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Abstract

This thesis is primarily concerned with the characterisation of domain reorientation and hinge-
bending motions in the conformational landscape of p-phosphoglucomutase (BPGM). fPGM
comprises two domains connected by a flexible hinge region. The catalytic cycle involves
dynamical exchange between an open, inactive conformation — to which the substrate can bind

and from which the product is released — and a closed, catalytically competent conformation.

X-ray crystallography has been used successfully to describe key structures along the reaction
coordinate of BPGM. A multidisciplinary study, combining molecular dynamics computer
simulations with small angle x-ray scattering and hydrodynamic measurements, is described to
establish the conformational landscape in solution. Several simulation artefacts are described
highlighting the importance of recent forcefield optimisations in the study of collective motions
in proteins. The experimentally validated MD ensemble is more open than the crystal structures
and is stabilised by burial of the Y19 sidechain in a hydrophobic pocket within the hinge region.
This mechanism may serve to stabilize the substrate-free, open conformer, facilitating product

release.

In accordance with the phosphodianion-driven enzyme activation framework, domain closure
is stimulated by recruitment of an inert phosphodianion group to the distal site. Using a
combination of NMR, x-ray crystallography and steady state kinetics, a communication
pathway between the distal phosphodianion binding site and the hinge has been characterised.
This involves a hydrogen bonding relationship between a pair of carboxamides (N77 and N118)
which in turn modifies the hydrogen bonding relationships within the 70s helix, and the
backbone torsions of 184.



1 General Introduction

1.1 Enzyme catalysis

1.1.1 Transition state theory

A reaction coordinate is generally characterised by two ground states (reactants and products)
separated by a high energy transition state. The reaction rate is dependent on the energy barrier
separating the ground state from the transition state. This is quantified by the Eyring equation.

B _A_(;i
k =x——e ksT
h

The proportion of activated molecules is given by the transition state, free energy barrier (AG*).
The rate at which activated molecules are converted to product is determined by the bond

. . kgT . . .
vibrational frequency % where h is plank’s constant. Not all activated molecules will

necessarily proceed to the product state, some will revert to the reactant state. This is accounted
for by the transmission coefficient («). A key principle in the catalytic theory of enzymes is
that they must reduce the activation barrier (AG*), thereby increasing the proportion of

molecules which can cross the energy barrier at a given temperature.

The reaction coordinate for an enzyme-catalysed reaction is made more complicated as it
necessarily includes substrate binding and product dissociation steps, as well as, in some cases,
binding, turnover and dissociation of intermediates. Consequently, transition state theory is
often interpreted in the context of the Michaelis-Menten model, from which we obtain two key

parameters ke and K (section 6.2).

kcat [E] TOT [S]

GETS

There are two limiting cases in this model. Where the substrate concentration is sufficiently
larger than K, the reaction is effectively unimolecular, and the activation barrier is defined by

the energy difference between ES and ES* (Kcar).
[S] + Km ~ [S] v = kcat[E]TOT

Where the substrate concentration is significantly lower than Ky, the reaction is bimolecular,
and the activation barrier is defined by the energy difference between E+S and ES?
(kcat[S]/Km)l.



Using this framework, enzymatic rate-accelerations can be quantified relative to the equivalent
reaction in a solvent cage. A compilation of data for 18 different enzyme catalysed reactions
shows catalytic effects from 8 - 34 kcal/mol 2. Many proposals have been put forward which
describe how enzymes achieve such large rate-enhancements. These will be summarised in the

following sections.

1.1.2 Electrostatic pre-organisation

The transition state can often be differentiated from the ground state by its electrostatics. Thus,
the transition state can be specifically stabilised by tuning the electrostatic field within the
active site in such a way that favours the transition state charge distribution over that of the
ground state. This is manifested as a specific set of hydrogen bonding and electrostatic
interactions between the enzyme and the reactive functional group(s) and in some cases is
assisted by recruitment of metal ion cofactors 1. This effect is more accurately described as a
pre-organisation effect. Solvent dipoles, which would otherwise be randomly oriented, can
reorganise themselves to optimally complement transition state electrostatics, but incur a large
entropic penalty in doing so. Conversely, the folding energy of the enzyme creates an active
site with an electrostatic distribution which is partially pre-organised to complement that of the
transition state. This incurs a much smaller re-organisation cost 2. EVB calculations have been
used to demonstrate electrostatic pre-organisation in Ketosteroid Isomerase *°, catechol O-
methyltransferase (COMT) ¢, orotidine-monophosphate decarboxylase (OMPDC) ’. ab initio
QM/MM methods were used to identify significant electrostatic contributions of K12 to
catalysis in Triose phosphate isomerase (TIM) 8. The doubly anionic enolate intermediate is
stabilised though the coordination by two catalytic magnesium ions °. Stabilisation of the
charge distribution within a trigonal bipyramidal phosphoryl transfer transition state of tyrosine

phosphatase is achieved through hydrogen bonding and electrostatic stabilisation °.

1.1.3 The Spatiotemporal Hypothesis

The spatiotemporal hypothesis refers to a simple model in which enzyme-like rate-
enhancements can be achieved by holding reactants at close contact with favourable geometry
11 This hypothesis is supported by several organic systems. For example, the amide in N,N-
diethyl-naphthalamic acid is destabilised by 17.4 kcal/mol in a derivative where it is surrounded
by two appropriately positioned carboxylate moieties (2-carboxy-N,N-diethylnaph-thalamic
acid). This mechanism was proposed to be analogous to that of aspartyl proteases 2. Similar
rate enhancements are observed for phosphodiester hydrolysis, where two imidazole moieties
were attached to a scaffold placing them appropriately to activate a water molecule for
nucleophilic attack . Examples were identified in reactions which both relieve and generate
geometric strain, thus excluding the possibility of ‘steric acceleration’ effects 2. Examples are

not limited to intramolecular catalysis —a pillar 5 arene macrocycle with 10 imidazole moieties



produced a 10*fold rate improvement in phosphodiester hydrolysis. Whilst this rate-
enhancement is small compared to that of a typical phosphohydrolase enzyme, this organic
catalyst does not impose close-contact and optimal geometry to the same degree 4. Whilst there
is evidence of spatiotemporal effects in small organic models, they are not necessarily utilised
by enzymes. However, it is suggested that the numerous crystal structures of enzyme active
sites, in which reactants are placed in close contact with near-optimal geometry, provide
sufficient evidence of spatiotemporal effects in enzymes . This model has however been
called into question. For example, the amide cleavage reaction modelled by N,N-diethyl-
naphthalamic, may have a substantially altered TS charge distribution owing to delocalisation
of the oxyanion charge across the naphthalene ring. Furthermore, the origin of catalysis was
not considered in a quantitative manner, with respect to an appropriate, uncatalysed reference

reaction 1°.

1.1.4 Near Attack Conformers

Catalysis via stabilisation of near attack conformers (NACs) is essentially the same as the
spatiotemporal argument. NACs are defined as conformations of the ES complex in which the
reacting atoms are within van der Waals’ contact and are appropriately aligned for bond
formation/cleavage. These conformations are high energy and must also be stabilised by the
enzyme. The activation barrier can be divided into two parts: the energy required to transition
from the ground state to the NAC (AGnac); and the energy require to transition from the NAC
to the transition state (AGenem). It has been proposed that enzymes reduce the activation barrier
by reducing AGnac rather than AGehem (Figure 1-1) 6. Multiple NACs have been structurally
and spectroscopically characterised in B-phosphoglucomutase 178 (Section 1.2), although no
comment has been made regarding their stabilisation and the contribution this makes to
catalysis. The conformational landscape of chorismate was characterised using MD
simulations. A diaxial NAC was identified from these simulations, which is stabilised
substantially by the active site of chorismate mutase (CM) *°. Free energy calculations made
using a series of mutant CM complexes, shows a direct proportionality between AG* and AGnac
2 However, it has been argued that these results have been misinterpreted and that the apparent

NAC effect is simply a consequence of electrostatic stabilisation of the transition state 222
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Figure 1-1 — Near Attack Conformer Model. The energy level diagrams for an uncatalysed reaction
(red) and an enzyme-catalysed reaction (black). A high energy NAC, in which the reacting atoms are

aligned and in close proximity, is stabilised in the enzyme catalysed reaction.



1.1.5 Ground State Destabilisation

Ground state destabilisation (GSD) refers to a reduction in the activation barrier —and therefore
an increase in reaction rate — by increasing the energy of the ground state ES complex. Such
mechanisms typically involve the introduction of geometric, steric or electrostatic strain into
the substrate 2 (Figure 1-2). Early crystal structures of Hen Egg-White lysozyme provided a
model of the peptidoglycan binding site 24. The substrate could only be accommodated in this
site if the fourth sugar was distorted away from the stable “chair” conformation towards a “half-
chair” conformation which resembles a high-energy carbonium intermediate 2. Substrate
deformation has also been observed in other glycoside hydrolases %. A similar mechanism was
described for chorismate mutase, in which the enzyme binds an unstable pseudo-diaxial chair-
like conformation 2. The conformations of three co-factors commonly found in protein
structures (Adenosine 5’-Triphosphate (ATP), Nicotinamide-Adenine dinucleotide (NAD) and
Flavin-Adenine dinucleotide (FAD)) were surveyed showing that in many cases torsion angles
were perturbed significantly from their preferred positions 26. An electrostatic destabilisation
mechanism was also described for Alkaline phosphatase, in which the nucleophile (S102)
destabilises the anionic substrate. Mutation of this residue to an alanine or glycine (at pH8)
resulted in an order of magnitude increase in affinity for inorganic phosphate 2. Similarly, in
ketosteroid isomerase, the binding of ground state analogues to D38N and D38A mutants
improved by 1-2 orders of magnitude *. A similar argument was made for the mechanism in
Orotidine 5’-monophosphate decarboxylase, based on multiple structures from different
species which place an aspartate adjacent to the substrate carboxylate 3. Electrostatic strain has
been suggested to contribute to catalysis by enoyl-CoA hydratase. An increase in magnetic
shielding of the a-carbon atoms and de-shielding of the 3- and carbonyl carbon atoms, in enoyl-
CoA substrates bound to the active site of enoyl-CoA hydratase, demonstrates electronic

polarisation and electrostatic strain within the substrate 3234,

In general, enzymes can attain enhancements in rate by increasing the catalytic rate (Kca) or by
reducing the Michaelis constant (Km) — thus the ‘catalytic efficiency’ (kcat / Km) is often cited
as the target for optimisation by evolution. It has been pointed out that GSD mechanisms would
(by definition) reduce the stability of ES relative to the unbound state (E+S) resulting in a
compensatory effect on K. Thus, the overall catalytic efficiency (Kca/Km) would be largely
unaffected 3%, The implication is that, whilst GSD mechanism do not themselves generate
substantial rate improvements, they may be by-products of transition state stabilisation. Whilst
GSD mechanisms may not have a primary role in catalysis, they are directly relevant to the

prevention of substrate/product inhibition. (Figure 1-3).
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Figure 1-2 — Models of enzyme catalysis. The energy level diagrams for an uncatalysed reaction (red)
and an enzyme-catalysed reaction (black). (A) Transition state stabilisation occurs via a ground state
ES complex. (B) Destabilisation of the ground state EP complex prevents product inhibition, in which

dissociation of EP complex becomes rate-limiting.
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Figure 1-3 — Ground State Destabilisation. An abstract representation showing the relationships
between catalytic efficiency (kca / Km), substrate/product inhibition and ground state destabilisation.
In general, any modification to an enzyme can be represented by a vector in this parameter space. The
red region represents modifications which improve ke./Km. The blue region represents modification
which cause ground state destabilisation. The purple region represents modifications which meet both
these criteria. Such modifications may be selected to improve catalytic efficiency, whilst preventing

substrate/product inhibition.



