised by HCl to pH 7.4 and analysed by mass spectrometry. 1 m/z (ES+), 310 ([M + H]+); HRMS found 310.1291 (C15H20NO6) ([M + H]+, requires 310.1291). 3 m/z (ES+), 284 ([M + H]+); HRMS found 284.1127 (C13H18NO6) ([M + H]+, requires 284.1134). 4 m/z (ES+), 314 ([M + H]+); HRMS found 314.1236 (C14H20NO7) ([M + H]+, requires 314.1240). 5 m/z (ES+), 302 ([M + H]+); HRMS found 302.1034 (C13H17NO6F) ([M + H]+, requires 302.1040). 6 m/z (ES+), 312 ([M + H]+); HRMS found 312.1436 (C15H22NO6) ([M + H]+, requires 312.1447). 7, 8 m/z (ES+), 304 ([M + H]+); HRMS found 304.0854 (C12H18NO6S) ([M + H]+, requires 04.0855). 10 m/z (ES+), 328 ([M + H]+); HRMS found 328.1397 (C15H22NO7) ([M + H]+, requires 328.1396). 11 m/z (ES+), 300 ([M + H]+); HRMS found 300.1077 (C13H18NO7) ([M + H]+, requires 300.1083).
[bookmark: _Toc326047486]
7.2.3.5. Procedure for the Use of Stock from Section 7.2.3.4. Directly in a Library

Two 100 µL aliquots from Section 7.2.3.4. were added to two separate Eppendorf tubes along with 40 µL of stock 3 containing sodium azide, 46.64 µL of stock 5 containing NANA aldolase and 2.2 mg sodium pyruvate (0.02 mmol). The solutions were then left to stir at 37 °C for 24 hours before being analysed by mass spectrometry. HRMS revealed no product formation.

[bookmark: _Toc326047487]7.2.3.6. Procedure for the Synthesis of 9 Aromatic N-Modified Mannosamines in One Pot with Column Purification

The same procedure was used as in Section 7.2.3.4. Following the reaction, the solvent was removed by rotary evaporation and the reaction mixture was added to a silica column and eluted using 10 % MeOH in dichloromethane.  After subjecting the eluent to rotary evaporation a yield was obtained of 55 %. 1 m/z (ES+), 310 ([M + H]+); HRMS found 310.1280 (C15H20NO6) ([M + H]+, requires 310.1291). 3 m/z (ES+), 284 ([M + H]+); HRMS found 284.1126 (C13H18NO6) ([M + H]+, requires 284.1134). 4 m/z (ES+), 314 ([M + H]+); HRMS found 314.1234 (C14H20NO7) ([M + H]+, requires 314.1240). 5 m/z (ES+), 302 ([M + H]+); HRMS found 302.1033 (C13H17NO6F) ([M + H]+, requires 302.1040). 6 m/z (ES+), 312 ([M + H]+); HRMS found 312.1449 (C15H22NO6) ([M + H]+, requires 312.1447). 7, 8 m/z (ES+), 304 ([M + H]+); HRMS found 304.0853 (C12H18NO6S) ([M + H]+, requires 04.0855). 10 m/z (ES+), 328 ([M + H]+); HRMS found 328.1389 (C15H22NO7) ([M + H]+, requires 328.1396). 11 m/z (ES+), 300 ([M + H]+); HRMS found 300.1076 (C13H18NO7) ([M + H]+, requires 300.1083).

[bookmark: _Toc326047488]7.2.3.7. Procedure for the Use of Stock from 7.2.3.6. in a library

A stock was made up by adding 3 mg of the product from Section 7.2.3.6. and 2.2 mg sodium pyruvate to 80 µL of stock 3 containing sodium azide. 40 µL of this stock was added to two separate Eppendorf tubes along with 46.64 µL of stock 5 containing NANA aldolase. The solutions were then left to stir at 37 °C for 24 hours before being analysed by LC-MS. 12 m/z (ES-), 396 ([M - H]-); HRMS found 396.1312 (C18H22NO9) ([M - H]-, requires 396.1295). 14 m/z (ES-), 370 ([M - H]-); HRMS found 370.1148 (C16H20NO9) ([M - H]-, requires 370.1138). 31 m/z (ES-), 400 ([M - H]-); HRMS found 400.1254 (C17H22NO10) ([M - H]-, requires 400.1244). 13 m/z (ES-), 388 ([M - H]-); HRMS found 388.1049 (C16H19NO9F) ([M - H]-, requires 388.1044). 32 m/z (ES-), 398 ([M - H]-); HRMS found 398.1462 (C18H24NO9) ([M - H]-, requires 398.1451). 33, 34 m/z (ES-), 390 ([M - H]-); HRMS found 390.0863 (C15H20NO9S) ([M - H]-, requires 390.0859). 36 m/z (ES-), 414 ([M - H]-); HRMS found 414.1413 (C18H24NO10) ([M - H]-, requires 141.1400). 37 m/z (ES-), 386 ([M - H]-); HRMS found 386.1090 (C16H20NO10) ([M - H]-, requires 386.1087). 

[bookmark: _Toc326047489]7.2.3.8. Procedure for the Synthesis of 9 Non-Isomeric Aromatic N-Modified Mannosamines in One Pot and 2 mL of Water

A solution of 9 aromatic carboxylic acids, 4-flourobenzoic acid, 5-methylthiophene-2-carboxlic acid, 4-ethoxybenzoic acid, 4-methoxybenzoic acid, 3,5-dimethylbenzoic acid, benzoic acid, thiophene-2-carboxylic acid, 3-(2-furyl)acrylic acid and phenylacetic acid (all 0.067 mmol) and EDC (115 mg, 0.6 mmol) in water (1 mL) was left to stir at 0 °C for 1 hour. Following this, a solution of D-mannosamine.HCl (129 mg, 0.6 mmol) in water (0.5 mL) was added followed by NaHCO3 (202 mg, 2.4 mmol) in H2O (0.5 mL). The solution was stirred for 24 hours at room temperature before being neutralised by HCl to pH 7.4 and solvent was removed by rotary evaporation. The resulting reaction mixture was purified by silica column chromatography (10 % MeOH in dichloromethane) to give an 11 % yield of product. Analysis by HRMS revealed the presence of all products. 3 m/z (ES-), 282 ([M - H]-); HRMS found 282.0976 (C13H16NO6) ([M - H]-, requires 282.0978). 4 m/z (ES+), 314 ([M + H]+); HRMS found 314.1246 (C14H20NO7) ([M + H]+, requires 314.1240). 5 m/z (ES-), 300 ([M - H]-); HRMS found 300.0898 (C13H15NO6F) ([M - H]-, requires 300.0883). 6 m/z (ES+), 312 ([M + H]+); HRMS found 312.1439 (C15H22NO6) ([M + H]+, requires 312.1447). 8 m/z (ES-), 302 ([M - H]-); HRMS found 302.0713 (C12H16NO6S) ([M - H]-, requires 302.0698). 10 m/z (ES-), 326 ([M - H]-); HRMS found 326.1256 (C15H20NO7) ([M - H]-, requires 326.1240). 11 m/z (ES-), 298 ([M - H]-); HRMS found 298.0941 (C13H16NO7) ([M - H]-, requires 298.0927). 18 m/z (ES-), 296 ([M - H]-); HRMS found 296.1145 (C14H18NO6) ([M - H]-, requires 296.1134). 19 m/z (ES-), 288 ([M - H]-); HRMS found 288.0549 (C11H14NO6S) ([M - H]-, requires 288.0542). 

[bookmark: _Toc326047490]7.2.3.9. Procedure for the Use of Stock from Section 7.2.3.8. Directly in a Library

A stock was made by adding 3.02 mg of the product from Section 7.2.3.8. (~0.01 mmole) and 2.2 mg of sodium pyruvate (0.02 mmole) to 200 µL of potassium phosphate buffer. 18.75 µL of the above stock was added to an Eppendorf tube along with 61 µL of stock 3 containing sodium azide along with 70 µL of stock 5 containing NANA aldolase. The solutions were then left to stir at 37 °C for 24 hours before being analysed by LC-MS. 14 m/z (ES-), 370 ([M - H]-); HRMS found 370.1144 (C16H20NO9) ([M - H]-, requires 370.1138). 31 m/z (ES-), 400 ([M - H]-); HRMS found 400.1243 (C17H22NO10) ([M - H]-, requires 400.1244). 13 m/z (ES-), 388 ([M - H]-); HRMS found 388.1055 (C16H19NO9F) ([M - H]-, requires 388.1044). 32 m/z (ES-), 398 ([M - H]-); HRMS found 398.1456 (C18H24NO9) ([M - H]-, requires 398.1449). 33 m/z (ES-), 390 ([M - H]-); HRMS found 390.0858 (C15H20NO9S) ([M - H]-, requires 390.0859). 36 m/z (ES-), 414 ([M - H]-); HRMS found 414.1410 (C18H24NO10) ([M - H]-, requires 414.1400). 37 m/z (ES-), 386 ([M - H]-); HRMS found 386.1091 (C16H20NO10) ([M - H]-, requires 386.1087). 38 m/z (ES-), 384 ([M - H]-); HRMS found 384.1311 (C17H22NO9) ([M - H]-, requires 384.1295). 39 m/z (ES-), 376 ([M - H]-); HRMS found 376.0720 (C14H18NO9S) ([M - H]-, requires 376.0702). 

[bookmark: _Toc326047491]7.2.3.10. Attempted Synthesis of 10 Aliphatic N-Modified Mannosamines in One Pot

Same procedure as Section 7.2.3.8. with the exception that palmitic acid, crotonic acid, 3-iodopropionic acid, octanoic acid, isobutyric acid, propionic acid, valeric acid, 3-pentenoic acid, cyclopentylacetic acid and tert-butylacetic acid (0.06 mmole) were used in place of the aromatic carboxylic acids. HRMS revealed that all products were present with the exception of the 3-Iodopentanoic acid derivative of mannosamine. % yield = 7.6 %. 20 m/z (ES-), 234 ([M - H]-); HRMS found 234.0972 (C9H16NO6) ([M - H]-, requires 234.0978). 21 m/z (ES-), 262 ([M - H]-); HRMS found 262.1295 (C11H20NO6) ([M - H]-, requires 262.1291). 22 m/z (ES-), 304 ([M - H]-); HRMS found 304.1751 (C14H26NO6) ([M - H]-, requires 304.1760). 23 m/z (ES-), 416 ([M - H]-); HRMS found 416.3030 (C22H42NO6) ([M - H]-, requires 416.3012). 24 m/z (ES-), 246 ([M - H]-); HRMS found 246.0988 (C10H16NO6) ([M - H]-, requires 246.0978). 25 m/z (ES-), 260 ([M - H]-); HRMS found 260.1143 (C11H18NO6) ([M - H]-, requires 260.1134). 26 m/z (ES-), 248 ([M - H]-); HRMS found 248.1133 (C10H18NO6) ([M - H]-, requires 248.1134). 27 m/z (ES-), 276 ([M - H]-); HRMS found 276.1453 (C12H22NO6) ([M - H]-, requires 276.1447). 29 m/z (ES+), 290 ([M + H]+); HRMS found 290.1602 (C13H24NO6) ([M + H]+, requires 290.1604). 

[bookmark: _Toc326047492]7.2.3.11. Synthesis of 10 Aliphatic N-Modified Mannosamines in One Pot

Same procedure as Section 7.2.3.10. with the exception that cyclopentane carboxylic acid (0.06 mmole) was used to replace 3-iodopropionic acid. HRMS revealed that all products were present. % yield = 16 %. 20 m/z (ES-), 234 ([M - H]-); HRMS found 234.0969 (C9H16NO6) ([M - H]-, requires 234.0978). 21 m/z (ES-), 262 ([M - H]-); HRMS found 262.1293 (C11H20NO6) ([M - H]-, requires 262.1291). 22 m/z (ES-), 304 ([M - H]-); HRMS found 304.1771 (C14H26NO6) ([M - H]-, requires 304.1760). 23 m/z (ES-), 416 ([M - H]-); HRMS found 416.3016 (C22H42NO6) ([M - H]-, requires 416.3012). 24 m/z (ES-), 246 ([M - H]-); HRMS found 246.0979 (C10H16NO6) ([M - H]-, requires 246.0978). 25 m/z (ES-), 260 ([M - H]-); HRMS found 260.1130 (C11H18NO6) ([M - H]-, requires 260.1134). 26 m/z (ES-), 248 ([M - H]-); HRMS found 248.1131 (C10H18NO6) ([M - H]-, requires 248.1134). 27 m/z (ES-), 276 ([M - H]-); HRMS found 276.1448 (C12H22NO6) ([M - H]-, requires 276.1447). 28 m/z (ES-), 274 ([M - H]-); HRMS found 274.1291 (C12H20NO6) ([M - H]-, requires 274.1291). 29 m/z (ES-), 288 ([M - H]-); HRMS found 288.1457 (C13H22NO6) ([M - H]-, requires 288.1447). 

[bookmark: _Toc326047493]7.2.3.12. Synthesis of 19 N-Modified Mannosamines in One Pot

A solution of 19 carboxylic acids including 4-flourobenzoic acid, 5-methylthiophene-2-carboxlic acid, 4-ethoxybenzoic acid, 4-methoxybenzoic acid, 3,5-dimethylbenzoic acid, benzoic acid, thiophene-2-carboxylic acid, 3-(2-furyl)acrylic acid, phenylacetic acid, palmitic acid, crotonic acid, cyclopentane carboxylic acid, octanoic acid, isobutyric acid, propionic acid, valeric acid, 3-pentenoic acid, cyclopentylacetic acid and tert-butylacetic acid (each 0.063 mmol) and EDC (230 mg, 1.2 mmol) in water (2 mL) was left to stir at 0 °C for 1 hour. A solution of D-mannosamine.HCl (258 mg, 1.2 mmol) in water (1 mL) was then added followed by NaHCO3 (408 mg, 4.8 mmol) in H2O (1 mL). The solution was stirred for 24 hours at room temperature before being neutralised by HCl to pH 7.4 and solvent was removed by rotary evaporation. The resulting reaction mixture was purified by silica column chromatography (10 % MeOH in dichloromethane) to give a 23 % yield of product. Analysis by HRMS revealed the presence of all products. 3 m/z (ES-), 282 ([M - H]-); HRMS found 282.0985 (C13H16NO6) ([M - H]-, requires 282.0978). 4 m/z (ES+), 314 ([M + H]+); HRMS found 314.1242 (C14H20NO7) ([M + H]+, requires 314.1240). 5 m/z (ES-), 300 ([M - H]-); HRMS found 300.0896 (C13H15NO6F) ([M - H]-, requires 300.0883). 6 m/z (ES-), 310 ([M - H]-); HRMS found 310.1303 (C15H20NO6) ([M - H]-, requires 310.1291). 7 m/z (ES-), 302 ([M - H]-); HRMS found 302.0713 (C12H16NO6S) ([M - H]-, requires 302.0698). 10 m/z (ES+), 328 ([M + H]+); HRMS found 328.1400 (C15H22NO7) ([M + H]+, requires 328.1396). 11 m/z (ES-), 298 ([M - H]-); HRMS found 298.0937 (C13H16NO7) ([M - H]-, requires 298.0927). 18 m/z (ES-), 296 ([M - H]-); HRMS found 296.1140 (C14H18NO6) ([M - H]-, requires 296.1134). 19 m/z (ES-), 288 ([M - H]-); HRMS found 288.0550 (C11H14NO6S) ([M - H]-, requires 288.0542). 20 m/z (ES+), 236 ([M + H]+); HRMS found 236.1136 (C9H18NO6) ([M + H]+, requires 236.1134). 21 m/z (ES-), 262 ([M - H]-); HRMS found 262.1291 (C11H20NO6) ([M - H]-, requires 262.1291). 22 m/z (ES-), 304 ([M - H]-); HRMS found 304.1772 (C14H26NO6) ([M - H]-, requires 304.1760). 23 m/z (ES-), 416 ([M - H]-); HRMS found 416.3032 (C22H42NO6) ([M - H]-, requires 416.3012). 24 m/z (ES-), 246 ([M - H]-); HRMS found 246.0980 (C10H16NO6) ([M - H]-, requires 246.0978). 25 m/z (ES-), 260 ([M - H]-); HRMS found 260.1137 (C11H18NO6) ([M - H]-, requires 260.1134). 26 m/z (ES-), 248 ([M - H]-); HRMS found 248.1136 (C10H18NO6) ([M - H]-, requires 248.1134). 27 m/z (ES-), 276 ([M - H]-); HRMS found 276.1451 (C12H22NO6) ([M - H]-, requires 276.1447). 28 m/z (ES-), 274 ([M - H]-); HRMS found 274.1292 (C12H20NO6) ([M - H]-, requires 274.1291). 29 m/z (ES-), 288 ([M - H]-); HRMS found 288.1449 (C13H22NO6) ([M - H]-, requires 288.1447). 

[bookmark: _Toc326047494]7.2.4. DCLs Incorporating NANA Aldolase and Subtilisin Carlsberg-Catalysed Reactions

A series of DCLs were created utilising both NANA aldolase and subtilisin Carlsberg-catalysed reactions to increase the diversity and size of the DCLs. Initially experiments were conducted to determine the effect of adding subtilisin at the same time as NANA aldolase or 24 hours later.

[bookmark: _Toc326047495]7.2.4.1. Procedure for the Creation of a Library Adding NANA Aldolase and Subtilisin Carlsberg Simultaneously at the Beginning

To an 0.5 mL Eppendorf tube was added 122 μL of stock 3 containing sodium azide and 28.8 μL of stock made up from the product of the reaction in Section 7.2.3.8. (50 mM with 50 mM sodium pyruvate). Following this 140 μL of stock 5 containing NANA aldolase, 6.6 μL of triethylamine and 77.4 μL of vinyl acetate were added. Finally 19.1 μL of DMSO and 0.5 mg of subtilisin Carlsberg were added to the tube. The solution was left to stir at 37 °C before 100 μL was removed and analysed by LC-MS 24 and 48 hours after the start of the experiment. HRMS revealed that all 9-C acylated neuraminic acids were present after 24 and 48 hours.

For HRMS data see Appendix A.

[bookmark: _Toc326047496]7.2.4.2. Procedure for the Creation of a Library Adding NANA Aldolase and Subtilisin Separately

Exactly the same procedure as Section 7.2.4.1. with the exception that initially only the mannosamine stock made up from the product of Section 7.2.3.8., stock 3 containing sodium azide and stock 5 containing NANA aldolase were added to the reaction before it was left to stir at 37 °C for 24 hours. Following this, a 100 μL aliquot was removed from the reaction mixture and analysed by LC-MS before all other components were added to the DCL. After a further 24 hours of stirring at 37 °C the reaction mixture was again analysed by HRMS. HRMS results revealed all neuraminic acids and mannosamines were present after 24 hours and that all potential library members including acylated products were present after 48 hours.

For HRMS data see Appendix B.

[bookmark: _Toc326047497]7.2.5. Procedure to Compare Ionisation of ManNAc and Neu5Ac

The difference in ionisation of mannosamine starting materials and neuraminic acid products when analysed using LC-MS was analysed by comparing the ionisation of ManNAc and Neu5Ac.
 
A stock solution was made up of ManNAc (0.1 M) in potassium phosphate buffer (pH 7.4). Serial dilutions were performed to give a range of concentrations decreasing by an order of magnitude down to 10 μM. Each sample was analysed by negative ion high resolution LC-MS before the same amount of Neu5Ac as there was ManNAc in each sample was added to the samples before being analysed once again by high resolution LC-MS. HRMS of the solutions containing just ManNAc revealed: 1 M; m/z (ES-), 220 ([M - H]-); HRMS found 220.0819 (C8H14NO6) ([M - H]-, requires 220.0821). 0.1 M; m/z (ES-), 220 ([M - H]-); HRMS found 220.0829 (C8H14NO6) ([M - H]-, requires 220.0821). 10 mM; m/z (ES-), 220 ([M - H]-); HRMS found 220.0830 (C8H14NO6) ([M - H]-, requires 220.0821). 1 mM; m/z (ES-), 220 ([M - H]-); HRMS found 220.0824 (C8H14NO6) ([M - H]-, requires 220.0821). HRMS of the solutions with equimolar amounts of ManNAc and Neu5Ac: 1 M; m/z (ES-), 220 ([M - H]-); HRMS found 220.0827 (C8H14NO6) ([M - H]-, requires 220.0821). m/z (ES-), 308 ([M - H]-); HRMS found 308.0989 (C11H18NO9) ([M - H]-, requires 308.0982). 0.1 M; m/z (ES-), 220 ([M - H]-); HRMS found 220.0820 (C8H14NO6) ([M - H]-, requires 220.0821). m/z (ES-), 308 ([M - H]-); HRMS found 308.0975 (C11H18NO9) ([M - H]-, requires 308.0982). 10 mM; m/z (ES-), 220 ([M - H]-); HRMS found 220.0818 (C8H14NO6) ([M - H]-, requires 220.0821). m/z (ES-), 308 ([M - H]-); HRMS found 308.0982 (C11H18NO9) ([M - H]-, requires 308.0982). 1 mM; m/z (ES-), 220 ([M - H]-); HRMS found 220.0830 (C8H14NO6) ([M - H]-, requires 220.0821). m/z (ES-), 308 ([M - H]-); HRMS found 308.0979 (C11H18NO9) ([M - H]-, requires 308.0982). 0.1 mM; m/z (ES-), 308 ([M - H]-); HRMS found 308.0983 (C11H18NO9) ([M - H]-, requires 308.0982). 10 µM; m/z (ES-), 308 ([M - H]-); HRMS found 308.0987 (C11H18NO9) ([M - H]-, requires 308.0982).

[bookmark: _Toc326047498]7.2.6. Large-Scale DCLs with WGA

Following the synthesis of several N-modified mannosamines in one pot, these DCL building blocks were used alongside D-lyxose, D-mannose and ManNAc and in the presence of NANA aldolase and subtilisin Carlsberg to create large-scale DCLs with WGA as the template molecule.

[bookmark: _Toc326047499]7.2.6.1. Procedure for the Creation and Analysis of an 87-Component DCL

To two 0.5 mL Eppendorf tubes, one containing 2.4 mg of WGA, was added 244 μL of stock 3 containing sodium azide and 2.88 μL of D-lyxose, D-mannose and ManNAc stock (all 50 mM with 50 mM sodium pyruvate). Following this, 57.6 μL of stock made from the product of Section 7.2.3.12. (50 mM with 50 mM sodium pyruvate in potassium phosphate buffer) and 280 μL of stock 5 containing NANA aldolase was added to the tubes. Finally 20.08 μL of triethylamine, 236 μL of vinyl acetate and 50 μL of DMSO were added to the tubes along with 0.5 mg of subtilisin Carlsberg. The tubes were incubated at 37 °C and at time intervals of 24, 48, 72 and 96 hours, 100 μL samples were removed from the DCLs and added into 100 μL of acetonitrile. This was left at room temperature for 3 hours before the solution was spun in a centrifuge at 9300 × g for 1 minute. Following this, 100 μL of supernatant was removed from the samples, diluted with 100 μL of deionised water for the detection of mannosamine DCL components and a further 100 μL deionised water for detection of neuraminic acid DCL components and then analysed using LC-MS. The reactions were analysed after 24, 48, 72 and 96 hours. HRMS results revealed that all neuraminic acid products were present at all time periods.
 
For HRMS data see Appendix C.




