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Abstract

Viral DNA-packaging motors arenolecular machines thatnable viruses to replicate by
providing the meamof storing the viralgenomeinto empty procapsidsin double stranded
DNA bactaiophages the molecular motiesrcomprisedy threeelenents: the portal protein and
the small and large terminases. The portal prateicleates pgimerisation of the capsid and
scaffold proteis, initiating procapsid assemblypesidesallowing passage oDNA. The small
terminase recognises the viggnone and presents it to the large terminase which possesses
both nuclease activity to cleaveoncatemericDNA at the initiation of the packagingnd
ATPase activity talrive translocation.

Although currery several Xray structures for the different comporgeof the motor from
different bacteriophageare availablefundamentalquestions regarding the DNA recognition
mechanismstoichiometryand orientatiorof the motor components vivo and the mechanism
of ATP-drivenDNA-translocation remainThis project focusedn elucidating the Xay crystal
structures ofi) the major capsid protein, fronBacillus subtilisbacteriophage SPP1 a(id the

small terminas@roteinfrom Thermus themophilus bacteriophag&20C.

Several constructs of the SPP1 capsid protein, including truncations at tred NGtermini,
single and double mutants and engineered proteins were generated in order to produce a protein
suitablefor crystallisation. MutanuG13P; T104Y;A261W was the only construittat produced
native and Séet crystals The X-ray structure othe SPP1 capsid protein wagterminedat
3.0 A resolutiorby singlewavelengthanomalous diffractionThe structur@xhibitedthe HK97

fold consisting of the axial and peripheral domains and the extenttsbE

The Xray structure of the small terminase from phage G20C was sal@8 A resolutiorby
single wavelengthanomalous diffractionThe structureconsised of circular ninemers whee
the N- terminal domais of each subunitesideat the periphery of the assembly and the C
terminal oligomerisation domasnform a central channelThe conserved structurdéatures
between small terminasassiggest that th®NA-recogntion mechanism mighbe conserved
DNA-binding experiments demonstrated ttieg G20C small terminase binds to viral and non

viral DNA with boththe N- and G terminal domais playing an important role.

The structural information generated rbm these two elements of SPP1 and G20C
bacteriophages providénsight intotwo different aspects of the assembly procégshow the
capsid proteinds confor mat i oand (i) DA-receghitioc i t vy
during virus particle constructionThis information § critical for understanding similar

processes in other viruses, in particular, in the evolutionarily related herpes viruses.
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Aut hor 6s preface

This thesis describes the experimental work perfororegroducing, purifying, crystallising
and solving the Xay structure of twghageproteins, one from th&PFR. andone from the
G20C bacteriophages. Structural data are analysedrder to gain insight into thehage
assembly and in particular, inBNA packaging

The introduction provides the readefth the necessary information, ordered to follow the
contentto acquire a general perspective of the knowledge available for their counterparts in
other dsDNA phages. Moreover, the introductibighlights questions regarding DNA
translocation that remain unclear to date and that several research groups arounddthe wo
strive to answer. Due to the Antson Laborafoigng history of working with the SPP1 phage

as a model regarding the single components of the molecular motor, and the amount of
biochemical data available for this system from other laborajdhieSH?1 molecular motor is

used as a reference point in the introduction in the same way as the HK97 capsidsproésin

as areference for the common fold in capsid proteins in dsDNA phages.

The outcome of thifour-year project is organised in eight chapters testcribethe efforts to
produce crystals of the SPP1 capsid protein and G20C small terminase, the progress made in
elucidating the Xray structure of each protein and the biochemical characterisdtiba G20C

small terminaseA wealth of data was produced, however, only the most relevant information
for the project will be presented. Where necessary, additional data will be presented in figures,
tables omppenites Notshown data will also be refexdto where similar results were found in

repeated experiments.

Most of the protocols used to develop this project are common practice in protein production
laboratories or Xay crystallography facilitiegshereforgust a brief description of each pocbl
will be provided, with the understanditigat the specific settingserevariedfor each protein

or construct in turn

Finally, it is important to mention the significance of studying each protein. For SPP1, there are

X-ray structures for the largerminase nuclease domain, portal protein and small terminase

from the SPP4ike phage SF6, all from the Antson Laboratory. NMR structaresavailable

for proteins connecting the portal withetail and 3D cryeEM reconstructions are available for

the whole capsid and tail&s detailed in the Introduction s&on). The crystal structuref the

capsid protein will account for one of the key structural components of the [Biagetural

plasticity of this protein plays a key role during capsid maturatr@hcapsid assembly allowing

(i) construction of Hold and 6fold symmetrical circular assemblies that are the building blocks
12



of the capsid and (ii) controlling changes i
its assembly.

Investigation 6the G20C small terminase alohe more structure to the available collection of
small terminasestructures How exactly this protein interacts with DNA remains a matter of
debate in the scientific community. Thbgchemicaland structuralcharacterisatin of the
G20C small terminase is valuable famderstandindiow this protein functionsMoreover, to
date little is known abouproteins fromthermophilic phage and no accurate structural

information was available about their components
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Chapter 1

1. Introd uction

1.1dsDNA bacteriophages SPP1 and G20C

Bacteriophagesor phagesare viruses wiose hosts are bacteriand are the most abundant
organisms on eartfl). Theycan be classified according to the typeardgéctionthey produce
(Iytic or lysogenic) the genomenucleic acidtype they contain andhe morphology and
symmetryof thar capsid(2).

Double stranded(ds) DNA tailed bacteriophages belong to the or@audbvirales that is
further divided nto three main familiedMlyoviridaethat includes phages with contractile tails;
Podoviridae with phages that have short roontractile tails, andiphoviridae that groups

phageswith long noncontractile tailg?2).

The nesophilicSiphovirusSPP1that infectsthe Grampositive rodbacteriumBacillus subtilis
was isolated fronsoil and initially charactesed by Rivaet al (3). Subsequently, other research
groups sequared the complete genond) and charactesed genomicsections comprising the
DNA-packaging operoif5). The 44,007 bpong SPP1 genomeontains 8lorfs organised in
five early and four late operofi&enBank accession code: NC_00416642) Examples of the
identified proteins includehe products of genesand?2 (G1P and @P), which correspond to
the small and large terminase subunitspeetively.G6P, G/P, GL1P, G12P, and GL3P were
identified respectivelyasthe structural proteingportal protein, minor head protein, scaffolding
decoratiorand capsidalso known as head protein or major coat protgia)eirs (4).

Thermus thermophilushageG20C, athermophiic Siphoviruswas isolated fronmot springs in
the Kamchatkaregion in Siberia, Russig6). The G20C genomewhich is 81,159 bplong,

shareshigh DNA sequence homologwith the thermophilic phages P2% and P746

(GenBank codes EU100883and EU100884) (7). From the 117 putativeorfs predictedfor

phage P2315, a number oéncodedoroteins were annotated on the basisheir homology to
proteins or domainsvith known function and on the basis of genomic contExiamples of
putative proteins are the large terminagertal, scaffolding and capsid proteirscoded by
genes 85, 86, 87, and 89 respecti(@)y

1.2Assembly of dsDNA viruses

dsDNA bacteriophages exhibit a general assembly proEagg€ 1), although particular stages
are present fordistinct phageslnitially, multiple copies of the capsid protein are polymerised

around the paal protein by the scaffolding protein to form an empty procapsid (pron@adg
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the procapsid is complete the complexcohcatemeridNA-small and large terminases is
docked to the portal protein to start th&Afuelled translocation of DNA, beginningith the
priming of the lead end of the DNA by cleavage at the genuawssite. The heteraoligomer
formed by the portal protein and terminase subunits is ctikecholecular motorAfter a one
genome length fragment has been packaged, the concdiemersmall and large terminase
complex leaves téind another empty procapsahd repeat the cycle. The final step to produce
the infective phage is the attachment of completion protenihe portal vertexo avoid the
leakage of DNAfrom the capsicand medhte in the docking of the tailMinor completion

proteins, decoratioand/orglue proteingnay also be involved at certain stages of the assembly

(8-10).
Procapsid (e Infective phage
Portal @ ‘ “
protein £ = > 3
Connector
proteins
Tail

Small + Large
terminases
DNA

Figure 1. General assembly process in dsDNA bacteriophages

Figure adapted from Lebedetal (11).

In thefollowing sections, the SPP1 molecular motor will be described in detail as an example of
molecular motorsfound in dsDNA phages Although this project involved Xay structure
determination b the small terminase fronanotherSiphovirus G20C bacterigphage, close
evolutionary relationship suggests that any data on this protein will be relevant also to other

phages.

1.3DNA-packaging molecular motor
The components of the molecular motoosm phageSPP1 are the portal prote{G6P), the
small(G1P) and largg G2P) terminaseproteirs (Figure2) (12).

1.3.1 Small terminase

The translocation of DNA starts when the smalimi@ase (ST) protein is believed to
specifically recognise the viral genomic DNA synthesised by the host machinery from an
environment that also contains host DNA. More information about the nature -BIN8T
interaction is presented in sectidh® and1.10 Once the ST has recognised DNA it presents it

to the large terminase (LThich makes a cuhat generates a free end in the DNA concatemer
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(see sectiorl.3.2) (9,10). In some phages it has been shdhait the ST regulates the large
terminasesnzymatic activitie$13-15).

Capsid\ %psid
\

Portal protein

» Large terminase

., Small terminase

Figure 2. Model of SPP1 molecular motor

Portal protein (blue), large terminageyan) and small terminase (magenta) atecked to reflect
biochemical data, but no structure of a complex is availdlble.prtal and ST modelare derived from
PDB entrie2JES and 3ZQ@11,16). Large terminas®DB 3CPE(17). DNA is in yellow. All figures

unless otherwise indicated, were made using CCR48)g

The SPP1 ST has been the focus of extensive work, leading to the accumulation of a vast
amount of biochemical and structural data that has allowedlpartiersandng of how the ST
interacts with aspecific region of DNA(5,19,20) and howit is related to the B from other
phageg21).

In 2012, the Xray structure of the ST from phage SF6, ano®iphovirusclosely related to
SPP1(16,21) was solvedBesidesshaing 82 % sequence idéty and exhibiting similar domain
arrangemeni21), SF6 ST is abldo supplythe small terminase function to SPRihages
defectivein gene 1(21).

The SF6 fullength ST formging-like structures of nine subuniits solution andn thecrystal

(Figure 3a). The nine subunits define a central channel that consists of two structural parts: a
nine b-stranded barrel on tpand the base at the bottash the assemblyformed by theN-
terminal domans and the central oligomerisation domain (O&f)the monomer. The OD is
composed by t wo -hdidemand ontshairpin. fre N riminadomald (NTD)

of every subunit consists of the DN#nding domain, which hamsgt the periphery of theng

(16). More details and figures about the SF6 ST and that from other dsDNA phages are given in

secton 1.8
1.3.2 Large terminase

One LT subunitis a dualactivity enzyme, one activity of which is theavethe concatemeric
DNA twice to producesingle genomelength DNA fragments after theST has recognised its
binding site. The second enzymatic activity, ATPase, provides the energy required for the
molecular motor to translo@DNA into the procapsiq9,22). The endonuclease and ATPase
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activities are associatedith the G and Ntermini, respectively. Additionally, bottihe C- and
N-terminaldomainscompriseinteraction sitesvith the portal protein and SFigure2) (23-25).

(a)

DBD

. . . il
Oligomerisation
\
domain

Tunnel axis

Figure 3. X-ray structures of the individual components of the SPP1 molecular motor

(@) FulHlength SF6 SToligomer (eft) and monomerright) (PDB 3ZQQ). The DBDs and OD are
highlighted with dashed lines. (b) SPP1 LT nuclease dorRadB(2WBN). T h estrdna in thecore and
p-hairpin are nunbered. (c) SPP1 portal protein ¢h¥er, left) and monomer right) (PDB 2JES)

Domains are indicated by dashed ovals. All the structures, except the inseto aseale.
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It has been showed thalBFL is a monomer in solutiofiL3). The X-ray structure of the C
terminal nucleasedomainof SPP1 LT wasletermined atl.9 A resolution, showing thahe
G2P.oNconstruct c ostgndsiith @seto 6-kelitesmat ebch sidef  tsheet b
and a bkort b-hairpin at the @erminus (Figure3b) (22). The fold oftheRNase H endonucleases
family (26) was identified suggesting that SPP1 LT might possess a similar catalytic

mechanism.