1.1.6 Desolvation

Many chemical reactions are faster in organic solvent which has led to the suggestion, for some
enzymes, that desolvation contributes to enzyme catalysis. More specifically, the low dielectric
environment within the active site would enhance electrostatic stabilisation of the transition
state 3%, Spectroscopic and biochemical measurements indicate a lower dielectric constant in
proteins (e < 20) than in water (e = 79) ¥, However, simulation studies have been used to

question the relevance and physical basis of this catalytic mechanism 443,

1.1.7 Conformational Dynamics

Conformational dynamics has been proposed to contribute to enzyme catalysis 8. Several
proposals identify dynamical motions, via a mixture of biophysical methods, which occur on
the same timescale as catalysis. The suggestion is that conformational motions within the
enzyme may somehow be coupled to the chemical step. However these dynamical proposals
have been called into question %, Irrespective of the existence of a direct catalytic role for
enzyme dynamics, many enzymes necessarily exhibit a conformational transition between open
and closed conformations, originating from a set of ‘hinge’ residues. Such conformational
transitions coincide with substantial changes in catalytic competency, substrate/product affinity
and substrate accessibility. Thus, these conformational motions will be important in
understanding how enzymes balances optimal TS stabilisation without over-stabilising ground-

state complexes or introducing closed conformers which are inaccessible to the substrate.



1.2 B-Phosphoglucomutase

1.2.1 Introduction

B-Phosphoglucomutase (BPGM) from Lactococcus lactis is a member of the haloalkanoic acid
dehalogenase (HAD) superfamily °L. It has 222 residues with molecular weight 24.21 kDa. It
has two domains connected by a flexible hinge region. The core domain (residues 1-15 and 88-
221) has 6 parallel p-strands surrounded by a-helices. The cap domain (residues 16-87)
comprises a bundle of 4 a-helicies (al-a4). The domains are connected at two hinge regions,
at the N-terminus of al (residues 14-16) and at the C-terminus of a4 (residues 85-90). The
active site is found in the cleft between the two domains %2,

BPGM catalyses the isomerisation of B-Glucose-1-phosphate (BG1P) to Glucose-6-phosphate
(G6P) via the B-Glucose-1,6-bosphosphate (BG16BP) intermediate. The enzyme is activated
by phosphorylation of D8. BG1P binds with its 6’-hydroxyl oriented toward the aspartyl
phosphate moiety and with the 1’-phosphate in the distal (inert) phosphate site. Phosphoryl
transfer from D8 to BG1P produces the BG16BP intermediate, which is released and rebinds in
the alternate orientation with the 1’-phosphate in the proximal site and 6’-phosphate in the
distal site. Phosphoryl transfer from the 1’-phosphate to D8 vyields the product (G6P) and
regenerates the active phosphoenzyme 52 (Figure 1-4). BPGM is required for the catabolism of
maltose and trehalose. Maltose is converted to glucose and BG1P by maltose phosphorylase.
BPGM converts BG1P, to G6P which enters glycolysis. L. lactis BPGM mutants are unable to

grow where maltose or trehalose are the sole carbon source .
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Figure 1-4 — B-Phosphoglucomutase isomerisation mechanism. (Top Panel) BG1P binds to BPGMpe;
with the 1-Phosphate bound to the distal site and the 6-hydroxyl oriented toward the proximal site.

Phosphoryl transfer from D8 to the 6-hydroxyl occurs via a trigonal bipyramidal transition state, yielding

a BG16BP intermediate. BG16BP is released and rebinds with the 1-phosphate bound in the proximal

site and the 6-phosphate bound in the distal site. Phosphoryl transfer from the 1-phosphate to D8 occurs

yielding G6P and the active phosphoenzyme. (Bottom Panel) The global conformation of BPGM
showing the architecture of the proximal (red), distal (blue) and sugar coordination (yellow) sites.



1.2.2 Metal Fluoride Complexes

Metal fluoride complexes have been used extensively to trap and characterise important
complexes sampled along the reaction coordinate. Magnesium trifluoride (MgFs") complexes
have a trigonal bipyramidal (tbp) geometry with a net charge of 1-, making them isosteric and
isoelectric transition state analogues (TSA) of phosphoryl transfer reactions. Aluminium
tetrafluoride (AlF4) complexes also act as transition state analogues but adopt an octahedral
geometry to maintain a single negative charge. Beryllium trifluoride (BeFs’) complexes have a
tetrahedral geometry and a net charge of -1, making them isosteric and isoelectric ground state
phosphate analogues *°. Other types of metal fluoride complex have been reported. In
particular, MgFs  complexes are often misidentified as tbp AIFs® complexes, where aluminium
present in the sample precipitates as Al(OH)s at elevated pH, consequently MgFs; becomes the
dominant species *. However, a genuine AIF:® complex (octahedral AlF;sH20) has been
identified in the K219A variant of Phosphoglycerate Kinase (PGK). The loss of a positive
charge in the active site is complemented by the loss of a negative charge from the metal
fluoride moiety to maintain charge balance °’. The BPGMwr:MgF3:G6P complex has also been
misinterpreted as pentavalent phosphorane intermediate 8%, However, extensive
computational, crystallographic and NMR studies have been used to confirm the identity of
this complex as an MgF3 transition state analogue 654,

1.2.3 Step-2 TSA complexes

Many of the key functional interactions and residues can be identified from the
BPGMwr:MgF3:G6P transition state analogue complex (PDB: 2WF5). Residues of the
proximal/catalytic phosphate site are found exclusively in the core domain. Fa from the MgF;
moiety, receives three hydrogen bonds from the backbone amide of L9 and D10 and the
sidechain hydroxyl of S114 and has the most downfield chemical shift (6 = -147.0 ppm) and
the largest deuterium isotope effect (A5 = 1.6 ppm) measured by °F NMR. Fg receives two
hydrogen bonds from the backbone amide of A115 and the terminal amide of K145 and has an
intermediate chemical shift (6 = -151.8 ppm) and isotope shift (A3 = 1.4 ppm). Fc receives a
single hydrogen bond from the 2’-hydroxyl of G6P and has the most upfield chemical shift (&
=-147.0 ppm) and smallest isotope shift (Ao = 0.9 ppm). Hydrogen bond lengths measured in
the crystal also correlated with X'H-1°F scalar couplings. Fc is also coordinated by a
magnesium ion cofactor, which is octahedrally coordinated by the backbone carbonyl of D10,
the sidechain carboxylate of D8 and D170 and by two water molecules (Figure 1-5). In addition
to the equatorial fluorine atoms, the MgF; moiety is axially coordinated by the side chain
carboxylate of D8 (acceptor) and the 1’hydroxyl of G6P (donor). D10 acts as a proton
donor/acceptor in the phosphoryl transfer mechanism — its sidechain coordinates the 1’-OH of

G6P and the sidechain (Oy:) of T16. The pyranose ring occupies a chair conformation and
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packs against His-20, with equatorial hydroxyl groups coordinated by water molecules buried
in cap domain. The 2’0OH is coordinated by the backbone amide of G46; the 3’OH is
coordinated to S52-Oy and L44-0 indirectly via a water molecule; the 4’0OH is coordinated
directly to V47-O and to a water molecule which is in turn coordinated by K76 and the distal
6’-phosphate. The distal phosphate is coordinated by S116-Oy N118-03; and the backbone
amide of K117 from the core domain. It is also coordinated directly by R49 guanidino side
chain group and indirectly to the terminal amine of K76 via two water molecules, in a circular
arrangement 564, The structure of the BPGMwr:AlF4:G6P complex (PDB: 2WF6) is almost

identical, except for the coordination of the AlF, moiety.

A
MeF;
D8 . B G6P
A=
A
L ®
A
D170 D10
B

K145

Figure 1-5 - BPGMwr active site in a Step-2 TSA complex. The architecture of the active site of the
BPGMwr:MgF3:G6P TSA complex. (A) The catalytic magnesium ion (green sphere) is octahedrally
coordinated by D10-O, D170-O5, D8-Os, Fc and two water molecules. MgF; is a surrogate of the
transferring PO3; moiety — it is axially coordinated by the phosphate donor G6P-O; and the phosphate
acceptor D8-0s. (B) Coordination of the MgF; moiety: Fa is coordinated by L9-N, D10-N and S115-
O,; Fg is coordinated by A115-N and K145-N;; and FC is coordinated by G6P-O, and the catalytic

magnesium ion.
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1.2.4 Step-1 TSA complexes

Step 1 TSA complexes PPGM:MgF3:BG1P cannot be characterized structurally owing to
incomplete inhibition by the MgFs complex, resulting in slow BGIP turnover. The rate of
isomerisation is fast enough that the PPGM:MgFs:pG1P is converted to a step 2
BPGM:MgF3:G6P TSA complex during crystallisation. Step 1 TSA complexes were therefore
obtained using phosphonomethylene and phoshphonofluoromethylene BG1P analogues (PDB:
2WF7, 4C4R, 4C4S, 4CAT). The conformation of the protein and coordination of the proximal
and distal phosphate sites is virtually identical in these step-2 complexes. However, the
orientation of the substrate is flipped (Figure 1-6). The 2’OH is directly coordinated by the
terminal amine of K76; the 3’OH is coordinated directly to L44-O, S52-Oy and W24-Ng; the
4’0H is coordinated directly to L44-O and G46-N. The a-face of the pyranose ring is packed
against H20. The alternative orientation of the sugar is accommodated by rotation of the C5-
C6 bond .

A
W24
’ N41
P s
K76 K/w 5 _»
Q L44
H20 Tt
o ‘
%
; «C—a
L
G6P MeF,
B

w24

g
H20
Y i

BG1CP
MgF3

Figure 1-6 — Sugar coordination in BPGM TSA complexes. The interactions within the active site
of (A) BPGMwr:MgF3:G6P step-2 TSA complex (B) BPGMwr:MgF;:BG1CP step-1 TSA complex.
Water-mediated interactions between the pyranose ring and residues of the cap domain are made in
the step-2 complex. Direct interactions between the pyranose ring and residues of the cap domain are

made in the step-1 complex. The conformation of the protein is invariant between each complex.
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1.2.5 Trifluoroberyllate complexes

The BPGM:BeF; complex acts as a substrate-free phosphoenzyme analogue (PDB: 2WFA).
This complex has an open structure, resulting from a rotation of the cap domain by 33° around
the hinge region. The unassigned resonances of the substrate-free complex — owing to
millisecond exchange dynamics (D15-Al7, L44-1.53, S114-N118) — were assigned in the
BPGM:BeF; complex. Wide-spread chemical shift changes are observed compared to the TSA
complexes, consistent with a substantial domain reorientation and dissociation of the phospho-
sugar. Coordination of the tetrahedral trifluoroberyllate moiety in the proximal site is
equivalent to that of MgFs in the BPGM:MgF3:G6P TSA complex, except D10 rotates about y1
to interact with the backbone amide of T16 (the ‘out’ position) and an additional water
molecule coordinates Fa. *°F spectra of this complex were assigned based on chemical shifts
and deuterium isotope shifts. The assignments were consistent with the proximal coordination
observed in the crystal structure. It was suggested that reorientation of the general base (D10)
from the proximal site served to prevent activation of water molecules for nucleophilic attack
of an aspartyl phosphate moiety. This was supported by the absence of any solvent atoms within
3.4 A of the Be atom 7.