[bookmark: _Toc326047500]7.3. Results and Discussion 

[bookmark: _Toc326047501]7.3.1. Determining the Amount of WGA to use in DCLs

Using the DCLs created by Lins et al[9] as an inspiration, it was decided to create a series of DCLs using the N-modified mannosamines synthesised in Section 5.  Initially a series of experiments were designed to determine the most suitable amount of WGA to use in a DCL. A set of 4-component libraries were created with both 0.6 mg (16.67 nmole) and 0.3 mg (8.33 nmole) of WGA in them. With each molecule of WGA comprising 8 binding sites, the number of moles of binding sites in each DCL was 66.68 nmole for the DCL containing 0.3 mg of WGA and 133.36 nmole for the DCL containing 0.6 mg of WGA. When compared to the total amount of DCL components (0.1 μmole) there is a ratio of 3:2 DCL members to WGA binding sites in the DCL containing 0.6 mg of WGA and a ratio of 3:1 DCL members to WGA binding sites in the DCL containing 0.3 mg of WGA.  From in silico experiments conducted by Ludlow et al; it was found that a ratio of 10:1 DCL members to target molecule should be enough to generate differences in the equilibrium position of DCL members,[56] however, as WGA was readily available it was decided to increase the ratios of WGA to DCL members to ensure that any changes were easily discernible. In each DCL, ManNAc was added alongside either N-4-methoxybenzoyl-D-mannosamine (10) or N-cinnamoyl-D-mannosamine (1) and sodium pyruvate was added in equimolar quantities to the total amount of library building blocks in the DCL. In addition to this, NANA aldolase and either 0.3 of 0.6 mg of WGA were added. The reactions were left to incubate at 37 °C and at regular time intervals, the reaction was sampled and analysed by HPLC (5-95% MeOH in 0.1% TFA solution over 20 minutes). Because the Neu5Ac aldol product does not contain a chromophore it is difficult to detect this molecule using UV radiation, therefore, the other N-modified aldol product was monitored with the assumption that the Neu5Ac DCL member may behave in the opposite way to the DCL member which can be detected, i.e. if the chromophore-containing DCL aldol product is amplified in the DCL the amount of Neu5Ac would be reduced. Results can be seen in Figures 70 and 71 and are presented as difference in % Total Peak Area (% TPA) values. % TPA values were used to remove the necessity of adding an internal standard to the reaction which was thought might influence the equilibrium of the DCL. In the DCL containing the N-cinnamoyl-D-neuraminic acid (12) (Figure 70), with the DCL containing 0.3 mg of WGA, the difference in % TPA values are inconsistent ranging from a high of around 2 % to a low of around -4 % whilst in the DCL where 0.6 mg of WGA were used there appears to be a strong trend of decreasing values with a lowest difference in % TPA of -6 %. In the DCL containing the N-4-ethoxybenzoyl-D-neuraminic acid (36) (Figure 71), with 0.3 mg of WGA, there appears to be a weak trend towards a maximal difference in % TPA of around 10 %  whilst in the presence of 0.6 mg of WGA, the difference in % TPA drops to around -10 %. For all DCLs there is a greater negative change in the difference in % TPA over time in the presence of 0.6 mg of WGA than in the presence of 0.3 mg of WGA. In both DCLs the chromaphore-containing aldol product is being suppressed in the presence of the WGA which may mean that the Neu5Ac is being amplified. The results would suggest that the effect of adding the WGA into a DCL is stronger when a ratio of 3:2 DCL members to WGA binding sites is used and it is this ratio which will be used in subsequent DCLs. 
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[bookmark: OLE_LINK3]Figure 70. Graph to show the difference in % TPA of 12 in a library created using ManNAc and 1 with two separate amounts of WGA tested (0.6 and 0.3 mg).
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Figure 71. Graph to show the difference in % TPA of 36 in a library created using ManNAc and 10 with two separate amounts of WGA tested (0.6 and 0.3 mg).

[bookmark: _Toc326047502]7.3.2. 4-Component DCLs

Once the amount of WGA to be added to the DCLs had been established, it was decided to try a further 4-component library using 0.6 mg of WGA. The library constructed contained N-4-methoxy-D-mannosamine (4) and 10. The results can be seen in Figure 72. Results are presented as difference in % Total Aldol Product Area (% TAPA) values. It would appear that N-4-methoxyneuraminic acid (31) binds more strongly than 36 to WGA. This is because throughout the time course of the reaction, the 31 consistently has a positive % TAPA whilst 36 has the equivalent negative % TAPA. There is, however, a very small difference between the values for 31 and 36 and at several time periods the experimental error is larger than the difference between the difference in % TAPA values between 31 and 36.
[image: ]
Figure 72. Graph to show the difference in %TAPA values for 31 and 36 in a DCL containing 4 and 10.
The results obtained in these two component DCLs show that it is possible to create a DCL using some of the N-modified mannosamines synthesised in Section 5. There appears to be a significant difference in % TPA in the DCLs which contain the known binder to WGA, Neu5Ac and one of the N-modified neuraminic acid products, however, the difference between the % TAPA values for a DCL containing similar N-modified neuraminic acids is much smaller and within experimental error.

[bookmark: _Toc326047503]7.3.3. 6-Component DCLs
		
It was important to try and increase the size of the DCL to determine how many substrates it was possible to have in a DCL at once. In order to do this, three building blocks, 1, 10 and ManNAc were used to construct the libraries. Unfortunately upon examination of the HPLC trace of the DCL, it became apparent that the peak corresponding to 12 was overlapped by other peaks. This meant that only a reliable measurement for 36 could be made (Figure 73). This measurement shows a steady decrease in the amount of 36 down to -3 % TPA after 240 minutes which indicates that either 12, Neu5Ac or both could be being amplified in the library at the expense of 36. The overlap of peaks in the HPLC trace indicates the difficulty encountered in individually identifying each DCL member peak when increasing the size of a DCL. If DCLs are to be increased in size, the DCL components need to be carefully chosen to reduce peak overlap as much as possible.  
[image: ]
Figure 73. Graph to show the difference in % TPA for 36 in a DCL containing 10, 1 and ManNAc.

[bookmark: _Toc326047504]7.3.4. 8-Component DCLs

The first 8-component library attempted contained N-3,5-dimethylbenzoyl-D-mannosamine (6), N-5-methyl-2-thiophenecarboxyl-D-mannosamine (8), N-4-fluorobenzoyl-D-mannosamine (5) and Neu5Ac. These substrates were carefully picked to ensure minimal crossover of product peaks in the DCL so that all of the three components containing a chromophore can be monitored by HPLC. Results can be seen in Figure 74 and are once again presented as % TAPA values which will allow comparison of the difference in the amount of each detectable aldol product between the WGA containing and the non-WGA containing DCLs.  The magnitude of the % TAPA values are small and the experimental error of the results is high, therefore, it is very difficult to determine differences between the detectable DCL components. If pushed to rank the DCL components, results show that the N-5-methyl-2-thiophenecarboxyl-D-neuraminic acid (34) has the highest difference in % TAPA over the time course, followed by N-3,5-dimethylbenzoyl-D-neuraminic acid (32) and then N-4-fluorobenzoyl-D-neuraminic acid (13). This would indicate that 34 may be binding more strongly to the WGA than 32 or 13. The difference between the actual values for the N-modified neuraminic acid products are shown in Figure 75. They show that, for the majority of the samples, the results are negative, indicating that in most cases there is less N-modified neuraminic acid product in the WGA containing DCLs than in the non-WGA containing DCLs. This may suggest that the Neu5Ac product may be binding most strongly to the WGA in the 4 component DCL which in turns leads to the suppression of the other DCL members.
[image: ]
Figure 74. Graph to show difference in % TAPA for 13, 32, 34 and Neu5Ac in an 8-component DCL containing 5, 6, 8 and ManNAc.

[image: ]
Figure 75. Graph to show difference in % Peak Area for 13, 32, 34 and Neu5Ac in an 8-component DCL containing 5, 6, 8 and ManNAc.

It was decided to create two further DCLs, each containing three of the remaining six library components synthesised in Section 5 along with ManNAc. The first of these libraries contained N-cinnamoyl-D-mannosamine (1), N-4-methoxybenzoyl-D-mannosamine (4), N-2-thiopheneacetyl-D-mannosamine (7) and ManNAc (Figure 76).

[image: ]
[bookmark: OLE_LINK18]Figure 76. Graph to show difference in % TAPA for 12, 31, 33 and Neu5Ac in an 8-component DCL containing 1, 4, 7 and ManNAc.

As can be seen in Figure 76, the results obtained with this DCL are much more reliable than with the previous DCL. The component which takes up the greatest amount of the total product peak area is 31. It consistently has a positive difference in % TAPA across all the time periods with the exception of the result at 72 hours. The component which has the second highest value for the difference in % TAPA is 33 which is consistently comparable or below the value for 31. The component which consistently has the lowest % TAPA value and is therefore the weakest binder to WGA is 12. Analysis of the difference in % Peak Area results (Figure 77) show that for the most part there is very little difference between the actual % Peak Area values obtained from the HPLC traces of the reactions. This makes it difficult to draw any conclusions from the results about how the Neu5Ac interacts with WGA in relation to the other DCL members. If anything, it would suggest that Neu5Ac binds to WGA with a similar affinity to the other DCL members.

[image: ]
Figure 77. Graph to show difference in % Peak Area for 12, 31, 33 and Neu5Ac in an 8-component DCL containing 1, 4, 7 and ManNAc.

Figure 78 shows the difference in % TAPA in a DCL containing 14, 36, 37 and Neu5Ac. As can be seen from the graph, results are once again varied but may indicate that the chromophore-containing component in the library which binds most strongly to WGA is 36. With the exception of the results obtained at 192 hours, it appears to have a steadily increasing presence in the DCL over time. 14 and 37 both make up a very similar fraction of the DCL in the presence of WGA with 14 perhaps having a slightly higher difference in % TAPA. This would indicate that they both bind to WGA with a similar affinity. A comparison of the difference in % Peak Area (Figure 79) reveals that 36 predominantly has the highest positive difference in the % Peak Area whilst 14 and 37 have a difference in % Peak Area of around 0. It is difficult to ascertain from these results the performance of the Neu5Ac in the DCL.
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[bookmark: OLE_LINK19]Figure 78. Graph to show difference in % TAPA for 14, 36, 37 and Neu5Ac in an 8-component DCL containing 3, 10, 11 and ManNAc.

[image: ]
Figure 79. Graph to show difference in % Peak Area for 14, 36, 37 and Neu5Ac in an 8-component DCL containing 3, 10, 11 and ManNAc.

[bookmark: _Toc326047505]7.3.5. 4-Component DCLs Created Using the Strongest Binders to WGA

The strongest binder to WGA in each of the three 8-component DCLs was used in further DCLs to determine the overall strongest binder to WGA. The molecules selected were 31, 34, and 36. A 4-component DCL containing 34 and 36 (Table 16) showed very little difference in % TAPA between the library components (Figure 80). This would indicate that each DCL component is binding to WGA with a very similar affinity.
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	8
Mr: 303
C12H17NO6S
	34
Mr: 391
C15H21NO9S

	

	10
Mr: 327
C15H21NO7
	36
Mr: 415
C18H25NO10


Table 16. DCL created using two of the strongest binders to WGA.
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Figure 80. Graph to show difference in % TAPA for 34 and 36 in a 4-component library containing 8 and 10.
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Mr: 313
C14H19NO7
	31
Mr: 401
C17H23NO10

	

	10
Mr: 327
C15H21NO7
	36
Mr: 415
C18H25NO10


Table 17. DCL created using two of the strongest binders to WGA.
A second DCL containing 4 and 10 (Table 17) had already been completed in an earlier experiment (Figure 72). The results showed that 31 binds more strongly to the WGA than 36 with the % TAPA being positive across all time periods. 36 has the corresponding negative % TAPA values. 

The results from the above experiments would suggest that of all the N-modified neuraminic acid derivatives it is 31 that binds most strongly to WGA. Experimental error, however, is high and it is difficult to ascertain the effect that Neu5Ac has in the DCL.

[bookmark: _Toc326047506]7.3.6. Further 4-Component DCLs 
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	4
Mr: 313
C14H19NO7
	31
Mr: 401
C17H23NO10

	

	1
Mr: 309
C15H19NO6
	12
Mr: 397
C18H23NO9


Table 18. 4-Component DCL created with WGA template.

A range of other 4-component DCLs have been created and the results can be seen in Figures 81-83. Results show good trends with one DCL component consistently having a higher difference in % TAPA than the other over time. For the DCLs where repeats were done, the error is generally small enough not to obscure the results. The results from the first of these DCLs (Table 18) (Figure 81) show that 31 is a stronger binder to WGA than 12. This is to be expected as 31 was picked out as the strongest binder to WGA of all the N-modified neuraminic acids in the previous sections. A comparison of 12 and 33 (Table 19) (Figure 82) indicates that 12 binds more strongly to WGA than 33. In the DCL containing 37 and 33, (Table 20) (Figure 83) it is 33 which binds most strongly to WGA. 
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Figure 81. Graph to show difference in % TAPA for 12 and 31 in a 4-component library containing 1 and 10.
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Mr: 303
C12H17NO6S
	33
Mr: 391
C15H21NO9S

	

	1
Mr: 309
C15H19NO6
	12
Mr: 397
C18H23NO9


Table 19. 4-Component DCL created with WGA template.
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Figure 82. Graph to show difference in % TAPA for 12 and 33 in a 4-component library containing 1 and 7.
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	7
Mr: 303
C12H17NO6S
	33
Mr: 391
C15H21NO9S

	

	11
Mr: 299
C13H17NO7
	37
Mr: 387
C16H21NO10


Table 20. 4-Component DCL created with WGA template.

[image: ]
[bookmark: OLE_LINK20]Figure 83. Graph to show difference in % TAPA for 33 and 37 in a 4-component library containing 7 and 11.

From the results obtained above, a hierarchy of N-modified neuraminic acid binders to WGA can be developed. This hierarchy is as follows with the strongest binder listed first: 31, 12, 33 and 37. This process shows how it is possible to determine the strength of binding of each library member in relation to other library compounds. It would, however, be a very time intensive process to analyse a large library of compounds two-by-two using the above process.


[bookmark: _Toc326047507]7.3.7. Creation of Multi-Component DCLs Utilising DCL Members Made in One Pot

It was decided to try creating DCLs containing a greater number of components than the maximum sized 8-component DCLs created thus far. In order to do this, a range of DCL components were made in one pot using a reaction utilising 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) as a coupling reagent (Scheme 16). This reaction is carried out in water which is an ideal solvent as it was hoped that the resulting reaction mixture could be added straight to the NANA aldolase, sodium pyruvate and WGA to create a DCL. This would remove the time consuming synthesis and purification processes of synthesising and purifying each DCL component individually. 


Scheme 16. Reaction using EDC as a coupling reagent.

Synthesis of 8 DCL members in one pot was achieved by reacting 8 aromatic carboxylic acids including: 5-methylthiophene-2-carboxlic acid, thiophene-2-acidic acid, 4-flourobenzoic acid, benzoic acid, cinnamic acid, 3,5-dimethylbenzoic acid, 4-ethoxybenzoic acid and 4-methoxybenzoic acid, with mannosamine.HCl in the presence of EDC and in 8 mL of water. After 24 hours the reaction mixture was neutralised to pH 7.4 using 1 N HCl and was analysed by high resolution mass spectrometry (HRMS) to reveal all products present with the exception of 5 and 4. In addition to this, it was impossible to distinguish between 7 and 8 as they are isomers. Following this, a 100 µL sample was removed from the reaction mixture and added to sodium azide stock, NANA aldolase stock and sodium pyruvate. After stirring at 37 °C for 24 hours, the reaction was analysed using mass spectrometry, however, low resolution mass spectrometry revealed very little product formation in the DCL with the only significant peaks being those corresponding to the mass of 31 and 32. 
It was thought that the concentration of the N-modified mannosamines was probably too low to be detected in the previous DCL. In order to try and increase the concentration of the N-modified mannosamines, it was decided to try the EDC reaction in less solvent with 9 carboxylic acids including: 5-methylthiophene-2-carboxlic acid, thiophene-2-acetic acid, 4-flourobenzoic acid, benzoic acid, cinnamic acid, 3,5-dimethylbenzoic acid, 4-ethoxybenzoic acid, 4-methoxybenzoic acid and 3-(2-furyl)acrylic acid. The EDC reaction was attempted with either 2 or 3 mL of water as opposed to the 8 mL used in the previous reaction. This gave a potential total mannosamine concentration of 0.2 or 0.3 mM in comparison to 0.075 mM in the reaction containing 8 mL of water. 100 µL aliquots were removed from both reaction volumes and NANA aldolase and sodium pyruvate were added. Analysis of the reaction mixtures by mass spectrometry after 24 hours of incubation at 37 °C revealed that none of the neuraminic acid products had formed even though the N-modified starting materials were detected in the reaction mixture. The above results would suggest that it is not mannosamine concentration that prevents the conversion of the mannosamine derivatives to the neuraminic acid product. It seems most likely that a component added in the EDC reaction mixture, possibly the EDC itself, is denaturing the NANA aldolase and preventing it from catalysing the reaction.

In order to remove everything but the N-modified mannosamines from the reaction mixture, it was decided to subject the reaction mixture to purification on a silica column. The column was eluted with 10 % MeOH in dichloromethane to give a sold (55 % crude yield) which contained the masses of all of the N-modified mannosamines by HRMS. Once this had been completed, a stock was made up in potassium phosphate buffer using the mixture of N-modified mannosamines created above with 2 molar equivalents of sodium pyruvate and this stock was incubated with NANA aldolase (0.24 nmole) at 37 oC for 24 hours. HRMS results showed that all neuraminic acid products were in the library although it was impossible to tell the difference between the N-modified neuraminic acid isomers modified with 5-methylthiophene-2-carboxlic acid and thiophene-2-acetic acid as they both had identical masses. The success of the NANA aldolase catalysed reaction using this reaction mixture would indicate that a component in the original reaction mixture which is removed during the column purification step is responsible for inhibiting the activity of NANA aldolase. It would suggest that the component responsible could be EDC as it enables the coupling of carboxylic acids and amine groups together to form peptide bonds. It is reasonable to assume that EDC could also react with carboxylic acids or amines on the NANA aldolase such as the key catalytic residue of Lys165 thus rendering the NANA aldolase devoid of catalytic activity.   

Because DCLs were to be analysed by mass spectrometry, it was important to try to avoid isomers such as 7 and 8 as it would be difficult to distinguish between such molecules in a DCL. For this reason a second library of 9 aromatic acids was created utilising 4-flourobenzoic acid, 5-methylthiophene-2-carboxlic acid, 4-ethoxybenzoic acid, 4-methoxybenzoic acid, 3,5-dimethylbenzoic acid, benzoic acid, thiophene-2-carboxylic acid, 3-(2-furyl)acrylic acid and phenylacetic acid. After reacting these acids with mannosamine in the presence of EDC and following purification of the products using a silica column (10 % MeOH in dichloromethane) the yield of the reaction was found to be 11 % with all products seen by HRMS. Following the creation of the N-modified mannosamine stock, it was incubated at 37 °C in the presence of NANA aldolase and two molar equivalents of sodium pyruvate for 24 hours before being analysed by HRMS which revealed that all aldol products were formed in these conditions.

The same reaction was attempted as above but using 10 aliphatic carboxylic acids in place of the aromatic ones. The acids used were; octanoic acid, isobutyric acid, propionic acid, valeric acid, 3-pentanioc acid, cyclopentyl acetic acid, tert-butylacetic acid, palmitic acid, crotonic acid and 3-iodopropionic acid. After subjecting the reaction to the same conditions as were used with the aromatic acids, the resulting reaction mixture was analysed by HRMS. This revealed that all products had formed in the reaction mixture with the exception of N-3-iodopropionyl-D-mannosamine. % yield was 7.6 %.

In a second similar reaction, the 3-iodopropionic acid was replaced with cyclopentane carboxylic acid and after treating the reactants in the same way as with the previous reaction, HRMS revealed that all products were present (% Yield = 16 %).

An EDC coupling reaction was also attempted utilising all aromatic and aliphatic carboxylic acids from the previous two experiments. This gave the potential to synthesise 19 different N-modified mannosamines in one pot. After incubation of the acids at 37 °C for 24 hours with mannosamine.HCl and in the presence of EDC and after column purification, HRMS analysis of the reaction mixture revealed the presence of all products. % Yield: 23 %.

[bookmark: _Toc326047508]7.3.8. Increasing DCL Size by Incorporating Subtilisin Carlsberg into DCLs

It was decided to increase the potential size of a DCL by acylating DCL members at the primary hydroxyl groups of mannosamine and neuraminic acid using subtilisin Carlsberg (Section 6). This has the potential to double the number of DCL components without affecting the ability of NANA aldolase to catalyse the aldol reaction. Initially a series of experiments were conducted to determine the effect of addition of the subtilisin step to the DCL synthesis. Two separate DCLs composed of just the aromatic N-modified mannosamines were created, one with subtilisin and NANA aldolase added both at the same time and the second with NANA aldolase added first and then subtilisin added after 24 hours. For the DCL with just the NANA aldolase added first, after 24 hours, it was found by accurate LC-MS that all aldol products had been formed and that, as expected, no acylated aldol products were present. After the addition of the subtilisin and a further 24 hours of incubation at 37 °C, the DCL was once again analysed by LC-MS and this time all C-9 acylated aldol products and all C-6 acylated mannosamines were seen in the library as well as the non-acylated N-modified mannosamines and neuraminic acids. In the library created where subtilisin and NANA aldolase were added to the reaction mixture at the same time, analysis of the reaction mixture after 24 and 48 hours revealed all members in the library after both time periods. The above results would indicate that it makes very little difference as to the order in which the enzymatic reaction steps are added to the library. For this reason, any future libraries created shall have both the NANA aldolase and Subtilisin added at the same time as this method cuts down the time taken to create the library by 24 hours.

	ManNAc Concentration
	Solution not containing Neu5Ac
	Solution containing Neu5Ac

	
	ManNAc present?
	ManNAc Present?
	Neu5Ac Present?

	1 M
	Yes
	Yes
	Yes

	0.1 M
	Yes
	Yes
	Yes

	10 mM
	Yes
	Yes
	Yes

	1 mM
	Trace
	Yes
	Yes

	0.1 mM
	No
	No
	Yes

	10 µM
	No
	No
	Yes

	1 µM
	-
	No
	No

	0.1 µM
	-
	No
	No


Table 21. Table to show negative ion LC-MS detection levels of ManNAc at different concentrations in the presence and absence of Neu5Ac.

It was found that when using negative ion electrospray LC-MS it was easy to detect the neuraminic acid products. This is because they easily loose a sodium ion to give a strong ion peak. When analysing the N-modified mannosamines alone, all mannosamines can be seen by negative ion mass spectrometry (Section 7.2.3.11.), however, when the mannosamines were analysed in a mixture also containing the neuraminic acid products, many of the mannosamines were undetectable. Because of this, it was decided to try a range of experiments designed to investigate the sensitivity of the LC-MS instrument when detecting mannosamines in the presence of neuraminic acids. A series of ManNAc solutions, each at different concentrations, were created. These solutions were analysed by negative ion electrospray LC-MS and the presence or absence of the ManNAc peak was noted. Following this, an equimolar amount of Neu5Ac was added to each solution and the solutions were analysed once more. The results can be seen in Table 21. They show that the presence of Neu5Ac has a small negative effect upon the detection of ManNAc by LC-MS with only a trace of the ManNAc seen in the presence of Neu5Ac at a concentration of 1mM whilst in the absence of Neu5Ac the ManNAc can be detected clearly. Results also show that Neu5Ac is detectable at concentrations two orders of magnitude lower than ManNAc, confirming that neuraminic acids are more easily ionisable using negative ion electrospray LC-MS than mannosamines. The results indicate that any DCL solutions created need to have mannosamine concentrations of 10 mM in order for them to be detected by negative ion LC-MS, whilst the neuraminic acid derivatives can be at a concentration of 10 µM.