Furthermore, several acidic residues and His400 were shown to be important for the cleavage of
DNA ard the GCterminal b-hairpin movements were implicated in switching the nuclease

activity on and off{22).
1.3.3 Portal protein

The portal protein ig 12-subunit homeoligomer embedded in the capsid, repigone of the

12 pentamer®sf the capsidicosahedon (27,28). Besides providing the passage of DNA from
the protoplasm to the interior of the capsid during the assemblynatid reverse direction
during host infection, the portal proteia believed toprovide the site forhte scaffolding
protein, SPP1G11P, to associate and thus to beginlymerisingthe assembly ofhe major
capsid protein, G3P (29,30). The crycEM structure showed th#tefunctional oligomerisation
state ofthe portal protein is a 1@ubunit ringlike structure that forms a central channel through
which the DNA is translocateddowever, subsequent determination of theray crystal
structureof recombinantly expressed6B in E. coli showedthat a 13subunit asemblyis
formed which is also shown to exist $olution(11,28,31). The G6P X-ray structureprovided
information about the interactionf the portal proteirwith DNA, highlighting the potentially
keyrole oftheportgpr ot ei n6s tunnel |1 @®»ps in DNA trans

G6P is a mixed U/ b fosrtdomaios namesl framotop goobst®rdpwry f

wing, stem and cligFigure3). The stem and wingiake contact with the cajal protein, while

the clipinteractswith theterminase complext he tunnel loop, mentioned above, compriggs
residus connecting theéwistedhelicesU6 wi t h U5 | t s acoampanypdMmt i s
translocation through the por{dll).

The 13-mer has an inner diameter at its most constricted portion, defined by tunned, lobp
27. '(vdV‘l?)diameter) In the functional 1Zner assembly, however, the internal diameter of
this ring is reduced t@8. 1. The position of the loop in the 4and 12mer structures differs

by ~ 3 A shift along the tunnel axis, demonstrating potential movement of these loops in the
protein.(11)

The translocation model proposed by Lebedéwal overcoms the reduced diameter of the
tunnel that would imply clashes between DNA sugar phosphates and the tunnel loops by

introducing two structurailearrangements. First,was proposethat the DNA is shifted so that
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it is no longer coaxial with the portal protein, in this way the major groove can be
accommodatedby approximately thredoops at one time The second rearrangement occurs
whenloopsisi de rel ative to each other i n a sequen
base pairs to be translocated winiee ATP molecule is hydrolysed by the viral ATP#3é).

1.4lcosahedralcapsid architecture

Capsidsalsoknown as heads or shellre protein assemblies desigmed onlyto containand

protectthe viral genome, but also tansportt from onehost cell tcanother(32).
1.4.1 Quasiequivalence

In many viruses, the capsid is built by the aggregation of a high number of copiesngie
protein, but in more compieviruses two or more proteirtgn be involvedSuch behaviour is a
perfect example of viral efficiency; for a virds is more economical to store the genetic
informationusingonly a singlegene rather than two or more. In addition, when withinhibet
cell, it is easier to direct the production of multiple copies aingle (or few) protein(s) rather
thanmanydifferent oneg32).

Based on Wabn and Crick& observations about the structure of small plant vir(8&5
Casparand Klug postulated that only a limitedumber of designs for a biological container
made up of a high number of the same protein was possible, the helicaamubieosahedral
particles(32).

In helical tubes, the protein subunits are packed in helical array and every subunit lies in
identical structural and chemical environments, except by the subunits at the top and bottom of
the rod. As the same contacts are used by the subunitarm/@ver through the helicairay, it

is reasonable to say that they allen the same environment and aguivalent(32).

The architecturef flexible filamentous viruses can be explained if some of the bonds that hold
the helical array together are slightly distorted. Since all the bonds are no longer the same but
the overall bonding patter has not changed considerably, the subunits rencgiast

equivalently related32).

Casparand Klug first introduced the concept of quasjuivalence in 1962 to argue that the
same principles thajoverned the construction of helical viruses applied for virus particles with

icosahedral symmetr(g2).

Icosahedral symmetry permits thaghest numberthat is 600f identical proteingo clusterin
spherical arrangement where they are identically accommodasitiation that is only valid

for small viruses Kigure 4a). To construct larger viruses, which have a higher number of
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subunits, it is necessary to deviate from the equivalence and adopéquasilence; Individual
subunits can be packed with slightly distorted bonds so they will lie itasjrbut not exactly
identical environments. In this way the capsid is essentially still held todstilee same type
of inter-subunitinteractions, but they diffeslightly for subunits in different environmen(&2).

Two-fold Three-fold Five-fold

Figure 4. Icosahedral symmetry in capsids

(a) Symmetry axes in &=1 icosahedral capsid. Th&, 3- and 5-fold axes are indicated by ovals,
triangles and pentagons. At the most left figure the subunits on each triangular facet are represented by
black commas. The smallest icosahedron fits three individual subunits on each triangular facet, designated

as one it triangle. (b) Drawing of triangular facets on a hexagonal lattice. Calculation @fribenber
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is done by selecting an origif, for the initial pentamerand then finding the closepentamer centre.

The coordinates K1,K) describe, in unit triangles, how far the pentamers are to each other in the capsid.
One icosahedron withi=7, has eitherq|1) (blue) or (,2) (red)values. For théacetwith (1,2) values, the
closes pentamer to the origin is at position one unit fgi@nalongthe H axis and two unit triangles along

the K axis.Facet triangles belomyp to icosahedra with numbems=1 (pink), 3 (brown), 4 (cyan), 13
(black) and 25 (yellow) are also plotted. (c) Icosahedral asymmetric unit#4 @apsid. One triangular
facet extracted from the icosahedron shdtws four unit trianglesand twelve subunits that form it
(centre). One third of the triangular facet is shown at the right to highlight only one asymmetric unit
(shadowed in purple), formed by four copies ofd¢hpsid proteinFigure aapted from Prasad & Schmid,
2012(34).

The quaskequivalence is clearer to understani i$ emphasisethat the same subunit can form
pentamers and hexamers (Sectidn?). The subunits and contacts at thatpeners are different
from those at the hexamers, however not significaatijthe environment at the fivend three
fold axes(centre of hexamer or sfold axis) cannot be too different because of the intrinsic

properties of the individual subunits thiarbid extreme variances.
1.4.2 Icosahedral symmetry

Two general bapes areommonlyobserved in viral capsids, helical tubes or isometric particles
with cubic symmetry Three types of cubic symmetry are found in isometric capsids
tetrahedral, octahedral and the one that is preferred by viruses, the icosahedral symmetry
(32,39).

One icosahedron h&® identical facets, each defined by an equilateral triafogleed by three
copies of the cagid protein, makingt possible for the icosahedral container to accommodate 60
copies of capsid protein, the maximum number of copmsngparticles with cubic symmetry,

as there are only 1f2r the tetrahedron and 28 for the octahedfeigure4a) (32,34).

The icosahedrongre characterisedy exhibiting 2-, 3- and 5-fold rotational symmetry axes
Application of these rotational symmiesto the icosahedral asymmetric u(fBectiorl.4.4) is
enough tadetermine theomplete capsid structurBigure4.a,o.

Every icosahead capsid is composed of T62 morphological unit§pentamers and kamers)
built by the same type of capsid proteBeé sction 1.4.3to read more about the triangulation
numberT). The smallest viruseare formed bypentamer®nly, distributed symmetricallgt the
vertices of the icosahedron, making a toffawelve penteners Largervirus designincorporate
hexamers, distributed on the triangular facets, that allovatbeitectureof the capsidto enlarge
when required.Even though pentamers and hexamers form the shehg assembly into
pentamers and hexamers is notcessary before capsid formatiofhe number of

morphological units can be calculated by the formuld-IQ(hexamers + 12 pentam&B2,34).
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1.4.3 Triangulation number

It was mentioned earlier that the smallest icosahedral capsid can accommodate 60 subunits in 20
triangular facets, that is 3 subunits per facet, all in identical environniégtg€4.a). If more
subunits are incorporated, for example in larger viruses, the triangular facet needs to be enlarged
by the equatioT=H* + HK + K? whereT is the triangulation number ardl andK are Oor

positive integers that represent coordinates alondgdtbhadK axes that cross at 60° angle in

the hexagonal latticeRigure4.b) (32,34-36).

Icosahedron witif=1 has H,K) values of (1,0andits facet is defined as unit triangle. To find
the T value for larger icosahedra, one orig,is chosen at any pentamer centre. Next, a vector
is drawn from the origin to the closest neighbouring pentamer centre, that has ¢&Kiin (
values. The triagular facet is enclosed by drawing a second vector from the pbig} {o the
centre of a third pentameFifure 4.b). Thus, theT number indicateshe distance between
pentamers and the number of unit triangles on each facet. Two capsid®,@jitand (2,1)
(H,K) values have numberB=4 andT=7 with 4 and 7 unit tengles per facet, respectively
(Figure4.c). The number of subunits is calculated byl 68erived from the condition that all
icosahedra have 20 triangular facets, Withnit triangles formed by 3 subunits each:x24(or

7)x 3 = 240 or 420 respectivelB2,34-36).

1.4.4 Icosahedral asymmetric unit

The icosahedral asymmetric unit is defined as one third of the icosahedral triangular facet,
which results from dividing the triangular facet into three identical parts at theftiickaxs
(Figure4.a,g. Producingthe 60" subunits of the capsid is possildg applying 53-2 rotational
symmetry to the asymmetrimit. A capsid withT=1 has one copy of the capsid protein in the
asymmetric unit, whilea capsid with T=4, has four. Thus, the triangulation number also

describes how many copies of the capsid protein are fitted in the asymmet(8unit
1.4.5 Prolate icosahedra

Icosahedral morphologies different to the isometric version are observed in phagesip® and
(37,38), where capsids areassembled agrolate icosahedra. Prolate is the name given to
icosahedra that presemiith the main cylindrical body elongate@Figure 5). Thus these
icosahedra are formed by two types of triangular facets, equilateral triangles at the top and
bottom, defined by th& number and larger triangles ithe cylindrical bodyThe larger facets

are defined by two different vectors, the base vector of the triangle is still determifiedHsy

+ HK + K?, whereas the elongated sides are determined by the elongation n@mtzdculated

by Q=H1H2 + H1K2+ K1K2.

Figure5 shows the pair of triangular facets fmolate capsids dfoth (i 2 @=3, Q=5) and T4

(T=13, Q=20) phagesThe equilateral facets have coordinaie @,1) and T4 (31) while the
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elongated sidés ¢ o o radeili 2 @l2)eand T4 4,2). To draw the elongated facehe K1
axis becometheH2 axis and a new K2 axis, at®8@ith respect to thé12/K1 is sketched.

| Y K2 4

wm/\yW
AN

Figure 5. Prolate Icosahedron

Equilateral and elongated facets of phég2 &e shown in blue and cyamndthose ofT4 in yellow and
red Coordinates for each phage, the origin and axes are indicated. Figure adapted from Prasad & Schmid,
2012(34).

1.5HK97 capsid protein

In 2000, the Xray structure of the complete capdicbm the dsDNA phage HK97 was
determinedat 3.6 A resolution Figure6. (39). The HK97 capsidwith T=7, exhibits icosahedral
symmetry with 12 pentamers at the vertexes and hexamers at the rest of the triangslar facet
Through the capsid, threfifferent levels of organisation are observed. First, resi#ig9 and

N356 (shown as black balls in the asymmetric unitFigure 6.b and in ball and stick
representation irFigure 6.c) create isopeptide bonds between neighbouring subunits. The
second level corresponds to the pentamers and hexamers formed by the capsid protein and the
third one to the catenated | inks@B)tAsaflO0lLr eat €
the isopeptide bond has only been observebdmrtapsid 0HK97 but not in other capsids

The asymmetric unit from HK9fas seven slightly differently folded copies of gp5, six from a
hexamer and the seventh from a pentarfiégufe 6.b). Every monomer isn U/ b st r uct 1
organised int@eripheral(P-) and axial(A-) domairs. The P-domain spans thquasithree and

two-fold axes of the capsidr{gure 6.). The main features of the peripheral domain are the
extended loop (£ o 0 p ) , helix U36, and residues K169
capsid together. Whereas thed®mains interacwith P-domains both from thesame or

different morphological units, the-Aomains are only in close contact withddmains from the

same morphological unit, at thefold and6-fold symmetry agrs (39).
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Peripheral domain

Figure 6. Structure of the HK97 capsid

(a) In theHK97 phagecapsid, pntamers are shown purpleand hexamers in cyan. (b) Asymmetric unit
extracted from the capsidResidues are shown as black balls to illustrate their distribution in the
asymmetric unit. (c) Individual subunit organisation.ahd Rdomains are circledybdashed lines. The

N-arm is shown in green and helix U386 in cyan. R
representatiorRParta was extractedrom Wikoff, et al, 2000and used with permissiaf the editor(39).

Partsb andc were made using the PDB code 10GH.