Addition of G6P to the BPGM:BeF; complex gives a BPGM:BeF;:G6P product complex (PDB:
2WF9). This complex displays 50-60% of domain closure according to the chemical shift
trajectories between the apo complex and the TSA complex, in agreement with the crystal
structures which are closed but are rotated slightly relative to the TSA complexes. Coordination
of the pyranose ring is similar to that of the BPGM:MgF3:G6P and BPGM:AIF4:G6P TSA
complexes, except that both a and f-anomers are accommodated within the active site. D10
remains in the out position, interacting with T16-N and indirectly with the magnesium ion via
a water molecule. Consequently, G6P-O, is protonated and forms a hydrogen bond with the
BeFs moiety to reduce electrostatic repulsion. The donor-acceptor separation and the donor-
Be-acceptor angle are only slightly perturbed from that of the TSA. This conformation was
described as a near attack conformer (NAC 1). Whilst this is a product complex, a similar
enzyme conformation was predicted to be required, prior to the transition state, as an initial

substrate alignment step for nucleophilic attack *’.

A second crystal form gave rise to a structure which much more closely resembled the TSA
conformation and D10 is hydrogen bonded to the nucleophile (O1). The donor-acceptor
distance in the G6P complex was comparable with that of the TSA complex. This complex was
termed NAC Il (PDB: 2WF8). The density showed two minor populations of a BG1P complex,
one with the 6-OH and another with the 3-OH group oriented toward the BeFs moiety.

However, these complexes have significantly longer donor-acceptor distances *’.
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1.2.6 PPGMbpion cOmplexes

BPGMpion Serves as a model of the WT enzyme where D10 is protonated. This variant
copurifies with BG16BP which can only be removed by denaturation/refolding. BPGMpion Can
be phosphorylated — confirmed using 'H®N-TROSY NMR by comparison with the
BPGMpion:BeFs and BPGMwr:BeFs complexes. Phosphoenzyme hydrolysis was measured
using 3P NMR. The D10N mutation has only a modest effect on phosphoenzyme hydrolysis.
Therefore, D10 is not involved in the activation of water molecules for nucleophilic attack of
the aspartyl-phosphate moiety. Crystal structures also show that N10 is also in the out position
with an equivalent hydrogen bonding arrangement to D10, in the BPGMwr:BeFs complex. It is
this conformation that was suggested to prevent D10 from activating water molecules for

phosphoenzyme hydrolysis.

BPGMbion has residual mutase activity in the presence of excess acetyl phosphate (AcP), which
acts as a phosphorylating agent. However, the tightly bound BPGMpion:pG16BP complex is
the dominant enzyme species. Two PG16BP complexes were characterised by x-ray
crystallography: a PPGMpion:P1G6P complex (PDB: 50K1) with the 1-phosphate in the
proximal site and 6-phosphate in the distal site; and a BPGMp1on:P6G1P complex (PDB: 50K0)
with the 6-phosphate in the proximal site and 1-phosphate in the distal site. The
BPGMp1on:P1G6P complex was shown to dominate in solution, using NMR methods.
BPGMp1on:P1G6P represents the enzyme conformation prior to the second phosphoryl transfer
step. The nucleophile is aligned for attack, unlike the PPGM:BeF3:G6P NAC | complex in
which the nucleophile is hydrogen bonded to the fluorine atom. The D8-O phosphorus distance
is within the sum of their van der Waals radii. Although, the donor-acceptor distance is slightly
longer than that of the transition state analogue complexes. This complex was thus described
as an aligned NAC — referred to here as NAC I1l. NAC 111 is more closed than NAC | but does
not have a fully closed, TSA-like conformation. N10 coordinates the donor oxygen via N&2
and makes a bifurcated hydrogen bond with T16-N and T16-O&, — halfway between its
canonical out position (found in the substrate-free complex, the BPGM:BeF3z complex and in
NAC |) and the catalytically active in position (found in the TSA complexes). The domain
reorientations observed between NAC I, NAC |1l and the TSA complexes are largely dependent
on torsion angles of the hinge residues D15 and T16. The BPGMpion:P6G1P complex
represents the enzyme conformation which follows the first phosphoryl transfer step. Its
conformation is very similar to that of the BPGMp1on:P1G6P complex, except the alternative
orientation of the sugar-phosphate gives rise to direct interactions with the cap domain, rather
than water-mediated interactions. The same difference in sugar coordination is found between
the step-2 TSA complexes and the step-1 o-fluorophosphonate TSA complexes. The
BPGMpion:AlF4:G6P TSA complex (PDB: 50K2) is almost identical to the corresponding WT
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complex, except that N10 acts as the hydrogen bond donor to the deprotonated O1. Attempts
to make a PPGMpion:AlF4:BGIP step 1 TSA complex, surprisingly resulted in a
BPGMpion:AlF4:H20:G1P complex (PDB: 506R), where the axial position in the AlF,
complex was occupied by a water molecule rather than 6’0OH of BG1P. It appears that the step
1 complexes are intrinsically less stable: The BPGMpion:P1G6P is favoured over the
BPGMpion:P6G1P complex in solution; the BPGMpion:AlF4:G6P complex makes a competent
TSA, while the BPGMpion:AlF4:BGIP reverts to a NAC III conformation; and G6P has a 5-
fold higher affinity than BG1P for the BPGM:AIF4 complex. The PPGMpion:P1G6P structure
has a compromised Mg?* coordination and a weaker magnesium affinity, compared to the
BPGMpion:BeFs and BPGMpion:MgF3:G6P complexes. Thus, Mg-coordination facilitates

stabilisation of the transition state over the ground state 8%,

1.2.7 Computational studies of proton transfer

EVB simulations of BPGM WT and D10N supported the role of D10 as the general acid/base,
rather than alternative proposals of a substrate-assisted mechanism . The analysis of QM
simulations alongside crystal structures and NMR data, showed several significant features of
the reaction coordinate in BPGM. The transition from a NAC 11l complex to a TSA complex,
involves a concerted P-O bond dissociation, domain reorientation and proton transfer from
D10 to the leaving group. The fact that domain orientational dynamics occur on a substantially
slower timescale than bond vibrations suggests that domain reorientation instigates phosphoryl
transfer. Simulations also show that the electrostatic repulsion between the transferring proton
and the transferring phosphorus stabilises a planar transition state, which was experimentally
corroborated by a subtle change in geometry in the AlFs moiety of the BPGMpion: AlF4:G6P

complex compared to WT ©.

1.2.8 Allomorphy

Substrate-free BPGM has two conformations (A and B) which exchange on a multi-second
timescale, resulting from cis-trans isomerisation of P146 backbone amide, detected by *H*N-
TROSY NMR %, 30% of the assigned residues exist in slow chemical exchange, resulting in
two spin systems for each backbone amide. These residues are found mostly in the core domain
in the vicinity of P146. Five of these residues are missing in conformer B, owing to millisecond-
exchange broadening (K145, A147, D149, 1150 and Q176). The cis P146 isomer (conformer
A) is adopted in the crystal structures, which places the adjacent residue K145 in the active site
where it interacts with E169 and stabilises the negative charge of the proximal site phosphate

(or phosphate analogue) ®°.

The trans isomer (conformer B) is trapped in the BPGMpisa variant. A single species is

observed in the *H™N-TROSY spectra, which has chemical shifts which are similar to those of
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BPGMwr conformer B. The crystal structure of the substrate-free BPGMp146a COMplex, shows
a trans alanine with K145A displaced from the active site with the terminal amine oriented
toward the cap domain. BPGMp146a:MgF3:G6P TSA complexes have almost identical chemical
shifts to the corresponding WT complex. The crystal structure is almost identical to that of the
WT structure and has a cis K145-A146 peptide bond with K145 side chain amine in the active
site. Therefore, conformer A (cis) is catalytically active whilst conformer B (trans) has
compromised activity. The steady state kinetic parameters (Kca, Kmgcir and Kumgcissp) are
attenuated ~20-fold in BPGMpu46a vs. BPGMwr *°.

Activation of the enzyme by phosphorylation of D8 can be achieved using different
phosphorylating agents: Acetyl Phosphate (AcP), Fructose-1,6-bisphosphate (F16BP) or the
reaction intermediate BG16BP. Activation using the latter results in conventional linear
kinetics. AcP and F16BP both produces substantial lag-phases in their kinetics. The same
pattern of behaviour is observed in BPGMp146a. By monitoring the amide resonance of A113 (a
well resolved reporter of conformer A and B, and their phosphorylated equivalents A” and BF)
the effects of different phosphorylating agents (AcP, F16BP and BG16BP) on the population
different phosphorylated BPGM species was measured. Critically, phosphorylation with F16BP
and AcP results in population of a mixture of species including B?, whilst phosphorylation with
BG16BP does not generate any detectable B”. A model was presented in which AcP and F16BP
phosphorylate both conformers A and B whilst, BG16BP can couple phosphorylation with the
transition to conformer A resulting in fast linear kinetics. The lag phase for AcP and F16BP is
therefore a result of a significant population of the inactive B conformer. Only when BG16BP

accumulates does the population of A start to dominate resulting in an increase in rate .
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2 Characterisation of Hinge Dynamics in pPGM

2.1 Introduction

2.1.1 Conformational dynamics of globular domains

As described in Section 1.2, BPGM has two domains which open and close, to allow binding
and release of substrates, during its catalytic cycle. Structural models describing the
conformational dynamics of the globular domains in BPGM have come almost exclusively
from x-ray crystallography. These models provide mechanistic insight as well as a structural
basis for the interpretation of NMR data. It is therefore essential that we can understand the
scope and limitations of these models. In particular, it is apparent from the structures of protein
crystals that domain orientation is tightly coupled to the stability of the crystal lattice. It seems
likely, at least in some cases, that domain orientation may shift to accommodate a more stable
crystal lattice arrangement.

The dyndom databases -2 act as a repository of collective motions extracted from the protein
data bank. A survey of this database revealed several other proteins which, like BPGM, are also
comprised of two globular domains connected by a flexible linker which undergo a transition
from a substrate-free open form to a substrate-bound closed form. From this survey, four
proteins were identified which also had published data describing the conformational behaviour
in solution. A case study of each system is described below to establish a precedence, if any,

for the existence of crystallographic packing artefacts on domain orientation in proteins.

T4 Lysozyme

Lysozyme from the Escherichia coli T4 bacteriophage (T4L) belongs to the O-Glycosyl
hydrolase family (EC. 3.2.1.17). It specifically hydrolyses the B1-4 glycosidic link between
alternating N-Acetylglucosamine (NAG) and N-Acetylmuramic acid (NAM) residues within
the peptidoglycan polymer of gram-positive bacteria. T4L is a small globular protein (18.6
kDa), comprising 164 residues. It has two domains: C-terminal domain (C-domain) and N-
terminal domain (N-domain). The substrate binds in the active-site cleft between the two
domains. The N domain has three contiguous antiparallel p-strands, connected by short loops
followed by a helix. The C-domain comprises a bundle of helices. The two domains are
connected in sequence at two points: within an N-terminal helix (a1) and at the C-terminal end
of a3. There are over 1000 T4L structures deposited in the protein data bank. The vast majority
populate a relatively compact state, irrespective of active site occupancy. It was suggested the
enzyme would need to adopt a substantially more open form to allow the relatively large
substrate to enter the active site cleft . Different crystal isoforms of T4L were obtained, using
varied crystallisation conditions and T4L variants, which showed substantially more open

structures ™. Furthermore, Crystallization of T4L fused to a polymeric scaffold yielded low
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resolution structural information which was more open than the predominant closed crystal
isoform 7. *H N residual dipolar couplings (RDC) were measured to establish the ensemble
average orientation in solution. ® The rigid body transformation of the N-domain which best
fit the solution data was expressed using Euler Angles. The results show a 17° rotation relative
to the closed conformation (PDB: 3LZM). The best-fit orientation was close to that of the open
crystal structure (PDB: 150L, chain C). RDCs and pseudo-contact shift (PCS) measurements
on paramagnetically labelled T4L were fit to data calculated from a range of crystal structures.
The best fitting structure was found to be 1SSY which is slightly more open than 150L(c).
Furthermore, paramagnetic relaxation enhancements (PRE) predicted from closed crystal
structure were not observed, ruling out an equilibrium between open and closed conformations
7. Single molecule fluorescence resonant energy transfer (SMFRET) experiments revealed
anticorrelated fluctuations in donor-acceptor emission during enzymatic turnover of substrate,
corresponding to conformational dynamics of the enzyme. No such motions were detected in
the absence of substrate. This indicates a single open species is populated in the absence of
substrate. However, the FRET signal is only semi-quantitative and could not be accurately
related to structure 8. “Single-walled carbon nanotube, field effect transistor” SWNT-FET
sensors were also used to measure single molecule dynamics. The conductance of the SWNT-
FET sensor is affected by conformational changes in a single bound lysozyme molecule. A
featureless, monomodal signal was observed for acquisition in the absence of substrate or using
inactive mutants (E11H, T26E), whereas a two-state switching was observed in the presence

of different substrates °.