It was found that the N-modified mannosamine library components are more easily detected using positive ion LC-MS. For this reason, it was decided that all libraries created should be analysed using both negative ion and positive ion LC-MS, with the mannosamines detected using positive ionisation and the Neu5Ac detected using negative ionisation.



Scheme 17. Diagram showing the way in which a DCL can be created using the reversible reactions of NANA aldolase and subtilisin Carlsberg.

The full range of reversible reactions used to create the DCL can be seen in Scheme 17. The initial EDC reaction modifies mannosamine at the amine position using a variety of different acids. This leads to the formation of a range of N-modified mannosamines which can then react in a variety of different ways to create the DCL. Reaction with subtilisin Carlsberg and vinyl acetate produces the 6-C acylated N-modified mannosamines.[100] These acylated N-modified mannosamines can then react with NANA aldolase and sodium pyruvate to give the 9-C acylated neuraminic acids. If the N-modified mannosamines were to react with the NANA aldolase before the subtilisin, a range of N-modified neuraminic acids are formed first before reaction with subtilisin yields the 9-C modified neuraminic acids. This circular arrangement of reversible reactions should produce a dynamic DCL of much larger proportions than any DCL previously attempted using mannosamine. 

It was decided to try creating a DCL using 22 building blocks comprising the 9 aromatic N-modified mannosamines, 10 aliphatic N-modified mannosamines, D-lyxose, D-mannose and ManNAc. Incubation of these starting materials with subtilisin and NANA aldolase should result in the formation of up to 22 N-modified neuraminic acids, 22 C-9 acylated N-modified neuraminic acids and 21 acylated mannosamines. It was noted that D-lyxose has no primary alcohol, thus removing the ability of subtilisin to acylate it. The aldol product of D-lyxose, KDO, has a primary alcohol group which could be modified by subtilisin, but when modified this would prevent the product (166) from converting back into the 6-C acylated D-lyxose and pyruvate. This means that for the D-Lyxose, only three different DCL members can form. After incubation of the DCL components at 37 °C, samples were taken at 24 hour intervals and after denaturing in acetonitrile for 3 hours, the supernatant was analysed using LC-MS. With the exception of 36 and 56 which were only seen in trace amounts, all products were seen in the DCL, and the peak area taken up by each DCL member was analysed. This lead to the calculation of difference in % TAPA between a WGA containing library and a non-WGA-containing library. The results can be seen in Table 22. Results seem to be quite varied with the standard deviation of most results being high. It is difficult to see trends in such a large volume of data so it has also been presented in the form of a graph in Figure 84. It was found that it was very difficult to get good separation of the peaks corresponding to different DCL members and therefore there was some peak overlap in the LC-MS traces. This made it very difficult to identify the 4-ethoxybenzoic acid N-modified derivatives of neuraminic acid which are excluded from the results. This may also be a reason for the difficulty in identifying trends in the data.





	
	Difference in % TAPA

	
	24 hours
	48 hours
	72 hours
	96 hours

	14
	0.15 ± 0.05
	0.30 ± 0.16
	0.04 ± 0.10
	0.21 ± 0.12

	31
	0.01 ± 0.03
	0.00 ± 0.00
	0.00 ± 0.00
	0.02 ± 0.04

	13
	0.04 ± 0.18
	-0.08 ± 0.10
	-0.03 ± 0.05
	-0.08 ± -0.06

	32
	0.08 ± 0.22
	0.17 ± 0.42
	0.02 ± 0.17
	0.01 ± 0.10

	34
	-0.28 ± 0.53
	-0.47 ± 0.36
	-0.36 ± 0.33
	-0.64 ± 0.24

	37
	-0.06 ± 0.07
	0.73 ± 0.57
	0.15 ± 0.35
	0.17 ± 0.16

	38
	0.66 ± 0.53
	0.00 ± 0.39
	0.05 ± 0.48
	-0.22 ± 0.35

	39
	0.51 ± 0.15
	0.57 ± 0.11
	0.79 ± 0.39
	0.12 ± 0.18

	16
	-0.03 ± 0.17
	-0.39 ± 0.35
	0.04 ± 0.58
	0.06 ± 0.25

	50
	0.02 ± 0.31
	-0.04 ± 0.11
	0.07 ± 0.19
	-0.02 ± 0.05

	51
	-0.45 ± 0.21
	-0.25 ± 0.34
	-0.11 ± 0.11
	-0.54 ± 0.69

	52
	-0.24 ± 0.52
	-0.04 ± 0.36
	-0.22 ± 0.24
	0.18 ± 0.21

	54
	-1.98 ± 1.77
	-0.42 ± 0.63
	-0.59 ± 0.67
	0.33 ± 0.54

	57
	-0.37 ± 0.16
	-0.26 ± 0.52
	-0.32 ± 0.29
	-0.13 ± 0.24

	58
	-0.25 ± 0.27
	-0.70 ± 0.28
	-0.97 ± 1.10
	-0.54 ± 0.58

	59
	0.06 ± 0.18
	0.18 ± 0.30
	0.10 ± 0.27
	0.33 ± 0.41

	40
	0.12 ± 0.07
	-0.07 ± 0.21
	0.02 ± 0.17
	0.01 ± 0.06

	41
	0.36 ± 1.05
	0.07 ± 0.54
	-0.03 ± 0.25
	-0.68 ± 0.39

	42
	1.93 ± 0.81
	0.24 ± 0.98
	0.36 ± 0.66
	0.23 ± 1.10

	43
	0.41 ± 0.64
	-0.14 ± 0.66
	0.16 ± 0.36
	0.10 ± 1.05

	44
	0.21 ± 0.08
	0.20 ± 0.33
	-0.08 ± 0.21
	0.02 ± 0.27

	45
	1.29 ± 0.61
	1.26 ± 1.73
	0.08 ± 0.44
	0.90 ± 1.75

	46
	0.37 ± 0.19
	0.12 ± 0.16
	0.19 ± 0.18
	0.04 ±  0.14

	47
	0.76 ± 0.38
	0.12 ± 0.29
	-0.06 ± 0.27
	-0.29 ± 0.49

	48
	0.54 ± 0.67
	0.30 ± 0.41
	0.17 ± 0.28
	-0.28 ± 0.40

	49
	0.91 ± 0.52
	0.24 ± 0.47
	0.32 ± 0.35
	-0.01 ± 0.53

	60
	0.34 ± 0.41
	0.15 ± 0.06
	0.15 ± 0.14
	0.26 ±0.21

	61
	-1.27 ± 0.96
	-0.96 ± 0.78
	-0.56 ± 0.27
	-1.46 ± 0.50

	62
	-2.88 ± 2.91
	-0.32 ± 2.54
	0.22 ± 1.56
	1.88 ± 1.83

	63
	-0.41 ± 0.21
	-0.24 ± 0.35
	0.16 ± 0.33
	0.09 ± 0.62

	64
	0.43 ± 0.47
	0.54 ± 0.17
	0.48 ± 0.22
	0.03 ± 0.29

	65
	-1.54 ± 1.10
	-1.04 ± 0.57
	-0.83 ± 0.78
	-0.93 ± 0.62

	66
	-0.46 ± 0.32
	-0.34 ± 0.22
	-0.33 ± 0.31
	-0.02 ± 0.17

	67
	-0.70 ± 0.51
	-0.29 ± 0.26
	-0.25 ± 0.22
	-0.14 ± 0.36

	68
	-0.81 ± 0.64
	-0.61 ± 0.58
	-0.29 ± 0.36
	-0.63 ± 0.28

	69
	0.45 ± 1.51
	-0.38 ± 0.25
	-0.40 ± 0.31
	-0.82 ± 1.00

	Neu5Ac
	0.68 ± 0.12
	0.65 ± 0.45
	0.78 ± 0.44
	0.63 ± 0.27

	KDN
	0.39 ± 0.24
	0.18 ± 0.27
	0.19 ± 0.15
	0.08 ± 0.26

	KDO
	0.35 ± 0.40
	0.18 ± 0.15
	-0.06 ± 0.18
	-0.13 ± 0.23

	15
	0.68 ± 0.22
	0.81 ± 0.40
	0.81 ± 0.31
	0.99 ± 0.46

	70
	0.09 ± 0.21
	0.02 ± 0.20
	0.10 ± 0.31
	0.16 ± 0.30

	166
	0.09 ± 0.22
	-0.01 ± 0.02
	0.05 ± 0.15
	0.02 ± 0.20


Table 22. Table showing difference in % TAPA values for each N-modified neuraminic acid product in a DCL containing 86 DCL members.

Figure 84 shows difference in % TAPA data presented as a graph. Results suggest that in general acylated DCL members have a lower % TAPA than their non-acylated counterparts. In addition to this, it would appear that the aliphatic N-modified mannosamine aldol products tend to show the greatest difference in % TAPA in the DCL whether that is a high % TAPA or a low % TAPA. The DCL members which consistently show the highest ranked % TAPA appear to be the Neu5Ac, the acylated Neu5Ac (15) and 39. Another DCL member with a high % TAPA ranking is 45, but this is over three time periods, with the value for 72 hours being much lower than seen at the other time periods. The DCL members with consistently low % TAPA rankings include 58, 68, 65 and 61. These results would suggest that the known binder to WGA, the Neu5Ac is the strongest binder to WGA, with the possible exception of the acylated version of this molecule (15) which appears to bind to WGA with at least as much strength, if not a bit more.



Figure 84. Difference in % TAPA values for each N-modified neuraminic acid product in a DCL containing 87 potential DCL members. 14-39 are the aromatic N-modified neuraminic acids, 16-59 are the aromatic N-modified neuraminic acids modified at the C-9 position using subtilisin Carlsberg, 15 is the C-9 modified Neu5Ac, 70 is the C-9 modified KDN, 40-49 are the aliphatic N-modified neuraminic acids and 60-69 are the aliphatic N-modified neuraminic acids modified at the C-9 position using subtilisin Carlsberg.
[bookmark: _Toc326047509]7.4. Conclusion

In conclusion, it has been shown that it is possible to construct DCLs using the N-modified derivatives of D-mannosamine. The optimal ratio of DCL building blocks to WGA was found to be 3:2. It has been shown that four, six and eight component libraries can all be constructed and will select the strongest and weakest binders in a DCL. The difference in % TAPA was found to be small in most cases; however, it would seem that the DCL member which performs most strongly in these reactions is 31. It is possible to synthesise a range of N-modified mannosamines in one pot using an EDC coupling reaction and to use these to form a large DCL with NANA aldolase and subtilisin Carlsberg. General trends can be observed from this DCL showing that acylated aldol products have a smaller difference in % TAPA than the non-acylated products and that aliphatic N-modified mannosamine aldol products tend to show the greatest difference in % TAPA. It would appear that the strongest binders to WGA are the known binder to WGA, Neu5Ac and its 9-C acylated version, 15. It must be noted, however, that experimental error in all experiments is high which makes it difficult to make firm judgements about the performance of members in the DCLs.















[bookmark: _Toc326047510]8. Simplifying DCL Analysis
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Figure 85. Outline scheme for the simplification of DCL analysis.

One of the major difficulties when examining DCLs using any analytical method including HPLC and LC-MS is the limits that the analytical technique places on the size of the DCL which can be constructed. As already demonstrated in Section 7.3.3. and by Lins et al;[9] DCLs containing over 6 members tend to have peak overlap on a HPLC trace. This can make it difficult to determine what is happening to individual components in the DCLs. Identifying individual components in a DCL can be simplified with the use of LC-MS, with peaks containing DCL members identified by mass as well as elution time; however, there is still a problem with resolution of all compounds in large DCLs. For this reason, three methods which could be used to simplify the analysis of DCLs were investigated. The techniques in question were the immobilisation of the DCL protein template on agarose beads, the use of Size Exclusion Column (SEC) chromatography, and the segregation of DCL components using semi-permeable membranes. The various methodologies and their use in conjunction with a DCL can be seen in Figure 85.

[bookmark: _Toc326047512]8.1.1. Immobilisation of WGA

The immobilisation of WGA to a solid support allows the WGA to be removed from a DCL mixture along with any ligands bound to it. After washing and denaturation of these immobilised protein-ligand complexes, the bound ligands should be released and can be analysed to determine their structure. This removes the need to analyse all DCL members, with only those DCL members which bind to the template WGA found in the solution to be analysed.

[bookmark: _Toc326047513]8.1.2. SEC Chromatography

SEC chromatography uses porous particles to separate molecules of differing molecular weight in a solution (Figure 86). When a solution containing both low and high molecular weight molecules passes through the column, small molecules are able to enter into the pores of the porous particles but the larger molecules are not. This means that when the column is spun in a microcentrifuge, the smaller molecules are retained by the column, whilst the larger ones pass through. SEC can be used in a wide variety of applications including screening small organic molecules for their ability to bind to a target protein.[114]


[image: ]
Figure 86. SEC mechanism.

Size exclusion columns can be used in DCC to separate target-ligand complexes in a DCL from non-binders in the library. The target protein molecule used in a DCL has a much larger molecular weight than the potential ligand DCL members which means that, depending upon the exclusion limit of the column, SEC chromatography should allow target-ligand complexes to pass through the column whilst retaining all other unbound small molecules from the library. In addition to this, the SEC columns may allow the other catalytic enzymes, NANA aldolase and subtilisin Carlsberg, to pass through them, however, comparison of results obtained from a target-containing library with results obtained from a DCL created without the target present should rule out any DCL members which pass through the column bound to NANA aldolase and subtilisin Carlsberg. It was hoped that this SEC step could be applied to the DCLs created in Section 7 in order to simplify their analysis. Application of a DCL mixture containing the target molecule, WGA, which has a molecular weight of 36 kDa, to a SEC column followed by denaturation of any enzyme substrate complexes in the filtrate should result in only the DCL members which bind to WGA in the mixture to be analysed.
[bookmark: _Toc326047514]
8.1.3. Semi-Permeable Membranes

A system was attempted using semi-permeable membranes for the simplification of DCL analysis. These membranes have a size exclusion limit such that the WGA and NANA aldolase protein molecules in the DCL are too large to pass through the pores in the membrane but the pores are small enough to allow other DCL members through. This could be used to compartmentalise the WGA and the NANA aldolase from each other using a device similar to a dialysis tube, meaning that when samples were taken for analysis, samples which contained only WGA and not NANA aldolase could be added to the columns separately. This would prevent the possibility of any DCL members passing through the SEC columns whilst bound to the NANA aldolase and not the WGA. It was also thought that if this dialysis device was placed into a solution, the DCL members could pass through the membrane into the surrounding solution and maintain a dynamic equilibrium during DCL synthesis. If, however, any of the DCL members bind to WGA, it was thought that this would alter the distribution of the DCL members as the DCL members bound to WGA would be in a greater concentration on the side of the membrane containing WGA. In addition to this, the rate at which the DCL members that can bind to WGA diffuse across the membrane should be slower than the rate at which DCL members which cannot bind to WGA pass across the membrane. It was believed that this technique could be used to ascertain the strongest binders to WGA in a DCL.
	
[bookmark: _Toc326047515]8.2. Methodology

Instrumentation and equipment used was the same as in Section 5.2. with the addition of Bio-Gel P-6 SEC columns supplied by Bio-Rad and Dialysis tubing cellulose membrane supplied by Sigma-Aldrich.

[bookmark: _Toc326047516]8.2.1. DCLs using Immobilised WGA

Initially a series of DCLs were created using WGA immobilised on Sepharose 4B beads as the target protein.

[bookmark: _Toc326047517]8.2.1.1. Activation of Sepharose 4B Beads

5 mL of Sepharose 4BTM gel was washed with 50 mL of deionised water in a sintered glass funnel before being suction dried to a wet cake and transferred to a 50 mL conical flask. The gel was then re-suspended in 5 mL of deionised water with swirling and 1 g of CNBr was added to the gel suspension. The pH of the reaction was maintained at 11.0 by drop wise addition of 20 % NaOH during which time the temperature was maintained at 25 °C. When all CNBr had dissolved and the rate of consumption of NaOH had decreased, the mixture was poured into a sintered funnel containing ice. The gel was washed with 50 mL ice cold water and 25 mL ice cold 0.1 M sodium bicarbonate solution.

[bookmark: _Toc326047518]8.2.1.2. Immobilisation of WGA to Sepharose 4B Beads

5 mL of the CNBr-activated Sepharose from Section 8.2.1.1. was washed with 50 mL of ice cold 0.1 M sodium bicarbonate solution in a sintered funnel and suction dried to a wet cake. The gel was then added to a WGA containing solution (50 mg WGA in 5 mL ice-cold 0.1 M sodium bicarbonate solution) and the mixture was left to shake gently for 6 hours at room temperature. The resulting suspension was then filtered in a sintered funnel and washed with 100 mL of 0.1 M sodium bicarbonate solution, 100 mL of 1.0 M NaCl solution and 100 mL of water. Each washing solution was kept and analysed for protein concentration using the Bradford Assay (Section 5.2.13.). Excess active groups on the gel were blocked by suspending the gel in 5 mL of 0.1 M ethanolamine and the suspension was left to shake gently for 1 hour. Following this, the suspension was washed with 100 mL of water, 100mL of 1.0 M NaCl and then 100 mL water. The Sepharose-immobilised WGA was then stored in 25 mL of 0.02 % w/v sodium azide solution at 4 °C.

[bookmark: _Toc326047519]8.2.1.3. Procedure for the Creation of a DCL Containing 4 Starting Materials and Using Sepharose-Bound WGA with 3 × 1mL Washes

4 variations of stock 1 (Table 23) were made using 4 different N-modified mannosamines and 10 μL of each of these stock solutions was added to two Eppendorf tubes. In addition to this, 20 μL of stock 2 and 23.3 μL of stock 3 was added to the Eppendorf tubes along with 56.7 μL of potassium phosphate buffer (pH 7.4). Whilst completing the above, Sepharose-bound WGA was prepared for use in the DCL by adding 0.39 mL of Sepharose-bound WGA (1.56 mg/mL) to a sintered glass funnel and washing twice with 5 mL of water. The washed beads were dried to a wet cake consistency before being added to one of the Eppendorf tubes. 0.39 mL of Sepharose beads with no WGA immobilised on them (5 mL of Sepharose 4B, dried to a wet cake and then suspended in 25 mL 0.02 % w/v sodium azide stock) were added to the second Eppendorf tube to serve as a blank. The reactions were left to stir in a water bath at 37 °C and after 24 hours, 100 μL of each solution was applied to a sintered glass funnel and washed with 3 × 1 mL of water warmed to 37 °C. The Sepharose beads were then removed and placed in an Eppendorf tube along with 75 μL acetonitrile. After three hours standing at room temperature the solutions were placed in a microcentrifuge and spun at 4900 × g for 1 minute. The supernatant was then removed and analysed using HPLC (5 to 100% MeOH in water over 20 minutes) and mass spectrometry (Table 24).

	Stock No.
	Content
	Concentration
	Buffer/pH

	1
	N-modified-D-mannosamine and sodium pyruvate
	50 mM and 100 mM respectively
	potassium phosphate, pH 7.4

	2
	sodium azide
	0.02% w/v
	potassium phosphate, pH 7.4

	3
	NANA aldolase
	5.13 µM
	potassium phosphate, pH 7.4


Table 23. Stock solutions for the creation of a DCL with 4 N-modified mannosamines and utilising Sepharose-bound WGA.

After a further 48 hours a second sample was removed from each DCL and treated in exactly the same was as with the 24 hour sample with the exception that in place of the 3 × 1 mL washes of water, 1 × 1 mL wash of water was used. Following denaturation the samples were analysed using HPLC.

In a separate experiment, 100 μL samples were removed from the DCLs and washed with two separate 50 μL washes of water before being analysed by mass spectrometry (Table 25).




	DCL No.
	Content
	Product
m/z [ES-]

	1
	N-acetyl-D-neuraminic acid (Neu5Ac)
	308

	
	N-4-fluorobenzoyl-D-neuraminic acid (13)
	388

	
	N-3,5-dimethylbenzoyl-D-neuraminic acid (32)
	398

	
	N-5-methyl-2-thiophenecarboxyl-D-neuraminic acid (34)
	390

	2
	N-acetyl-D-neuraminic acid (Neu5Ac)
	308

	
	N-2-thiopheneacetyl-D-neuraminic acid (33)
	390

	
	N-cinnamoyl-D-neuraminic acid (12)
	396

	
	N-4-methoxybenzoyl-D-neuraminic acid (31)
	400

	3
	N-acetyl-D-neuraminic acid (Neu5Ac)
	308

	
	N-benzoyl-D-neuraminic acid (14)
	370

	
	N-2-furanacryl-D-neuraminic acid (37)
	386

	
	N-4-ethoxybenzoyl-D-neuraminic acid (36)
	414


Table 24. Mass spectrometry data from three DCLs created using WGA immobilised on Sepharose 4B Beads and washed with 3 × 1 mL of water.

	DCL No.
	Content
	Product
m/z [ES-]

	1
	N-acetyl-D-neuraminic acid (Neu5Ac)
	308

	
	N-4-fluorobenzoyl-D-neuraminic acid (13)
	388

	
	N-3,5-dimethylbenzoyl-D-neuraminic acid (32)
	398

	
	N-5-methyl-2-thiophenecarboxyl-D-neuraminic acid (34)
	390

	2
	N-acetyl-D-neuraminic acid (Neu5Ac)
	308

	
	N-2-thiopheneacetyl-D-neuraminic acid (33)
	390

	
	N-cinnamoyl-D-neuraminic acid (12)
	396

	
	N-4-methoxybenzoyl-D-neuraminic acid (31)
	400

	3
	N-acetyl-D-neuraminic acid (Neu5Ac)
	308

	
	N-benzoyl-D-neuraminic acid (14)
	370

	
	N-2-furanacryl-D-neuraminic acid (37)
	386

	
	N-4-ethoxybenzoyl-D-neuraminic acid (36)
	414


Table 25. Mass spectrometry data from three DCLs created using WGA immobilised on Sepharose 4B Beads and washed with two separate 50 μL washes of water.
[bookmark: _Toc326047520]8.2.1.4. General Procedure for the Creation of a 20-Component DCL Containing Sepharose-Bound WGA

	Stock No.
	Content
	Concentration
	Buffer/pH
	Product
m/z [ES-]

	1
	N-cinnamoyl-D-mannosamine (1) and sodium pyruvate
	50 mM and 100 mM respectively
	potassium phosphate, pH 7.4
	396

	2
	N-benzoyl-D-mannosamine (3) and sodium pyruvate
	50 mM and 100 mM respectively
	potassium phosphate, pH 7.4
	370

	3
	N-4-methoxybenzoyl-D-mannosamine (4) and sodium pyruvate
	50 mM and 100 mM respectively
	potassium phosphate, pH 7.4
	400

	4
	N-4-fluorobenzoyl-D-mannosamine (5) and sodium pyruvate
	50 mM and 100 mM respectively
	potassium phosphate, pH 7.4
	388

	5
	N-3,5-dimethylbenzoyl-D-mannosamine (6) and sodium pyruvate
	50 mM and 100 mM respectively
	potassium phosphate, pH 7.4
	398

	6
	N-2-thiopheneacetyl-D-mannosamine (7) and sodium pyruvate
	50 mM and 100 mM respectively
	potassium phosphate, pH 7.4
	390

	7
	N-5-methyl-2-thiophenecarboxyl-D-mannosamine (8) and sodium pyruvate
	50 mM and 100 mM respectively
	potassium phosphate, pH 7.4
	390

	8
	N-4-ethoxybenzoyl-D-mannosamine (10) and sodium pyruvate
	50 mM and 100 mM respectively
	potassium phosphate, pH 7.4
	414

	9
	N-2-furanacryl-D-mannosamine (11) and sodium pyruvate
	50 mM and 100 mM respectively
	potassium phosphate, pH 7.4
	386

	10
	N-acetyl-D-mannosamine (ManNAc)
	50 mM and 100 mM respectively
	potassium phosphate, pH 7.4
	308

	11
	sodium azide
	0.02% w/v
	potassium phosphate, pH 7.4
	-

	12
	NANA aldolase
	5.13 µM
	potassium phosphate, pH 7.4
	-


Table 26. Stock solutions for the creation of a 20-component DCL.