Initially, residues 4103 facilitate and guide the assembly of the immature form of the viral
capsid, called prohead | (procapsidA}. a later stage,asidues 4103 arecleavedoff by the
serine protease encoded by HK@&B,40). The 29 Nterminal residuesf the 104-385 protein
constructcomprise the Narm, which within the capsid, lies beneath adjacent monomers. The
flexibility of the N-arm and the Hoop isthought to be critical foallowing gp5to oligomerise

into pentamers and hexam¢gs).
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1.5.1 Sructural conservation of capsid proteins

Tailed dsDNA bacteriophages are at figince very distant from each other siicey adopt

different morphologes and contain tails of varying lengtfhages T4 andi29 present prolate
icosahedra(37,38), while HK97 andSPP1 adopt isometric form89,41). They can have
differentT/Q numbers, for exampl&29 hasT=3, Q=5, T4,T=13, Q=20 and P22, HK97, SPP1
haveT=7I numbers. In addition dsDNA bacteriophages can Isaveewhatifferent assembly
pathways, belong to different families and infect different hostéch can be both Gram

positiveandGramnegative bacteri@lablel)

Despite all thee significant differences, it has been proposed tlat tailed dsDNA
bacteriophages have evolved from a common anc@sprThis hypothesis is supported by the

common HK97fold of the capsid protein, named secause the first Xay structural data were

obtained for the capsid of this phadégure?) (39).

Table 1. Capsid proteins in dsDNA bacteriophages

BN Ko7 L SPRL L T4 L P22 G20 1 PV | Bo PhRP | EcPcp
- Siphoviridae | Siphoviridae | Myoviridae | Podoviridae | Podoviridae Domain
Archaea
- E.coli B.subtilis E coli Salmonelles. B.subtilis Pyrococcus Bordetella E. coli
typhimurium furiosus bronchiseptica
Prolate:
660 610 850 width 628 450
1150 height Isometric: - -
425 width
X 540height
- 7l 7l T=13 7l T=3 T=3
Q=20 Q=5
gp24
gp5 G13P Pentamers gp5 gp8 - -
gp23
Hexamers
30.7 35 56 ~47 49.8 38.8 34.1 39.6
48.7
282cleaved 324 521 430 488 345 316 351
422
- X-ray Cryo-EM X-ray Cryo-EM Cryo-EM X-ray X-ray X-ray
Cryo-EM
Isometric
gp24 fibreless 7.9
8.8 2.9 ExH-8.2 Isometric 3.6 2.05 2.2
3.6 (Full particle) Capsid Shell9.1 fibered 8.7
22 Prolate
fibreless 12.7
Protease: Scaffolding: Insertion Telokin-like BIG2 domain
gp4 G11P domain domain
174b pRNA
Inter-subunit | Decoration Decoration Scaffolding:
crosslinking protein: proteins: gps Scaffolding: - -
between G12P gp hoc,gp soc gp7
K169 and Scaffolding:
N356 gp22 Head fibres
Assembly gp8.5
protease:
gp21
- 10HG 4AN5 1YUE 3IYH 1YXN 2E0Z 3BJQ 3BQW
171U 3lY1
PREEEeE (39 (41) (37 (43 (39 (49 49 (46)

--- Information not available.

For particles with isometric icosahedral shape dnily shown.

171U is a theoretical model for T4 hexameric praotgip23
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Likewise, protein fold®bserved in capsid proteins of other greapviruses are also suggested
to be sharedlike the PRD1 phagkke fold and the blugongue virusfold (BTV), that are
found inviruses that infect mainly Eukaryé?2).

To date there are-¥ay structuesavailablefor the already described HK97 gp5, for the vertex
protein gp24 from T438), for the putative capsid protein of prophagé Escherichia coli
CFTO73(Ec_Pcp)(46), for a phageelated proteinBB3626 fromBordetella bronchiseptica
(Bb_PhRP (45), for a viral capsidike particle found irPyrococcus furiosuéPfV) (44) andthe
shellforming encapsulis from bacteriaThermotoga maritimg47) and Myxococcus xahus
(48) (Table1l, Figure7). Cryo-EM structures, deposited as p@dla models, have been solved
for the capsid proteins from P22 (gp&)3,49), G4 2 @p8) (38) and for SPP1 (G3P) phages
(41). In T4, proteins gp23orms hexamersand gf24, pentamersThe gructure of gp23 was
determined by building a homology model usthg 246 X-ray structurg(37). The HK9#
fold hasalso beenidentified inthe cryoEM reconstructions 08f6 (50), T5 (51), T7 (52, &
(53), P-SSP7(54)a n d plkafiebapsidg55).

Structuresof all these capsid proteins are homologtmuthe HK97 capsid protein, gp5, to some
extent (Figure 7) and are hence described as HHKi&@. All the head prains appear to be
organised ito A- and Rdomains.For bacteriophag®22, polyAla models for the expanded
head (ExH) and empty shells were determined. While in the ExH particle that includes no
pentamers, the Alomain is easy to identify, in the shell particlethd® mai n | i es i n
location, suggesting that it can adjust itsipias in the different maturation stagéts).

A-domains establish contacts withddmairs from neighbouring subunits at the fiver six

fold axis. Helices(b andUs and the apical loop that connects them are partly responsible of
keeping the subunits of one morphological unit in plagelices (5 and U6 from the same
subunit are packed next to heliddgsandUp, respectively, from different subunits at each side.

The Rdomains from all the capsid proteins make extensive contacts with their counterpart in

fat}

the same or adjacent capsom&s.eci fi cally the | ong fomabhr and s

are the source of such interactions at thefild symmetry axes. |4 it was observed that the
distance between the closedt) @tomsbetween hexamers iaround 16 A in particles without
decoration proteins. Such@ng distancewas attributed to variation in the structure of the loops
at the Pdomain in gp24 and gp23 oalioration errors in the amplification of the electron

microscopg38).

More specific features ambserved in the analysed set of capsid pretéan example, the long

helix spanning most of the-#omain has proved to be one of the most remarkable structural

characteristicof the HKOZ# o | d . Hel i ces &lBhavesdrSedaarefadenc8 ;i ( s h

cryo-EM 3D reconstructiondecause they are easily recognisable and heem used as a

staring point for building modelq41,43).
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HK97 T4 Encapsulin
T. maritima

Chitin binding-like
domain
Bb_PhRP

domain (BIG2)

P22 ExH

P22 Shell

“Vlg-like telok
domain

Figure 7. Capsid proteins with HK97 fold

Side views of lte structuresnentioned inthe text andTable 1 are shownas ribbon diagrams (Xay
structures)or worm representatian(Poly-Ala modelsfrom cryo-EM reconstructionls The Narm from

HK97 is shown in lime colour and so is a segment fi@29. Insertion domains are shown in green
(delimited by dashed ovalsffe | i x U3 (foll owing numberi ngoopim HK97
shown in sal mon. C &b and By ard highlighted cwitls grey Bakground.

Correspondindg®DB entries and referencesefoundin Tablel.

The Eloop has been identified in other capsid proteins, however its conformation is less
conserved thathe long helix spanning thed®main. InT4 andBb_PhRRit was not possible

to trace it agt is highly disordered, probabljueto its intrinsic flexibility (3841). In P22, a
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putative capsid proteifrom anE. coli prophageandin the viral capsidlike particle fromP.

furiosus the Eloop is considerably shortémanthat in HK97capsid proteir{43,44).

One more differencéetweenHK97 gp5 and other capsid proteinds the presence of one
additionalglobular domain (shown in green) at the distant end of tleoin T4 (37), P22

(4356) andd 2 @8). This domain igalledtheinsertion domain in T4i{ presents topolical
similarity to the chitinbinding domain of chitiquinase)the telokinlike domain (or
immunoglobulinlike) in P22 and group 2 bacterial immunoglobdike domain (BIG2) ind 2.9

The additional insertion domain is thought to play an analogous role to the crosslinking and glue

proteins in HK97 and T4 since it is involvediimra- and intercapsomer contacts.

The finding of a virudike particle inP. furiosuswas intriguing becausié proved that viruses

with HK97-fold are also present in therchaeadomain(44). The purified particle does not

carry DNA nor isit able to infectP. furiosus Little is known about the origin of the
correspondingienethoughit is speculated that is an immature oaberrant form of another
capsid (The evidence is thanutants of(i 2 8apsid proteins fail to assemble into prolate
icosahedra but form isometric particlesteadl. A similar change could have occurred t@sth
capsidlike individual subunit since its shape is almost spherical, which is supported by the
absence of encapsidated DNA, known to contribute to shape the final icosahedral morphology
in other phagedOther essential proteins involved in the assembly or dékaging process

are also likely to be missing4).

As a result of the accumulation of structural information alioel capsid protein in virusgsis
conceivable that viruses use a limited range of capsid protein folds to preserve thesirigblA
the HK97-fold is conservedacross bacteria anoh the evolutionarilyrelated archaeal and

eukaryotic viruse¢4?2).

1.6SPP1phagecapsid protein

1.6.1 Morphogenesis

The a&sembly of the SPP1 capsilinitiated when the scaffolding protein, 1GP (23.4 Iba)
promotes polgnerisation of 415protomersof the major capsid protein, 18P (35.3 kDa),
around the portal protein (1&piesof G6P, 6XDa each) into icosahedral lattices with T=7
(Figure 8) (29). To form a viable wcapsid, all the listed componenigre shown to be
necessary, for instance removal o6FGleads to populatns of capsid with T=7 and T=4
geometrieg30). Removal ofG11P produces immature proheads and aberrant tiabds As
expected, removal of T3P produces no capsids, while its overexpresgiok.coli leads to

formation of big aggregates that elute in the void volume of gel filtration colusaidence of
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its intrinsic capability to polymerisdndividually purified G 1P and G3P polymerise into
filament likestructures and emptgr open coiled capsitlke structures as revealed by
negativestain EM Co-expressionof both G11P and @G3P leads to theimmature/aberrant
structureslescribed earlig29,30).

The scaffolding proteit secondary structure was predicted to consist of bhglices and two
heptad((I/L)X(E/D)LXXX) sequences that might confer amphipatic characterlti® Gvhich

then would be able to form dimer#. has been demonstrated thatl@ forms tetramers
although dimers of refolded protein were found to bind more efficientlylt8PGhan the native

His-tagged tetramer&7).

. Mature Infective
Procapsid
Head Phage
»< gv GI3P
v ® GI2P
-
: 2o GIIP ! T
(] ﬁ_) 7%—)
G6p GIP+G2P Ay
=g
' ' GI5P
G7P =
o DNA Tail GI6P

Figure 8. Assembly of SPP1 phage

All elements tlat are known to be involved in the process are showR., G7P, GL1P and A3P form

the procapsidOnce completel, the procapsigerves to dock the IP-G2P-DNA complex As theDNA

fill s the procapsidG11P exits through gaps betweerd 3 protomersFull procapsids change frorhe

initial sphericalto the characteristic icosahedral shape. After a complete genome is trandloe&tB-

G2P complex leaveand the portal is free tatachthe completion proteins and tail. 1@P isthenalso

added to the final capsid. The number of shown components does not reflect the real stoichiometry at any
step.Thelocationof G7P during assembly isot clear Figure adapted from Lebedet al, 2008(11) and
Beckeret al, 1997(29).

Early research found that the minor protein/RG(34K kDa), is present during the complete
assemblyprocesshowever it was not pggle to identify its functior{29). Further experiments
demonstrated clear interactions wittbF’> One or two copiesf G7P arefound in the SPP1
capsidandit is possible that these are associated thighportal(30). The most recent findings
about GP indicated that mutants lacking gen produced less infectious progeny than when
G7P was supplied. Howevgethe lessinfectious phages showed the same efficiency of DNA
packaging and processivity of translocation cyasthe wild-type (WT) phages. [f{G7P does
not participate irthe capsid assemblgr in the DNAtranslocation procesghen it is likely to
play a role in the efficient delivery of DNA to the host as phages missiRgdstach from the
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ejected DNA but the ones with78 remain attached to one end of the viral DNAPGnight
act as a clamp that slows down the ejection t@i level that allows efficienpassageo the
protoplasm, which is compatible with the fact that removal of thig gerduces faster ejection
of DNA than in the WT, although the7B is not ceejected to the cell ho$b8). Two copies b
G7P per phage strongly interact witl6iSvia the Gterminus of the latter prote({9).

The function of @GP and GP remains unclear, bt is known that removal of these genes

produced no heads tailless headsespectively29).

After DNA packaging, the decoration proteinl 2P (6.6kDa) is attached to the outer surface of
the capsid, whilst completiom r  fi s tproteins €6Pdand A6P ae docked to the portal to

avoid leakage of DNAandat the same timprovide the site for attachment of the (@9,60).

NMR structures have been solved fdt88 (11.6kDa) and G.6P (12.5kDa) monomergFigure

9). G15P consists ofour helices and a shoft-strand. @6P is organized inteevenb-strancs

that form ab-barrel with four sheets at evesyi d €b.2 balnbd3 bRabi r s ar e conne
loops. Docking of GL5P structure onto the CryBM density map (11) was only possible by
dissecting the structure. Twelve subunits wereedittin different ways ina ring-like
conformation, suggesting thatl&P reorganises itself during the assembith G6P and G6P

(hence called the adaptor protein).