Phosphoglycerate Kinase

Phosphoglycerate kinase is a glycolytic enzyme, catalysing phosphoryl transfer from the
substrate 1,3-bisphosphoglycerate to adenosine diphosphate (ADP), generating 3-
phosphglycerate and adenosine triphosphate (ATP). It is also an important processor of anti-
retroviral pro-drugs. PGK has been studied using a variety of source organisms including
human, plasmodium, staphylococcus, and mouse. These variants have a largely conserved
tertiary structure. PGK has around 400 residues and is approximately 41 kDa. It has an N-
terminal and C-terminal domain of similar size. Both domains have a central parallel B-sheet
surrounded by helices. The domains are connected in two places, by a rigid helix and more
flexible C-terminal loop. 1,3-bisphosphoglycerate binds to the N-domain whilst ADP binds to
the C-domain. A range of human PGK complexes have been identified including apo, binary,
ternary and TSA complexes & with a range of domain orientations. Open crystal structures are
rotated by 20-30° relative to the fully closed TSA conformation. The domain orientation of a
substrate free homology model were refined against small angle x-ray scattering data. The

refined model was used to generate an electron density map. The substrate free structural model

18



was then fit to the electron density map using ‘deformable elastic network’ restraints. The
resulting structure was substantially more open, with a domain orientation rotated 56° relative
to the TSA conformation 8. Furthermore, molecular dynamics on the nanosecond timescale
have interdomain centre-of-mass distances up to 39 A which are greater than those of the open
crystal structures (32 — 35 A) . Elastic network models were used to calculate normal modes
which describe hinge bending in PGK. The amplitudes and timescales of these normal modes
were fit to small angle neutron scattering (SANS) and neutron spin echo (NSE) data. The results
indicate sampling of open and fully closed domain orientations with an average orientation
which is similar to the crystal structures, on a nanosecond timescale. Substrate binding shifts
the average orientation to a more closed complex and reduces the amplitude of fluctuations .
These observations are consistent with single molecule FRET experiments. FRET efficiency
histograms for substrate-free PGK show two distinct populations of a more open and more
compact conformation. These states do not exchange within the confocal dwell time (z,, > 10
millisecond timescale). The expanded state comprises a broad distribution of open
conformations which also exhibit > 10ms exchange rates. These states are much more open
that open crystal structures and may be partially unfolded. Conversely, the compact state is
more similar to the open crystal structures but exhibits large amplitude fluctuations on the

nanosecond timescale, with transient sampling of fully closed conformation .

Glutamate dehydrogenase

Glutamate dehydrogenase (GluDH) catalyses the reduction of glutamate to 2-oxoglutarate and
ammonia using NADH as a reducing agent. GIuDH has a hexameric structure. Each subunit
(~46 kDa) has two domains of roughly equal size: a nucleotide-binding N-domain and a C-
domain which contacts other subunits. The C-domain has a mixed (anti)parallel B-sheet
surrounded by helices, whilst the N-domain has a twisted (3-sheet with long strands packed
against a helices on one side. The active site sits in the cleft between the two domains. Crystal
structures of GIuDH from Thermococcus profundus (PDB: 1EUZ) are typical of structures
from other open GIuDH variants. SAXS data showed significant deviations compared to the
predicted scattering curves from the crystal structures. The Radius of Gyration of the solution
structure is larger by ~2 A. It was suggested that crystal packing forces bias the orientation of
the N-domains to more a compact state ®. A 200 ns molecular dynamics simulation of the
hexameric GIuDH complex illustrates ns-timescale fluctuations in domain orientation,
spanning the full range of conformers sampled by the x-ray crystal structure (PDB: 1EUZ).
AFM was used to measure the topography of a GIuDH crystal, in which the N domain of
subunit D was free from crystal contacts. An AFM height distribution showed two species with
width o ~3.4 A separated by Ap ~ 3.6 A. An equivalent height distribution was obtained from

the MD simulations, which showed two populations were sampled with a mean change in
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height Ap ~ 2.9 A, slightly less than that derived by AFM. . Structures of the six C-domains
by cryo-electron microscopy (cryoEM) were calculated with a resolution better than 3 A,
whereas the N-domains were worse than 3.2 A with arc-shaped electron-density following the
direction of domain reorientation. Distinct electron density maps were obtained with the N-
domain in different orientations by re-classifying particles. A weighted sum of MD simulation
structures (described above) could be fit to the electron density maps. Refined structures from
each electron density map cover a similar range of motion compared to the crystal structures
(PDB 1EUZ). ¥

Periplasmic binding proteins

Periplasmic binding proteins (PBPs) are a superfamily of proteins involved in chemotaxis and
solute uptake in gram-negative bacteria. They are diverse in sequence but have a common
tertiary structure, comprising two domains connected by a flexible linker. Solute binding
occurs at the interface between the two domains, which causes substantial domain
reorientation. A 500 ns MD simulation of ligand-free maltose binding protein (MBP) from
Thermotoga maritima shows a single open population, which was fit to SAXS data using an
implicit solvation model . Crystal structures of ligand-free complex of MBP from E. coli were
shown to be in close agreement with solution RDC data . PREs are sensitive to the presence
of minor species in fast exchange. Measurements of spin-labelled ligand-free MBP indicate a
5% population of a partially closed conformation *. This state was identified using accelerated
molecular dynamics (aMD) . Two state exchange was observed on a timescale of seconds, in
smFRET experiments, which were attributed to this dynamic exchange %. PRE measurements
in a closely related system (Glutamine binding protein) did not detect a minor, partially-closed
species. %%, Whereas crystal structures of a ligand-free closed complexes have been found for
Galactose/Glucose binding protein (GGBP) % and choline binding protein (ChoX) %. A number
of molecular dynamics studies have shown substantial domain reorientation in the ligand-free

state compared to crystal structures °-%°

Summary

Three key points can be understood from these case studies. 1) There is a precedence for biasing
of domain orientation in crystal structures. Solution measurements are sometimes required to
obtain a more accurate ensemble. 2) Experiments which probe domain orientation in solution
can have conflicting results owing to low sensitivity. Careful calibration of experiments and
calculations are required. Clear quantification and visibility of uncertainties are advisable to
avoid such inconsistencies. 3) The balance between the open/closed state in ligand-free
complexes is quite variable between these proteins. Some exclusively populate an open

conformation, whilst others transiently (or otherwise) sample more closed conformations.
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The following sections describe an investigation into the possible effects of crystal packing on
domain orientation in BPGM. Two approaches are available. New structures can be derived
from existing crystal structures through refinement against experimental data, e.g. the use of
SAXS data to refine a deformable elastic network model 81 or RDC data to refine the rigid
body domain orientation 7. Alternatively, a new ensemble of structures can be derived using
an MD forcefield, which is then validated against experimental data 1°*. The performance of
MD simulations has improved significantly in recent years owing to GPU-accelerated
calculations, forcefield development and algorithmic improvements. Fluctuations in domain
orientation occur largely on a ns-us timescale, which are now routinely accessible by MD
simulations. Therefore, it is this approach that we have chosen to use to investigate domain
dynamics in BPGM.
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2.1.2 MD Simulations — Theory and Developments

Theory

Molecular dynamics (MD) is a type of computer simulation used to predict the motions of
atoms and molecules %219, A system of interacting atoms and molecules are defined, and their
trajectories are derived by numerically solving Newton’s classical equations of motion. MD
forcefields specify the interactions between the atoms in a molecular system. A forcefield has
a functional form and a set of parameters. The functional form is a mathematical expression
describing a general relationship between the potential energy and the atomic coordinates. The
parameters define the specific quantitative relationships. There are a few standard classical

potentials used to describe molecular systems .

Covalent bonding is typically described using a harmonic potential for bond distances and

angles.
1 2
Elength = Zk(X — Xo)

1 2
Eangle = Ek(e —09)

A periodic cosine potential and the Ryckaert-Bellemans potential are used to describe torsions.

Etorson = k(l + cos(ne - 90))

5

Erg = Z ¢; - cos'(0)

i=0

Canonical dihedral angles are calculated between 4 consecutively bonded atoms. Improper
dihedral angles are calculated between 3 atoms covalently linked by a 4" central atom.
Improper dihedrals are useful for ensuring proper geometry for certain functional groups (e.g.

maintaining planar peptide bonds).

Non-bonded interactions are described by the Lennard-Jones potential,

12

o} 0\°
By = 46((;) (%) )
where r is the interatomic distance, o is the interatomic distance where the potential is zero

(this is often expressed as rpy;, = o - 2/¢), € is the dispersion energy.

Electrostatic interactions are described by the coulomb potential,

4142
4menr

EQ:
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Where q: and g are the charges of the interacting atoms and ¢ is the dielectric constant.

Several integration methods exist to calculate trajectories using forcefields. Common examples
include Velocity Verlet and Langevin integrators. An important setup step in MD simulation is
minimisation of the initial coordinates. Typically coordinates will be derived from solved
structures deposited in the protein data bank. These structures usually have atoms that are
slightly too close or too far from neighbouring atoms (as defined by the forcefield) which will
give rise to large forces. Evaluating large forces with long timesteps give rise to non-physical
dynamics and ‘explosions’ in energy and temperature which will ultimately cause the
simulation crash. To overcome this, structures are ‘energy minimized’. The aim of this
procedure is not to obtain an absolute energy minimum but to shift the structure away from
conformations which give rise to very large derivatives in the potential. A commonly used
algorithm is called ‘steepest descent’, whereby the gradient (m) of the potential is calculated,
and each atom is incremented along the direction of minimum gradient, i.e. max(-m). After a
finite number of increments the system should find a local minimum where the forces are close

to zero. Minimisation usually only results in small structural changes .

Different types of ensembles can be collected in MD simulations. These are named according
to the physical properties that are kept constant. The NVE (aka. Microcanonical) ensemble
keeps the number of particles, the volume, and the energy of the system constant. This is not
normally the best choice for MD simulations of large biomolecules, because conformational
changes which reduce the potential energy of the system will coincide with a significant
increase in kinetic energy, which can then give rise to different dynamic behaviours. A better
alternative is the NVT ensemble, which keeps the temperature rather than the energy constant.
Different computational thermostats work in different ways, but in simple terms this can be
done by scaling the velocities of the particles in your system incrementally in response to
changes in kinetic energy. Depending on how water molecules are placed around the protein,
there may regions of high or low pressure within the system. The NPT ensemble involves the
use of a computational barostat, which modifies the volume of the system to maintain a constant
pressure. An NPT equilibration step is typically used to allow the protein to come to
equilibrium with the solvent without creating abnormally high or low pressures. NVT and NPT

equilibration steps are standard practise in the setup of MD simulations 103104,

Periodic boundary conditions are frequently utilized to avoid surface tension effects in explicit
solvent models or to avoid having very large water boxes with a very large number of atoms.
They allow approximation of the behaviour of very large (infinite) systems without incurring
a large computational cost. A simulation with PBCs has an infinite lattice of identical

simulation boxes. If an atom reaches a boundary, effectively it will re-enter the same box on
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the opposite side of the cell. According to the minimum image convention, the box must be at
least as large as the interaction cutoffs (see below) so that a molecule will only interact with
one copy of itself in each dimension. Otherwise, self-interactions would cause the velocities to

‘explode’ 103104,

Several methods are used to reduce the computational cost of MD simulations. In explicit
solvent simulations of biomolecules the number of solvent atoms usually far exceeds the
number of atoms in the biomolecule of interest. Consequently, water molecules are often made

rigid (fixed bond lengths and bond angles) to minimise the cost of computing their dynamics.