10 μL of stocks 1 to 10 were added to two separate Eppendorf tubes along with 60 μL of stock 11, 70 μL of stock 12 and 170.0 μL of potassium phosphate buffer (pH 7.4). Finally, 0.39 mL of Sepharose-bound WGA as prepared in Section 8.2.1.2. and washed in Section 8.2.1.3. was added to one of the Eppendorf tubes. 0.39 mL of Sepharose beads with no WGA immobilised on them and washed as in Section 8.2.1.3. was added to the second Eppendorf tube. The reactions were left to stir in a water bath at 37 °C and after 24 hours, 100 μL of each reaction mixture was applied to a sintered glass funnel and was washed with 2 x 50 μL of water warmed to 37 °C. The Sepharose beads were then removed and mixed with 75 μL acetonitrile. After three hours the solutions were placed in a microcentrifuge and spun at 4900 × g for 1 minute. The supernatant was then removed and analysed using HPLC (5 to 100% MeOH in water over 20 min) and mass spectrometry.

[bookmark: _Toc326047521]8.2.1.5. Procedure for the Washing of Sepharose-Bound WGA in a DCL Using Centrifugation.

A 100 μL DCL sample containing Sepharose beads was placed in an Eppendorf tube in a microcentrifuge and spun at 1000 × g for 1 minute. The supernatant was removed and the beads were re-suspended in either 100 μL or 50 μL of water. After a further minute of centrifugation at 1000 × g, the supernatant was again removed and 75 μL of acetonitrile was added to the Sepharose bead pellet. For a sample containing 50 μL of water, the supernatant was removed and a further 50 μL of water was added before the sample was spun for a minute at 1000 × g. The supernatant was removed and 75 μL of acetonitrile was added to the Sepharose bead pellet. After 3 hours at room temperature, in both cases, the solution was centrifuged at 1000 × g for 1 minute and the supernatant was removed and analysed by HPLC (5 to 100% MeOH in water over 20 min) and mass spectrometry. Neu5Ac m/z [ES-], 308 [M]-. 13 m/z [ES-], 388 [M]-. 33 and 34 m/z [ES-], 390 [M]-. 32 m/z [ES-], 398 [M]-. 12 m/z [ES-], 396 [M]-. 31 m/z [ES-], 400 [M]-. 14 m/z [ES-], 370 [M]-. 37 m/z [ES-], 386 [M]-. 36 m/z [ES-], 414 [M]-.

[bookmark: _Toc326047522]8.2.2. DCLs Created Using SEC Chromatography

A series of experiments using SEC columns to separate protein-ligand complexes from the other DCL components were conducted to simplify the analysis of DCLs.

[bookmark: _Toc326047523]8.2.2.1. General Procedure for 6 Component DCL Construction

	Stock No.
	Content
	Concentration
	Buffer/pH

	1
	sodium azide
	0.02% w/v
	Potassium Phosphate, pH 7.4

	2
	NANA aldolase
	5.13 µM
	Potassium Phosphate, pH 7.4

	3
	N-modified mannosamine and sodium pyruvate
	50 mM and 100 mM respectively
	Potassium Phosphate, pH 7.4


Table 27. Stock solutions used for the creation of DCLs.

Three stock solutions were made up as for stock 3 (Table 27) using three of the N-modified mannosamines synthesised in Section 5.2. 10 μL of each of these stock solutions was added to two Eppendorf tubes along with 30 μL of stock 1. 30 μL of stock 2 was then added to the tubes along with 63.8 μL of potassium phosphate buffer (pH 7.4). Finally 1.8 mg of WGA was added to one of the Eppendorf tubes. The reaction was left to stir in a water bath at 37 °C and after 24 hours the solution was applied to the SEC columns (Section 8.2.2.2.).
[bookmark: _Toc326047524]


8.2.2.2. Procedure for the Use of SEC Columns

A SEC column was inverted sharply several times to remove any bubbles and re-suspend the settled gel. The tip was removed and the column was placed in a 1.5 mL microcentrifuge tube. The cap was then removed from the column and it was left for 2 minutes to allow the packing buffer to drain. The column was then centrifuged at 1000 × g for 2 minutes to remove remaining packing buffer. Following centrifugation, a mark was drawn on the tube to show the side of the tube that the gel had travelled furthest up. This was to ensure that the tube was always placed in the microcentrifuge in the same orientation so that the gel bed was not disturbed. 500 μL of water was then applied to the column to exchange the buffer. Following addition of the water, the column was placed in the microcentrifuge with the mark on the column facing outwards and centrifuged for 1 minute at 1000 × g. This procedure was repeated three times. The column was then placed in a clean 1.5 μL Eppendorf tube, the sample from the DCL (25 μL) was loaded onto the centre of the gel bed and the column was centrifuged at 1000 × g for 4 minutes. The filtered solution (25 μL) was then added into acetonitrile (75 μL) for denaturation and after standing at room temperature for three hours, the solution was centrifuged at 9300 × g for 1.5 minutes. The top clear solution was then removed for mass spectrometry analysis. 

[bookmark: _Toc326047525]8.2.3. DCLs Created with Protein Molecules Partitioned by Semi-Permeable Membranes

A range of DCLs were created using semi-permeable membranes to partition the different protein molecules in the DCL.

[bookmark: _Toc326047526]8.2.3.1. Procedure for the Creation of Initial Dialysis Device Prototype and its use in a DCL
A piece of dialysis membrane (Molecular weight cut off 12,400) was washed with deionised water and the left to soak in deionised water for 3 hours. It was then washed with deionised water and dried. After drying, the membrane was cut into squares (5 cm x 5 cm). The bottom of a 0.5 mL Eppendorf tube was also cut off and a square of the dialysis membrane was placed over the open top of the tube. It was then gently pushed through the tube using the closed end of an NMR tube so that the rounded bag-like structure created in the membrane protruded out of the hole cut in the bottom of the tube. To this membrane bag was added 80 μL of stock 1 (Table 28) along with 20 μL of stock 2. The dialysis device was sealed by tying a piece of thread around the membrane at the point where the membrane protruded from the Eppendorf tube. To a 1.5 mL Eppendorf tube was added 10 μL of stocks 3, 4, 5 and 6. 23.32 μL of stock 7 was added to the tube before the solution in the Eppendorf tube was made up to 100 μL using potassium phosphate buffer (pH 7.4). Once both sections of the device had been filled with the relevant library members, the 0.5 mL Eppendorf tube was placed in the 1.5 mL Eppendorf tube such that the dialysis bag was suspended in the liquid in the 1.5 mL Eppendorf tube. The large tube was closed and placed in a water bath at 37 °C for 24 hours.

	Stock No.
	Content
	Concentration
	Buffer/pH

	1
	WGA
	0.21 mM
	Potassium Phosphate, pH 7.4

	2
	sodium azide
	0.02% w/v
	Potassium Phosphate, pH 7.4

	3
	ManNAc and sodium pyruvate
	50 mM and 100 mM respectively
	Potassium Phosphate, pH 7.4

	4
	D-lyxose and sodium pyruvate
	50 mM and 100 mM respectively
	Potassium Phosphate, pH 7.4

	5
	D-mannose and sodium pyruvate
	50 mM and 100 mM respectively
	Potassium Phosphate, pH 7.4

	6
	N-modified-D-mannosamine and sodium pyruvate
	50 mM and 100 mM respectively
	Potassium Phosphate, pH 7.4

	7
	NANA aldolase
	5.13 µM
	Potassium Phosphate, pH 7.4


Table 28.  Stock solutions for the creation of DCLs for use with dialysis devices.


[bookmark: _Toc326047527]8.2.3.2. Procedure for the Creation of a Microdialysis Device Prototype and its use in a DCL

	Stock No.
	Content
	Concentration
	Buffer/pH

	1
	WGA
	0.28 mM
	Potassium Phosphate, pH 7.4

	2
	sodium azide
	0.02% w/v
	Potassium Phosphate, pH 7.4

	3
	ManNAc and sodium pyruvate
	50 mM and 100 mM respectively
	Potassium Phosphate, pH 7.4

	4
	N-modified-D-mannosamine and sodium pyruvate
	50 mM and 100 mM respectively
	Potassium Phosphate, pH 7.4

	5
	NANA aldolase
	5.13 µM
	Potassium Phosphate, pH 7.4


Table 29.  Stock solutions for the creation of DCLs for use with dialysis devices.

A dialysis device was created by cutting the end off a 100 μL pipette tip 7 mm from the end. In addition to this, the top was cut off the pipette tip such that the remaining section was 1 cm in length. A piece of dialysis membrane, 1 cm square, was washed for 3 hours in deionised water, dried and then placed over the narrowest end of the cut down tip. It was secured in place using parafilm before 60 μL of stock 1 (Table 29) and 40 μL of stock 2 was added from the open end of the device. Finally the top of the device was sealed with parafilm. The top was cut off a 1.5 mL Eppendorf tube, 1.5 cm from the bottom. To the bottom segment of the Eppendorf tube was added 10 μL of stock 3 and 10 μL of three stock 4 solutions. This was followed by the addition of 23.32 μL of stock 5 before the total volume of liquid in this tube was made up to 100 μL with potassium phosphate buffer (pH 7.4). The dialysis tube made from the pipette tip was then placed with the dialysis membrane merging into the liquid in the Eppendorf tube containing the DCL building blocks and NANA aldolase catalyst and the tube was sealed with parafilm and left in a water bath at 37 °C for 24 hours. After 24 hours, 25 μL of sample was removed from the inside of the inner dialysis device and applied to a SEC column (Section 8.2.2.2.) The resulting filtrate was analysed by HPLC (5-95 % MeOH in 0.01 % TFA solution over 20 minutes) and mass spectrometry: DCL 1: Neu5Ac m/z [ES-], 308 [M]-. 13 m/z [ES-], 388 [M]-. 34 m/z [ES-], 390 [M]-. 32 m/z [ES-], 398 [M]-. DCL 2: Neu5Ac m/z [ES-], 308 [M]-. 33 m/z [ES-], 390 [M]-. 12 m/z [ES-], 396 [M]-. 31 m/z [ES-], 400 [M]-. DCL 3: Neu5Ac m/z [ES-], 308 [M]-. 14 m/z [ES-], 370 [M]-. 37 m/z [ES-], 386 [M]-. 36 m/z [ES-], 414 [M]-.

[bookmark: _Toc326047528]8.2.3.3. Procedure for the Further use of the Prototype Microdialysis Device in a DCL 

The same procedure as in Section 8.2.3.2. was used, with the exception that the reaction was sampled at two time periods; 24 and 48 hours and analysed using HPLC (5-95 % MeOH in 0.01 % TFA solution over 20 minutes) and mass spectrometry: 24 hours: Neu5Ac m/z [ES-], 308 [M]-. 13 m/z [ES-], 388 [M]-. 34 m/z [ES-], 390 [M]-. 32 m/z [ES-], 398 [M]-. 48 hours: Neu5Ac m/z [ES-], 308 [M]-. 13 m/z [ES-], 388 [M]-. 34 m/z [ES-], 390 [M]-. 32 m/z [ES-], 398 [M]-.

[bookmark: _Toc326047529]8.2.3.4. Procedure for the Creation of a DCL for use in a Diffusion-Based Assay to Determine the Strength of Binding of DCL Members to WGA

	Stock No.
	Content
	Concentration
	Buffer/pH

	1
	D-Lyxose and sodium pyruvate
	50 mM and 100 mM respectively
	Potassium Phosphate, pH 7.4

	2
	D-mannose and sodium pyruvate
	50 mM and 100 mM respectively
	Potassium Phosphate, pH 7.4

	3
	ManNAc and sodium pyruvate
	50 mM and 100 mM respectively
	Potassium Phosphate, pH 7.4

	4
	8 and sodium pyruvate
	50 mM and 100 mM respectively
	Potassium Phosphate, pH 7.4

	5
	NANA aldolase
	5.13 µM
	Potassium Phosphate, pH 7.4

	6
	sodium azide
	0.02% w/v
	Potassium Phosphate, pH 7.4

	7
	WGA
	0.56 mM
	Potassium Phosphate, pH 7.4


Table 30.  Stock solutions for the creation of DCLs for use with dialysis devices.
To two separate Eppendorf tubes was added 10 μL of each of stock solutions 1, 2, 3 and 4 (Table 30) along with 23.32 μL of stock 5 and 25 μL of stock 6. To one of the tubes was added 60 μL of stock 7, to the other, 60 μL of potassium phosphate buffer. The solution was left to stir for 16 hours at room temperature before the solution was removed and added to a third prototype dialysis device  (Section 8.2.3.5.). 

[bookmark: _Toc326047530]8.2.3.5. Procedure for a Diffusion-Based Assay using a Third Dialysis Device and where the Buffer is Changed at Regular Intervals to Determine the Strength of Binding of DCL Members to WGA

Dialysis devices were created by removing the lid from 0.5 mL Eppendorf tubes and cutting off the bottom of the tubes 3 mm from the end. A piece of dialysis membrane of 2 cm square which had been washed for 3 hours in deionised water was then placed over the top of each tube and it was secured in place by wrapping a suitably sized elastic band around the body of the tube with the sides of the membrane trapped under it. The tubes were oriented so that the membrane covered top was facing downwards and the DCL mixtures were taken from Section 8.2.3.4. and added to each tube via the hole in the bottom of the tube. This hole was then sealed using parafilm before being placed, membrane covered surface facing downwards, into two separate 5 mL conical flasks each containing 1.5 mL of potassium phosphate buffer. Every 30 minutes the buffer was removed and replaced with a fresh 1.5 mL of buffer  and a 5 μL sample was removed from the inside of each dialysis device, diluted with 45 μL water and analysed by mass spectrometry: Neu5Ac m/z [ES-], 308 [M]-. KDO m/z [ES-], 237 [M]-. KDN m/z [ES-], 267 [M]-. 34 m/z [ES-], 390 [M]-.

A similar experiment was conducted using identical reagents with the exception that 4 was used in place of 8 and the volume of buffer being exchanged into was reduced from 1.5 mL to 500 µL. Analysis of the samples by mass spectrometry revealed: Neu5Ac m/z [ES-], 308 [M]-. KDO m/z [ES-], 237 [M]-. KDN m/z [ES-], 267 [M]-. 31 m/z [ES-], 400 [M]-.

[bookmark: _Toc326047531]8.2.3.6. Procedure for a Diffusion-Based Assay where the Buffer is not Changed to Determine the Strength of Binding of DCL Members to WGA

The same procedure as in Section 8.2.3.5. was used with the exception that a 5 mL volume of buffer was exchanged into and it was not replaced. 5 µL samples were taken from each side of the membrane, diluted with 45 µL of water and analysed by mass spectrometry: Neu5Ac m/z [ES-], 308 [M]-. KDO m/z [ES-], 237 [M]-. KDN m/z [ES-], 267 [M]-. 34 m/z [ES-], 390 [M]-.

A similar experiment was conducted with the exception that 4 was used in place of 8 and the volume of buffer being exchanged into was reduced from 5 mL to 1 mL. Analysis of the samples by mass spectrometry revealed: Neu5Ac m/z [ES-], 308 [M]. KDO m/z [ES-], 237 [M]-. KDN m/z [ES-], 267 [M]-. 31 m/z [ES-], 400 [M]-.

[bookmark: _Toc326047532]8.2.4. Further Experiments with SEC Columns

	Stock No.
	Content
	Concentration
	Buffer/pH

	1
	sodium azide
	0.02% w/v
	Potassium Phosphate, pH 7.4

	2
	NANA aldolase
	5.13 µM
	Potassium Phosphate, pH 7.4

	3
	ManNAc and sodium pyruvate
	50 mM and 100 mM respectively
	Potassium Phosphate, pH 7.4

	4
	D-lyxose and sodium pyruvate
	50 mM and 100 mM respectively
	Potassium Phosphate, pH 7.4

	5
	D-mannose and sodium pyruvate
	50 mM and 100 mM respectively
	Potassium Phosphate, pH 7.4

	6
	N-5-Methyl-2-thiophenecarboxyl-D-mannosamine (8) and sodium pyruvate
	50 mM and 100 mM respectively
	Potassium Phosphate, pH 7.4

	7
	WGA
	555.56 µM
	Potassium Phosphate, pH 7.4


Table 31. Stock solutions used for the creation of DCLs.
It was decided that SEC was the best way to simplify the analysis of DCLs and so a range of experiments were conducted using this technique.

[bookmark: _Toc326047533]8.2.4.1. Procedure for an 8-Component DCL with SEC Columns

To two 0.5 mL Eppendorf tubes was added 25 μL of stock 1 and 10 μL of stocks 3, 4, 5 and 6 (Table 31). In addition to this 23.32 μL of stock 2 was added to each tube. Finally 60 μL of stock 7 was added to one of the two Eppendorf tubes and 60 μL of potassium phosphate buffer was added to the other. After incubating the tubes at 37 °C for 24 hours, 10 μL samples were removed from each tube and applied to prepared SEC columns (Section 8.2.2.2.) along with 15 μL of potassium phosphate buffer. Following this procedure, the filtrate was analysed using mass spectrometry. All experiments including repeats revealed: Neu5Ac m/z [ES-], 308 [M]-. KDO m/z [ES-], 237 [M]-. 34 m/z [ES-], 390 [M]-. KDN m/z [ES-], 267 [M]-.

[bookmark: _Toc326047534]8.2.4.2. Procedure for an 8-Component DCL with SEC Columns, 2.4 mg of WGA and Analysis Over Time

To two 0.5 mL Eppendorf tubes was added 4.75 μL of stocks 3, 4, 5 and 6 (Table 31).  This was followed by 61 μL of stock 1 and 70 μL of stock 2. Finally 2.4 mg of WGA was added to one of the tubes. The tubes were incubated at 37 °C and at 24 hour intervals, 25 μL samples were removed from each tube and applied to prepared SEC columns (Section 8.2.2.2.) Following this procedure, the filtrate was analysed using mass spectrometry. All experiments including repeats revealed: Neu5Ac m/z [ES-], 308 [M]-. KDO m/z [ES-], 237 [M]-. 34 m/z [ES-], 390 [M]-. KDN m/z [ES-], 267 [M]-.

[bookmark: _Toc326047535]8.2.4.3. Procedure for an 8-Component DCL with SEC Columns and 4.8 mg of WGA

The same procedure as in Section 8.2.4.2. with the exception that 4.8 mg of WGA was used in place of 2.4 mg WGA.

[bookmark: _Toc326047536]8.2.4.4. Procedure for an 8-Component DCL with SEC Columns and 3.6 mg of WGA

The same procedure as in Section 8.2.4.2. with the exception that 3.6 mg of WGA was used in place of 2.4 mg WGA.

[bookmark: _Toc326047537]8.2.4.5. Procedure for the Determination of the Length of Centrifugation and Spin Rate to be used in a DCL with SEC Columns

To two 0.5 mL Eppendorf tubes was added 60 μL of stock 1 and 0.72 μL of stocks 3, 4 and 5 (Table 31). 14.4 μL of stock made up from the EDC reaction of mannosamine with a range of 19 carboxylic acids (Section 7.2.3.12.) (50 mM with 100 mM sodium pyruvate) was also added. In addition to this, 70 μL of stock 2, 5 μL of triethylamine and 59 μL of vinyl acetate were added to the solution along with 0.25 mg of subtilisin Carlsberg. 14.75 μL of DMSO was also added. Finally 2.4 mg of WGA was added to one of the two Eppendorf tubes. After incubating the tubes at 37 °C for 24 hours, 25 μL samples were removed from each tube and applied to prepared SEC columns (Section 8.2.2.2.). Six separate spin rates and time levels were used for the centrifugation, each one with a sample from the WGA-containing and the non-WGA-containing libraries. The centrifugation and time levels use were 1000 × g for 4 min, 1600 × g for 3 min, 2300 × g for 2 min, 3200 × g for 1 min and 4200 × g for 30 seconds. The resulting supernatant after denaturation was analysed using LC-MS. 

For HRMS data see Appendix D.

[bookmark: _Toc326047538]8.2.4.6. Creation of a 24-Component DCL using Stock from Section 7.2.3.6. and using SEC Separation

To two 0.5 mL Eppendorf tubes was added 60 μL of stock 1 and 1.44 μL of stocks 3, 4 and 5 (Table 31). 13.0 μL of stock made up from the EDC reaction of mannosamine with a range of 9 aromatic carboxylic acids (Section 7.2.3.6.) (50 mM and 100 mM sodium pyruvate in potassium phosphate buffer (pH 7.4)) was also added. In addition to this, 70 μL of stock 2 was added. Finally 2.4 mg of WGA was added to one of the two Eppendorf tubes. After incubating the tubes at 37 °C for 24 hours, 25 μL of samples were removed from each tube and applied to prepared SEC columns (Section 8.2.2.2.). The resulting supernatant after denaturation was analysed using mass spectrometry. All experiments including repeats revealed: Neu5Ac m/z [ES-], 308 [M]-. KDO m/z [ES-], 237 [M]-. KDN m/z [ES-], 267 [M]-. 37 m/z [ES-], 386 [M]-. 13 m/z [ES-], 388 [M]-. 34 m/z [ES-], 390 [M]-. 12 m/z [ES-], 396 [M]-. 32 m/z [ES-], 398 [M]-. 36 m/z [ES-], 414 [M]-. 31 m/z [ES-], 400 [M]-. 14 m/z [ES-], 370 [M]-.

[bookmark: _Toc326047539]8.2.4.7. Creation of a 24-Component DCL using Stock from Section 7.2.3.8.

Exactly the same procedure as in Section 8.2.4.5. with the exception that a stock solution was made up from the product of Section 7.2.3.8. (50 mM and 100 mM sodium pyruvate in potassium phosphate buffer (pH 7.4)) and used in place of the stock made up with the product of Section 7.2.3.6. In addition to this, 1.2 mg of WGA was used in place of 2.4 mg of WGA. The centrifugation step used was 1000 × g for 4 minutes. All experiments including repeats revealed: Neu5Ac m/z [ES-], 308 [M]-, KDO m/z [ES-], 237 [M]-,KDN m/z [ES-], 267 [M]-, 37 m/z [ES-], 386 [M]-,13 m/z [ES-], 388 [M]-, 34 m/z [ES-], 390 [M]-, 38 m/z [ES-], 384 [M]-, 32 m/z [ES-], 398 [M]-, 36 m/z [ES-], 414 [M]-, 31 m/z [ES-], 400 [M]-, 14 m/z [ES-], 370 [M]-. 39 m/z [ES-], 376 [M]-.

[bookmark: _Toc326047540]8.2.5. Large-Scale DCLs Created using NANA Aldolase and Subtilisin Carlsberg and Analysed using SEC Columns

A series of large-scale DCLs were constructed using subtilisin Carlsberg in addition to NANA aldolase to construct the DCLs.