G15pP G16P
Side view Top view
C B-hairpin
ol
a3
o2

Figure 9. Completion proteins of SPP1 phage

Ribbon diagrams ahe main models from the NMR structures of the adapt@biPand stopper (GoP)
proteins. The numbering is the s-atrawisgpesent at bathhe or
sides of the barrel, 15 PBB2KBZ, d6hRDBRKCA.ed as b2 and

On the other hand, Twelvel®P subunits were fitted as rigid bodies in a way that one long loop
from every subunit projects toward the centre of the cylinder to prevent DNA leaka§e. G
does not undergo major structural rearrangementstéoat with othephage proteins nor to

oligomerige as @5P does. G6P provides the interface to attach the (adl).
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1.6.2 Cryo-EM structureof the SPP1 capsid

Pseudeatomic structures of SPP1 capsid, determined by -EiMo at late stages ofassembly
showed icosahedral arrangentanith T=71 geometry Interestingly, the shape atitickness of
the protein laye(~ 27 A) of tailless, DNAfilled, decorated and nettecorated capsigsind
tailed empty and DNAfilled capsids were essentially thevss makingt apparent that nlarge
changes occur to the capsid when thedadecoration proteimare attached or when the DNA
is ejected4l).

(2) A-domain (b)

(c) (d)

Figure 10. Cryo-EM structure of the SPP1 capsid protein.

(a) Pseudoatomic model ofIGP.HK9 7 gp5 i s shown i-helicesendSPRlharel e i
shown in green. (b)(c) Asymmetric unit that features seven copied3,Gix forming the hexamer and
oneforming a pentamer. The density ofl@ is shown in orange in (c). (d) Superposition of hexamers

from decorated and nestecorated capsid. Density corresponding i®®is coloured in purplezigure

extracted from Whitetal, 2012and used with permission of the editor.

He | i c BbsandUB3vgere identified in the EM density mapsthe same position they are in
HK97 (Figure 10a), thereforea model for SPP1 &3P using alignments of secondary structure
predictions of proteinsvhich exhibit a similar fold could be constructedl3B displays the
HK97-fold, being organised in Aand Rdomainsthat are involved ininter-subunit contacts

The Eloop couldnot be traced in SPP1 but thd 8 model fitted into the extracted asymmetric
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unit shows some unassigned density that might indetteran interaction between the-l6op
of one subunit with the adjacentd®@man or adifferent conformation of G3P in the region
where the Hoop is in HK97(Figure1Qb,c) (41).

Superposition of hexamers extracted from decorated andleworated capsids exposed the
location of GL2P (Figure 10d). Three copies of &P bind toeachof the sixtyflat hexameric
centres. Howeverthe spike density observed is rlong enough to account for threel®?
subunitsimplying a degree of flexibility in the most distal subunit. The functidnG12P
remains elusive since decorated and-deooratedcapsidsexhibited the same morpholqgy
releasedpacked DNA and undewent protein denaturation athe same temperature when
thermostability was testeduling out apotentialrole in definingthe capsid shape or conferring
stability (41,62).

1.7Example of protein-engineering to facilitate crystallisation

A clear example of hovaltering some characteristics wild type (WT) proteins allows the
study of key functional detaik in protein structuras presented by thehuman b,-adrenergic
receptor( HAR), which was engineered to solve itsr&y structurg63,64). T hadrenbrgic
receptor, a membrane protein that belongs to the G prodeipled receptors, ifocated
principally in the smooth muscland changes at the giit level leado diseases like asthma,

hypertension and heasifure.

Theinherent flexibility and complexity of the WT recepboflexible intracellular loop ICL3)

and its C-terminus hampered the growing of diffractioquality crystals. This obstack was
overcome by replacinghe ICL3 that links transmembran&-helices V and VI with T4
lysozyme (T4L) (65) and by truncating the €&rminal portion(residues 36€113) that was

shown to presentin extended confanation (66). TAL was chosen due to its solubility
propensity to crystalliseand the proximity between thé- and Gtermini (10.7 A), which is
similar to the di shelwes® andVIResidiesA64 ith T4 eeplacede n U
region 2342 59 i pARi1Ob54T afid C97A mutations were introduced in the T4L protein

(63,64).

The X-ray crystal structure ofthe b,-AR-T4L engineeregrotein in complex with the agonist
carazolol was solvedat 2.4 A resolution Figure 11) . T,MAR coprises seven
t rans membrhaenlei clessng olh e shélioant oné shortreatracellular dobpa r U
(ECL2) t ha t-helical arrangdmerg. ¥heldmd GUer mi ni  from TFT4L ar
helices V and VI respectivel{63,64). The fold of T 4,1AR liemainsc 0 mp |
unchanged in comparison to the <crystal-lised

hel i ces ,-AR aperfikely to be véry similar to the WT one as it has been shioatthe
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two regions connected by the ICL3 (heliceg hnd VIVII) can be expresed separately and
still assemble into functional recept¢6s).

Investigation o f t he functi on ajtAR-pL prpter teveaesl anodctivet h e
phenotype that exhibithigher affinity for the agonis used in the study than the WT. The
affinity for the L,ART4A glidndt bind towG moteinsoas coaltl be b
predictedbecause othe removal of théCL3.

Figure 11. Human b,-AT-T4 lysozyme engineered protein

Theb,-AR is shown in white an@4L in grey. U-helices V and VI are highlighted in dark blue. Carazolol
is shown in red. WT T4L is shown in light bluEhe N- and Gtermini from the engineered protein and
WT T4L are shown in black and blue respectivelyD B e n {-ARiT4Ls2RH1H T4L: 2LZM

1.8Structural diversity of small terminases

Several higtresolution crystal structures of §Trom mesophilic phages including SRie
phage SF§16), P22like Sf6(68), P22(14) and T4like phage 44RR69), are available (

Table2, Figure12). A fifth X-ray structure is available for the putative ST frBatillus cereus
ATCC 14579 prophage phBC6ART0). The ST has also been identified in fRgeudomonas
aeuroginosgphage PaP8L5) for which functional studies are available and inlthetococcus
lactis bacteriophage ASCC4541) whose ST has been crystaddsbut no Xray structure has
been published.

All the elucidated structures exhilat ring-like organisation enclosing a central channel of

varying diameterThe number of subunitg@riesfrom eight to twelve, nevertheless, the general
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architecture andhe overall outer diameter aresimilar. P22 (14,72), Sf6 (68) and prophage
phBC6A51 oligomerise with a fixed number of subunits while 44B8 and SF6(16) can
crystallisein two different forms: 1imers or 12mers (44RR), and-Bher or 16mers (SF6).

Table 2. Smallterminases in dsDNA phages

SF6 Sf6 44RR Prophage
(SPPtlike) (P22like) (T4-like) phBC6A51
_ Siphoviridae Podoviridae Podoviridae Myoviridae
Bacillus subtilis Shigella flexneri Salmonellas. Aeromonas = Bacillus cereus
typhimurium salmonicida =~ ATCC 14579
_ X-ray X-ray X-ray X-ray X-ray
1.85/2.19
1.68 1.65 1.75 2.8 1.9
3.0 3.35 1.8
4
10-mers
9-mer 8-mer 9-mer 11-mer 9-mer
9-mer 12-mer
9-mer
G1P-53-120 gp3 deaved: (3 gpl6FL 1-154
G1P-53-120 gpl-FL (140 = 140) 26-112, 1tmer
G1P-65-141 residues), crystallisec 25114, 12mer
GI1P-FL (1-164) = from 10139 or 10 gp3-FL(1-162),
(only 1-141 in 132 last 23 aé sare
crystal) disordered.
65 (53120) 75.5
DBDs flexible 99 95 80.6 ~100
70 (n  both
~88 66 crystals) ~40 ~45
100 (plus modelled
Uhelix barrel
143, 9-mer ~15.5 19.4 24.2 ~9
27.8
3ZQM/3ZQN
32Q0 3HEF 3P9A 3TXQ 2A09
3ZQP 3TQS
3Z2QQ
_ (16) (69) 14 (69 To be published
(70

--- Information not available

a The presented diameters correspond to the most constricted section of the channel, which might be not
the top part of the assembly.

Interestingly, in the case of 44RR, the subunits that constitute dhgtbmeric forms are
idertical (69), whereas in SF6, constructs missing th&e@ninus assemble intooth 10-mer
and 9mers, but the full lengtlprotein only forms 9mers, suggestinghat the Gterminus is
importantin definingthe oligomerisation sta(@6).

For P22, Sf6 and prophage phBC6A51 the overall diameter is comparable, however, for SF6
and 44RR, that have flexible or disordered NTD$s not possible t@ccurately measure the
outer diameter since it is likely that the NEDbccupy different positions (Figure 12). The

overall heights varyo a greater extent aselassemblies have distinctivet€@minal domains:
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b-stranded barrel in SF6, Sf6 and prophage phBC6A51, ar Uhelical barrelin P22.
Moreover, in most cases portions of thée@minus are disordered in the crystal.
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Figure 12. Small terminases in dsDNA phages

Ribbon diagrams for the oligométop view; left) and monomer (side viewight) of every ST with
published Xray structure. Diametdor the most constricted part of the chanseéhdicated (atorio-tom

distance) The highlighted subunit is shown in the side view with the NrDred, O in blue and €
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terminal b-strand in purple. The numbering of the secondary structure elements is thassanbe

original publicationsTable2 lists correspondin@DB entries and references.

With the exception of P22, the terminases present defined ODs that pack closelycurdar

array and establish contacts with adjacent subunits to form a central channel. The Relical N
terminal donains (NTD), identifiedas theDBD in SF6(16) and Sf6(68), hang at tk periphery

of the structure surrounding the oligomElelix-turn-helix in the DBDs motifs of SF6and Sf6

are formed byJhelices 2 and and their connecting loop. Superposition of SF6 and Sf6 DBDs
show an almost identical fold (shown in sect&B). Other shared features between some STs
are-hai bpin barrel at the bott ostmandetl batrehan tos F 6
of SF6, Sf6, P22 and phBC6A51 SAsstructural comarison will be presented chapter8.

1.9Proposed modeldor the small terminase-DNA interaction

The currerly availablestructures provide insighboutthe oliganerisation state of the ST, the
general organisation of the assembly dodhain organisatioof individual subunitshowever
the structuredn isolationare still a linited source of information wheaddresig how the ST
interacs with DNA. Two major models that take into account distinct properties of thb&/e
been proposetb describe such interactiofigure 13) (16,69,73). The first modelposits that
the dsDNA wraps around the circular assegmiol establish contas with the HTH motifs
present irthe DBD from every subunitRigure13a). This model is supported by the finding that
multiple DNaseprotected sites were found in thacrecognition siteof SPPL (19) separated by
~10 bp stretches (full turn of-Borm DNA), in good agreement with the prediciidtanceof
~35 A between adjacer®BDs in SF6 (16). The spacing oDBDs in SF6is similar to that
observedexperimentallybetween DBD in Sf§68) or between the traces of NTD (including a
predcted HTH motif)in 44RR(17) even though the number of subunits per oligomer differs.

In contrast, the second model considers the central channel as the binding site fFifNA

13b), proposing that DNA could pass through the channel, on its way to the prochpsid,
mechanical translocatidoy the LT. Althoughthis model assigns function to the channel, it has
severalvulnerable points. For instance, only the channel from phage 488k wide enough

to accommodate DNA (~23 Aan der Waals diameter) since the rest of the channels have
portions that would lead to clashegh DNA (Table2). Moreover, threading DNA through the
channel would imply one free end before interaction with the ST, which is nottikelycuras

the ST needs to presetiite DNA to the LT to generate ¢hfree end. The possibility of the
disassembly of the ST to embrace DNA is unlikely due to the high stability of the oligomer

(Discussed on referen¢e9)).
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Figure 13. Small terminase:dsDNA models

Molecular surface representations of SF6 ST with dsDhdund around the outsid@) and passing
through the assembly (b). Top and side views are presented for clarity. DNA is indicated by orange
arrowheads. The modsgfor this figure(including nine DBD and circular DNAyerederived from thexX-

ray structureof SF6 ST(16) (PDB 3ZQQ).Figure adapted from Buttnet al, 2012(16).

To date, littleevidence exists to support the ST charmdsdNA model Little or no interaction

was observed between the DNA 88H6 STmissing the DBD by SPR and EPR experiments
strongly suggesting the DNBindingaround the outsidd he truncated versions of SF6 ST+53
120 and 53145) exhibited only residual binding to the tested DNA fragmeéntsSPR
experimentsin comparison wh thefull-length EL) protein. Thelabelled version of theecond
construct with only one spin label (facing the channel) introduced in one subunit to avoid
coupling between adjacent subunifgjled to show anyinteraction with DNA in EPR
experimentswhen a 22op dsDNA extracted fronthe SPP1pac sequencevas added to the

reaction(16).
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1.10 Small terminase interaction with DNA: recognition sites and
bent DNA

1.10.1Bent DNA

Bending of DNA is a recurrent thema the discussion oproteirDNA interactionsas it is

often involved in increasinghe speciftity of the protein towards DNAThe selectivity for

DNA introduced by the bending is achieved becahse allowsthe nucleic acido adpt a
conformation required for protein binding. In some cases, bending is induced by the bound
protein, however most of the timejs an inherent characteristic of the DIS&quencé74).