Evaluating the forces is the most expensive part of each simulation timestep. Therefore, by
increasing the timestep you reduce the number of timesteps you need to calculate and reduce
the cost of the simulation. The timestep must be smaller than the fastest dynamical fluctuation
of the simulation. The fastest fluctuations would normally be bond vibrations involving
hydrogen atoms. However, by fixing the bond lengths and bond angles of water molecules, you
remove these dynamics which allows you to increase the timestep of your simulation.
Furthermore, masses of heteroatoms can be re-distributed to their bonded hydrogen atoms

which reduces the bond vibration and bending frequencies, allowing timesteps up to 4 fs 1.

The long-range coulomb and LJ interactions are the most expensive part of the forcefield to
evaluate. Coulombic interactions depend on % resulting in slow convergence of the force as a

function of the distance. Ewald summation methods are often used which separate the potential
into a short-range part which is evaluated in real space and a long-range part which is evaluated
in Fourier space %, Convergence of the potential in Fourier space is much faster allowing for
a quick and accurate evaluation of the potential. Details of this calculation are described

elsewhere 109,

Forcefields

Classical MD forcefields make many approximations. These models are atomistic — each atom
is described as a particle with a fixed mass and charge. QM effects (e.g. polarization, quantum
orbital effects) are not accounted for explicitly due to computational cost. Forcefields are based
on empirical observation and are parameterized using experimental data and ab initio
calculations . The information contained within such a model cannot be expected to accurately
describe all varieties of molecular behaviour in all environments. Instead, it is designed to try
and accurately account for the behaviour of specific types of molecules in specific
environments and in specific structural/dynamical regimes. This is in analogy with the
mathematical field of ‘approximation theory’ where complex functions can be reduced to
simpler ones within specific limits or under certain assumptions. To increase the scope of such

simulations, new bespoke parameter sets can be derived to describe the behaviours of different
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types of molecules cheaply and accurately (i.e. proteins, lipids, nucleic acids) °. Furthermore,
within protein forcefields each amino acid has a unigue set of parameters which helps describe
the nuances of their behaviour. It has also been noticed that modern protein forcefields do not
accurately describe the behaviours of intrinsically disordered proteins. New parameter sets are
being developed to describe this alternative dynamic regime.

A few well-known families of forcefield exist: Amber, CHARMM, GROMOS, OPLS.
Amber’s ff14sb protein forcefield 1! is one of the most recent forcefields at the end of a long
history of development and optimisation 2. Some notable developments included the gradual
improvement of the representation of secondary structure elements and side chain rotamer
preferences ultimately through fitting to more sophisticated and thorough ab initio models and
to more diverse and extensive experimental data sets. ff14sb has recently been succeeded by
ff19sb which highlights an inherent underestimation of helical propensity which is inexactly
compensated for by the propensity of the tip3p water model to bias toward more compact
structures. The ff19sb model claims to capture more sequence specific behaviours 2,

Typically, forcefield development has focussed on optimising specific sets of torsion angles
whilst the bond interaction parameters, non-bonded interaction parameters and partial charges
are often left unoptimized. The ff15ipq forcefield is the second in a new generation of Amber
forcefields, which have rederived implicitly polarised atomic charges using the “IPolQ”
method. This method fits charges to QM-derived charge distributions calculated in a vacuum
and in a field of point charges derived from an MD simulation using a specific water model.
60 new bond angle parameters and 900 new torsion parameters were derived, with several new
atom types to decouple the behaviours of different residue types. Finally, new empirically
derived Lennard-Jones radii were calculated for polar hydrogen atoms bonded to a nitrogen
atom, which better predicted the propensity to form salt bridges compared to contemporary
forcefields. This forcefield has been demonstrated to provide better agreement with NMR data

114 and is better able to reproduce hydrogen bonding networks from crystal structures %°,

Over-binding of metal ions to proteins is another well-documented problem in classical MD
forcefields. One approach to address this problem is the ‘electronic continuum correction’
which implicitly accounts for electronic polarization effects in a mean-field way for ions in
solution. Typically this is introduced either through charge scaling or by modification of the
dielectric constant. This has proved useful for the modelling of ion transporters ¢ and calcium
binding proteins 117118, Charge scaling has also been used to improve the representation of salt

bridges in proteins 1°,
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Sampling

Simulation performance depends upon the size of the system being simulated, the platform on
which the simulation software is being run, the available computational resources, the
complexity of the forcefield being evaluated and the number of time-saving approximations
being used. The availability of fully programmable, massively parallel graphics processing
units (GPUs) has improved performance in many areas of scientific computation. GPUs have
enabled routine sampling of ps dynamics in MD simulations 2, With speeds of 360 ns/day it
would take about one month to run a 10 us simulation. Access to these speeds can also be
attributed to software/algorithmic improvements 2, Millisecond timescale unbiased

simulations are becoming accessible for smaller simulation systems 122,

Many functionally relevant dynamical processes occur on millisecond — second timescales.
Sampling of dynamics on these timescales would require vast computational resources, using
conventional molecular dynamics for larger systems. Enhanced sampling algorithms are a
diverse collection of methods used to try and accelerate sampling of conformational dynamics
so that they occur on computationally accessible timescales. Adaptive-bias methods such as
metadynamics are amongst the most widely used 2. During a metadynamics simulation,
gaussian potentials are deposited to push the system away from previously visited states. These
potentials are applied to a user-defined set of “collective variables” (CVs) i.e. some function
of the coordinates. The aim is to select a CV which discriminates between each of the
metastable states within the conformational landscape and the barriers between them. These
may be torsions, angles, distances, global properties such as radius of gyration, a linear
combination of multiple CVs such as those identified by PCA 24 or some measurable property
such as a SAXS curve 1%, If a system is trapped in a stable conformation the potential will
accumulate, gradually destabilising the conformation until transition to other conformations

becomes kinetically accessible. The metadynamics bias is described by the following equation.

_(s=s(F(x1)?
V(s,t) = Z W-e 202

K<t

Where s is the collective variable(s), t is simulation time, t is the deposition timestep, « is the
number of gaussian kernels deposited, o is the width of the gaussian bias and W is the gaussian
height. The bias at time t is therefore taken as a sum of gaussian kernels centred on the CV
coordinates defined by the simulation. Well-Tempered Metadynamics is a variant in which the
height of the deposited bias depends on the size of the bias already deposited at the current
position in CV-space.

_v(s,t)
W = Woe kBT
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Ts =T + AT

B_T+AT
T

The bias factor B determines the effective temperature at which the CVs are explored. This
provides a mechanism for tuning the degree of acceleration to apply to the simulation. The
biased potential energy landscape converges to a landscape where the transition barriers are
attenuated. Metadynamics has been used successfully in many systems, however there is a limit
on the number of CVs that can be efficiently biased.
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2.2 Results: MD Simulations

2.2.1 BPGM Crystal Contacts

Crystal lattice contact mapping was used to investigate the influence of crystal packing on the
conformational landscape of BPGM. Pymol’s symexp function was used to reconstruct
neighbouring asymmetric units for each of the BPGM Lactococcus lactis PDB crystal structures.
A Euclidean distance matrix was calculated between the coordinates of central copy and those
of the neighbouring molecules in the crystal lattice. Distances less than 3.5 A were counted,
cumulatively, for each residue and for each structure. These are represented on a contact map in
Figure 2-1. The vast majority of open BPPGM crystal structures have either a P2:2:2; symmetry
with one chain in the asymmetric unit, or a P12,1 symmetry with two chains in the asymmetric
unit. A representative example of each is given by 2WHE and 6HDI, respectively. Any residues
of neighbouring molecules containing atoms within 5 A of the central copy of the asymmetric
unit are highlighted in Figure 2-2. This analysis shows both structures have extensive contacts
around the cap and core domains, which restrict their accessible range of motion. This does not
necessarily mean that the observed orientations are biased, only that that an alternative
orientation would require a different crystal packing arrangement. Notably, contacts are also
made with the hinge region (S88-184) and with residues in the 70s helix including residues N77
and N118 which interact with K109-Nz and G159-O from a neighbouring molecule.
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Figure 2-1 — BPGM crystal packing contacts. (A) A per-residue, crystal lattice contact map of open
BPGM structures. Residues with atoms within 3.5 A of one another are highlighted in the contact map.
The greyscale represents the number of occurrences of a given residue-residue contact. (B) The total
number of contacts per residue are plotted on an open BPGM crystal structure (PDB: 2WHE).

Figure 2-2 — BPGM crystal packing contact examples. BPGM crystal structures (A) 2WHE (B)
6HDI chain A and (C) 6HDI and chain B are displayed as a cartoon representation with cap and core
domains coloured blue and green respectively. The C-terminal portion of the 70s helix, between N77
and the hinge is coloured orange. All residues from a neighbouring asymmetric unit within 5 A are
shown as a translucent red surface, illustrating the crystal contacts which limit the accessible range of
motion of the cap and core domains.
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2.2.2  Molecular Dynamics

An extensive series of MD simulations were run with a cumulative total of 40 us simulation
time, to investigate solution hinge-bending dynamics in BPGM. Two forcefields were used: the
ff14sb protein forcefield paired with tip3p solvent and the ff15ipq protein forcefield paired with
SPEC/Ey solvent. In some cases, an electronic continuum correction applied to SPEC/Ep
monoatomic ions. This was implemented as 75% scaled charges (Mg®*, Na®"*, CI®™) with
corresponding Lennard-Jones parameters (e, ) empirically determined using neutron scattering
data 1267128 All but one of the simulations were initiated using coordinates from the
BPGMwr:MgF3:G6P transition state analogue complex (PDB: 2WF5), with ligands and selected
water molecules removed. The other was initiated from a substrate-free BPGMwr structure
(PDB: 2WHE). All but one of the simulations were collected as a single production run, between
5 and 10 ps. One ensemble was calculated as 5 x 1 us production runs initiated from randomly
selected coordinates and velocities. An overview of the simulations is given in Table 2-1.