[bookmark: _Toc326047541]8.2.5.1. Creation of a 47-Component DCL with 4 mg of WGA

To two 0.5 mL Eppendorf tubes was added 60 μL of stock 1 and 1.44 μL of stocks 3, 4 and 5 (Table 31). 13 μL of stock made up from the EDC reaction of mannosamine with a range of 9 carboxylic acids (Section 7.2.3.8.) (50 mM and 100 mM sodium pyruvate in potassium phosphate buffer (pH 7.4)) was also added. In addition to this, 70 μL of stock 2, 5 μL of triethylamine and 59 μL of vinyl acetate were added to the solution along with 0.25 mg of subtilisin Carlsberg. 14.75 μL of DMSO was also added. Finally 4 mg of WGA was added to one of the two Eppendorf tubes. After incubating the tubes at 37 °C for 24 hours, 25 μL samples were removed from each tube and applied to prepared SEC columns (Section 8.2.2.2.). The resulting supernatant was analysed following denaturation using LC-MS. HRMS revealed all DCL components were present.

For HRMS data see Appendix E.

[bookmark: _Toc326047542]8.2.5.2. Creation of a 87-Component DCL with 4 mg of WGA

To two 0.5 mL Eppendorf tubes was added 60 μL of stock 1 and 0.72 μL of stocks 3, 4 and 5 (Table 31). 13.7 μL of stock made up from the EDC reaction of mannosamine with a range of 19 carboxylic acids (Section 7.2.3.12.) (50 mM and 100 mM sodium pyruvate in potassium phosphate buffer (pH 7.4)) was also added. In addition to this, 70 μL of stock 2, 5 μL of triethylamine and 59 μL vinyl acetate were added to the solution along with 0.25 mg of subtilisin Carlsberg. 14.75 μL of DMSO was also added. Finally 4 mg of WGA was added to one of the two Eppendorf tubes. After incubating the tubes at 37 °C for 24 hours, 25 μL samples were removed from each tube and applied to prepared SEC columns (Section 8.2.2.2.). After the SEC chromatography step, the resulting solution was subjected to denaturation in acetonitrile followed by LC-MS analysis. HRMS revealed that all DCL components were present before SEC with the exception of D-Lyxose, D-mannose and the 6-C acylated version of D-mannose (81).

For HRMS data see Appendix F.

[bookmark: _Toc326047543]8.2.5.3. Experiments with Vinyl Propionate

To an Eppendorf tube was added 60 μL of stock 1 and 0.72 μL of stocks 3, 4 and 5 (Table 31). 13.7 μL of stock made up from the EDC reaction of mannosamine with a range of 19 carboxylic acids (Section 7.2.3.12.) (50 mM and 100 mM sodium pyruvate in potassium phosphate buffer (pH 7.4)) was also added. In addition to this, 70 μL of stock 2, 5 μL of triethylamine and 70 μL vinyl propionate were added to the solution along with 0.35 mg of subtilisin Carlsberg. 14.75 μL of DMSO was also added. After incubating the tube at 37 °C for 24 hours, 100 μL samples were removed and added to 100 μL of acetonitrile for denaturation. After 3 hours at room temperature, the solution was spun at 9300 × g for 1 minute and 100 μL of supernatant was removed for LC-MS analysis. HRMS revealed that all library components were present with the exception of D-lyxose and D-mannose.

For HRMS data see Appendix G.

[bookmark: _Toc326047544]8.2.5.4. Experiments with Vinyl Benzoate

Exactly the same procedure as Section 8.2.5.3. with the exception that in place of vinyl propionate, vinyl benzoate (89 µL) was used. HRMS revealed that all library components were present with the exception of D-mannose, the 9-C acylated versions of KDO and KDN (168 and 165) and 158.

For HRMS data see Appendix H.

[bookmark: _Toc326047545]8.2.5.5. Experiments with Vinyl Acetate, Vinyl Propionate and Vinyl Benzoate

Exactly the same procedure as Section 8.2.5.3. with the exception that in place of 70 µL of vinyl propionate, vinyl acetate (19.67 µL), vinyl propionate (23.32 µL) and vinyl benzoate (29.7 µL) were used. HRMS revealed that all library components were present with the exception of D-mannose, 81, 102, D-Lyxose and 91.

For HRMS data see Appendix I.

[bookmark: _Toc326047546]8.2.5.6. 173-Component DCL Created with 4 mg of WGA

The same procedure as in Section 8.2.5.5. with the exception that two identical libraries were created, one containing 4 mg of WGA. The DCLs were added to SEC columns using the procedure in Section 8.2.2.2. and the resulting solution was analysed by LC-MS. HRMS revealed that all library components were present before SEC chromatography with the exception of D-mannose, 81, D-Lyxose and 158.
For HRMS data see Appendix J.

[bookmark: _Toc326047547]8.2.6. DCLs with Div1B as the Target Protein

DCLs were constructed with Div1B as the target protein to screen for potential binders for Div1B.

[bookmark: _Toc326047548]8.2.6.1. 87-Component DCL Created with Div1B

To two Eppendorf tubes was added 0.72 µL of stocks 3, 4 and 5 (Table 31) along with 13.7 μL of stock made up from the EDC reaction of mannosamine with a range of 19 carboxylic acids (Section 7.2.3.12.) (50 mM and 100 mM sodium pyruvate in potassium phosphate buffer (pH 7.4)). In addition to this, 0.7 μL of NANA aldolase stock (0.51 mM) and 0.35 mg of subtilisin Carlsberg was added to each tube along with, 5 μL of triethylamine, 59 μL vinyl acetate and 14.75 μL of DMSO. Finally 195 μL of Div1B solution (0.54 mM in potassium phosphate buffer) was added to one tube and 195 μL of potassium phosphate buffer was added to the second tube. After incubating the tube at 37 °C for 24 hours, 25, 50 and 75 µL samples were removed from each tube and added to SEC columns using the procedure in Section 8.2.2.2. Following this, the solution was spun at 9300 × g for 1 minute and the supernatant was removed for LC-MS analysis. HRMS revealed that all library components were present before SEC chromatography with the exception of D-mannose, D-Lyxose and 166.

For HRMS data see Appendix K.

8.2.6.2. 176-Component DCL Created with Div1B

To two Eppendorf tubes was added 0.72 µL of stocks 3, 4 and 5 (Table 31) along with 13.7 μL of stock made up from the EDC reaction of mannosamine with a range of 19 carboxylic acids (Section 7.2.3.12.) (50 mM and 100 mM sodium pyruvate in potassium phosphate buffer (pH 7.4)). In addition to this, 0.7 μL of NANA aldolase stock (0.51 mM) and 0.35 mg of subtilisin Carlsberg was added to each tube along with, 5 μL of triethylamine, 19.67 μL of vinyl acetate, 29.7 μL of vinyl benzoate, 23.33 μL vinyl propionate and 14.75 μL of DMSO. Finally 195 μL of Div1B solution (0.54 mM in potassium phosphate buffer) was added to one DCL and 195 μL of potassium phosphate buffer was added to the second DCL.  After incubating the tube at 37 °C for 24 hours, 25 µL samples were removed from each tube and added to SEC columns using the procedure in Section 8.2.2.2. The resulting solution was subjected to LC-MS analysis. HRMS revealed that all library components were present before SEC chromatography with the exception of D-mannose, 81, 167 and 168.

For HRMS data see Appendix L.

[bookmark: _Toc326047549]8.3. Results and Discussion

[bookmark: _Toc326047550]8.3.1. Immobilisation of WGA as a Method for the Simplification of DCL Analysis

[bookmark: _Toc326047551]8.3.1.1. Immobilisation of WGA to Sepharose 4B Beads

To simplify the deconvolution of the DCL, it was thought that the immobilisation of the template molecule, WGA, on a solid support would allow easy separation of any WGA-ligand complexes formed during the DCL synthesis. The complexes could be separated from the rest of the DCL components by filtration and then subjected to denaturation and analysis to determine which library members bind to WGA. However, because the immobilisation level of NANA aldolase on magnetic nanoparticles previously attempted in Section 5 was disappointingly low, it was decided to attempt a different immobilisation method, namely the immobilisation of WGA on Sepharose 4B Beads. Commercially available Sepharose 4B beads are a well-studied immobilisation media which are known to bind a diverse range of proteins with high affinity and coordination levels.[115],[116],[117],[118] 

Initially the Sepharose was activated using cyanogen bromide (CNBr) as shown in Scheme 18. The CNBr reacts with hydroxyl groups on the surface of the Sepharose beads to form highly reactive cyanate esters and slightly reactive imidocarbonates. In the case of the Sepharose beads, the major species formed are the cyanate esters.[119] Once the Sepharose had been activated, it was added to a solution containing WGA and mixed for 6 hours at room temperature before any remaining active groups were blocked by the addition of ethanolamine. Analysis of the reaction solution using the Bradford Assay following the removal of the Sepharose beads allowed for the amount of WGA not immobilised on the Sepharose to be determined. This allowed the immobilisation rate to be calculated and it was found, over a series of three experiments, that on average 73 % ± 4.32 of the WGA added to the Sepharose-containing solution was immobilised on the Sepharose beads. This was deemed to be a suitable immobilisation level and resulted in a minimal loss of WGA, especially when compared with the low level of NANA aldolase immobilisation to magnetic nanoparticles (Section 5.3.3.).

[image: ]
Scheme 18.  Reaction mechanism for the attachment of WGA to Sepharose.

[bookmark: _Toc326047552]8.3.1.2. Use of Immobilised WGA in DCLs

Once WGA had been successfully immobilised on Sepharose, it was decided to use it in some eight component DCLs. Three eight-component libraries, one containing N-4-fluorobenzoyl-D-mannosamine (5), N-3,5-dimethylbenzoyl-D-mannosamine (6), N-5-methyl-2-thiophenecarboxyl-D-mannosamine (8) and ManNAc (DCL 1), the second containing N-cinnamoyl-D-mannosamine (1), N-4-methoxybenzoyl-D-mannosamine (4), N-2-thiopheneacetyl-D-mannosamine (7) and N-acetyl-D-mannosamine (ManNAc) (DCL 2) and the third containing N-benzoyl-D-mannosamine (3), N-2-furanacryl-D-mannosamine (11), N-4-ethoxybenzoyl-D-mannosamine (10) and ManNAc (DCL 3) were created and to these libraries was added 0.6 mg of WGA immobilised on Sepharose 4B beads. After 24 hours of incubation at 37 °C, a sample was removed and washed on a sinter with 3 x 1 mL samples of water. The beads were then subjected to denaturation in acetonitrile for 3 hours, before being spun at 4900 × g for 1 minute. The supernatant was then removed and analysed using HPLC and the chromatogram compared to a chromatogram from an identical DCL created with blank Sepharose beads with no WGA bound as a control. The results can be seen in Figure 87. The only peaks present in any DCL are those seen in the non-WGA containing DCLs. This is a very confusing result as you would expect there to either be no peaks seen in both chromatograms if the washing procedure is optimised to remove all unbound DCL members and there are no DCL molecules binding to the WGA, peaks seen in both chromatograms if the washing procedure wasn’t optimised to remove unbound DCL members, or only peaks seen in the WGA containing chromatogram if there are DCL members bound to WGA and the washing procedure is optimised to remove all unbound DCL members. Low resolution mass spectrometry of the WGA containing DCL samples prior to separation indicated that there was product in all of the samples. It is not possible to view Neu5Ac in the HPLC chromatograms of the DCLs as it does not contain a chromophore. This makes it difficult to determine if the Neu5Ac library members are binding to WGA. The low resolution mass spectrometry results did show much stronger signals for the Neu5Ac products than the other DCL member products. Assuming that all products in the DCL have a similar ability to be ionised, it may suggest that the Neu5Ac product is being selected by WGA over and above the other library members. 
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Figure 87. HPLC traces of the WGA containing (blue) and non-WGA containing (red) DCLs after 24 hours of incubation at 37 °C with sodium pyruvate containing A: 3, 11, 10 and ManNAc (DCL 3), B: 1, 4, 7 and ManNAc (DCL 2) and C: 5, 6, 8 and ManNAc (DCL 1).

A second sample was taken from each 8-component library after 48 hours of incubation and treated in the same way as with the 24 hour sample with the exception that instead of washing the Sepharose beads with 3 x 1 mL washes of water, a single 1 mL wash of water was used. This was done to reduce the harshness of the washing procedure, in an attempt to ensure that WGA-ligand complexes are maintained. The resulting solution was again analysed by HPLC and revealed most of the starting material and product peaks in both the WGA containing libraries and the non-WGA containing libraries (Figure 88). A much greater concentration of starting material and product was seen in the WGA containing library in Figure 88C; however, the other WGA-containing libraries (Figure 88A and 88B) showed a higher concentration of library components in the non-WGA containing DCLs than in the WGA containing DCLs. The marked increase in peak intensity on all HPLC traces when compared with the traces in Figure 88 was due to the less vigorous washing procedure.

[image: ]
Figure 88. HPLC traces of WGA containing (blue) and non-WGA containing (red) DCLs after 48 hours of incubation at 37 °C with sodium pyruvate containing A: 5, 6, 8 and ManNAc (DCL 1), B: 3, 11, 10 and ManNAc (DCL 3) and C: 1, 4, 7 and ManNAc (DCL 2).

It was important to fine tune the washing procedure in order to remove any library molecules which were not bound to the WGA but retain DCL members bound to WGA. With this in mind, a procedure using two separate washes of 50 μL of water was investigated. Following washing, the beads were subjected to denaturation in 75 μL of acetonitrile for 3 hours before being microcentrifuged for 1 minute at 4900 × g. The supernatant was then removed and analysed by HPLC and mass spectrometry. The HPLC traces from the same three DCLs as were created above along with a DCL containing all 10 N-modified mannosamines showed no peaks in either the WGA containing or the non-WGA containing libraries (Figure 89). Mass spectrometry results were collected and analysed by comparing the relative peak heights of aldol product peaks between the WGA containing and non-WGA containing DCLs to give difference in percentage total aldol product height (% TAPH) values. Positive values indicate that there is a greater peak height in the WGA containing DCL than in the non-WGA containing DCL whilst negative values indicate that there is a greater peak height in the non-WGA containing DCL. These values showed a difference between the two libraries but the results were inconsistent (Table 32). There appears to be very little correlation between which library members perform strongly or weakly in the 8-component DCLs and the 20 component DCL. In DCL 2, the N-cinnamoyl-D-neuraminic acid (12) has a higher difference in % TAPH than the N-4-methoxybenzoyl-D-neuraminic acid (31) and N-2-thiopheneacetyl-D-neuraminic acid (33) DCL members, however, in DCL 4, 12 has a lower difference in % TAPH than both 31 and 33. Similarly, in DCL 3, N-4-ethoxybenzoyl-D-neuraminic acid (36) has the highest difference in % TAPH whilst in DCL 4, N-2-furanacryl-D-neuraminic acid (37) has a higher difference in % TAPH.
.
[image: ]
Figure 89. Example HPLC traces from WGA containing and non-WGA containing DCLs after Sepharose beads were washed with two 50 µL samples of water on a sinter.
	
	Difference in % TAPH 
1
	Difference in % TAPH 
2
	Difference in % TAPH 
3
	Difference in % TAPH 
4

	Neu5Ac
	2.55
	-5.56
	-13.18
	-8.12

	13
	2.35
	
	
	6.24

	34
	-7.64
	
	
	5.77

	32
	2.74
	
	
	9.03

	33
	
	-6.68
	
	5.77

	12
	
	10.63
	
	-1.90

	31
	
	1.60
	
	4.51

	37
	
	
	-10.36
	-3.33

	14
	
	
	-7.42
	-10.47

	36
	
	
	30.96
	-7.51


Table 32. Difference in % TAPH results for the products of 4 DCLs, each washed with 2 x 50 μL washes of water on a sinter.
A washing procedure was also investigated which involved using microcentrifugation to separate the Sepharose beads form the solution. After microcentrifugation, 100 μL of sample was removed from each DCL, placed in an Eppendorf tube and spun for 1 minute at 1000 × g. The supernatant was decanted and the pellet was re-suspended in 75 μL of acetonitrile for 3 hours for denaturation. After denaturation, the solution was subjected to microcentrifugation for 1 minute at 1000 × g and the supernatant was analysed by HPLC and mass spectrometry.  A washing procedure using 2 separate washings of 50 μL of water instead of the single wash of 100 μL of water was also tried.
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Figure 90. HPLC traces of WGA containing and non-WGA containing DCLs after washing Sepharose beads with 100 µL of water and removing the wash solution using centrifugation in DCL A: 1, B: 3 and C: A DCL created using 10 building blocks.
With a single wash using 1 x 100 mL of water there is a marked increase in the size of DCL peaks in the WGA containing DCLs when compared to the non-WGA containing DCLs in libraries 1 and 3 (Figure 90). Unfortunately there appears to be a large number of both starting material and product peaks in the WGA containing traces. This may indicate that the wash procedure is not selecting only those DCL members which bind to WGA. Analysis of the results for the DCL created containing 10 starting materials (DCL 4) (Figure 90) shows that there are peaks corresponding to DCL members in the HPLC traces but unfortunately there is very little difference in peak area between the WGA containing and the non-WGA containing DCL HPLC traces. This would indicate that some of the DCL components not bound to WGA are still present in the sample. Table 33 shows the mass spectrometry results for these DCLs. The results are varied with some libraries once more contradicting one another, for example, DCL 3 shows that 36 has the highest % TAPH, however, in the 20-component library (DCL 4) it has a lower % TAPH than 37. It does appear, however, that there is greater correlation between the libraries using this washing procedure than the washing procedure using filtration. For example, 36 has a consistently high % TAPH in both the 8-component and the 20-component DCLs. 

	
	Difference in % TAPH DCL 1
	Difference in % TAPH DCL 2
	Difference in % TAPH DCL 3
	Difference in % TAPH DCL 4

	Neu5Ac
	3.38
	0.401
	-39.03
	3.11

	13
	-3.91
	
	
	-1.23

	34
	0.99
	
	
	-2.30

	32
	-0.457
	
	
	-5.44

	33
	
	13.41
	
	-2.30

	12
	
	-7.23
	
	-0.596

	31
	
	-6.59
	
	-7.48

	37
	
	
	4.81
	6.21

	14
	
	
	10.34
	4.67

	36
	
	
	23.88
	5.35


Table 33. % TAPH results for the products of 4 DCLs, each washed with 1 x 100 μL of water and microcentrifugation.
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Figure 91. Example HPLC traces of 100 µL samples taken from a WGA containing and non-WGA containing DCL, with Sepharose beads washed with two separate 50 µL washes of water and with the beads separated from solution using microcentrifugation.

	
	Difference in % TAPH DCL 1
	Difference in % TAPH DCL 2
	Difference in % TAPH DCL 3
	Difference in % TAPH DCL 4

	Neu5Ac
	1.83
	3.30
	0.962
	-6.44

	13
	10.98
	
	
	2.04

	34
	-22.73
	
	
	1.55

	32
	9.91
	
	
	3.24

	33
	
	-16.30
	
	1.55

	12
	
	10.09
	
	0.481

	31
	
	2.91
	
	0.907

	37
	
	
	8.09
	0.670

	14
	
	
	5.46
	-2.48

	36
	
	
	-14.51
	-1.51


Table 34. % TAPH results from 100 µL samples taken from WGA containing and non-WGA containing DCLs, with Sepharose beads washed with two separate 50 µL volumes of water and with the beads separated from solution using microcentrifugation.
HPLC traces for the DCLs washed using two 50 μL volumes of water and using microcentrifugation to separate the Sepharose beads from the solution showed no peaks in any of the chromatograms (Figure 91). Table 34 shows the mass spectrometry results obtained using this washing procedure, with once again very little correlation between the molecules with the highest % TAPH in the 8-component libraries and in the 20-component libraries.

	
	Difference in % TAPH DCL 1
	Difference in % TAPH DCL 2
	Difference in % TAPH DCL 3
	Difference in % TAPH DCL 4

	Neu5Ac
	2.04 ±1.46
	14.96 ± 4.57
	1.08
	4.86

	13
	-3.01 ± 1.85
	
	
	-1.17

	34
	1.31 ± 2.86
	
	
	-0.921

	32
	-0.342 ± 0.450
	
	
	-1.34

	33
	
	-2.75 ± 4.18
	
	-0.921

	12
	
	-10.66 ± 2.28
	
	-1.74

	31
	
	-1.55 ± 1.90
	
	-0.176

	37
	
	
	0.974 ± 7.02
	0.264

	14
	
	
	-4.12 ± 0.46
	-0.0524

	36
	
	
	2.61 ± 5.80
	1.19


Table 35. % TAPH results for the products of 4 DCLs, each washed with 1 x 100 μL of water and with Sepharose beads separated from solution using microcentrifugation. The N-modified neuraminic acid DCL components with the biggest positive difference in % TAPH in each DCL are highlighted in red and those with the biggest negative difference in % TAPH are highlighted in green.







	
	Difference in % TAPH DCL 1
	Difference in % TAPH DCL 2
	Difference in % TAPH DCL 3
	Difference in % TAPH DCL 4

	Neu5Ac
	-11.56 ± 14.08
	5.42 ± 0.68
	8.60 ± 12.93
	1.55

	13
	0.676 ± 6.99
	
	
	-1.03

	34
	2.35 ± 1.88

	
	
	-0.751

	32
	8.54 ±5.21

	
	
	0.715

	33
	
	-1.14 ±3.71
	
			-0.751

	12
	
	-3.92 ±2.41
	
	-1.22

	31
	
	-0.366 ± 6.79
	
	1.68

	37
	
	
	-1.71 ± 2.71
	0.146

	14
	
	
	-2.45 ± 1.66
	-0.270

	36
	
	
	-4.44 ± 8.56
	-0.0765


Table 36. % TAPH results for the products of 4 DCLs, each washed with 2 x 50 μL volumes of water with Sepharose beads separated from solution using microcentrifugation. The N-modified neuraminic acid DCL components with the biggest positive difference in % TAPH in each DCL are highlighted in red and those with the biggest negative difference in % TAPH are highlighted in green.

It was found that the centrifugation technique used to separate the Sepharose from the supernatant was preferable to using a sinter. This was because the centrifugation technique allows the Sepharose beads to remain in solution throughout the washing procedure which will keep the WGA in its solution phase conformation and hopefully allow WGA-bound ligands to remain bound to the WGA.  With this in mind, each DCL was repeated using a new batch of Sepharose-bound WGA using both a single 100 μL wash and two separate 50 μL washes with water. The results can be seen in Tables 35 and 36. Results are more consistent than were achieved when washing the Sepharose beads using a sinter. An examination of the results from DCLs washed with 1 wash of 100 μL of water reveal that with the exception of DCL 3, the DCL component with the largest positive % TAPH, i.e. biggest amplification, is Neu5Ac. This is the known binder to WGA which would indicate that the DCLs are selecting the strongest binders to WGA.  Analysis of the results obtained with two 50 μL washes also show that in two out of the four DCLs the DCL member with the largest positive difference in % TAPH is Neu5Ac, whilst in DCL 4 the Neu5Ac has the second largest positive difference in % TAPH. The DCL member which has the largest difference in % TAPH with 1 × 100 μL wash in DCL 3 was 36. This DCL member also has the second largest positive difference in % TAPH in DCL 4, which would suggest that of the DCL members with unknown binding affinity to WGA, it may be the DCL member which binds most strongly to WGA. The result does, however, indicate a fragility in the reliability of the technique as DCL 3 indicates that 36 binds more strongly to WGA than Neu5Ac, whereas DCL 4 would indicate that it is the Neu5Ac which binds more strongly than 36. In DCL 1 which was washed twice with 2 × 50 μL of water, it is the N-3,5-dimethylbenzoyl-D-neuraminic acid (32) which appears to have the strongest binding to WGA, however this is not a result which is reproduced in DCL 4 with 31 being the DCL member with the largest positive difference in % TAPH. Analysis of the DCL members which have the biggest negative difference in % TAPH in the DCL washed once with 1 × 100 μL of water indicate that N-4-fluorobenzoyl-D-neuraminic acid (13), N-benzoyl-D-neuraminic acid (14) and 12 are binding least strongly to WGA in DCLs 1, 2 and 3 respectively. In DCL 4 it is 12 which appears to be the weakest binder to WGA. 