Two hypotheses to explain the mechanism of bending were initially put forveesed bon
anomalously migrating DNA fragments in acrylamide gels (reviewdd5)): the junction and
wedge modelgFigurel14).

(a) (b)

QRN !ét > >,

:\\mm
\ Z/%?“

Tilt Roll
Figure 14. Models for bentDNA

(a) The junction model. Segents that representi®rm and norB-form DNA are indicated by cylinders.
(b) The wedge modeConsecutive bendsaused by an AA dinucleotideeindicated by a blue triangle.
(c) Tilt and roll wedges. Figure adapted fromd@ins, 199475).

The junction model assumes that bending occurs at arid Aform DNA junction associated
withAt racts. The position of J{ereordotmaendsofchelAd be
tract(76).

The wedge model suggests that there i s a AfAv
deviation from the axis of the double helix. Bending is observed wbesecutivewedge

anglesadd on Two different wedge angles are observed according to their location: tilt angle,
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opening in the direction of the phosphate backbone and the roll angle, which opens in the

direction of either the minor or major groo{&/,78).

In both models the phasing ofteacts or AA dinucleotids is stated as the optimal condition to
lead to bendingas for the sequence, tracts of/Avere showrto be bat, however sequences
without A-clusters also can be be@5). Likewise, ATrich segments, exposing the minor
groove to a proteinhave been pointed out assource ofbending Removal of the water
molecules from this site decreases the rigidity associatddthe minor groove, making the
DNA capable 6 adoping the conformatioimposed by the binding prote{79). According to
the literature 8.7° or 18° bendsan begenerated by each AA dinucleotidé7) or A-tracts,
respectively(74).

1.10.2Recognition sites: SPP1 pac site

The ST from SPP1 phage recognises a specific site on the viral genome to start packaging, the
pac site (Figure 15a). The pac site is further divided into three segments with no apparent
sequence similaritypad- (left), pacC (centre) angadR (right). GLP binds only topad. and

padR as was evident by the peexe of DNase protected segmer@e of the protected
regions, apad., is surrounded by pobA sequences separated by approximatelpd thatmay

induce bending upon binding talB(19).

Based on the observations thatRGis an oligomer in solution with several HTH motifs at the
NTDs and that GP bindsto boththe encapsidated and nrencapsidated endgadRk andpad.,
respectively, a model was proposed to explain how the SPRite8adcts with DNA and how it
makes DNA accessible to the LTZB) (Figure15b). Briefly, two different GP oligomers bind
separately to thpad. andpacR sites. Protelprotein interactions between the oligomers bring
the two sites togethendat the same time ¢pacC site is exposed so2B canbind to GLP and
make a cut in the DNArodudng afree end. InFigure15b, G2P monomers are represented by
small spheres that interact with DNA anith G1P, but it is unknown whethahe G2P contacts

the same or differer®1P molecule(19).

This model, proposed in 1995, was the first waapund model published and to date some of

its key pointsare largely accepted by the community

Besides SPP1, ot her packaging initiatcoBon r e
120 bp lony (80), P1 pacsite, 161 bp long(81) and P22 ffacsite, 120bp long(82).
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Figure 15. Model for ST complex with LT and pacDNA

(a) Schemeof the pac site DNA of the $°P1 phage (hoto scale) The length and positionf each
fragmentin the genomés indicated Box b, where @P is expected to bind and dstshown. Distances
between the end and start pld_-pacC and pad_-padR areindicatedby doubleheadedarrows. The
centreto-centredistanceof pad_-padR is also shown. (bdYlodel of the G1P nucleoprotein complewith

the pac site DNA. Two dfferent GLP assemblies recognidbe pad- and padR sites, while G2P
establishes contact withl® and recognisesox B. The site of cut is pointed out with a black arrowhead.
The direction of packaging isignalled by thehorizontal arrow Figure adapted from Chait al, 1995
(19).
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1.11 Objectives

There isenoughevidenceo concludehat dsDNAphages make lauge impact on the biosphere

of our plané Evolutionary related animal viruses, such as members of the herpes family of
viruses, leado several health problemesulting in hugeeconomiccosts(42,44). The dsDNA
bacteriophagesire the focus of extensive research for several reasons. Firstsehay as
excellent model systems for understanding how similar animal viruses fuf@tiddecondly,

their hosts include bacteria of industrial clinical relevancesuchasLactococcus lacti§71), a
fermentative organism in the dairy industrykscherichia colandSalmonellaboth foodborne
pathogenic bacterig83,84). Therefore we can benefit from learning how bacterial viruses

assemble and how they function.

In dsDNA phages, the icosahedral capsid is the container that viruses use to store and protect
their nucleic acid molecule. At one of the twelve vertexes, the portal protein is embedded to
provide the gate of entry for DNA and the surface for the Bibininase complexiocking(9).

The aim of this thesis is to elucida¥eray structuresof the capsid protein GP from
mesphilic phage SPP1, anldatof the ST from thermophilic phage G20C.

The X-ray structure of the SPRdapsid protein could then ligtedinto the available Cry&M

mays (41) to reconstruct the complete capsid. Fitting thea) structure of the portal protein

will make possiblgo studythe nature othe capsieportal interaction One long term goal of

this project is to introduce mutations inl& to disrupt interactichbetwea other G3P
protomers to leave the portal surrounded by a single layer of capsid. These complexes could
potentiallybe attached to any surface to deliver DNA after the assembly of the molecular motor.
The possible uses olieése devicemclude gene therap or other areas of biotechnologihe

capsid structure will allowthe understandingf the mechanism SPP1 uses to stabilise its capsid
during maturation A comparison with other capsid proteinould be useful for elucidating

segments that remain mosiserved across evolution.

Solving the structure for the G20C ST will provide further knowledge about the oligomerisation
state, domain organisation and characteristic featnes.additionahim is to address the ST
DNA interaction by investigating bindgnactivity towards viral and newviral DNA. Several
constructs will be tested to determineigthdomain(s) are responsibfer DNA-binding A
comparison with available ST-My structures will bearried outto identify common features
Finally, the Xray structure and experimentdata wil be used to propose a model for a
functional complex of th&20C ST with DNA.
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Chapter 2
2. Materials and methods

The chapter two of this thesis concisely describes how the constructs were handled during
cloning, purification, crystallisatiomnd biochemical investigation. Each subsection offers a
general description of the protocadnd the additional details aboutvery construct are
presented in theappenites or results sections. Those approaches that were developed
specifically for this project aradescribedin the resultssection 3.4 (production of engineered

proteing and chapter (cloning of DNA for probing DNAbinding activity)

2.1Cloning

The full-length genes G3P, coding for theSPP1 apsid proteinand the one coding for the
putative ST in G20C were amplified fromthe genomic DNAof SPPland G20C phageby

PCR. The pasof primers for each construased in this projedre listed irappendixl. Inserts

were then cloned into vector pET28dovagen)by ligation with T4 ligaseaccording to
manufacturer instructian (New England BioLabsfFigure 17, section2.3). The cells were
transformed(Section2.2) with the recombinant DNA and incubatedernight at 37C. The
following morning the presence of the insert in the vector was tested by colony PCR using the
pair of primers specific to every constriett using the colony as source of DNAroma single
positive colony, overnight cultures wergrepared. Plasmid DNA wasteacied according to
manufacturerds instructions f r DNA washsent forel | |
sequencing GATC-BIOTECH, Germany) to confirm the sequence of the vector ingédre
positive plasmidswere used to trasform cellsfor overexpredsn of the protein of interest
(POI).

Details about the tyeof modificatiors that weremade to the wild type proteing addition to
the affinity purificationtag andvector usedre listed orappendixl.

In generalal the inserts were producéy one amplification reaction, with the exception of the
G13P-Anti-TRAP constructsfor which two reactions were set up in order to clone the
engineeregroteins. A detailed explanation about the design and production of both constructs

is given in the resultsection3.4.

Two types of cloning were used subsequat constructsThe first one consisted in usifgh

ligase to create phosphodiester bonds between the insert and vector, both with complementary
sticky endsgenerated by endonucleases in specific restriction @figsire 16). The second
approach takes advantage of the DMN&ombination activity of the Hrusio® enzyme(85).

Briefly, both insert and vector are amplified sotheyhaveXd compl ement ary r ec
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and 306 ends. During pdoxeviirnucsubRNA opolp¥pmeé nas
exonucleas activity to generate sticky ends at the provided substrates by removing nucleotides
at the 306 end, produci ng c¢ o myicksepnesenttwahinythe e n d s

recombinant DNA are repaired by bacterial enzymes followengsfection86).

Digested / \ Linearised

Circular
vector

vec tor vector

+ +

; : In-fusion Insert with
Digested insert Ligation R bi reaction complementary ends
== ecombinant fr— -
—_— -
- DNA - -
Cell

transformation

N O

Figure 16. Production of recombinant DNA

Schenatic representation of approaches used for productitargd amounts of recombinant DNA.

Table 3. Settings ofPCR, ligation and In-fusion reactions

PCR reaction Ligation In-fusion
Component Component Component

0.21e M Pri mers A 50ng Vector DNA (4 kb) 50100 ng Vector DNA (5.5

0.4e L 10 mM dNTPs 37.5 ng Insert DNA (1 kb) kb)

X ng DNA template 2 gL 1 0 X 50100 nglInsert DNA (1 kb)
4 ¢ L 5X Phusion HF buffer Buffer 2 ¢L 5BRusionHD |
0.4 €L Phusi H.O Enzyme Premix

H,O 1 d4DNA Ligase H,O

20 €L 20 €L 10 €L

- Incubation at RT during 2h - Incubation at 50°C during 15

min
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PCR program for G3P_FL_D194W

98 °C | 2min
98 °C 15s
48 °C 20s
72°C | 3min
72°C | 5min

2.2Cell transformation

Several E. coli modified strains were used to produce multiple copies of plasmids or
recombinant proteins. The type of competent cell was selected according to the experimental
requirementspne particular example wil!/ be describ
for every cell strain were followed. Most of the cells used in this study required 30 minutes of
incubationon icewith the DNA (5-10 ng) after cell thawing. Heat shock at°42during 45s-1

min followed. The cells were again incubated on ice for 2follawed by addition of- 200 pL

of Luria-Bertani medium (LB). After In incubation at 37C in the shaker at D8rpm, the
samples were plated on LByar plates with antibioti suitable for selecting for the cells
harbouring the desired plasmidnd incubad overnight at 37C. B834 cells were used to
produce native protein when the protein was expressed in a higher amount than when using
other cells. The type of cell used in the solubility screen is mentioned in the legend of the
figures.

BL21 Star™ DE3 cells were used to expres$3B-AT full length constructs because these cells
carry a truncated version of the RNase E enzyme &) ¢f which the C-terminal portion is
involved in mRNA degradation. The truncated gene only lacks ttermiinal porton of the
RNase E enzyme but keeps theddminal portion that is involved in rRNA processing and cell
growth, making the expressed mRNAs more stédig

The pLysS plasmid was incorporated Rossetta 2 or BL2kells used for this studgs is
compatible withthe pET systemThe pLysS plasmid encodes the T7 lysozyme to lower the
basal expression of the geof interest under the control of the T7 promoter since it inhibits the
T7 RNA polymeras¢88,89).

2.3Cell growth and protein overexpression: pET system

Cultures (LuriaBertanimedium) started from single colonies were grdwroptical density of
0.6 (O.Dgoonn at 37°C. When cultures were ready, protein expression was induced with 1 mM
| s o p r-D-pthibgaldctopyranosidPTG).

All of the recombinant DNAs used the pET exgmien sgtem to produce large quantities of

POIL.
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ThepET systems a bacterial plasmid that contains the gene foitabeepressor proteirlgcl),

the T7 promoter, specific to T7 RNA polymerasda@operator to block transcription, origin

of replicaton f1 and genes for antibiotic resistarfFigure17). The gene that codes for the POI

is situated at the poljnker region that includeseveralrestriction sitesthe region coding for

the tag is situattatt he 56 end imfkerhea epgolown. Mor eover

modified to incorporate the T7 RNA polymerase andalgromoter and operator.

The addition of IPTGananalogue of lactose, displaces therepressor from thic operators
bothon the pET plasmidmd host 6s ¢ hr oRNAgpaymerasei®expgressed ta 7
then express the gethat encodes the POI.