Simulation Name LS o Reld  nodel | ECC (cislj%f:ns) L?,Tg; "
ff14sb-tip3p-1 2WF5 FF14SB TIP3P x cis 10
ff14sb-tip3p-2 2WF5 FF14SB TIP3P x cis 5
ff15ipg-spceb 2WF5 FF15ipq SPC/Eb x cis 5

ff15ipg-spceb-5x 2WF5 FF15ipq SPC/Eb x cis 5x1

ff15ipg-spceb-ecc 2WF5 FF15ipq SPC/Eb v cis 5

ff15ipg-spceb-ecc-meta 2WF5 FF15ipg SPC/Eb v cis/trans 5
ff15ipg-spceb-ecc-2whe 2WHE FF15ipq SPC/Eb v cis 5

Table 2-1 — Summary of molecular dynamics simulations. The initial coordinates sets are defined
using the protein data bank ID code. Amber’s protein forcefields were used with their corresponding
solvent model. For some simulations an electronic continuum correction (ECC), implemented as 75%
charge scaling and modified Lennard-Jones parameters, was applied for monoatomic Mg, Na and Cl
ions. One of the simulations included a metadynamics bias to introduce cis/trans isomerisation of the
K145-P146 peptide bond. Simulations were implemented as either single long production run, or

multiple short production runs.
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The intrinsic Euler angles (yaw, pitch, roll) describing domain orientation were calculated
throughout each trajectory. The pitch angle corresponds to the opening/closing motion of the
cap domain; the yaw angle corresponds to a ‘left-to-right shearing motion’ and the roll angle
corresponds to a twisting motion around the long axis of the cap domain. Euler angles were
calculated relative to the fully closed BPGMwr:MgFs:G6P transition state analogue
conformation (PDB: 2WF5). Full details of the calculation are described in Section 5.2.4. The
yaw-pitch angle distributions for all the simulations combined are shown in Figure 2-3. Four
conformations (c1, 2, €3 & C4) were identified from these distributions (Table 2-2). These
simulations suggest the solution ensemble exist in multi-state us-exchange between

conformations that are all more open than the crystal structures.
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Figure 2-3 — Cap Domain Euler Angles. The yaw and pitch angles calculated from all MD
simulations specified in Table 2-1 were separated into 100x100 discrete bins and coloured according
to the frame count for each bin, with lower counts coloured light blue and higher counts coloured dark
purple. The angles calculated for the open, partially closed and fully closed TSA-like crystal structures
are represented with open-circles and are coloured red, orange and green, respectively. The data are

shown for each simulation individually.

Conformer Ry (A) Pitch (°) Yaw (°)
xtal 18.7 17 -6
C1 19.0 26 3
C2 19.2 26 -13
C3 20.0 45 -15
Cs 20.0 61 -9

Table 2-2 — Cap Domain Euler Angles. The average Radius of Gyration, Pitch angle and Yaw angle
calculated for the open BPGM crystal structures (xtal) and for each of the conformers identified from

MD simulations (c1 — C4).
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2.2.3 Conformer c;

The ff15ipg-spceb-ecc-2whe simulation is dominated by conformer c,. During the simulation
the structure relaxes to a new conformation which is, on average, rotated by ~9° in pitch angle
away from the open crystal structures. A distinct feature of this conformational change involves
the packing interactions of Y19. An internal cavity is present in the crystal structures formed by
residues from the core domain (L9, T14, L122, M126), the cap domain (Y19, Y80, 184) and the
hinge (D15, T16, V87). In the ff15ipg-spceb-ecc-2whe simulation, this cavity is filled by the
sidechain of Y19 (Figure 2-4). The distance between Y19-C; and L122-C, reports on the
occupancy of the hinge cavity by Y19 sidechain and is reduced from 8.3 A in 2WHE to 5 A in
the MD ensemble (Figure 7-2). Y19 sidechain packing interaction is initially satisfied by a hinge
bending motion, resulting in a ~40° pitch angle, which is unstable and does not persist for more
than 100 ns. A more stable conformation is found after ~1.5 ps, involving a subtle rearrangement
of multiple hinge residues and a shift to the ¢, domain orientation. Significant changes are
observed in the backbone torsions of T14, D15, T16, V81 and K82. Conversely, the dihedral
angles for M83-S88 overlay closely with the crystal structures (Figure 2-5). Furthermore, the
backbone carbonyl of K117 flips to form a hydrogen bond with Y80-O,, which has a stabilising
effect on the domain orientation.

Figure 2-4 — A hydrophobic cavity in substrate-free BPGM. (A) Shows a slice through the Van Der
Waals’ surface of the BPGMwr substrate free crystal structure (PDB: 2WHE), revealing a hydrophobic
cavity within the hinge region defined by the side chain atoms of Y19, Y80, D91, L122 and M126
(ball-and-stick representation) and L9, T14, D15, T16, 184 and V87 (not shown). (B) Shows the same
slice from a representative structure of the c, domain orientation from the ff15ipg-spceb-ecc-2whe

simulation. The cavity is occupied by the sidechain of Y19.
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Figure 2-5 — c2 Ramachandran distributions. Ramachandran (¢, v) distributions for hinge residues
(T14, D15, T16, V81, K82, M83, 184, Q85, D86, V87, S88 and P89) and for residues at the base of
the 70s helix from F69 — Y80. Simulation frames were separated into 100x100 discrete bins and
coloured according to the frame count for each bin, with lower counts coloured light blue and higher
counts coloured dark purple. The angles calculated for the open, partially closed and fully closed TSA-
like crystal structures are represented with open-circles and are coloured red, orange and green,

respectively. Angles are expressed in an atypical periodic boundary to aid visualisation.
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The open crystal structures comprise two distinct hinge conformations, resulting from rotations
about D15-¢ and T16-y (Figure 2-5). The dominant crystal conformer is characterised by a
direct hydrogen bond between D10-Os and T16-N and a more compact conformation of the
backbone between D15 and T16. The minor conformer (PDB: 1LVH, 50LW, 6H8U, 6H8V,
6YDL) has a more extended backbone conformation, resulting in a water-mediated hydrogen
bond between D10-O; and T16-N (Figure 2-6). This conformational change does not have a
substantial effect on the domain orientational Euler angles. Instead it appears to cause a subtle
shear/translational motion of the cap domain. Also, the extended conformation places the side

chain of T16 into the hydrophobic cavity within the hinge region.

An equivalent behaviour is observed in the MD simulations. The major/compact conformation
has similar T16 backbone torsions to the corresponding crystal structures but has distinct D15
torsions, associated with a shift to the c, domain orientation. Transition to the extended
conformation stretches the hydrogen bond between D10-O; and T16-N. However, the interaction
is not maintained via a water molecule. Instead, without hydrogen bonding constraints, D10 can
freely rotate about y: and coordinate the catalytic magnesium ion. Thereafter, it remains trapped.
The D15-¢ and T16-y backbone torsions can collapse back to the compact arrangement, with a
shift in T16-¢ resulting from the lack of hydrogen bonding restraints imposed by D10. A similar
magnesium-bound D10 rotamer is adopted if the simulation is initiated from a closed complex
(2WF5). In this case, D10-Os is oriented to coordinate G6P 1-OH group which has been stripped
from the active site prior to the start of the simulation. This conformation is not stable and
depending on the initial velocities it may adopt a canonical out conformation or it will bind
irreversibly to the catalytic magnesium. Using initial coordinates from an open, substrate-free
crystal structure (PDB: 2WHE), D10-O; starts in its canonical out position, which persists for

several us before rotating to interact with the catalytic Mg ion.

No experimental evidence has been found to support the existence of a direct interaction between
D10-O; and the catalytic magnesium. The existence of this conformation in MD simulations is
not surprising due to the tendency of contemporary forcefields to exaggerate electrostatics,
particularly for atomic ions which retain their full formal charge and are not subject to charge
transfer or polarisation effects. Adoption of the D10 out or Mg-bound rotamer appears largely
independent of forcefield. Use of the FF15IPQ forcefield with an electronic continuum
correction did not preclude the adoption of the magnesium bound rotamer. Whilst the Mg-bound
rotamer would likely be destabilised in a simulation with scaled charges, sampling of this
conformational change in our ps-timescale simulations was insufficient to quantify this effect.
This behaviour is likely an artefact of the MD forcefield and is associated with other dubious

hinge conformations.
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2.2.4 Conformer c;

The hinge is defined by an extensive network of packing interactions between three distinct
regions of the primary sequence: the N-terminus of a1 (L9, D10, T14, D15, T16, Y19, H20); the
C-terminus of a4 (Y80, V81, 184, Q85, V87, D91); and a6 (N118, F121, L122, R125, M126).
In particular, 184-Cs normally sits in a pocket formed by N118, F121, L122. However, the free
space Yyielded from the displacement of D10 sidechain, allows a shearing motion of the cap
domain, corresponding to a 15° rotation in yaw angle, which coincides with a rearrangement of
the packing interactions between the two domains. 184 sidechain rotates around . and C;s drops
into a new pocket between L122, T16, and V87, displacing Y19 (Figure 2-7). This
conformational change has characteristic backbone torsion angles of 184, Q85 and V87. The
largest change is exhibited by 184, which rotates by -20° in ¢ and y. Subtle torsional changes
also occur in T14, D15 and T16. Notably, the heterogeneity in D15 and T16 Ramachandran-
space is lost as the extended hinge conformation is precluded (Figure 2-8).

Adoption of the Mg-bound D10 rotamer appears to be necessary but not sufficient for transition
to ¢1. Each of the four simulations which populate conformer c¢; also adopt the Mg-bound D10
rotamer — the packing arrangement in the hinge region for c¢; is incompatible with a D10 out
conformation due to steric clashes. The ffl4sb-tip3p-2 simulation demonstrates multiple
attempts to transition to c; which are unsuccessful because D10 is in the out position.
Conversely, whilst c; is associated with the D10 out conformation, adoption of the Mg-bound

D10 rotamer does not always lead to the adoption of c;.

This conformation is stable on a us-timescale. It is populated in three simulations: ff14sb-tip3p-
1, ff15ipg-spceb-ecc and ff15ipg-spceb-ecc-meta (Table 2-1). Transition from ci back to ¢
requires a shift in the dihedral angles of the hinge residues to lift 184-C; out of the cleft between
L122, T16, and V87. Furthermore, 184 sidechain must rotate back around y: to allow Cs to drop
back into the pocket formed by N118, F121, L122. This transition often coincides with the

population of the more open c; conformation.
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Figure 2-6 — Hinge conformations in pPGM. (A) Open crystal structures of BPGM populating an
extended hinge conformation characterised by a water-mediated hydrogen bond between D10-O; and
T16-N. (B) Open crystal structures of BPGM populating a compact hinge conformation characterised
by a direct hydrogen bond between D10-Os and T16-N. The torsions which give rise to this
conformation change (D15-¢ and T16-y) are labelled.

Figure 2-7 — c1 Hinge conformation. The packing arrangement of hinge residue sidechains in (A)
conformer c; and (B) conformer c;. The backbone is displayed as an orange ribbon and sidechains are
shown as ball-and-sticks with dots representing their Van Der Waals’ radii. During the transition from

C, to ¢y, 184 displaces Y19 and packs against T16.
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Figure 2-8 — c1 Ramachandran distributions. Ramachandran (¢, ) distributions for hinge residues
(T14, D15, T16, V81, K82, M83, 184, Q85, D86, V87, S88 and P89) and for residues at the base of a4
from F69 — Y80. Simulation frames were separated into 100x100 discrete bins and coloured according
to the frame count for each bin, with lower counts coloured light blue and higher counts coloured dark
purple. The angles calculated for the open, partially closed and fully closed TSA-like crystal structures
are represented with open-circles and are coloured red, orange and green, respectively. Angles are

expressed in an atypical periodic boundary.
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2.25 Conformer cs

In the crystal structures and in conformers c; and ¢z, a4 runs from S65 through to 184, with the
final a-helical hydrogen bond (O; — HNi+4) found between Y80 and 184. This is followed by a
short 319 helical turn (O; — HNi:3). V81-0 hydrogen bonds with Q85-N.,; K82-O forms a long
hydrogen bond with Q85-N; M83-0 hydrogen bonds with D86-N; and 184-O hydrogen bonds
with V87-N. The same arrangement is found in c1 and c,. Conformer c; is characterised by a
rotation about the y-angle of 184, which converts the 3i¢-helical turn to an a-helical turn. The
backbone carbonyls of V81, K82 and M83 form hydrogen bonds with the backbone amides of
Q85, D86 and V87, respectively (Figure 2-9). This motion causes an increase in pitch angle,
which brings D86 and R22 into proximity allowing a salt bridge to form and requires burial of
Y19 sidechain into the hinge cavity. The sidechain of 184 is lifted out of the pocket formed by
N118, F121 and L122; the side chains of Y80 and H20 are pulled away from T16 and L122; and
the hydrogen bond between H20-N and T16-O is stretched. Thus, the adoption of this
conformation depends upon the balance between a collection of antagonistic interactions within

and around the hinge.