Analysis of the results obtained with 2 × 50 μL washes of water show that in both DCL 2 and 4, 12 has the largest negative difference in % TAPH, reinforcing the results obtained with 1 × 100 μL wash of water. There are, however, some anomalous results obtained with 2 × 50 μL washes of water. The Neu5Ac DCL member has the largest negative difference in % TAPH in DCL 1, which seems to be in contradiction to the results obtained in all other DCLs. In addition to this, 36, in DCL 3, when washed with 2 × 50 μL washes of water has the largest negative difference in % TAPH. This contradicts the result obtained with 1 × 100 μL wash of water in both DCL 3 and DCL 4 which indicate that 36 binds strongly to WGA. Taken as a whole, the results with both wash procedures seem promising; however, the technique needs more refinement to make the results obtained fully reliable and repeatable. It is difficult to determine as to which wash procedure is best with results obtained with both 1 × 100 μL and 2 × 50 μL washes of water comparable. It should also be noted that the experimental error with the results obtained with both washing procedures is, in most cases, very high. This may be responsible for many of the anomalous results obtained.

From the results discussed above it would appear that the most successful washing procedure involved either 1 × 100 μL wash or 2 × 50 μL washes of water with the beads separated from solution using microcentrifugation at 1000 × g for 1 minute. Analysis of the supernatant after denaturation and centrifugation of the bead-WGA-ligand complexes by mass spectrometry indicated that the known binder to WGA, Neu5Ac, binds most strongly to WGA when compared to all other DCL complexes, however, several anomalous results were obtained with this washing procedure and the experimental error was generally quite high. In addition to this, the washing procedure is time-consuming and intricate and the results require a significant level of analysis. Future work could centre upon the refinement of the washing procedure to reduce experimental error and improve the reliability of the results obtained.

[bookmark: _Toc326047553]8.3.2. Investigating the Suitability of SEC Columns for use with DCLs

Previous work by the Chen group[120] compared commercially available Micro Bio-Spin® P-6 chromatography columns with self-packed Sephadex® G-25 columns at a variety of different spin rates, spin times, resin volumes and sample volumes. Results showed that the best conditions for both columns was a spin rate of 1000 g for 4 minutes with a loading volume of 25 μL. With the Bio-Spin® P-6 columns, Bovine Serum Albumin (BSA) recovery was greater than 90 % with no recovery of a modal small molecule, quinacrine, seen. With the Sephadex® G-25 columns, greater than 90 % recovery of a model protein, lysozyme, was achieved with a resin loading volume of 300 μL. Once again, no recovery of quinacrine was seen. Whilst the above results would indicate that both columns are comparable, the concentration of the solution of quinacrine used with the Bio-Spin® P-6 columns was 20 mM whilst with the Sephadex® G-25 the quinacrine concentration was 40 μM. This means that a much greater DCL concentration could be used with the Bio-Spin® P-6 columns than the Sephadex® G-25, making the Bio-Spin® P-6 columns a preferable choice for use with DCLs.
Previous work within the group identified that the best results were obtained using Bio-Rad® spin columns.[120] For this reason, two spin columns purchased from Bio-Rad®, the Bio-Gel® P-6 and Bio-Gel® P-30 columns, were chosen to use with the DCLs. The Bio-Gel P-6 columns have a cut off value of 6 kDa which means that both the NANA aldolase with a molecular weight of 32 kDa and the WGA with a molecular weight of 36 kDa should pass through the column, along with any ligands bound to them. The Bio-Gel® P-30 columns have a cut-off point of 40kD which means that it is unlikely that any DCL molecules will pass through the SEC columns.

Using the ideal conditions developed by the Chen group and recommended by Bio-Rad® a number of DCLs were created and applied to SEC columns to determine the SEC columns effectiveness for simplifying DCL analysis. Initially the SEC columns were used in conjunction with the same 8-component DCLs from Section 7.3.4. with the exception that the ManNAc DCL member was not included. Using the method outlined in Section 8.2.2.1. two DCLs were created for each 6-component library, one containing WGA and the other without WGA. 25 μL samples were removed from each library and added to Bio-Gel® P-6 columns and Bio-Gel® P-30 columns. This was to allow comparison of the results achieved with both types of SEC column.

HPLC traces from the above experiments can be seen in Figures 92-94.  As expected, for the DCLs subjected to SEC column chromatography using the Bio-Gel® P-30 columns, no product peaks were seen after HPLC analysis.  It is likely that the high cut off point of the columns of 40 kDa traps all DCL molecules including the WGA.

When the DCLs were subjected to SEC column chromatography using the Bio-Gel® P-6 chromatography columns, several peaks were seen in the resulting HPLC traces of the WGA-containing DCLs which were not seen in the HPLC traces of the non-WGA containing DCLs.  For the DCL using N-5-methyl-2-thiophenecarboxyl-D-mannosamine (8), N-3,5-dimethylbenzoyl-D-mannosamine (6) and N-4-fluorobenzoyl-D-mannosamine (5) (Figure 92) as building blocks, peaks were seen in the WGA-containing HPLC trace corresponding to the N-5-methyl-2-thiophenecarboxyl-D-neuraminic acid (34),  N-3,5-dimethylbenzoyl-D-neuraminic acid (32) and the N-4-fluorobenzoyl-D-neuraminic acid (13) which were not seen in the non-WGA containing trace. In addition to this, a peak was seen for 8 in the WGA containing trace which was not seen in the non-WGA containing trace. A peak was also seen which was of comparable size in both HPLC traces for 6.
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Figure 92. HPLC traces of two DCLs containing 5, 6 and 8, one containing WGA and the other not containing WGA. 

Figure 93. shows the HPLC traces from the DCL containing the N-2-thiopheneacetyl-D-mannosamine (7), N-4-methoxybenzoyl-D-mannosamine (4) and N-cinnamoyl-D-mannosamine (1). Once again, there are peaks seen in the HPLC trace for the library containing WGA that do not appear in the library not containing the WGA. These peaks correspond to N-2-thiopheneacetyl-D-neuraminic acid (33), N-4-methoxybenzoyl-D-neuraminic acid (31) and the N-cinnamoyl-D-neuraminic acid (12) as well as 4 and 1.
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Figure 93. HPLC traces of two DCLs containing 1, 4 and 7, one containing WGA and the other not containing WGA. 
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Figure 94. HPLC traces of two DCLs containing 3, 10 and 11, one containing WGA and the other not containing WGA.

The final library tried with the SEC columns contained N-2-furanacryl-D-mannosamine (11), N-benzoyl-D-mannosamine (3) and N-4-ethoxybenzoyl-D-mannosamine (10) (Figure 94). As before, the library containing WGA shows peaks corresponding to all three aldol products in the library. There are small peaks in the non-WGA containing DCL HPLC trace which also correspond to the aldol products, however, these peaks are much smaller than the ones from the library containing the WGA. This would suggest that a small amount of the DCL members are passing through the SEC columns in the absence of WGA, possibly bound to NANA aldolase. There are also N-modified starting material peaks present for all three DCL members which are more prevalent in the WGA containing DCL than in the non-WGA containing DCL.

The above results were very encouraging, however, there are some potential issues with them. In the HPLC traces from the above DCLs, all neuraminic acid DCL members can be seen in each trace. This may be due to the fact that all neuraminic acids in each library bind to WGA with a similar affinity, however, in an ideal situation it would be best to have selectivity in the DCL such that only the DCL member which binds to WGA with the best affinity is selected. Secondly the presence of the N-modified mannosamine starting materials in some of the DCLs is not ideal as they are not expected to bind to WGA, so it is possible that some of them are passing through the SEC columns not bound to WGA. The total concentration of all DCL members, including sodium pyruvate, added to the SEC columns was 20 mM. This was the application concentration recommended by Bio-Rad® for application of volumes between 25 and 75 μL. Although the application volume used in the above experiments was at the lower end of the recommended application volume range (25 μL), it may be that the application concentration at the higher end of the recommended concentration spectrum (20 mM) is responsible for some of the DCL components passing through the SEC columns. There is, however, still a strong difference between the WGA containing and the non-WGA containing DCLs. 


[bookmark: _Toc326047554]8.3.3. Experiments with Semi-Permeable Membranes for the Simplification of DCL Analysis

The semi-permeable membrane used in the following experiments has a molecular weight cut of point of around 12,400 kDa which means that the small DCL molecules can pass across the membrane between each protein but the WGA which has a molecular weight of 36 kDa and the NANA aldolase which has a molecular weight of 32 kDa cannot pass across the membrane. This will allow a sample to be taken from the compartment containing the WGA and be analysed without including any NANA aldolase in the sample.
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Figure 95. Diagram of a commercially available dialysis unit.

Several commercial ultrafiltration dialysis devices including the Spectra/Por®CE Float-A-Lyzer and Slide-A-Lyzer MINI Dialysis Units are available and were investigated for use with a DCL. Unfortunately the Float-A-Lyzer device requires a minimum sample volume of 1 mL to function correctly which would require a very large DCL volume to be used. This is not feasible as the amount of DCL components needed to create such a DCL would be prohibitively expensive. Volumes as low as 10 μL of solution can be used in the Slide-A-Lyzer which is a low enough volume to create a DCL. Figure 95 shows the way in which these dialysis devices are set up. As can be seen, the tube of dialysis membrane containing the protein is floated in a solution contained in a beaker. The 10 μL of protein sample inside the membrane can exchange small molecules and buffer with the solution the device is floated in. However, a volume of solution large enough to float the device is needed. This would typically be over 1 mL which makes the device no good for a DCL application as in a DCL the volume of solution on either side of the membrane needs to be similar and ideally in the range of around 100 μL. For these reasons, methods for the creation of a dialysis unit were investigated.

Figure 96 outlines the methodology used to create the first prototype dialysis device. After leaving the reaction in a water bath at 37 °C for 24 hours, there was no solution seen in the membrane sack. It appeared that the seal of the WGA-containing sack was poor, allowing solution to travel up the crumpled sides of the membrane by capillary action and out of the sack. It was decided that creating a sealed unit in this way was impractical.
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Figure 96. Schematic depicting the creation of a prototype dialysis device.

Following the failure of the prototype above, it was decided to use a different technique for the creation of a devise capable of allowing the partitioning of the two enzyme-containing solutions. This time the device was created using a modified 100 μL pipette tip with a 1 cm square piece of washed dialysis membrane placed over the narrowest end.  A 100 μL solution of WGA was added to the pipette tip container and it was sealed over the top with a piece of parafilm. The pipette tip was placed in a 1.5 mL Eppendorf tube containing 100 μL of NANA aldolase solution, mannosamine library members and sodium pyruvate before being capped. The device was incubated at 37 °C for 24 hours in a water bath and after 24 hours, 25 μL of the solution from inside the pipe tip section was removed and added to a SEC column as in Section 8.2.2.2. The resulting eluent was analysed by HPLC and mass spectrometry. The HPLC results for the same DCLs as were created in Section 8.3.1.2.; 1, 2 and 3 can be seen in Figure 97. Figure 97A shows the results from DCL 1. They show that in the WGA containing DCL, there are peaks present that correspond to 6, 32, 8, 34 and 13 whereas in the non-WGA containing DCL there are no peaks present. The results from DCL 2 can be seen in Figure 97B. There is a reverse in results with DCL member peaks in the non WGA-containing library but no peaks corresponding to library members present in the WGA-containing DCL. This is a very bizarre situation as you would expect, at the very least, there to be similar sized peaks in both samples and points towards a difficulty in gaining accurate and precise results with this technique. The HPLC traces for DCL 3 can be seen in Figure 97C. They show peaks for 10 and 36 and a small peak 14 in the WGA-containing DCL and no peaks in the non-WGA containing DCL. Mass spectrometry results for all three libraries can be seen in Table 37. These results are varied with, for example, Neu5Ac having a large negative difference in % TAPH in DCLs 1 and 3 but a very large positive difference in % TAPA in DCL 2. It is very difficult to come to a conclusion as to what the results from both the HPLC and the mass spectrometry results show. For the HPLC traces, the result from DCL 2, where it appears that the results are the opposite of what would be expected, suggest that the technique is not particularly reproducible. The mass spectrometry results are varied and in some cases seem to contradict each other. This would suggest that these results are also unreliable. The technique of making the dialysis vessel using a modified pipette tip was more successful than the technique using a 0.5 mL Eppendorf tube, as there was still liquid contained within the vessel after 24 hours, however, results still appeared to be variable, therefore, the technique has room for further improvement. For this reason, the experiment was repeated for DCL 1, with the DCL analysed at both 24 and 48 hours to see if there is an improvement in the results when the DCL is analysed over time.
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Figure 97. HPLC traces of the WGA-containing and non WGA-containing libraries after 24 hours of incubation at 37 °C in a dialysis device followed by SEC chromatography in DCL A: 1, B: 2 and C: 3.

Table 38 shows the results from DCL 1. As can be seen there is a certain degree of consistency with Neu5Ac appearing to have the highest % TAPH both after 24 and 48 hours. 32 consistently has a low % TAPH, but the values for 13 and 34 seem to vary. The HPLC traces from these libraries can be seen in Figures 98 and 99. They both show peaks corresponding to all three DCL members over both time periods which makes it difficult to determine any real effects seen over the time course. In addition, there are very similar peak areas in both the WGA containing and the non-WGA containing DCLs indicating that the SEC columns are allowing small DCL members not bound to WGA to pass through the column.
	
	Difference in % TAPH for DCL 1
	Difference in % TAPH for DCL 2
	Difference in % TAPH for DCL 3

	Neu5Ac
	-25.20
	34.81
	-29.69

	13
	1.05
	
	

	34
	15.06
	
	

	32
	9.10
	
	

	33
	
	-9.97
	

	12
	
	-9.56
	

	31
	
	-15.28
	

	37
	
	
	12.11

	14
	
	
	-5.13

	36
	
	
	22.71


Table 37.  % TAPH results for three DCLs with the WGA separated from the NANA aldolase using a semi-permeable membrane and a sample subjected to SEC chromatography.

	
	Difference in % TAPH after 24 hours
	Difference in % TAPH after 48 hours

	Neu5Ac
	2.04
	2.83

	13
	0.986
	-1.31

	34
	-0.947
	1.01

	32
	-0.570
	-4.03


Table 38. % TAPH results for DCL 1 after 24 and 48 hours incubation with the WGA separated from the NANA aldolase using a semi-permeable membrane attached to a modified pipette tip. The samples were subjected to SEC chromatography before being analysed by mass spectrometry.

[image: ]
Figure 98. HPLC traces of the WGA containing and non-WGA containing libraries of DCL 1 after 24 hours incubation at 37 °C in a dialysis device followed by SEC chromatography.

[image: ]
Figure 99. HPLC traces of the WGA containing and non-WGA containing libraries of DCL 1 after 48 hours incubation at 37 °C in a dialysis device followed by SEC chromatography.

[bookmark: OLE_LINK23]In addition to using dialysis membranes to segregate WGA from NANA aldolase, it was believed that the rate of diffusion of DCL components across the membrane could be measured to determine the binding strength of DCL members to WGA. If DCL members were binding to WGA, you would expect the equilibrium distribution of these members to be changed, with a higher concentration seen on the side of the membrane containing WGA than on the opposite side. In addition to this, the rate of diffusion of these DCL members across the membrane from the WGA containing compartment to the non-WGA containing compartment should be slowed. To investigate this, two separate DCLs were constructed containing four DCL building blocks: D-Lyxose, D-mannose, ManNAc and 8 (DCL 5). The ManNAc aldol product, Neu5Ac is known to bind to WGA with a modest (mM) affinity where the C-4 hydroxy and C-5 acetamido groups of Neu5Ac form the primary recognition motif.[9] 34 has the same recognition motif as Neu5Ac so it was believed that it would have a similar binding affinity to WGA. The aldol products of D-Lyxose and D-mannose (ketodeoxyoctulosonic acid (KDO) and ketodeoxynonulosonic acid (KDN)) lack the C-5 acetamido group that forms part of the recognition motif to WGA so it is believed that these molecules will bind less strongly to WGA. These DCL members should give a broad range of binding to WGA, in turn giving a large difference in % TAPH. In addition to the DCL members, NANA aldolase and sodium pyruvate were added in potassium phosphate buffer to the DCLs and WGA was added to one of the DCLs. After being left to stir for 24 hours at 37 °C a sample of the solution was removed and placed in a dialysis device prepared by cutting the cap off a 0.5 mL Eppendorf tube, attaching a 2 cm square piece of semi-permeable membrane over this opening using an elastic band, cutting the bottom off the tube and using this opening to load the device, before sealing the opening with parafilm and placing the device, membrane down, into a conical flask containing buffer (see Section 8.2.3.5.). Every 30 minutes, a sample was taken from the solution inside the dialysis device and the buffer in the conical flask was replaced with 1.5 mL of fresh buffer. The solution from inside the dialysis device was analysed by mass spectrometry to try and determine the rate of diffusion of the DCL components across the membrane. It was believed that any library members which bind to WGA would diffuse more slowly across the membrane and therefore over time a difference in the rate of diffusion between a DCL containing WGA and the DCL not containing WGA could be seen. The % TAPH results from this initial experiment can be seen in Figure 100. Results are varied, with 34 consistently having a positive difference in % TAPH. The KDN and Neu5Ac products seem to have a difference in % TAPH which starts quite high but levels off to around zero over time.  The results for KDO are very inconsistent with a large range of both positive and negative difference in % TAPHs over time. 



[bookmark: OLE_LINK21]Figure 100. % TAPH results from a DCL created inside a dialysis device placed in 1.5 mL of potassium phohosphate buffer, with the buffer changed every 30 minutes and samples taken from inside the dialysis device every 30 minutes and analysed by mass spectrometry.

[bookmark: OLE_LINK22]A second experiment was conducted which was the same as the experiment discussed above, but with the exception that each dialysis device was placed in a conical flask containing 5 mL of buffer which was not changed. Samples were taken from both sides of the membrane every thirty minutes and analysed by mass spectrometry. The results can be seen in Figures 101 and 102. Results from samples taken from the inside of the dialysis device show that there appears to be a much greater positive difference in  % TAPH for KDO in the DCL in comparison with the other compounds. This is suprising, as it was expected that the KDO component would be one of the weakest binders to WGA in the DCL. The results for samples taken from outside of the dialysis device did not appear to show a corresponding large negative difference in % TAPH in the ammount of KDO in the solution, however, there is a greater volume of solution on the exterior of the dialysis device meaning any change in the ammount of DCL members diffusing across the membrane results in a smaller difference in concentration which is more difficult to detect. 


Figure 101. Difference in % TAPH results between a WGA and a non-WGA containing DCL created inside a dialysis device placed in 5 mL of potassium phohosphate buffer with samples taken from inside the dialysis device every 30 minutes and analysed by mass spectrometry.



Figure 102. Difference in % TAPH results between a WGA and a non-WGA containing DCL created inside a dialysis device placed in 5 mL of potassium phohosphate buffer with samples taken from outside the dialysis device every 30 minutes and analysed by mass spectrometry.

The experiments were repeated using smaller volumes of buffer to help increase the concentration of DCL members and therefore make the changes in DCL member concentrations easier to detect. The DCLs were also analysed over a longer period of time.

The results of a DCL exchanging from a dialysis device into 500 μL of potassium phosphate buffer can be seen in Figure 103. After each 5 µL sample was taken, the buffer was replaced with a further 500 μL of buffer. As can be seen, the results are varied, however, there are some general trends which are promising. 31 and Neu5Ac have positive % TAPHs over time, whilst the KDO product has negative % TAPH throughout the duration of the experiment. The KDN product starts with a positive % TAPH but over time trends towards having the most negative % TAPH of all library components. These trends are as expected as the Neu5Ac is known to bind well to WGA, whereas, the KDO and KDN are known to bind less strongly. It would appear that 31 also binds well to WGA, which is to be expected as it has the C-4 hydroxy and C-5 acetamido groups, known to be important for the binging of WGA to these types of monosaccharide.


Figure 103. Difference in % TAPH results between a WGA and a non-WGA containing DCL created inside a dialysis device placed in 500 µL of potassium phohosphate buffer with the buffer changed every 30 minutes and samples taken from inside the dialysis device every 30 minutes and analysed by mass spectrometry.

Results for experiments where an 8-component DCL exchanges into 1 mL of buffer without the buffer being changed are shown in Figures 104 and 105. As can be seen in Figure 104, where results are shown taken from the inside of a dialysis device, it is the KDO DCL member which has the greatest positive difference in % TAPH over the time period. The other DCL products have more varied results making it difficult to come to conclusion about how these DCL members behave in the DCL. Looking at the results taken from outside the dialysis device, the difference in % TAPHs are once again very varied. It is very hard to rationalise the reason why the KDO DCL product is in a higher concentration on the WGA containing side of the membrane when WGA is present. The results would suggest that the WGA is binding to the KDO more strongly than all other DCL members, however, from previous results this has been shown not to be the case.


[bookmark: OLE_LINK24]Figure 104. Difference in % TAPH results between a WGA and a non-WGA containing DCL created inside a dialysis device placed in 1 mL of potassium phohosphate buffer with samples taken from inside the dialysis device every 30 minutes and analysed by mass spectrometry.



Figure 105. Difference in % TAPH results between a WGA and a non-WGA containing DCL created inside a dialysis device placed in 1 mL of potassium phohosphate buffer with samples taken from outside the dialysis device every 30 minutes and analysed by mass spectrometry.

The reality of using dialysis membranes in conjunction with a DCL is that it is very complex and difficult to engineer. The construction of dialysis devices that are small enough to exchange small volumes of liquid without the loss of any of the liquid out of the devices is intricate and time consuming. It was found that capillary action and surface tension on the membranes often lead to the buffer escaping from the devices. It is also difficult to seal these devices to prevent loss of liquid. In addition to this, it is also difficult to incubate the devices at 37 °C when creating a DCL.  When looking at the rate of diffusion of library components across a membrane and the equilibrium composition of the solutions on each side of the membrane, it was found that most of the results were highly variable and labour intenive to obtain. All other mehods of DCL analysis were found to be easier and more reliable and so the use of membranes was not developed further.

[bookmark: _Toc326047555]8.3.4. Use of SEC Columns with Large-Scale DCLs

Of all the techniques analysed for the simplification of DCL analysis, it was SEC column chromatography which was easiest to implement as well as giving the greatest simplification of analysis and the most reproducible results. With this in mind, a series of larger DCLs were analysed to further investigate the use of SEC chromatography with large-scale DCLs.