Polylinker region

(a)

lacl
Antibiotic promoter
resistance \

gene
pET28a (+) lac repressor
5369 bp gene
origin
(b)
(198) BamHI
(179) Sall
(173) HindIII
(158) XhoI Ndel (233)
o 00T 2007 00" S001 oo
L] {«{f &4 W T
T7 terminator 6xHis 6xHis T7 promoter lacI promoter
T7 tag (gene 10 leader) lac operator

Figure 17. pET28a (+) vector

(a) Features of the pET systefh) The squared areaartof the polylinker is magnifiedfor detail. Only

some of the restriction sites used in thisjpcofrom the polylinker areareshown.

For solubility screens, the induction time was 3 h at 37°C to anoptical density at 600 nm
(ODgog) of ~0.60r overnight at 16C. 1 mL culture aliquots were prepared and centrifuged to
keep only the pellet.
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For large scale production, 1:100 dilutions were prepared with 7.5 mL of overnight culture (37
°C) and 750 mL ofutoclaved LB medium. The baffled fk@swere grown up to 0:6.8 0.0y

at 37°C, 180 rpm. Proteiroverexpression was induced widddition of1 mM IPTG at the
temperature where the higher solubility was observed in the solubility screens.

2.4Production of Sdeno-Methionine (SeMet) proteins

An overnight culture of B834 cells expressing the POI in LB medium was used to inoculate 500
mL of 4bSeMgt minedi um [ i fHeil wamings ;1amind avitlsggandmL
0.4% (w/v) glucose, 2 mM Mg30 2 SnLsand 2X M9 salts] and incubated at 37°C until
0.D0s0 nm~ 0.8 ImM IPTG was added to induce protein overexpression &€ Xfvernight.

B834 cells are methionine auxotrophs, which means they cannot synthesise their own
methionine, being forced to ingmrate the S&let supplied from the mediunTryptone is
absent in the medium as it contains sulgbasel Met.

2.5Solubility tests in SDSPAGE

1 mL aliquotsof cultured bacteria were centrifuged after protein induction to produce pellets
that were resuspende i n 2 00 (Fiquredsf. The nedudpended bacteria were sonicated
to obtain the totalysate sample(soluble and insoluble). A sample ©f2 L mixed with 4X
loading dye wadoaded on the SDBAGE gel. Lysates werelarified by centrifugationat
13,300rpm for 1 min at room temperature (RB furtherl 2 of the supernatanasloaded

in the gel to estimate the fraction of proteémainingin solution, which is the soluble protein.

The same procedure was followed with aliquots takenediatelybefore induction.

Resuspension
—

Centrifugation
—i

Sonication

Pelleted Total Supernatant
bacteria (Soluble fraction)

Figure 18. Solubility screen

12 or 15 % polyacrylamide gels (stock: 30 % (w/v) polyacrylamide, 0.8w) (Bis-
acrylamide, ratio 37.5:yere prepared andin in 25 mMTrissHCI, 192 mM glycine, 0.1 %
SDSfor 50 min at 200 V. The gel was stained with Coosigallue.
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2.6His-Tag stain

The | nVi gagiogeEstain (Lif technologies) was used to spedificstain Histagged
proteins. The protocol described the manufacturer consists in fixing the gel (carefully washed
with ultrapure watermmedidely after the rur), during1 hour in 100 mL of 40 % (v/v) ethanol
and 10 % (v/v) acetic acid, followed by 10 min washes with ultrapure water. Theagel
incubated wih  t h e | n Vtagsrigel gsaf foH ihaurto later be washed times with 20
mM NaH,PQ, pH 7.8. The gel was vislised at 566690 nm immediately after.

2.7Nickel-affinity chromatography

Nickel-affinity chromatography (NAC) was used to purify most of pheteinconstructs in this
study. By adding a polistidine tag (poly(His)s or Histag) to thePOlI, it was possible to
separate ifrom the bacteriatell debrisand endogenous.coli proteinsasthe polyHis segment
bindsto nickelions, which arehelated by the immobilised group from ttresslinked agarose
beads(Sepharos&”) of the HisTrap™ column (GE healthcardFigure 19a). Subsection 2.7 is

based on protocols described in refererie91).

Prior to the chromatographythe crude lysate was prepared by resuspending the pelleted
bacteria inbuffer containing2 5 mM Tri s pH 7.5, 200 mM NacCl ,
mLYly sozy me, *QepstatineA® . L & lgupeptin and 100 mM-@-Aminoethyl)
benzenesulfonyl fluoride hydrochloride (AEBSF). To see the buffers useddoy @nstruct
seeappendix2. The sonicated solution was spun daatri5,00017,500 rpmto producea clear

supernatant

The clearsupernatantvas loaded onto a Hisap high performanceolumn(His-trap HR bead
s i z e :) atBabhedsgtanthe AKTA purifier (GE Healthcar&he Histagged protein wasluted
over agradientmixture of loading buer with buffer containing 0.5 M free imidazothat has
higheraffinity towards the N7 in the matrixthan the His residueand hence disrupts the His
Ni*? coordination bondgFigure19a).

Samples from the lysatesupernatant and fractions were loaded onto%d2r 15 % (w/v)
polyacrylamide gel(37.5:1)to estimatehe presence and purity of the P@hose fractions that
contained the POI were pooled together to undergo thrombin digdstiomwed by size

exclusion chromatography (SEC)

When the Higag wascleaved by thrombiprotease (BD Biosciencegjigestionwas carried
out at the same time thatdlsample was dialysed against the binding buffer (no imidazole)
using 1 unit of thrombin to digesfi mg of protein overnightit 4 °C A second MC was
performed to separathe cleaved protein from necleaved The cleaved protein was further
purified by EC.
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The Histag was replaced by theglutathione STransferas¢ag (GST) in three constructs
because of its bigger size than the-tdig and its propensity to form dimers that in theory could
help stop @G3P from aggregating. Beads with immobilised gluiatie were used to bind the
POI. Elution was achieved by adding reduced glutathione to the buffer. GST fusion proteins
featured a 3C protease cleavage site between GST andl#8edBnstruct to facilitate further

removal.

One of the G3P-Anti-TRAP (GL3P) constructs was cloned into theMBP vector that encodes
both the Histag and the maltodginding protein (MBP) that is usually included because it can
increase the solubility of overexpressed proteins in bactelimthen possible to purify MBP
fusion proteins by chromatography on crdsked amylose and then elutgith 10 mM

amylose howeverit was decided to make use of thedtlg and purify the construct by NAC

There was also some variation regarding the type of columns used to purify the canldirict
trap fast flow crude columns (Hisap FF) (GE Healthcare) were chosen when constructs
precipitated after centrifugation at high speed. The bead size -magi$F crude columns is ~
90¢ m, ih adssible ¢p load clear lysate at relatively fstv rateswithout blocking the
column. The principles of binding and elution from theb¥ads are the same as for ke

HP columns.

The Hitrap Q fast flow columns (or only FF Q, bead sizes146 5 & m) are anion
columns that contain quaternagmmonium {N'(CHs)s) as the anion exchanger (GE
Healthcare) Figure 19c). This column was used to isolate the untagg&@8P&onstructs. The

bacterial pellet was regmsnded in binding buffer (low NaCl concentration), sonicated,
centrifuged and loaded onto the column. The POI was then eluted with buffer containing high

concentration of anion (C).
2.8Size-exclusion chromatography

Samples from NAC were concentrated and filtelesbugha 0. 45 em f il t er t
aggregates and rubbish from the sample that
were loaded manually in appropriate loops onto SupéYd@00 10/30 or Hi dad 16/60

columns (GE Healthcare), respectively. The buffers used for all the constructs are listed in

appendiX2. When no S200 column was available, S75 16/60 columns were used.

The three type of columns listed containmatrix of crosdinked agarose and dextran with
particles of mean size of 34 em that contairt
the column, smaller components will be delaygdpassage througthe pores while bigger

particles will elutefaster as they are unable to insert into the pores and instead pass through the

void volumebetween the particlegigurel19b).
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Figure 19. Protein purification techniques

(a) Nickel affinity chromatography. Oneoordination bondbetween a Higagged protein and the
nitriloacetic acid(NTA) resin is shown. The Rf atom is highlighted in cyardapted from(90) (b) Size
exclusion chromatographyrhe separation of three protein molecules in a SEC matrix is illustrated. (c)
Anion exchange chromatography. The matrix from a Q column bindedatively charged molecules

which are eluted with CIProtein or matrix components are not to scaigures b,c adapted fro(82).
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Those particles that ared big to fit irto the bead poresill elute at the early stages of the run

in the void volume. S200 and S75 colwwan resolve particles thainge in size from 0%

7x10" and x10%6x10° (M), respectivelyThe manuf act ur er 8s i nstruct i
complete tle protein separation.

2.9Anion exchange Chromatography

Anion exchange chromatography (AEC) was included during the optimisation of the
purification process of untaggedL@ double mutants and during the purification of G20C ST.
Buffer with low NaCl concengtion was used to resuspend bacterial pellets amtear
supernatant was obtained described above. The supernatant was loaded onto a Mono Q
column 5/50 (GE Healthcare) that is packed with polystyrene/divinyl benzene beads that have
immobilised quaternary ammonium as the anion exchafger-N+(CHz); in the beads adsorb
molecules wih opposite charge. As the coungerion CI' is addedo higher concentratis) the

POl is desorbed from the matrix according to its chéfggure19c).

2.10 On-column refolding

Fast expression of recombinant protein often leads to the formation of insoluble aggregates
called inclusion bodies. Even thoutite inclusionbodies ardormed by insoluble protein they
have the advantage of producing the protein in high yield, this protein is protected from

proteolysis and can be solubilized into folded active sp€gi®s

The oncolumn refolding method used to purifyne His-tagged protein from this study
consistedf refolding the denatured protein while it was bound to théddids One important
aspect of this protocol is that it allows lovwey of the denaturing agent concentration at a rate
that prevents aggregation but allows folding aso avoid exposure of the protein to
intermediate denaturant agent concentration a longtime period like in dialysis,in which

the POl is prone to aggregatisimceit is neither entirely folded nor denaturgs).

The pelleted bacteria were resuspended in cold denaturing sollifible 4) andincubated on

ice for 45 min. Quick sonicatio of the sample to disrupt DNA was followed by manual loading
onto a HisTrap FF (GE Healthcare) column previously equilibrated with denaturing solution.
Once the column was reconnected toAli€r A purifier, denaturing solution 2 was flowexver

to remove any nogpecifically bound protein. The denaturing agent was washed off with
solution Il that contained the detergent tritor1X0 to prevent aggregation a@idd M NaClto
remove contaminating protein molecules bound to the target proteinusnredi-cyclodextrin

was included in solution IV to remove the tritoA1X0 from the protehaetergent complex and

to promote folding. Before detaching the protein with elution buffer, solution V was flowed

through t he <«wlodextmnofft o wash b
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Table 4. On-column refolding solutions

Solution Components:

I. Denaturing solution 6 M Guanidine hydrochloride
50mM Tris pH 7.5
10mM -Mercaptoethanol

Il. Denaturing solution 22 CV) Solution I+ 20mM Imidazole

Ill. Detergentbuffer (4 CV) 50 mM Tris pH 7.5, 0.5M NaCl, 0.1%
Triton X-100

IV. Buffer for detergent removall5 50 mM Tris pH 7.5, 0.IM NaCl, 5mM -f

CV) Cyclodextrin

V. Basic Buffer(5 CV) 50 mM Tris pH 7.5, 0.]M NaCl

VI. Elution Buffer(20-25 CV) 50 mM Tris pH 7.5, 0.1M NaCl, 0.5M
Imidazole

2.11 Pull-down assays

Pull-down assays were used to determine where the spontaneous truncatiQBPHATG
engineered proteins was taking place. 30 uL of nibleglds (from HiSTRAP columns) were
washed twdimes with 25 mM Tris pH 7.5, 250 mM NacCl to remove the storage solution. 100
uL of soluble fraction from the BL21 Star cultures (sect®® wereadded to the bead$he

mix was incubated at room temperatwi¢h continuous shakingpr 15 min. 12 pL were kept to

load later on SDAGE asthe total sample. The mix was centrifugedL 3,300 rpnfor 1 min,

andthe supernatant was discarded. The beads were washed two times with buffer. 12 uL of
supernatant (SND) and beads were loaded onto-FSBEE. Finally, the bound protein was
eluted with the binding buffer plus 0.5 M imidazole. Tditutions of the eluted protein were
loaded.

2.12 Size Exclusion Chromatography coupled with MulttAngle
Laser Light Scattering (SEGMALLYS)

SEGMALLS is a techniquaisedto measure molecular weight based on how molecules scatter
laser light SEGMALLS was usd to estimate the molecular weight o1& or the oligomeric
state of G20C ST. Scattering of light is dependent of the POI concentration, refractive index,

molecular weight and scattering angle.