In the ff15ipg-spceb-ecc-2whe simulation, the balance of forces lies in favour of the ¢, domain
orientation, with only transient sampling of cs. However, after D10 rotates away to interact with
the magnesium ion, sampling of ¢ increases. Furthermore, the magnesium bound D10 rotamer
is populated for the latter half of the ff15ipg-spceb simulation, during which c; dominates. The
correlation between D10 sidechain orientation and c; sampling is also observed in the ff15ipg-
spceb-5X simulations. This correlation may, at least in part, be a consequence of the disrupted
packing interactions which result from reorientation of D10’s sidechain. This effect is illustrated
in Figure 2-10. A contiguous packing arrangement is found between the sidechains of D10, T16,
H20 and Y80, in conformer c,. However, when D10’s side chain is reoriented, this packing
arrangement is compromised which can be resolved either by adoption of an extended hinge
conformation (with a ¢, domain orientation) which separates T16 from D10 or more often by
adoption of ¢z which separates H20 and Y80 from T16 and D10.
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Figure 2-9 — cs domain orientation and hydrogen bonding. (A) Comparison of the cap domain
orientation of the MD conformation cs (red) and the crystal structure 2WHE (blue). (B) Comparison
of the hydrogen bond lengths of the N-terminal portion of the 70s helix. Residues VV81-V87 adopt a
310helix in the MD conformers c; and ¢, resulting in long O; — Ni+s hydrogen bonds. Residues adopt

an a-helix in conformer c3, resulting in shorter O; — Ni:4 hydrogen bonds.

Figure 2-10 — c3 hinge conformations. The packing arrangement of hinge residue sidechains in (A)
conformer ¢, with D10 out and a compact hinge conformation (B) conformer c; with Mg-coordinated
D10 and an extended hinge conformation (C) conformer c; with Mg-coordinated D10 and a compact
hinge conformation. The backbone is displayed as an orange ribbon and sidechains are shown as ball-

and-sticks with dots representing their Van Der Waals’ radii.
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2.2.6 Conformer c4

The c. conformation is closely related to ¢z except that the salt bridge between D86 and R22 is
replaced by a salt bridge between R22 and D91, which requires a further increase in the pitch
angle. The formation of this salt bridge is strictly correlated with the transition to cs4. The anti-
correlated trajectories of pitch angle and the R22—D91 side chain distances are shown in Figure
2-11. This prompted the use of the FF151PQ forcefield which was developed to better improve
the representation of salt bridges for proteins 12°. Based on our observations of R22 and D91 and
the numerous long range electrostatic interactions between the two domains, it was expected
that this would reduce the occupancy of ¢4 and possibly shift orientation of the dominant

conformations in solution. Indeed, the distributions in Figure 7-1 show that conformations c4 is

not occupied in these simulations.

80+
~ 604
N
(]
o 404
=
<
< 20
=
&
0 1 2 5 6 7 8 9 10
time (ps)
= A
o<
N 18.
S
= 154
<
B 12 | i 4
B 5 g i S é
= o kA
Q61 RELST Fdk 8RR
S 3] il Wl R
A~
0 .
0 1 2 5 6 7 8 9 10
time (ps)

Figure 2-11 — A salt bridge biases the cs conformer. (A) ff14sb-tip3p-1 cap domain pitch angle
trajectory reporting on domain orientation. (B) ff14sb-tip3p-1 trajectory of the distance between R22-
NH1 and D91-0OD; (red) R22-NH; and D91-OD; (blue) which reports on formation of a salt bridge.
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2.2.7 P146 isomerisation effects

Substrate-free BPGM has two conformations (A and B) which exchange on a multi-second
timescale, resulting from cis-trans isomerisation of P146 backbone amide % (Section 1.2.8).
However, the energy barrier for P146 isomerisation is much too large to be sampled by
conventional MD. All simulations were initiated from crystal structures with cis-P146, which
was stable throughout. In crystal structures, the cis isomer is concomitant with recruitment of
K145 into the active site, where it interacts with E169, which indirectly coordinates the catalytic
magnesium via a water molecule. In our simulations, an alternative competing arrangement is
sampled, where E169 adopts a direct mono- or bi-dentate coordination of the catalytic
magnesium ion and K145 dissociates from the active site. This competition is shifted slightly in
favour of the canonical crystallographic conformation when simulations are calculated under the
FF151PQ forcefield. However, as is standard in fixed-charge atomistic forcefields, the catalytic
magnesium ion carries a 2+ charge which undoubtedly biases the conformations of the residues
in its vicinity. To attenuate this effect, a simulation was run under the FF15IPQ forcefield with
a further electronic continuum correction. Consequently, the canonical crystallographic
interactions between K145-E169 and the catalytic magnesium were retained for the full length
of the simulation (Figure 2-12).

=0 \I:;S
s <3

FF14SB-TIP3P-1 FF15IPQ-SPCEb FF15IPQ-SPCEb-ECC

Figure 2-12 — Forcefield electrostatics bias K145 recruitment. The cartoon backbone of the core
domain of the open crystal structure 2WHE with residues D8, D10, K145, E169 and D170 shown as
sticks. Each of three trajectories (A) ff14sb-tip3p-1 (B) ff15ipg-spceb (C) ff15ipg-spceb-ecc, were

aligned to the core domain backbone atoms and the K145 side chain positions are shown as lines.
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To emulate the solution conditions more closely, a metadynamics bias was employed to rapidly
sample P146 cis/trans isomerisation during a 5 ps simulation. An external, history-dependent
periodic gaussian potential was applied to the K145 w-angle (indirectly via the dihedral angle ¢
defined by atoms: K145-C,, K145-0, P146-C; and P146-C,) and the P146 y-angle. Introduction
of this bias resulted in rapid cis/trans isomerisation of the K145-P146 peptide bond (Figure 2-
13). Furthermore, there was a substantial increase in the conformational dynamics in the vicinity
of P146 (residues 138-148), indicating that the trans isomer destabilises the conformation of the
surrounding loop. The convergence of these dynamics was evaluated using a dihedral

categorisation strategy (see materials and methods). After 5 us the P146 loop was still sampling

new conformations meaning that the resulting ensemble was not fully converged and was not
projected to do within a computationally accessible timeframe (Figure 7-3). Nevertheless, the
canonical cis conformation was re-visited a few times throughout the simulation, albeit
transiently due to trapping of E169 by an interaction with the magnesium ion. Despite
unequilibrated dynamics in this loop, these simulations still serve as a model to evaluate the

effects of P146 isomerism on domain dynamics.

Application of the metadynamics bias under the ff14sb forcefield resulted in a significant
reduction in domain orientation. The disordered P146 loop can make contacts with the cap
domain and stabilise a more closed conformation (Figure 2-14). However, this effect is absent
under the ff15ipq forcefield. In this simulation ¢c; and ¢; conformations are populated, which is
consistent with the distributions acquired in the absence of the P146 metadynamics bias. We
conclude that the exaggerated electrostatics of the FF14SB forcefield biases the domain

orientation to a more closed state, in simulations with a P146 (-angle metadynamics bias.
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Figure 2-13 — Metadynamics sampling of K145/P146 cis/trans isomerism. (A) Trajectory of the
K145-P146 o angle during metadynamics simulation. (B) Contour plot of the final cumulative
metadynamics bias in { / y space as an approximation of the free energy landscape for proline
isomerisation. High energy regions (¢ =+ 90 °) are coloured yellow and low energy regions ({ =+ 180

°) are coloured blue.
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Figure 2-14 — Forcefield electrostatics bias domain orientation. The cap domain Euler angles for
each of two simulations (A) ff15ipg-spceb-meta (B) ff14sb-tip3p-meta with a metadynamics bias
acting on the K145-P146 (-angle were separated into 100 x 100 discrete bins and coloured according
to the frame count for each bin, with lower counts coloured light blue and higher counts coloured dark
purple. The angles calculated for the open, partially closed and fully closed TSA-like crystal structures

are represented with open-circles and are coloured red, orange and green, respectively.
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2.2.8 A partially closed, substrate-free conformer

Prior to running metadynamics simulations on the P146 {-angle, a conventional MD simulation
using the ff14sh/tip3p forcefield was initiated using modified coordinates where P146 was
switched to the trans isomer. As with the metadynamics simulations, this introduced substantial
conformational dynamics in the vicinity of P146 and resulted in transient interactions with the
cap domain. A further consequence of this, which was not observed in the metadynamics
simulations, was trapping of a partially-closed, substrate-free conformation (Figure 2-15). This
conformation is characterised by a drastic change in the roll-angle (-38 °). Once formed, this
domain orientation did not continue to be stabilised via interactions with the P146 loop, which
found a stable helical conformation. Instead, this conformation is stabilised by electrostatic
interactions between R190, E41 and K45 as well as an unusual hydrogen bonding arrangement
within the hinge between the backbone carbonyls of L9 and D10 and the sidechains of Y80 and
H20, respectively.

The canonical pathway for substrate-induced closure has been previously characterised by
crystallographic studies of metal fluoride ground state and transition state analogue complexes
as well as D10N-trapped BG16BP complexes (Section 1.2). In this pathway, recruitment of the
phosphodianion to the distal site; coordination of the sugar; and recruitment of D10 to coordinate
the donor/acceptor axial ligand, results in a controlled change in domain orientation toward a
catalytically competent TS-like conformation. The closure event, sampled in this simulation, is
also associated with the displacement of D10 (which is coordinated by the catalytic magnesium)

but the absence of sugar-phosphate results in an off-pathway conformation.

45



nac
O open

20 904 P
O 13

73 754

60 604

45

Pitch (°)
Pitch (°)

30

-60 -45 -30 -15 0 15 30 a5 60 -60 -45 -30 -15 0 15 30 45 60

Yaw (°) Yaw (°)

Figure 2-15 — Sampling of a substrate-free closed conformation. The cap domain Euler angles of
the ff14sb-tip3p-trans simulation (A) pitch vs. yaw (B) pitch vs. roll. Euler angles were separated into
100 x 100 discrete bins and coloured according to the frame count for each bin, with lower counts
coloured light blue and higher counts coloured dark purple. The angles calculated for the open, partially
closed and fully closed TSA-like crystal structures are represented with open-circles and are coloured
red, orange and green, respectively.
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2.3 Results: Experimental Validation

2.3.1 Introduction

In the previous chapter, several distinct conformations obtained by MD simulation were
described. Whilst MD simulations attempt to replicate the solution conditions, thereby
alleviating any biases imposed by crystallographic packing forces, they also suffer from
forcefield and sampling biases. It is therefore important to provide validation using experimental
data acquired in solution. In the following section, Small Angle X-ray Scattering (SAXS),
Analytical Ultracentrifugation (AUC) and Nuclear Spin Relaxation (NSR) measurements are
described along with the calculations necessary to accurately relate them to the structural

ensembles.

2.3.2 Small Angle X-ray Scattering

The following samples were prepared for SAXS data collection. BPGMwr was exchanged into
TSA buffer (50 mM HEPES pH 7.2, 10 mM MgCl;, 20 mM NaF, 10 mM G6P) to generate a
BPGMwr:MgF3:G6P TSA complex. 0.82 mM BPGMbion Was incubated with ~16 mM AcP and
~8.2 mM G6P, resulting in the formation of a trapped BPGMp1on:pG16BP:Mg complex, which
was exchanged into 50 mM K+ HEPES pH 7.2, 5 mM MgCl;, 2 mM NaNs. A Magnesium-
depleted BPGMpion:BG16BP complex was prepared by buffer exchange into 50 mM K+ HEPES
pH 7.2, 2 mM NaNa. Together these samples represent various closed conformations.