A DCL was composed using ManNAc, D-mannose, D-lyxose and 8. These four DCL components should give a spread of different binding strengths to WGA as the aldol product of ManNAc, Neu5Ac is known to bind strongly to WGA, the aldol products of the D-lyxose and D-mannose (ketodeoxynonulosonic acid (KDN) and ketodeoxyoctulosonic acid (KDO)) are known to bind poorly to WGA and the strength of binding of 34 is unknown. This should allow me to determine the suitability of the SEC column technique to select only those DCL members which bind to WGA. The four DCL components were added to two separate Eppendorf tubes along with double molar quantities of sodium pyruvate. NANA aldolase was then added and WGA (1.2 mg (0.016 μmole)) was added to one of the Eppendorf tubes. This gave a final DCL concentration of 0.1 mM. The DCLs were left to stir for 24 hours at 37 °C before 10 μL aliquots were removed from each DCL and added to SEC columns along with 15 μL potassium phosphate buffer. The resulting filtrates were subjected to denaturation and centrifugation before the supernatant was analysed by mass spectrometry. Results can be seen in Table 39. As expected, the results show the greatest difference in % TAPA is for the Neu5Ac, followed by 34. This is to be as expected as both compounds have the NH group needed for strong binding to WGA, however, it would appear that the additional functionality added in the methyl-thiophene group gives rise to a much smaller difference in % TAPA which in turn suggests that additional functionality decreases the strength of binding of the aldol product to WGA. The molecules known to bind to WGA less strongly, the KDN and the KDO have a smaller difference in % TAPA with the ketodeoxynonulosonic acid product having the greatest negative difference in % TAPA.

	
	KDN
	KDO
	Neu5Ac
	34

	Difference in Peak Height
	-16000 ± 32000
	-329 ± 2200
	13000 ± 12000
	2600 ± 3500

	Difference in % TAPA
	-21.69 ± 11.94
	-0.573 ± 4.63
	19.52 ± 6.83
	2.74 ± 1.30


Table 39. Difference in peak height and % TAPA results for a DCL containing ManNAc, D-mannose, D-lyxose and 8.

It was decided to analyse a DCL over time using the same DCL as above to see if the DCL changes with increasing time. In this DCL, the total concentration of DCL members was adjusted such that the final DCL concentration was 20 mM, the maximum concentration that can be applied to the SEC columns. The amount of WGA was also increased in the DCL to 2.4 mg (0.033 μmol) in order to further increase the effect of the WGA in the DCL. It was thought that the differences in % TAPA might become greater over time if equilibrium had not been reached after 24 hours. The results of this experiment can be seen in Table 40. Results for the 24 hour and 48 hour time periods show similar results as were seen in previous experiments with Neu5Ac the strongest binder with the highest difference in % TAPA in the DCL followed by 34. Once again, there appears to be quite a large difference in % TAPA between Neu5Ac and 34, suggesting that the extra functionality of 34 is hindering binding to WGA. Of the other DCL components, the KDN consistently has the lowest difference in % TAPA. After 120 hours it appears that 34 has started to show stronger binding to WGA than the Neu5Ac DCL member. This may be an anomalous result, or it may be that 34 is a more specific binder which takes more time to bind to the WGA, but once bound has a slower off rate than Neu5Ac. After 144 hours, results seem highly variable suggesting that the proteins in the DCL may have started to denature.

	Time
	KDN
	KDO
	Neu5Ac
	34

	24
	-20.80 ± 17.84
	-8.13 ± 1.04
	33.79 ± 25.74
	-4.85 ± 8.94

	48
	-11.28 ± 7.41
	-6.13 ± 0.818
	14.32 ± 7.10
	3.09 ± 1.13

	120
	-14.16 ± 5.47
	-3.81 ± 0.523
	1.44 ± 6.54
	16.53 ± 1.59

	144
	13.39 ± 20.47
	1.48 ± 11.63
	-4.27 ± 6.43
	0.193 ± 2.41

	168
	20.19 ± -5.72
	-4.21 ± 11.15
	-14.58 ± 18.73
	-1.40 ± 6.78


Table 40. Table showing difference in % TAPA for an 8-component DCL containing D-mannose, D-lyxose, ManNAc and 8 and including 2.4 mg of WGA.

It was decided to increase the amount of WGA used in each DCL to 4.8 mg (0.066 μmole) in order to try and amplify any effect seen in the DCL. The results can be seen in Table 41. Unfortunately, the amount of WGA used in the DCLs was so high that after the 24 hour period, the WGA had started to precipitate out of solution. This lead to highly varied results with only the results after 48 hours as expected. The amount of WGA was lowered in a further DCL to 3.6 mg (0.049 μmole), but this again showed precipitation of WGA after 24 hours. 

	Time
	KDN
	KDO
	Neu5Ac
	34

	24
	-11.17 ± 0.617
	10.79 ± 1.35
	-1.20 ± 0.306
	1.58 ± 2.28

	48
	-19.68 ± 2.45
	5.22 ± 3.06
	8.56 ± 1.04
	5.90 ± 0.427

	72
	5.89 ± 5.02
	-4.57 ± 8.63
	-0.656 ± 2.71
	-0.660 ± 0.901


Table 41. Table showing difference in % TAPA for a 4 component DCL containing D-mannose, D-lyxose, ManNAc and 8 and in the presence of 4.8 mg of WGA.

It was decided to further probe the effect of differing centrifugation and time levels to use in conjunction with SEC columns in order to try and improve the selectivity of the SEC columns. The levels suggested by Bio-Rad® are identical to those developed by previous work within the Chen group[120] and are 1000 × g over 4 minutes, but there was concern that a potential residence time of 4 minutes for protein-ligand complexes would be too long for the complexes to remain intact, especially in DCLs composed of a large number of members where there may be a lower concentration of individual protein-ligand complexes than in DCLs with fewer members. For this reason, a variety of shorter spin times were tried with a greater spin rate to compensate. A DCL solution composed of 20 N-modified mannosamines and D-mannose, each of which can be acylated using subtilisin Carlsberg to give 42 starting materials, was used for these experiments to test the effectiveness of the SEC columns with large DCLs. Two DCLs were incubated at 37 °C for 24 hours with one containing WGA and the other not containing WGA before samples were added in 25 μL aliquots to SEC columns and spun at varying rates and for varying time periods. After denaturation in acetonitrile for 3 hours, the resulting solutions were spun at 9200 × g for 1 minute and the supernatant was removed and analysed by LC-MS. The results can be seen in Table 42. They show that in all cases, for the DCL members which have distinct peaks in the LC-MS trace, there is a greater peak area in the WGA containing DCL traces than in the non-WGA containing DCL traces. The biggest difference is seen when the spin rate is 1000 × g and time is 4 minutes. More importantly, with this time and spin setting in use, there is no detection of DCL members in the non-WGA containing DCL suggesting that all DCL members can be trapped by the column with the exception of those bound to WGA. Other spin settings do give differences between the WGA and non-WGA containing DCLs, however, these differences are smaller than those achieved with the 100 × g spin rate over 4 minutes and all spin settings allow DCL small molecules to pass through the columns when WGA is not present. When the number of trace DCL members seen in the LC-MS spectra are compared, results seem more varied. For 200 × g, there are more trace DCL members seen in the WGA containing spectra than in the non-WGA containing spectra, however, as before, the smallest number of trace DCL members seen in the non-WGA containing spectra are for conditions utilising 1000 × g over 4 minutes. For both 1600 × g and 2300 × g, more trace DCL members are seen in the non-WGA containing DCL than in the WGA-containing DCL. This would suggest that these spin settings allow DCL members not bound to WGA through the columns. These results would appear to back up the SEC column manufacturers findings that a spin rate of 1000 × g over 4 minutes allows protein-ligand complexes to pass through the column, whilst all but a few trace amounts of non-WGA bound DCL members are trapped on the column. 

	Spin rate (g)
	Time (min)
	Area of product peaks seen in filtrate
	Number of trace DCL products in filtrate

	
	
	+ WGA
	- WGA
	+ WGA
	- WGA

	1000
	4
	3
	0
	6
	6

	1600
	3
	2
	1
	6
	14

	2300
	2
	2
	1
	6
	10

	3200
	1
	6
	4
	11
	8

	4200
	0.5
	4
	3
	8
	12


Table 42. Comparison of the effect of a variety of spin rates and time lengths upon retention of DCL members by Bio-Rad® P-6 SEC columns when not bound to WGA and the passing of WGA-ligand complexes through the columns.

It was decided to try a DCL containing the 9 aromatic DCL components made in a 1 pot EDC reaction (Section 7.2.3.6.) along with D-lyxose, D-mannose and ManNAc. 2.4 mg of WGA was added to one of the DCLs with a DCL not containing WGA also created. Results were taken using low resolution mass spectrometry over 24 hour time periods and up to 78 hours. This was because it was found that with the 8- component DCLs previously analysed the values taken at longer time periods were varied and unreliable. Results can be seen in Table 43. Unfortunately, due to identical masses for 33 and 34, it was impossible to separate these products using low resolution mass spectrometry. Results seen were highly varied making it difficult to determine if there are any real results, with many results from one time period, contradicting those in another.




	
	24 hours
	48 hours
	72 hours

	KDN
	-1.93
	0.93
	-1.95

	KDO
	-9.97
	14.95
	-3.83

	Neu5Ac
	0.41
	-3.44
	-3.54

	

 3334
	1.60
	-3.04
	0.677

	
31
	-3.60
	-1.58
	2.24

	
 36
	7.14
	0.19
	3.68

	
 12
	2.78
	-2.32
	1.29

	
 14
	4.61
	-0.48
	-0.20

	
 13
	2.94
	-2.93
	1.59

	
37
	-2.22
	1.25
	1.59

	
 32
	-1.75
	-3.52
	-1.54


Table 43. Difference in % TAPA values for a 12 component DCL containing 9 aromatic N-modified mannosamines, D-mannose, D-lyxose and ManNAc.





	
	24 hours
	48 hours

	KDN
	-5.20
	-1.08

	KDO
	-10.20
	-28.64

	Neu5Ac
	0.413
	-0.322

	
34
	0.802
	2.51

	
31
	1.17
	2.02

	
 36
	0.642
	2.65

	
39
	0.837
	2.96

	
 14
	2.04
	3.19

	
 13
	1.42
	3.84

	
 37
	1.54
	2.83

	
32
	0.514
	3.19

	
38
	2.45
	4.42


Table 44. Difference in % TAPA values for the aldol products in a 12 component DCL containing 9 aromatic N-modified mannosamines, D-mannose, D-lyxose and ManNAc.
A DCL was created containing 9 aromatic N-modified mannosamines, D-lyxose, D-mannose and ManNAc, this time using stock made in Section 7.2.3.8. After allowing the reaction to stir for 24 or 48 hours in the presence of 1.2 mg WGA, the reaction mixture was applied to SEC columns and after denaturation in acetonitrile, the filtrate was analysed by low resolution mass spectrometry. The results can be seen in Table 44. They show, as expected, that the KDN product has the lowest difference in % TAPA, with the difference increasing over time. The KDO has the second lowest difference in % TAPA, which again was as expected from earlier results. There are, however, some anomalous results. The Neu5Ac product which was expected to have a high difference in % TAPA value actually has a relatively low value. Of the N-modified neuraminic acids, 38, 14, and 13 have a high difference in % TAPA, although all N-modified neuraminic acids have a high positive difference in % TAPA in comparison to the difference in %TAPA for the KDN product. 

	DCL Component
	Difference in peak area

	
	A
	B
	C

	Neu5Ac
	3
	3.5 ± 2.1
	3 ± 1.4

	15
	5 ± 1.4
	5 ± 1.4
	4 ± 2.8


Table 45. Table to show peak areas of DCL compounds seen in a DCL with 3 samples (A, B and C) taken from each DCL.
It was decided to try using LC-MS to analyse the supernatant from a DCL passed through a SEC column. Initially the 9 N-modified aromatic mannosamines made in Section 7.2.3.8. were used along with, mannose and ManNAc to create a DCL. Incubation at 37 °C with NANA aldolase and subtilisin Carlsberg should give 11 potential aldol products and 11 potential 9-C acylated aldol products. After incubation of WGA-containing (4 mg) and non-WGA-containing DCLs over 24 hours, 25 μL samples were removed from each DCL and applied to a prepared SEC column. In the interests of ensuring that results were reproducible both between individual DCLs and between different SEC columns, 3 25 μL samples from each DCL were taken and applied to 3 separate SEC columns. In addition to this, a repeat of each DCL was also performed. Results can be seen in Table 45. As can be seen, only two of the DCL components were seen in anything above trace amounts in any of the filtrates after the SEC step. These components are the Neu5Ac which is known to bind well to WGA and the 9C acylated Neu5Ac (15). Results of samples taken from the same DCL at the same time, but run through different size exclusion columns show good reproducibility with standard deviation between samples taken from different DCLs fairly high, but not so high as to obscure the result. The remaining DCL solution from all DCLs created was also analysed by LC-MS to reveal that all starting materials and products were present in the DCLs with the exception of the D-mannose and D-lyxose DCL members which were consistently undetectable. These results indicate that out of the whole DCL, only the Neu5Ac and 15 bind to WGA with the strength to be carried through the SEC column. Analysis of the LC-MS traces for the WGA containing and non-WGA containing DCLs (Figure 106) show that in general there is no peak visible in the non-WGA containing DCL traces, indicating that the peaks seen in the WGA-containing traces are entirely due to ligands which have been transported through the columns as protein-ligand complexes.
[image: ]
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Figure 106. LC-MS traces corresponding to 15 (green) and Neu5Ac (red) in the absence of WGA (A) and presence of WGA (B).
With exciting results achieved in the DCL created using the aromatic N-modified mannosamines, it was decided to add the 10 aliphatic N-modified mannosamines to the DCL in order to create a DCL with 44 potential products. This was done in exactly the same way as with the aromatic only DCL, with SEC filtrates analysed by LC-MS. Results can be seen in Table 46. They show that of all the DCL components, it is only Neu5Ac and 15 which are visible in the filtrate after passing through the SEC column. This would suggest, once again, that it is these compounds which bind most strongly to the WGA. As before, the DCLs were sampled before being passed through a SEC column and analysed using LC-MS to reveal all starting materials and products were present in the original DCLs.

	DCL Component
	Difference in peak area

	
	A
	B
	C

	Neu5Ac
	17 ± 5.7 
	22 ± 5.7
	12.5 ± 2.1

	15
	20.5 ± 4.9
	25.5 ± 3.5
	14.5 ± 2.1


Table 46. Table to show peak areas of DCL compounds seen in a DCL with 3 samples (A, B and C) taken from each DCL.
It was decided to attempt to further increase the size and diversity of the DCL by attempting DCLs which not only used subtilisin to acylate the neuraminic acids with vinyl acetate but with other vinyl molecules too. The molecules chosen were vinyl propionate and vinyl benzoate. These were incubated both individually and in a mixture also containing vinyl acetate at 37 °C for 24 hours in the presence of the 19 N-modified mannosamines, D-mannose, D-Lyxose and ManNAc, double molar quantities of sodium pyruvate, DMSO, triethylamine and with NANA aldolase and subtilisin present. Following this, the libraries were analysed by LC-MS. For the library containing just the vinyl propionate, modifications were seen at the C-9 position of neuraminic acids and at the C-6 position of mannosamines. LC-MS was able to identify all C-6 modified starting materials and all C-9 modified products with the exception of 109, 116 and 112. It was thought that the products not identifiable by LC-MS were probably in a concentration too low to be visible using the LC-MS technique. For reactions performed in the presence of the vinyl benzoate, all C-6 modified mannosamine starting materials were seen and all C-9 modified products were seen with the exception of 146, 150 and 158 products.  A library created with vinyl acetate, vinyl propionate and vinyl benzoate present showed the formation of all modified starting materials with the exception of 70, 123 and 165. All products were present with the exception of 56 and 63 (molecules modified with vinyl acetate), 104, 108 and 116 (molecules modified with vinyl propionate) and 146, 150, 151, 147 and 158 (molecules modified with vinyl benzoate). These results would suggest that in the presence of all three vinyl molecules, the library can be expanded by different modifications at the C-6 position of mannosamines and the C-9 position of neuraminic acids. Whilst it would appear that especially in the presence of all three vinyl molecules, some molecules cannot be seen on the LC-MS trace, I would suggest that this could be due to difficulties in detecting the very low concentrations of some of these library members, rather than their ability to form the products. It would appear that the vinyl benzoate modified neuraminic acids are either the most difficult to synthesise in the reaction or more difficult to detect as more of these modified products are missing from the DCL when analysed by LC-MS. 

With the added ability of subtilisin Carlsberg to catalyse the formation of C-6 modified mannosamines and C-9 modified neuraminic acids with vinyl propionate and vinyl benzoate, it became apparent that DCL size could be increased by the addition of these reactions when forming a DCL. The addition of these extra modifications has the potential to increase DCL size from 43 starting materials and 44 products to 85 starting materials and 88 products. This gives a total potential DCL size of 173 members. Two DCLs were created combining the 19 N-modified mannosamines, D-mannose, D-Lyxose and Neu5Ac with sodium pyruvate, NANA aldolase, subtilisin, vinyl acetate, vinyl propionate and vinyl benzoate. 4 mg of WGA was added to one DCL and after a 24 hour incubation period at 37 °C, a 100 μL sample from each library was subjected to denaturation in 100 μL acetonitrile for 3 hours and after centrifugation, 100 μL of supernatant was analysed by LC-MS. The results revealed that in the non-WGA containing DCL all starting materials were present with the exception of D-mannose, D-Lyxose and ManNAc. Of the DCL products, the only ones missing were: 70, 60, 63, 116, 158, 149, 57, 109 and 151. These results would indicate that it is the palmitic acid N-modified neuraminic acids which are most resistant to acylation, whilst results would also back up previous findings which showed that the vinyl benzoate C-9 modified neuraminic acids are those which are either most difficult to detect or form least readily in the DCLs.  Three 25 μL samples were removed from each library and passed through a SEC column using the technique outlined in Section 8.2.2.2. The resulting filtrate was subjected to denaturation in acetonitrile and after centrifugation the supernatant was analysed using LC-MS. The procedure was repeated and the results can be seen in Table 47. They show that as with the DCLs created using only the aromatic N-modified mannosamines, the Neu5Ac and 15 are seen in the WGA containing DCLs but not in the non-WGA containing DCLs. The overall peak size for these molecules is much lower than for those achieved using just the vinyl acetate to modify the DCL components. This is because there are twice as many DCL components in the DCL when vinyl propionate and vinyl benzoate are used in a DCL in addition to vinyl acetate. This means that individual compounds will be in a lower concentration in these larger DCLs which gives rise to the smaller peak areas. The peaks are, however, just large enough to be visible on the LC-MS traces (Figure 107) indicating that DCL member concentration is just on the limit of detection with this 173 DCL size. In addition to the Neu5Ac and 15, 112 was also seen in the WGA containing traces but not in the non-WGA containing traces. This would suggest that this molecule is also binding to WGA. These results appear to indicate that of all DCL members, it is the Neu5Ac, 15 and 112 which bind to WGA most strongly. It is impossible to determine which of the three selected DCL members bind most strongly to WGA as the initial concentrations of the DCL members is not known, however, it is clear that these DCL members bind more strongly to WGA than all other DCL members. 

	DCL Component
	Difference in peak area

	
	A
	B
	C

	Neu5Ac
	1.5 ± 0.71
	0.5
	Present

	15
	Present
	Present
	Present

	112
	1 ± 0.0
	Present
	Present


Table 47. Results from a DCL of 173 potential members using SEC columns with 4 mg of WGA.
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Figure 107. LC-MS traces for the Neu5Ac (purple), 15 (green) and 112 (red) DCL components in a DCL of 173 potential members in WGA containing (A) and non-WGA containing (B) DCLs analysed using SEC columns.

[bookmark: _Toc326047556]8.3.5. Experiments with Div1B as the Host Protein

Whilst experiments using WGA as a model host protein were vital and informative in developing a methodology for the creation and use of a DCL, it was important to use a novel host protein in the DCL in order that potential lead compounds could be identified for a relevant therapeutic target. The protein chosen for use in the DCL was Div1B. Div1B is a 50.2 kDa transmembrane protein found in B. subtilis and is a probable homologue of ftsQ,[121],[122] a 276 amino acid protein of low abundance found in E. coli.[123] Div1B is, however, found in much greater abundance than ftsQ.[124] Very little is known about the function of Div1B, however, it is believed to be important for cell division[125] and it is known to bind to peptidoglycan. It is thought to be a member of the lytic transglycosylase family of proteins[126] which are responsible for making sites available for penicillin-binding proteins to incorporate newly synthesised and translocated peptoglycan precursor molecule, lipid II, into existing sacculus.[127] Lytic transglycosylases cleave the β-(1→4)-glycosidic bond between N-acetyluramic acid and N-acetylglucosamine residues.[128],[129] N-acetylglucosamine thiazoline (NAG-thiazoline) (Figure 108) has been shown to inhibit E. coli growth by inhibiting the action of these lytic transglycosylases[127] and has a broadly similar structure to some of the DCL members created in the above DCLs.  It was hoped that the use of Div1B as a host protein in the DCL may unearth ligands for Div1B which in turn could cause inhibition of the protein and thus inhibit cell division.


Figure 108. The structure of NAG-thiazoline.

	Sample application volume (µL)
	Area of DCL components seen in filtrate
	Number of trace DCL components seen in filtrate

	
	+Div1B
	-Div1B
	+Div1B
	-Div1B

	25
	41
	4
	16
	5

	50
	67
	17
	13
	6

	75
	45
	160
	8
	17


Table 48. Comparison of the effect of a variety of application volumes upon retention of DCL members by Bio-Rad® P-6 SEC columns when not bound to Div1B and the passing of WGA-ligand complexes through the columns.

Initially a DCL was created utilising the 19 N-modified mannosamines synthesised in Section 7.2.3.8., D-mannose, D-Lyxose and ManNAc as building blocks. These were added along with sodium pyruvate, vinyl acetate, NANA aldolase and subtilisin Carlsberg to two separate DCLs, one containing 0.11 mmol of the 27 kDa extracellular domain of Div1B. When compared to the number of moles of WGA used in previous DCLs (0.055 µmol), twice as many moles of Div1B (0.11 µmol) were added. There are, however, 8 binding sites in each WGA dimer giving 0.44 µmol of binding sites in the WGA containing DCLs. This meant that the number of Div1B binding sites in the DCL was 4 × less than was used in the WGA containing DCLs. For this reason, three different application volumes of 25, 50 and 75 µL of the DCL solutions were added to SEC columns and analysed by LC-MS. It was thought that the increase in application volume may compensate for the smaller amount of Div1B binding sites added to the DCLs. After denaturation of the filtrate and centrifugation, the resulting supernatant was analysed by LC-MS. Results can be seen in Table 48 and show that there is a great deal of difference between Div1B containing and non-Div1B containing DCLs as well as between the different sample application volumes. An inspection of the results reveals that for both the 25 µL and the 50 µL application volumes, the area of product peaks seen in the Div1B containing DCLs is significantly greater than the area seen in the non-Div1B containing DCLs. For the 25 µL sample, there is a difference in the peak areas of 37 and a difference in the number of trace DCL members of 11 between the Div1B containing and non-Div1B containing DCLs. For the 50 µL application volume, there is a difference of 50 between the peak areas and a difference of 7 between the number of trace DCL components between the Div1B containing and non-Div1B containing DCLs. For the 75 µL application volume, a value of -115 is obtained for the difference in peak areas between the Div1B containing and non-Div1B containing DCLs and a value of -9 for the difference in the number of trace DCL members. In addition to this, the total number of DCL components seen in both libraries is largest with the 75 µL application volume and smallest with the 25 µL application volume. The above results would suggest that with the 75 µL application volume, the SEC columns are unable to retain all unbound DCL members and so are allowing unbound DCL members to pass through the column. For the 50 µL and 25 µL volumes, it would appear that the SEC columns are retaining most unbound DCL members and allowing WGA-ligand complexes to pass through the columns, however, with the aim of the SEC step being to narrow down the number of binders to Div1B, the 25 µL application volume allows only the strongest binders to Div1B to pass through. Analysis of the DCL compounds seen in all of the samples gives some interesting results (Table 49). The DCL member that has by far the greatest peak area in the Div1B containing DCLs but no peak area in the non-Div1B containing DCLs with all three application volumes is 23. In addition to this, the acylated version of 23, 74, and the aldol product of 23, 43 are also seen in all three Div1B containing samples but not in the non-Div1B containing samples. This suggests that the 15 carbon chain N-modification is responsible for the binding effect of this class of compounds to Div1B. In addition to the above compounds, 22 is present in all three Div1B containing DCLs but not in the non-Div1B containing DCLs and 21 is present in two of the three Div1B containing DCLs. These molecules also contain long hydrocarbon chain modifications at the N-position of mannosamine which would suggest that this feature is important for binding affinity to Div1B. In addition to these molecules, 34 and 63 also appear to be present in the Div1B containing DCL samples but not in the non-Div1B containing samples. From the above results it was decided to use sample application volumes of 25 µL with the SEC columns. This volume appears to allow sufficient Div1B-ligand complexes to pass through the columns whilst retaining all unbound DCL members. It gives the highest level of selectivity with only the ligands which bind most strongly to Div1B seen in the resulting SEC column eluent.