His-tagged or nottagged samples were diluted to a fixed @miation in 20 mM Tris pH 7.5,
250mM NacCl, and loaded onto a BioSep SEBDOO gel filtration column (Phenomenex) which
was equilibrated with 20 mM Tris pH 7.5, 26tM NaCl. Sizeexclusion chromatography was

carried out on a Shimadzu HPLC system with floate of 0.5 rh/min. The elution was

53



monitored at 280 nm by a SPD20A UV/Vis detector. Ligtattering data were recorded by a
Dawn HELEOQOSII 18-angle light scattering detector and the concentration of the eluting protein
was measured by an-iime OptilabrEX refractive index monitor (Wyatt Technology). Data
were analysed using the ASTRA V software package (Wyatt Technology).

2.13 Protein crystallisation experiments

Only when protein molecules precipitate an ordered mannecan crystak form Variables
influencing crystallisatioincludethe nature of the proteithe nature of the precipitating agent,
the protein or crystallising agent concentratiopkl, temperature, time, etc. Thaynamic
representation of the interaction of several vadestand resulting solubility with respect to the
crystallisation outcome is known as phase diagdffeigure20a).

The phase diagram is organised into several zonegidésaribe how the phase of the protein
behaves as the variablehange, for example, protein and crystalisagent concentrations
(Figure 208). In the undersaturated zone the protein will remain in liquid solutidhen a
crystallisation experiment is set lipis expected that the protein concentration will increase
until the labile zone is reached, which is where the formation of the nuclei occutisinPro
molecules will aggreda around the nuclei so the protein concentration will decreasié
nucleation willno longeroccurand a new zone, the metastable zone, will be reached. In this
zone, the crystal growth is supportedly while the protein conentration ishigh enough.
Liquid-liquid phase separation, visible as protein rich droplets under the microscope, happens at
the metastable zone, where the protein concentration isAiglome point, the crystal will get

to the saturatiomone indicatedby the solubility curvewherethe crystalsif presentwill be in
equilibrium with the solution The crystalwould dissolve if the solution chargj¢o the
undersaturatedone In cases where the protein concentration is too high to sustain ordered
aggreg@tion, precipitates will form. The supersaturated precipitation zone is characterised by the
formation of microcrystalline or amorphous precipitatesth the former being able to

redissolve, keep their native conformation and sometimes act as gosdosaxmystallsation
2.13.1Sitting drop vapour diffusion

The POIls were utilised to set up crystallisation tragéng commercial screens: INDEX
(Hampton Research), PACT (QIAGEN), MPD (QIAGEN), ammonium sulphate screen
(QIAGEN), MORPHEUS (Molecular Dimensiongnd Clear Strategy Screens | and Il (CSS
1&2). All were selected as initial screelpecause of the variety of salts, precipitants,valie

and additives they incorporatia orderto cover an extremely diverse variety of chemical

conditions Sitting drop 'apour diffusion experiments were set up in-v@d MRC
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crystallisation plates with a Mosquito nanolitre pipetting robot (TTPtéah). The program

carried the instruct isoeessolutiom inta kachgwelb and theh toe L

aliquot 150 and300 nL of sample to the top and bottom drop, respectively plus 150 nL of
reservoir solution to each drop.

In this kind of experiment, the proteiaservoirsolutiondropis placed in vapouequilibrium

with the reservoir. Since the concentration of retggénlower in the drop, water will diffuse
from the drop to the reservoproducinganincrease in the protein and reagent concentrat&ons,
fact that could take the drop solutimno the labile zone for crystal nucleatidriqure20b). The

trays were stored intamperatureontrolled room at 1& unless otherwise stated.

(a)

Supersaturation

= .
'S Labile
)
S
B Supersolubility
Metastable curve
Undersaturation Solubility
curve
[Crystalising agent]
(b) © |
Plastic cover Cover slip
H,0 1/ L Grease
’ Y H,0
~
Reservoir
solution

Figure 20. Protein crystallisation experiments

(0

(a) Phase diagram describing the crystal input as the concentrations of protein and crystallising

agent increase. Adapted from Luét al, 2011(94) .(b), (c) Sitting and hanging drop vapour

diffusion settingsAdaptedfrom referenc€95).

2.13.2Manual optimisation: hanging drop vapour diffusion experiments

When hits(formation of crystalline materialvere observed in the 9@ell trays, the original
conditions wereoccasionallymanually reproduced and optimised, varying the proteid
reagent concentratisnor additives. Optimisationwas carried out with hanging drops

equilibrated with 50 L o f oirrireperiously greassealed24-well trays. Wells were
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covered withsiliconised glassoveslips and incubated at oom t emper at ur e. U s
protein was mixed with 1 eL of reservoir, w h
The principleof the hanging drop and sitting drop are the samth dfferences ying in the

speed of seip or easiness to fish the crystaidgure20c), and theoretical maximu dimensions

of crystals grown due to the size of the drop and equilibration times.

2.13.3Seeding

Seeding is a technique where already formed crystals are used as nuclei that are introduced into
new reservoirdrop conditionin a lower level of supersaturatiao nucleate crystal formation
(96).

Two types of seeding were used: macroseeding and microseeding. Macroseeding implicated the
trarsfer of macro seeds or crystal§8 pmin diametey to the new drop. For this typef
seeding, the seed stock preparation consisfemiixing drops that contained crystalsnfler
similar conditions) and then streaking drops prepared as described for wtméation with

a needle previously soaked in the seed stock.

The preparation of the seed stock was more elaborate for the microseeding. Crystals from single
drops were collected separately and then resugpand50 - 100 pL of icecold stabilising
solution placed in a seed bead (Hampton research). The conditions on the stabilising solution
were essentially the same as in the original reservoir solution but either the concentration of the
main precipitant was slightly increased or glycerol was addegrévent the crystals from
dissolving. The seed bead was vortefadl min and therentrifugedat 14, 000pm at 4°C for

1 min. The vortexing and centrifugation were repeated once. To use the seed stock, a final
vortexing was implemented. The seed sta@s added directly to the optimisation drop (0.5

uL) or aliquot by the Mosquito robot into each of the 96 conditions from the commercial

screens (50 nL).
2.13.4Crystal testing

The fished crystls were flaskcooled in liquid nitrogen to be tested-hibuse usinga MSG
RUH3R X-ray generator (Rigaku) with rotating anode and MAR345 detector (Marresearch).
When the diffraction was about 3.5 A resolution, the crystals were kept in liquid nitrogen and
sent to the Diamond Light Source, UK, facility to collect data al@Qdebeamline. When some

of the crystals were fished out, crpootectant solution was used to keep ¢hestalin optimal

condition.
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2.14 Bioinformatics, molecular graphics and modellingsoftware

Thefollowing online software w&sutilised to investigate PP 1838 &r G20C STO6s
or to create figures of proteimelevant to this thesis from the published PDB fipeblished in
the RCB PDB(97).

2.14.1Bioinformatics

A The Position-Specific iterated Basic Local Alignment Search T@BSIBLAST) was
used to align sequences of capsid proteins with publXHRAY structure to G3P (998).

A The secondary structure ofl@P was predicted with the JPred ser{@9).

A Multiple sequence alignment and multiple secondary strugirgdiction werecarried
outusingPRALINE usingDSSP(100 andPSIPRED(101).

A Nucleotide sequences were aligned using Clus{ai).

A Disorder prediction for &3P wasdonewith DisEMBL™ (103).

2.14.2Molecular graphics

A All  molecular representations like ribbon diagrams or electrostatic surface
representation were created using CCP{ha)y

2.14.3Analysis of Xray crystal structures
A The protein topology was sketched using thed?igami serve(104).

A PDBePEA was used to identify Hdonds anduried/expose surface(105).

2.14.4Modelling

A PDBefold was used to identify crystallised protBINA complexes that could be
superposed to G20C ST. Seswill be explained in sectidh4 (106).

2.15 Elucidation of X-ray crystal structures

The following subsection provides the readdth a list of software used to solve-rdy
structures. All the references are included for more details about the calculations and details of

each program.
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2.15.1Data processing

The set of diffraction p&rns collected for crystals of native or-8et SPP1 &3P or G20C ST
were processed to deduce crystal symmetry and cell dimensaoasto produce integrated
intensities of the reflections present in every diffraction image using the progran{XxB8y
Detector Software(107) .

The prevously integrated reflections were merged by the proghimiess(108109. Merging

of reflections consists iaveragingeflections equivalent byymmetry and ofimilar intensity.

2.15.2Phasing by single anomalous diffracti(®AD)

The SHELXC and SHELXD (110 programs provided the location tiie Selenitn atoms
presenin SPP1 Q3P and G20GST.

The phases of the data set were calculated using the software Phasgrl3AD2) providing

the integrated intensities, the substructure from SHELXD and the amino acid seduence.
investigate the structure of the stgllised G20C ST and SPP1L& double mutant in the
lower-resolution native data sets, molecular replacement (MR) was carriethedl®rhaser MR
option was used taleterminethe phases inputting the refined-Bet protein models of both
proteins and the processed native data sets.

2.15.3Density modificatiorand automated model building

The progranParrot(113 was run to perform deitg modification on the phases determir®d
Phaser SAD in order to obtain alectrondensity map to submit for automated mebeilding.

The modified electrowensity map, the sequence o13P and the coordinates of the heavy
atoms were fed to the progradaccaner (114 to perform automatic model building.

2.15.4Refinement and validation

The refinement, which is the process to improve the agreement of the model andchyhdaxa
was performed using the REFMAC softw#td5).

Coot(116) was used for validation of the model.

Additional miscellaneous data processing was carried out using diverse programs clustered in
the CCP4 interfac€l17).
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2.16 DNA-binding tests using electrophoretic mobility shift assays
(EMSA)

To test the capability of th€&20C ST WT to bind DNA, the DNA concentration, either
G20C F1 or puC1g9Chapter9), was adjusted to 0.015 pM in a 20 pL total volume containing
25 mM Tris pH 7.5, 100 mM NaCl, 20 mM Ngand 1 mM ATP(a master mix was prepared to
transfer the same volume to all the reattiobes) The ST WT concentration was adjusted to
3.75, 7, 15 and 30 puM to have molar ratioDeahersto 1 kbp DNA fragment of 250:1, 500:1,
1000:1 and 2000:1, respectively. DNA controls included no prdteitest the migration of
DNA alone Reactions we incubated at 37°C during 45 min and then loaded on%.¢b/v)
agarose gel. The gel was run at 60 V, 45 mA at room tempefaturén 20 min. SYBR safé
was added during the preparation of the agarose gels.

To test t he capabi |l BD %B20®donstrudiseto bip@sDNAgpthe a n d
concentration of ®mC, ®N constructs was adj us
270 uM. DNA concentration was kept at 0.015 uM for all the constructs so thedimstructto

1 kbp DNA fragment molar ratiszvas 200 0: 1 f or @C and o@N, and 1

Solution conditions were the same as stated glasmsas the procedure followed to run the

agarose gel.
Protein dilutions:
1 1:2
_

Master mix: !

DNA —-— |

Reaction buffer /

H,0 Same volume J

Same volume

— TTTT

b
pNAcr &S @QQ

ST + DNA

Figure 21: DNA-binding experiment settings
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Chapter 3
3. Production of SPP1 capsid protein crystals

The current chapter summarises approaches carried out to produce homogeneous SPP1 capsid
protein to use in crystallisation experimeriifie outcome of thisnvestigation is arranged in
subsections that describe the main rasidr the different types of modification thatl&
underwent. Such madifications includeirications at the Nor Ctermini, single and double

point mutagenesisand protein engineeringy fusion The information pesented flows in a

logical andchronologicalordering.The design and purification of every moddi constructre
presented in the same subsection while the crystallisation work performed on every construct
found to be suitable for crystallisation trials $simmarised in sectio®.5. Most of the
experimentaldetails are described inChapter 2 Whenever appropriate, protocols and/or
protocolmodification are briefly described.

3.1Purification of G 13P wild type

The full length gea coding for G3P_WT was cloned into pET28a vector betweber Ndel

and Xhol restriction siteS'he pET28a vector contains &lexaHistidine tag (Histag) at theb6

end of the Ndel restriction site, separated by a flexible linker that includes one thrombin
cleavage site. Information about the cloning design for the WT protein and subsequent

constructs cabe found inrappendixi.

The recombinant DNA was used to transfoBi21 and Rossetta 2 pLysS &=lDvernight
culturesof 5 mL mediumwere seup to perform a solubility screen from which it was observed
that GL3P_WT is expressed in a higher amount and in soluble feh®n induced in BL21 cells
at 37°C than in Rossetta 2 pLysS or at 16 ®Xpression was scaled updoaltures of 750 mL
medium topurify G13P_WT by NAC.