After determining the volume of DCL solution to be added to the SEC columns, it was decided to try a 173 component DCL utilising the ability of subtilisin Carlsberg to modify mannosamines at the C-6 position and neuraminic acids at the C-9 position using vinyl acetate, vinyl propionate and vinyl benzoate. After incubation of the 19 N-modified mannosamines synthesised in one pot (Section 7.2.3.8.), D-mannose, D-Lyxose and ManNAc with sodium pyruvate, vinyl acetate, vinyl propionate and vinyl benzoate and in the presence of NANA aldolase and subtilisin Carlsberg at 37 °C for 24 hours, 25 µL samples were taken from a non-Div1B containing DCL and a DCL containing 0.54 mM of Div1B, added to SEC columns and after denaturation of the eluent in acetonitrile, the resulting solution was analysed using LC-MS.  The results can be seen in Table 50.











	DCL Component
	25 µL
	50 µL
	75 µL

	
	+ Div1B
	- Div1B
	+ Div1B
	- Div1B
	+ Div1B
	- Div1B

	
23
	27
	
	51
	
	present
	

	
74
	present
	
	2
	
	present
	

	
43
	present
	
	2
	
	4
	

	
22
	present
	
	3
	
	5
	

	
21
	present
	
	present
	
	
	

	
34
	present
	
	present
	
	2
	

	
63
	present
	
	present
	
	
	



Table 49. Selected results for individual DCL members from a Div1B and a non-Div1B containing DCL when application volumes of 25, 50 and 75 µL are applied to SEC columns.

	
	Difference in Peak Area

	
	A
	B
	C

	
23
	28
	39
	31

	
74
	Present
	-
	Present

	
22
	Present
	Present
	Present

	
72
	4
	11
	9

	
69
	-
	6
	1

	
80
	Present
	Present
	3

	
43
	2
	Present
	1

	
39
	Present
	Present
	Present


Table 50. Difference in LC-MS peak area between a Div1B containing and a non-Div1B containing DCL passed through SEC columns.
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Figure 109. LC-MS traces from Div1B containing (A) and non-Div1B containing (B) DCLs for the 69 (black), 72 (purple) and 23 (red) DCL components.

The results show that of all the DCL components, it is 23 which has the biggest difference in peak area between the Div1B containing and the non-Div1B containing DCLs.  In addition to this, the acylated version of this molecule 74 is also present in the Div1B-containing DCLs. The aldol product of 23, 43 is seen in all three DCL samples containing Div1B as well as 22 and 72. The fact that all of the above DCL members have long hydrocarbon chains attached to the mannosamine at the N-position suggest that it is this character of the DCL members which allows for binding to Div1B. There are also two DCL components containing a thiophene moiety which are seen in Div1B containing DCLs that are not seen in non-Div1B containing DCLs (69 and 39). This may be due to the similarity of the thiophene group to the thiazoline moiety found in the known inhibitor of lytic transglycosylases, NAG-thiazoline. The final DCL component found in the Div1B containing DCLs is 80. Overall it would appear that the Div1B selects the mannosamine starting material sugar scaffold rather than the neuraminic acid product scaffold. The LC-MS traces of some of the DCL components seen in the Div1B containing DCL can be seen in Figure 109.

[bookmark: _Toc326047557]8.4. Conclusion

In conclusion, a range of methodologies have been examined for the simplification of DCL analysis. The immobilisation of WGA to Sepharose beads was successful and was found to be a suitable way of separating protein-ligand complexes from the remainder of the DCL components. It was somewhat temperamental, however, with reproducibility of results being difficult. With this in mind, SEC chromatography was investigated as an alternative method for the isolation of target-ligand complexes. This was found to be a preferable method due to ease of use of the columns and better reproducibility of results when compared with the immobilised WGA. The use of semi-permeable membranes in conjunction with SEC chromatography was investigated to separate the target protein complexes from other protein molecules in the DCL, however, it proved very difficult to create suitable dialysis devices, and results obtained with the devices were varied and complicated to interpret. Following the analysis of the various methods for the simplification a DCL, a DCL with 173 potential members was created using NANA aldolase and subtilisin Carlsberg to catalyse reversible reactions. DCL mixtures have been applied to Micro Bio-Spin® P-6 columns in 25 µL aliquots and following denaturation in acetonitrile, LC-MS analysis revealed the selection of a few of the DCL members thought to bind to the host protein. With WGA as the host protein, the DCL members selected using the SEC process were the known binder to WGA, Neu5Ac, the acylated version of this molecule (15) and the molecule modified at the C-9 position of Neu5Ac by vinyl propionate (112). With Div1B as the host protein, molecules selected using the above techniques revealed that DCL members with a long hydrocarbon chain at the N-position of mannosamine appeared to bind well to Div1B (23, 74, 22, 72, 80, 43) as well as some DCL members containing a thiophene moiety (69 and 39). Binding data now needs to be collected for some of the DCL members in order to verify that the molecules being selected using the above techniques are those which bind most strongly to the template proteins.




































[bookmark: _Toc326047558]9. Validating DCL Results
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It was important to use a secondary assay to confirm the binding of initial DCL hits to their template proteins, WGA and Div1B, and eliminate false positives. Initially the assay chosen was isothermal titration calorimetry (ITC).

[image: ]
Figure 110. Isothermal titration calorimeter.[130]

ITC measures the heat change on formation of a complex at a constant temperature.[130] It involves titrating a binding partner or titrant (L) into a solution containing the other binding partner or titrand (M) which is held within a sample cell in the calorimeter. A reference cell is also created which contains only buffer and upon addition of a small volume of L to M in the sample cell, the heat released or absorbed by the sample cell is measured with respect to the reference cell. The heat change is expressed as the electrical power (J s-1) needed to maintain the temperature difference between the sample cell and the reference cell. A diagram of an isothermal titration calorimeter can be seen in Figure 110. The titrant is delivered into the sample cell using a precision syringe which is also used to stir the solution. An example of the data acquired in an ITC experiment can be seen in Figure 111. Figure 111A shows the raw data acquired from such an experiment with each peak corresponding to the heat released when an aliquot of ligand is added to the sample cell. Using the data acquired from an ITC experiment, the magnitude of the binding affinity between the binding partners (Ka) can be measured as well as the magnitude of the thermodynamic terms that define the magnitude of binding; the enthalpy (ΔG) and entropy (ΔS) changes[131] using the equation seen in Figure 112.
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Figure 111. ITC titration data describing the formation of a 16 base pair DNA duplex by mixing the complementary strands at 30 °C.  A. Differential power signal recorded in the experiment. After integration of the data with respect to time and normalisation per mole of added ligand the data can be plotted as a sigmoidal plot (B) or as a hyperbolic saturation curve (C).[130]
Reproduced with permission of the publishers.
ΔG = -RTlnKa = ΔH-TΔS

Figure 112. Equation linking change in enthalpy (ΔG), change in entropy (ΔS) and the binding constant (Ka) where R is the gas constant and T is the absolute temperature.

Using the above techniques it should be possible to ascertain the strength of binding of those DCL members which were selected as potential template binders in the DCLs in Sections 7 and 8. This should give an indication as to the reliability of the DCC technique in identifying ligands for template protein molecules.

[bookmark: _Toc326047560]9.2. Methodology

All ITC experiments were performed using a MicroCal VP-ITC MicroCalorimeter and all solutions were degassed using a MicroCal ThermoVac. Results were analysed using Origin® software. All other instrumentation was the same as in Section 5.2.

[bookmark: _Toc326047561]9.2.1. Synthesis of DCL Components for use in ITC Experiments
 
9.2.1.1. Synthesis of N-4-Fluorobenzoylneuraminic Acid (13)

See section Section 5.2.5. 

9.2.1.2. Synthesis of 9-C Acylated Neu5Ac (15)

See Section 6.2.3.

9.2.1.3. Procedure for the Synthesis of N- Palmitoyl-D-mannosamine (23)

To a stirring solution of D-mannosamine.HCl (129 mg, 0.6 mmol) in DMF (4.2 mL), was added N,N-Diisopropylethylamine (DIEA) (0.42 mL, 2.4 mmol). Palmitic acid (153.9 mg, 0.6 mmol) and PyBOP® (312 mg, 0.6 mmol) were added to the solution after 5 minutes. The reaction was left to stir at room temperature for 16 hours, after which the majority of the solvent was removed under reduced pressure. The remaining solution was purified using flash-chromatography on silica gel (10% methanol in dichloromethane) with fractions containing the product combined and solvent removed under reduced pressure. The resulting solid was added to a sintered glass funnel and washed with three 50 mL portions of chloroform to give pure product. Yield: 68 %. 1H NMR (400 MHz, methanol-d4): (α-isomer) δ 5.00 (d, J = 1.6 Hz, 1H), 4.30 (dd, J = 4.8, 1.7 Hz, 1H), 4.02 (dd, J = 9.7, 4.7 Hz, 1H), 3.91 – 3.74 (m, 3H), 3.60 (t, J = 9.6 Hz, 1H), 2.37 – 2.22 (m, 2H), 1.63 (q, J = 7.7, 7.2 Hz, 2H), 1.31 (s, 24H), 0.92 (t, J = 6.8 Hz, 3H); (β-isomer) δ 4.89 (d, J = 1.7 Hz, 1H), 4.41 (dd, J = 4.3, 1.6 Hz, 1H), 3.92 – 3.73 (m, 3H), 3.66 (dd, J = 9.6, 4.3 Hz, 1H), 3.50 (t, J = 9.6 Hz, 1H), 2.39 – 2.19 (m, 2H), 1.63 (q, J = 7.7, 7.2 Hz, 2H), 1.31 (s, 24H), 0.92 (t, J = 6.8 Hz, 3H). 13C NMR (101 MHz, DMSO-d6) δ 172.24, 99.90, 79.94, 70.10, 69.43, 63.46, 59.81, 35.26, 31.26, 29.00, 28.70, 25.22, 22.06, 13.92. m/z (ES+), 418 ([M + H]+); HRMS found 418.3151 (C22H44NO6) ([M + H]+, requires 418.3169). νmax (solid)/cm-1, 3380.2, 3352.1, 3269.6, 2914.5, 2849.3, 1613.5, 1543.7, 1471.5, 1418.0, 1386.5, 1280.3, 1227.9, 1120.2, 1078.9, 1034.4, 945.2, 867.8, 782.4. Mpt., 182-184 °C.

9.2.1.4. Procedure for the Synthesis of N-Octanoyl-D-mannosamine (22)

Same procedure as in Section 9.2.1.3. with octanoic acid used (86.5 mg, 0.6 mmol) in place of palmitic acid. Yield: 14 %. 1H NMR (400 MHz, methanol-d4): δ 5.00 (d, J = 1.6 Hz, 1H), 4.30 (dd, J = 4.7, 1.7 Hz, 1H), 4.02 (dd, J = 9.7, 4.7 Hz, 1H), 3.90 – 3.76 (m, 3H), 3.60 (t, J = 9.6 Hz, 1H), 2.40 – 2.16 (m, 2H), 1.73 – 1.51 (m, 2H), 1.33 (dd, J = 9.5, 4.4 Hz, 8H), 0.92 (t, J = 6.7 Hz, 3H); (ß-isomer) δ 4.89 (d, J = 1.6 Hz, 1H), 4.41 (dd, J = 4.4, 1.6 Hz, 1H), 3.90 – 3.76 (m, 3H), 3.50 (t, J = 9.6 Hz, 1H), 3.26 (dt, J = 9.7, 3.3 Hz, 1H), 2.38 – 2.20 (m, 2H), 1.72 – 1.57 (m, 2H), 1.33 (dd, J = 9.4, 4.3 Hz, 8H), 0.92 (t, J = 6.7 Hz, 3H). 13C NMR (101 MHz, methanol-d4) δ 176.92, 95.04, 73.46, 70.63, 68.51, 62.27, 55.06, 37.02, 32.92, 30.37, 30.23, 27.04, 23.70, 14.42. m/z (ES+), 306 ([M + H]+); HRMS found 306.1917 (C14H28NO6) ([M + H]+, requires 306.1917). νmax (solid)/cm-1, 3364.0, 3339.5, 3239.8, 2924.2, 2858.0, 2499.5, 1611.5, 1539.4, 1454.4, 1307.8, 1230.9, 1123.8, 1084.6, 1021.3, 988.4, 863.3, 783.8. Mpt., 162-164 °C.



9.2.1.5. Procedure for the Synthesis of N- Valeroyl-D-mannosamine (21)

Same procedure as in Section 9.2.1.3. with valeric acid used (61.3 mg, 0.6 mmol). % yield = 12 % 1H NMR (400 MHz, Methanol-d4): (α-isomer)δ 5.00 (d, J = 1.6 Hz, 1H), 4.30 (dd, J = 4.7, 1.6 Hz, 1H), 4.02 (dd, J = 9.6, 4.7 Hz, 1H), 3.91 – 3.74 (m, 3H), 3.60 (t, J = 9.6 Hz, 1H), 2.37 – 2.25 (m, 2H), 1.70 – 1.55 (m, 2H), 1.48 – 1.30 (m, 2H), 0.96 (td, J = 7.3, 1.8 Hz, 3H); (ß-isomer) 1H NMR (400 MHz, Methanol-d4) δ 4.89 (d, J = 1.6 Hz, 1H), 4.41 (dd, J = 4.3, 1.6 Hz, 1H), 3.92 – 3.75 (m, 3H), 3.50 (t, J = 9.6 Hz, 1H), 3.26 (dt, J = 9.7, 3.3 Hz, 1H), 2.39 – 2.23 (m, 2H), 1.73 – 1.53 (m, 2H), 1.49 – 1.30 (m, 2H), 0.96 (td, J = 7.3, 1.8 Hz, 3H). 13C NMR (101 MHz, Methanol-d4) δ 177.09, 95.03, 73.46, 70.63, 68.49, 62.27, 55.06, 36.75, 29.18, 23.45, 14.19. m/z (ES+), 264 ([M + H]+); HRMS found 264.1457 (C11H22NO6) ([M + H]+, requires 264.1447). νmax (solid)/cm-1, 3324.6, 2934.3, 1616.4, 1543.3, 1418.5, 1362.4, 1062.1, 1022.1, 864.6, 798.9. Mpt., 198-200 °C.
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	Stock No.
	Content
	Concentration
	Buffer/pH

	1
	WGA
	0.02 mM
	potassium phosphate, pH 7.4

	2
	Neu5Ac
	32 mM
	potassium phosphate, pH 7.4

	3
	9-C acylated Neu5Ac (15)
	32 mM
	potassium phosphate, pH 7.4

	4
	13
	32 mM
	potassium phosphate, pH 7.4


Table 51. Stock solutions used for ITC experiments with WGA.

All solutions were degassed before use and all experiments were performed at 25 °C. Saccharide stock (stock 2, 3 or 4 (Table 51)) was injected in 10 µL aliquots into a cell containing 1.4 mL of stock 1 at 4 minutes intervals until no additional heat exchange was observed. A reference cell was also filled with degassed potassium phosphate buffer (pH 7.4) (1.4 mL) and the amount of power required to maintain the cell at a constant temperature during each injection was monitored as function of time. A control experiment to account for heats of dilution was also conducted by making identical injections of saccharide stock (stock 2, 3, or 4) into a cell containing just potassium phosphate buffer (pH 7.4) and the results were subtracted from those obtained with stock 1 containing WGA.

[bookmark: _Toc326047564]9.2.2.2. ITC Experiments with Div1B

Exactly the same procedure was used as in Section 9.2.2.1. with the exception that Div1B was used in place of WGA and in place of stocks 2, 3 and 4, a 0.2 mM stock solution containing 23 in potassium phosphate buffer and 2 % DMSO was used.

Experiments were also conducted where: (A) the Div1B concentration was increased to 0.06 mM, (B) the DMSO was exchanged for methanol, ethanol or acetonitrile and (C) the location of the protein and ligand solutions was reversed such that the Div1B solution was in the syringe and the stock created using 23 was in the cell.
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From DCLs constructed with WGA as the target protein (Section 8) it was shown, after a size exclusion step, that the molecules selected by the WGA from all the DCL members in the library were the known binder to WGA,[110] Neu5Ac and its 9-C acylated version (15). This was encouraging as the DCL appeared to select molecules which are known to bind well to WGA and thus validate the DCL process. ITC was used to give a more robust validation of the results. It can be used to ascertain association constants for both Neu5Ac and 15 as well as one of the DCL components (13) not selected by the DCL, used as a negative control, in order to show that that the DCL does, in fact select those DCL members which bind most strongly to WGA. In a previous experiment by Lins et al; a binding affinity of 172 M-1 was achieved for Neu5Ac and no binding affinity for ketodeoxynonulosonic acid (KDN).[9] This was achieved by injecting the saccharide solution (32 mM) into a WGA solution (0.02 mM) in 10 µL volumes and at 4 minute intervals and measuring the heat change between the sample cell and the reference cell during each injection. The experiments were conducted at 25 °C. It was decided to adopt these conditions to try and replicate the values achieved by Lins et al using the MicroCal VP-ITC equipment available in the department. An example of the results obtained can be seen in Figure 113. Each experiment was repeated twice giving binding affinities of, 175 M-1 ± 10.5 and 172 ± 17.7 M-1 with an average of 174 ± 2.1 M-1 . These results compared favourably with those achieved previously (172 M-1)[9]  and confirmed that the Neu5Ac does bind to WGA. In all cases the TΔS term was negative, indicating that the process was enthalpically driven.

Following the success of the ITC experiments with Neu5Ac, it was decided to conduct a similar series of experiments using the other library member identified in the DCLs, 15. DCL experiments (Section 8) indicated that this DCL member could bind to WGA as well as Neu5Ac as it showed a strong peak in the LC-MS trace after being incubated in a DCL with WGA and applied to SEC columns. The hydrogen bonding networks of Neu5Ac in three WGA pockets can be seen in Figure 114. They show the importance of the acetamido group in binding to Serine and Glutamic acid groups in sites B1C2 and C2B1 of WGA and to Serine and a water molecule in site A2. Other studies have demonstrated that the acetamido group of Neu5Ac is vital for binding to WGA.[110],[132] It was hypothesised that the addition of a second carboxyl group in 15 could allow additional H-bond interactions between the ligand and WGA.
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Figure 113. Isothermal titration curves for the binding of Neu5Ac to WGA.
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Figure 114. The H-bonding networks of Neu5Ac at three binding sites ((A) B1C2), ((B) C2B1), ((C) A2) in a WGA dimer. Shaded areas depict the binding regions of WGA, Hydrogen bonds are shown as dashed lines and bond lengths are given in Å.[133] 
Reproduced with permission of the publishers.
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Figure 115. Isothermal titration curves for the binding of 15 to WGA.

The synthesis of 15 was achieved using the methodology in Section 6.2.3. and it was used for ITC experiments with WGA in exactly the same way as was conducted with the Neu5Ac. Three repeat experiments gave binding affinities of 125 ± 8.82, 126 ± 9.87 and 110 ± 6.62 M-1 with an average value of 120 ± 9.0 M-1 (Figure 115). The results show that 15 does bind to WGA, however, with a lower affinity than the Neu5Ac. This result highlights the inability of the DCL designed to differentiate between two molecules, both of which bind to WGA. Although the DCL can select two compounds from a DCL of 173 compounds, because all of the starting materials are not in exactly the same concentration at the start of the experiment and because the NANA aldolase and subtilisin Carlsberg may react slightly differently with different DCL members, it is impossible to tell from the DCL alone which molecule binds most strongly to WGA. Ideally a large DCL will select one or two DCL members, thus reducing the amount of further screening needed of the DCL members. 

ITC experiments were also done with a molecule not selected by the DCL as a binder to WGA. This was to ensure that the DCL was selecting the correct DCL members. The DCL member selected was N-4-fluorobenzoyl-D-neuraminic acid (13) and the results can be seen in Figure 116. They show that as expected, there is no binding affinity of 13 for WGA. This result helps to confirm that the DCL only selects those DCL members which bind to WGA. 

A series of similar ITC experiments with some of the DCL members selected in the DCL with Div1B as the host protein were also attempted. Initially it was decided to use the same concentration of protein and ligand as were used with WGA. The DCL member that had by far the strongest presence in the LC-MS traces from DCL solutions analysed following SEC chromatography was N-palmitoyl-D- mannosamine (23) and so the creation of a 32 mM stock solution using 23 was attempted. Unfortunately 23 was found to be highly insoluble in aqueous solutions with a maximum concentration of 0.2 mM achieved using 2 % DMSO in the solution. ITC experiments were conducted where the above solution was titrated into 0.02 mM Div1B solution, however, no binding was observed. This may be due to the fact that the Div1B does not bind to 23, however, it may also be that the VP-ITC is not sensitive enough to detect any changes in temperature due to binding when such low concentrations of titrant and titrand are used. 
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Figure 116. Isothermal titration curves for the binding of 13 to WGA.


In order to try and address this, experiments were conducted where greater concentrations of Div1B (up to 0.06 mM) were used and where the ligand solution and the protein solution were swapped so that the protein solution was injected into the ligand solution. It was thought that injecting the protein into the ligand would allow the ligand to be in a large excess in relation to the protein at the start of the experiment and so give a greater opportunity for a temperature change related to binding of ligands to protein to be observed. Unfortunately experiments conducted in this way also showed no binding of 23 to Div1B. Attempts to increase the concentration of 23 by adding small amounts of methanol, ethanol or acetonitrile to the solutions failed to improve the solubility of 23.

[bookmark: _Toc326047567]9.4. Conclusion

In conclusion, ITC experiments were used to confirm that the known binder to WGA, Neu5Ac binds to WGA and that a new potential binder to WGA, 15, does bind to WGA with a slightly lower affinity. ITC experiments conducted using 13, a DCL member not thought to bind to WGA after analysis of DCL results, showed no binding to WGA. These results validate the DCC procedure developed in Section 8, showing that the protocol is able to identify DCL members which bind to a target protein. ITC experiments conducted using the Div1B were hampered by the insolubility of the proposed binder to Div1B, 23 and made it difficult to obtain binding data. For this reason, it is difficult to conclude as to whether 23 does bind to Div1B.
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