3.1.1 Nickel Affinity Chromatography and Siegclusion chromatography

The protocolfor purification commenced witiNAC and continuedas described nextlt was
observed that the lysate hadclaidy aspect due to the presence of small granular white
precipitate, indicating the formation of protein eggptes.Cell lysate containings13P_WT,
purified in 25mM Tris pH 7.5, 150 mM NaCl using an imidazole gradigmgure22), eluted in
four peakswhich indicated four species wittlifferent affinity towards nickeions. The peaks
were analysed separate§DSPAGE confirmed thathe SPP1 capsid protein was present in all

peaks and that the migrating size corresponded to the expected sikBa-35
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Figure 22. Purification of G13P_WT

(&) NAC profile. Peaks and fractions are numberetl dccording to thg@peak numberingThe yellow
arrowhead pointto G13P. The lysateflow through (FT)and eluted fractions were loaded onto 8i2S
PAGE (b) SECfor the four peaks from NAC. The elution volume of the main sgasiendicated. The
gel in the inset represents fractoffom SEC runs. (c) 2% Uranyl acetate stain for eBM. The
diameter of one structure is indicated by light bluenbers and a singleapsidwall is indicated by a red

star.

The same volume from each peak was tougha S200 180 SEC column to further
separate species in the samspg size. Even though protein concentration is different in the

four samples, it is observed thal®_ WT elutes in the void volume of the column, which is
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the volume confined to species that are too big to migrate through the geldperés its
aggregatd form Peals 1, 2, 3 and 4luted at-7.5 mL.By running commercial SEC markers, i
was estimated thahonomeric species would be expected to have an elutlome of around
14.4 mL, as an example, ovalbumin (44 kDa), eluted at 14.4 mL under the sadigons
G13P_WT was run.

To rule outthe His-tag playing a role in the aggregation process, or@rthindigested sample

was analysethy SEC. The digested sample showed the same elution volume as the undigested
sampls, confirming that bottsamples form ggregatesand thus indicatethat aggregation is
probably mediated by I3P-G13P contacts.

SEC fractionsof nondigested samplavere analysed by cryBM by collaboratos at the

Birkbeck College, Londo(Figure22c). Deformed capsidike structureof ~ 560 A in diameter
and ~ 35 Athick walls were visible. The capsiite structuresvere shown tgack against each
other, ashad been observedith the overexpression of &BP_WT in the absence of scaffold

proteinG11P which alsded to the formation of aberrant caps(@s).

The discovey thatthe size of the capsiike structure is smaller & that of the mature capsid
(~610 A (412)) determined by cry&M but the wall is thicker (~27 A thick in the mature capsid)
can be explained by the absence &fl&or GP thatwhen presenigad G3P to organise into

a proper icosahedral shell. g8, the absence tiie molecular motor to pack DNA leads to the
immature versions of the capsid that do not undergo expansion when full with DNA. Thickness
of the presented capsiitte structure is also bigger than that of the mature HK97 capsid (~18 A)
(39), supporting the idea that reorganisatadrthe capsid proteiis nee@dto produce thinner

but more stable walls.
3.1.2 Solubility test

To overcomehe G13P_WT polymerisation properiyn pursuit of obtaining stable and soluble
monomey a more horough solubility screen wasarried out(Figure 233). New overnight
cultures wereaesuspended in buffers containib®500 mM NaCland 50 mM of buffer (Na
acetatepH 4, Tris pH 7.5 orChes pH10). Different additives like glycerol, sucrose or metals
were also addedAfter sonication, total samples were taken use as referencend the
remaining solution wagentrifugedat the start timeT,) and incubated at RT during thirty
minutes or two hours. After thisme, samplea that would make a new total sample were taken
(2h) and the rest of the solution was spun down aB kBm to obtain the soluble fraction
(S2h) Where indicated by a stélf), samples were spun down at 17.5 krpm, the same speed that

is usedo obtain a clear lysate for NAC.
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Figure 23. Screening of conditions to disrupt aggregation

(a) Solubility screen at pH 4 (top), 7.5 (centre) and 10 (bottom). The(figmer 2 h) at whichtotal
sample were taken is indicatedchat the top part of the lanes and the NaCl concentration or included
additives are indicated at the bottom pértS 2 @nda star (*) denote the final soluble fractwafter the 2
h of incubationand after centrifugation at high spe@d.5 krpn), respedtely. (b) SECof thrombin
digested and digestedl@P _WTat varying pH and NaCl concentration. The elution volume of the main

specie is indicated.
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None of the conditions tried had a significant effect in stopping aggregation as can be seen in
samples aftecentrifugation. For example, when pH 7.5 was used the amount of protejn at T
was reduced to about 50%, of the original amount in the three tested NaCl concentrations.

After two hours, the same amount of protein remained in sol(®b) however, subspient
centrifugation decreased the amount of pro(&iah) When the sample in 150 mM NaCl was
centrifuged at fast speed (17.5 krpm), most of the protein precipitatpd€23).

In experiments including additives, samples were only incubated during 30 min but the

behaviour observed is the same as explained above for samithl&o additives.

In the case of acidic pH, samples precipitated when SDS was addednixtherming solid

aggregates that did not migrate through the polyacrylamide gel
3.1.3 Size exclusion chromatography with variable NaCl concentration

To confirm whether changeis the pH or NaCl concentration had any effect in leading
G13P_WT towards the foration of smaller or monomericspecies more suitable for
crystallisation, thrombidigested samples from NAC were run onto a SEC column using
conditions different to the originalltested(Figure23b). The logic behind this screen is to find
those conditions where solvemrtotein contacts are preferred over prof@iateincontacts. This
approach demonstrated that the size of the aggregates does ngqiaraighange in pH or NaCl
concentration as all the samples elae7.5mL,corresponding tthe void volume.

3.2Purification of truncated G13P

3.2.1 Secondary structure prediction

Considering that the WT protein wanot suitable for crystallographic studiesintrations at the

N- and Gtermini were introduced based on the secondary structure and disorder predictions
(Figure24) in an attempt to produce more ordered monorhgnemoval of disordered regians
Often short regions at both ends do not have a defined secondary structure and their flexibility
prevents tB whole protein from establishing regular contacts with other subunits to form a
crystal.lt is not unusual that removal of a few residues at either end results in more soluble or
nonaggregating proteins. Ten truncated versions d8RGwere designedappendix1) and
cloned: only one construct lacked at&Zminal portion while the o#r nine lacked several
lengths of the Nerminus. Moreover, three dlfiese construcs were GSTHaggedand the rest

had an Nterminal Hs-tag, removable with thrombjorotease
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Figure 24. Design of truncatiorsin G13P_WT

(a) Scheme of the secondary st +thedt wsheasgndieogsiact i on
representedyy cylinders, thickarrons and a black line, respectively. Numbering is includedsitions

where truncations wdre introduced are indicated lgyeen arrowheads. The residue showedtop of

each arrowheais the first residue after the start methionine.@gorder predictionvas carried outising

the DiISEMBL serve(103). The disordeprobabilty is plotted versus the amino asidmber The blue

line representshe propensity to form loops, défgreen linethe disordered regions and the red line the

floppy loops that have high temperature factors.

3.2.2 Solubility test

The designed constructs wedened and expresseseappendiced-3) in two bacterial strains
at 16 and 37C. The solubility test showed thatonstructsexpressed at 18C and 37°C
Gl3P_opC, qgHist lmgged, P9 e & His-tguyedi,ipN 2 GST-tagged and
PN27 wer e i nsol inlsgiteof bheimg ekpoesskd irshigh ario(igure 25a).
Only results from one strain, one temperature or a small number of buffesisoava. Unless

otherwisementioned, similar findings were observadll conditions

65



Whenthe protein wasoluble, variatiors in pH or NaCl concentration did neseem tomake a
differencesincethe amount of protein found in solution was similar between the samples. For
constructG13P_giN10 it was observed that expression at°@6produced soluble protein in
cortrast to expression at 3T, where even thoughe POlwas expressed, it was not soluble.

The introduction of the GSTag in constructsG13P_giN1 5 a N2l didpnot improve
solubility. The GST-tag was chosen due to higgh solubility and largesize thatwould impede
G13P aggregation. One version of thd3B WT with GST tagwas cloned, expressed and
purified, but it did not produce a high yield (not show®}3P N exhibited high solubility in
all the tested conditions.

The truncated constructs were dgpsid and expressed at different times, therefore the

conditions tried varied based experience with previously characterised constructs.

3.2.3 Nickel Affinity Chromatography and Size exclusion chromatography

The two truncated versions that were soluble veem@essedn alarge scale followed by NAC.

It was observeih repeated experimentsat centrifugation at high speed of the lysate of cells
containing @A3P _ ogpNIé&dOto precipitationNew crude lysate was loaded onto a-Hiap FF

crude column that allows loadingrude lysate withoutfurther centrifugation.Using this

approach madet possible toobtain enoughG13P _NAO to perform SEGo characterise its
oligomeric stateRigure25b). Both thrombirdigested and nedigested samples were analysed,
demonstratingthat@P _@N10 still forms big aggregates t

G13P _ pN 6 wfed by gtandard NAC, however its behaviour in SEC was the same as
G13P _ pNakibalso elutedn the void volume.

OnlyGl3P_.pC i ncl uded t-tenmmus arid it was theafitst conktrmtia@cterised
after the WT. A thorough solubility screémat involved testing the conditionstriedi t h t he @
constructs was carried out. In additigmotein auteinductionwas also includedAfter several

efforts to make it soluble it wathandoned in favour fh e @N cHRgare26a).uct s (

Truncating the G3P_WT protein proved not to ke effective approacho stop aggregation.
Nevertheless, it establish#duk extent to which the protein could be truncated. ificgmation

was usefulvhendesigring new modifications that will be described later in this chapter.
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Figure 25. Production and purification of the G13P truncated constructs

(a) Solubility screen of truncated constructs. Only redutist BL21 cells induced at 16°C are show

The pHandNaCl concentratiomre indicated at the top part of the.gehe gels are ndb scale to each

other, for that reason the protein markareincluded in every geli corresponds to samples before
protein induction Total samples correspond to the sonicated sample after induction and the rest of the
lanes to the soluble fractiongh) SEC profile of G3P _Np and A@3P _NAO. The elution volume is
indicated at the top of the peaks.
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3.3Design andpurification of single and double mutants

3.3.1 Design of single mutants

From sectiorl.5.1it is evident that in spite dhe lowsequence homology bedenthe known
capsid proteins from dsDNAacteriophagesthey all havethe HK97-fold. Positiorrspecific
iterated Basic Local Alignment Search TodPSI-BLAST) was used to find proteins with
published structure that would guide us in the design of mutations that stop interactions between
G13P_WT (No cryeEM model of @3P was available during the early years of this project).
The nutations were expected to distupe formation ofthe capsidlike structures promoting
the formation of hexamers, pentamers or monomers in isoldt@PSFBLAST was used to
produce a multiple protein sequencalignmentwith HK97 gp5 that showed28 identical
residueq11%) and 70 comsvativesubstitutiong27%)introducing 10 gapsHigure26a). Once
HK97 go5 was predictetb have structural homology tolGP, the analysis of the PDB file was
carried outusing the PDBePISA server.

3.3.2 PDBEPISA Analysis

Residues participating in intaubunit contacts ithe HK97 icosahedral asymmetric unit were
identified with PDBePISAwhich lists the Hbonds created at the different interfaces between
the seversubunits(Figure 26). Table5 andTable 6 list some of the residues that edistio H-
bonds between subunits FA&, both from thehexameyand betweersubunits G &F, with G

being part of the pentam@omplete tables can be foundappendiced and5).

Six residues were selected in HK97 dpfsed on their likely significance in forming positive
interactions with neighbouring subuntiscause of theipositioring or H-bondingability. The
aligned residues in SPP1 1@P, based on PSBLAST were mutatedto facilitate
crystallographic studiedg-igure26).

Residue N29%rom HK97 gp5 is situated at the top of theddmain and it creates a circular
network of Hbonds with the same residue in the adjacent subunit®tim pentamers and
hexamersin SPP1, the same posititaentified bythe iterated BLASTsequence alignmeig
occupied by residue D197 his residue was mutatedttgptophanby single point mutagenesis,
duetothet r y pt o petamadrsteric buskithat would be expecteddisrupt the Hoondng
networkat the subunisubunit interfaceand at the same time ke@pdomainsof other subunits

furtherfrom each otherKigure26 andFigure27).
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N291 @D194W

Figure 26. Design of mutations in SPP1 G3P_WT

(a) Alignment of SPP1 G3P and HK97 gp5 sequences obtained by iterateeBRBET procedureKey

residues from HK97 gp5 that were identified to be important for-subunit contacts are shown in

yellow boxes, while the corresponding residues, that were mutated in SPP1, are shmwanbioxes.

Residues that covalently link HK97 capsid are shown r ed boxes. Helix U3 se

cyan box. ldentical residues andnservéive substitutions are indicated by the datter code or plus
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