Substrate free samples were prepared by exchanging BPGMwr into each of two buffers differing
in their concentration of chloride: (50 mM HEPES pH 7.2, 5 mM MgCl,, 2 mM NaNs) or (50
mM HEPES pH 7.2, 100 mM MgCl;, 2 mM NaNs). Low chloride results in a mixture of A and
B conformers, whilst conformer A is exclusively populated at high chloride concentrations. A
BPGMp146a Substrate free sample was prepared by buffer exchange into 50 mM HEPES pH 7.2,
5 mM MgClz, 2 mM NaNs. BPGMpusa exclusively populates conformer B. Together these

samples should elucidate any relationships between P146 isomerism and domain orientation.

SAXS data was collected using the B21 Beamline (Diamond Light Source, UK) with HPLC
separation to ensure monodispersity. Radially averaged, reference-subtracted, normalised
scattering data is plotted in Figure 2-16. The intensity at 0.8 <q<0.14 is particularly sensitive

to the change in Ry between open and closed complexes.
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Figure 2-16 — SAXS curves for open and closed BPGM complexes. A plot of normalised, radially
averaged scattering intensity against the scattering vector g for 1) BPGMwr substrate free complex
measured with 5 mM MgCl; 2) BPGMpassa Substrate free complex with 5 mM MgCl; 3) BPGMwr
substrate  free complex with 100 mM MgCl, 4) PBPGMpion:pG16BP  complex 5)
BPGMpion:pG16BP:Mg complex and 6) BPGMwr:MgFs:G6P TSA complex. Substrate-free open
complexes are coloured blue. The closed BPGMpion:BG16BP NAC complex is coloured green. The
closed BPGMpion:BG16BP:Mg and BPGMwr:MgF;:G6P TSA complexes are coloured red.

The relationship between structure and solution SAXS data is well understood **°. The density
of solvent at the surface of the protein is normally slightly higher than that of the bulk solvent.
Consequently, the apparent radius of gyration of the molecule is slightly higher than the true
value. This effect can be accounted for implicitly or explicitly. The parameters of an implicit
model are often optimized by least-squares non-linear regression within set boundaries (puik =
334 e A1, §p <10 %, ro+ 5 %). This approach effectively reduces the capacity of the data to
distinguish ensembles with subtly different Ry values, i.e. two structures with different Rq-values
can fit equally well to the same experimental data by adjusting these parameters. Consequently,
the boundaries applied to the fitted parameters directly correspond with the uncertainty in R.
The open crystal structures of BPGM have ~6 % larger Ry than the TSA complexes. The MD

simulations have 8 — 13 % larger Rq than the TSA complexes. To determine which ensemble fits
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the experimental data more accurately, 3p and ro must be fixed. Fitting these parameters within
the specified bounds would result in both ensembles fitting equally well to the experimental
data. Alternatively, an explicit solvent MD simulation can be used to calculate the contrast of
the solvation layer. This is a parameter-free method and has shown to be largely independent of
the MD forcefield and is implemented by the WAXSIS sever 3. Unfortunately, this method is
computationally expensive and can preclude analysis of several SAXS datasets for thousands of
simulated structures. To overcome this issue, a uniform sample of ~50 structures across a wide
range of Ry values were submitted to the WAXSIS server. The x> profile as a function of Ry for
each structure has a well-defined minimum. This same procedure was repeated using an implicit
solvation model, with different fixed values for ro and 3p . Each iteration gives a different 2
profile, where lower contrasts skew the 2 profile to higher Ry values and higher contrast skew
the y*> profile to lower Ry values (Figure 2-17). The parameters which best match the profile
generated using the explicit solvent model were rolled out to multiple datasets for thousands of
simulated structures. The normalised 2 profiles calculated for each data set using the crystal
structures and 1000 frames from the ff15ipg-spceb-ecc-2whe simulation are shown in Figure 2-
18. The closed crystal structures are in good agreement with the SAXS data derived from closed
complexes. The minimum 2 is found at 19.2 + 0.2 A for the datasets derived from substrate-
free complexes. The distribution of Rg-values for each of the ff15ipg-spceb MD simulations are
shown in Figure 2-19, Table 2-3. Conformer c, provides the best agreement with SAXS data,

whereas the crystal structures are too compact.
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Figure 2-17 — Model optimisation for SAXS data analysis. (A) Each subplot shows the relationship between the ¥? (y-axis) — derived from either an implicit solvation
model (blue) or an explicit solvation model (red) — and the radius of gyration (x-axis). In each subplot, the parameters of the implicit solvent model (8p, ro) are varied; the
results of the parameter-free explicit solvent model are identical. (B) The log-difference in the y? vs. Rq profiles between implicit and explicit solvent models, for different

values of 8p and r is plotted as an RMSD heatmap, with similar profiles coloured purple and dissimilar profiles coloured green/yellow.
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Figure 2-18 - ¥ vs. Ry profiles from an optimised implicit solvation model. x?>-values were derived
from an implicit solvent analysis of each SAXS dataset, using the x-ray crystal structures and each of
1000 frames from the ff15ipg-spceb-ecc-2whe MD simulation. The implicit solvent parameters (dp =
5 % and ro = 0.99) were optimised against an explicit solvent model. ¥>-values are plotted against the
radius of gyration of each structure. SAXS data from substrate-free open complexes are coloured blue.
Data from closed BPGMpion: PG16BP NAC complex is coloured green. Data from closed BPGMpion:

BG16BP:Mg and BPGMwT:MgF3:G6P TSA complexes are coloured red.

Source conformation

_ 9 TSA
85
g,*g NAC
& Open
5 cl
alk=
= c2
=E
(%) c3

Table 2-3 — BPGM Ry values for crystal structures and MD conformers. Ry values for different

BPGM conformations derived from X-ray crystallography and MD simulations. The mean value and

standard deviation is reported for each distribution.
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Figure 2-19 - Rq Distributions. (A) Euler Angle distributions (pitch vs. yaw) coloured according to the local average Ry value. (B) Radius of gyration distributions for
different structures derived from x-ray crystallography and MD simulation. Fully closed, TSA-like structures are coloured green; partially closed NACs are coloured orange;
substrate-free open complex are coloured red; MD simulation conformers are coloured blue and depicted using boxplots.
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2.3.3 Analytical ultracentrifugation

Sedimentation and Hydrodynamic Modelling

Sedimentation can be described as a balance between gravitational/centrifugal (Fc), buoyant (Fy),
and frictional (Ff) forces. During an AUC sedimentation velocity experiment, a constant
(terminal) velocity is attained, with zero net force.

F,—(Fy+F)=0

— 2 — 200 — o T 2 —
F, =myo®r F, =mgo°r=myvp-wr F=fv

The buoyant force is the force required to move the displaced solvent against the centrifugal
field. The term (m,vp) is equivalent to the mass of displaced solvent. The sedimentation
coefficient is defined by the ratio of the sedimentation velocity to the angular acceleration within
the centrifuge. The preceding equations can be rearranged to give an expression for the
sedimentation coefficient in terms of the physical properties of the solution and solute — i.e. the

Svedberg equation.
mw?r(1—pv) —fv=0

v m(l-pv)

5T o f,
The frictional coefficient depends on the solvent viscosity (no) and a value which depends on
the size and shape of the molecule which is normally expressed as the radius of a sphere with

equivalent hydrodynamic behaviour — the Radius of Hydration (Ry) 132
f, = 6mRyMg

Ry is one of the primary outputs of the hydrodynamic bead models implemented in the HYDRO
software suite. HYDROPRO10 was used to calculate Ru, using a residue-level primary
hydrodynamic model comprised of beads centred on each C, atom with a radius of 6.1 A . This
was preferable to the use of atomic resolution models, which were more computationally
expensive, particularly when applying to thousands of simulated structures. The bead radius
used in the primary hydrodynamic model was optimised against a diverse dataset of molecular
structures and hydrodynamic measurements, with an error of 4-6% 33, Due to this uncertainty,
the ARy between TSA and substrate free BPGMwr complexes are compared. Thus assuming the
BPGM:MgF5:G6P TSA crystal structures accurately represent their structures in solution. Ry

distributions for each of the simulations are shown in Table 2-4.
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Source Conformation Ry (A) ARy (A)
= c3 2497 + 0.17 1.24+0.19
2 g c2 24.68 + 0.14 0.95 + 0.16
@ cl 24.48 +0.13 0.75 + 0.15
2 open 24.31 +0.08 0.58 £0.11
§ *3 nac 23.82 + 0.04 0.09 + 0.09
2 @ tsa 23.73 + 0.08 N/A

Table 2-4 — BPGM Rw values for crystal structures and MD conformers. Ry values, predicted
using HYDROPRO10, for different BPGM conformations derived from X-ray crystallography and MD
simulations. The mean value and standard deviation is reported for each distribution. The difference
in predicted Ry between the TSA complex crystal structures and each other conformation (ARy) is also
calculated with root-sum-squared errors.

Measuring Sedimentation Coefficients

The following samples were prepared for AUC data collection and measurement of
sedimentation coefficients. A BPGMwrMgFs::G6P TSA complex was prepared by buffer
exchange into 50 mM HEPES pH 7.2, 5 mM MgCl,, 5 mM G6P, 20 mM NaF, 2 mM NaNs.
Substrate-free BPGMwr was buffer exchanged into 50 mM HEPES pH 7.2, 5 mM MgCl;, 2 mM
NaNs. Data was collected at 1, 0.5 and 0.25 mg/mL.

The Svedberg equation is insufficient to describe the results of an AUC experiment.
Approximate or numerical solutions of the Lamm equation are normally used, which account
for diffusion against the concentration gradient which is established during sedimentation.
Sedimentation coefficients were derived a whole-boundary model %, implemented in the
SVEDBERG analysis software package (version 7.1.2) by John Philo. The fitted sedimentation
coefficients were linearly extrapolated to zero-concentration using Monte-Carlo error estimation

with a 10% uncertainty in protein concentration (Figure 2-20).
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Figure 2-20 — Linearly extrapolated Sedimentation coefficients. The measured sedimentation
coefficients for BPGM:Mg (green) and SPGM:MgF3:G6P TSA complexes (red) are plotted against
the concentrations at which they were measured. Least-squares linear regression with MC-sampling of
protein concentration (assuming 10% error) resulted in a distribution of linear parameters. Two lines

representing the 5 and 95™ percentile of this distribution are shown for each complex.
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The Ry was the calculated from the sedimentation coefficient (s) derived for each dataset using
the Svedberg equation.
_ M(1-pv)

H= 6TIN A ST

The partial specific volume (v) and molecular weight (M) were calculated from primary
sequence of BPGMwr using SEDFIT. High precision density and viscosity measurements were
made for each buffer. All values and errors used in the calculation are given in Table 2-5. The
calculated Ry values and numerically propagated errors at 2c are: BPGM substrate free = 22.26
+0.24 A; BPGM:MgF3:G6P TSA = 21.49 + 0.22 A and the difference: ARy =0.77 £0.32 A. By
comparison with HYDROPRO predictions the data is consistent with the findings of the SAXS
experiments, however the uncertainty is too large to independently validate the simulated
ensembles — i.e. they are also consistent with a solution ensemble which resembles the crystal
structures (Figure 2-21).

BPGMwr:Mg  BPGMwr:MgFs:G6P

Sedimentation Coefficient (s) 2348 + 0.0036 2 464 + 0.0036
(x10_13 S) . — . 0 — .
Partial Specific Volume (V) 0.7442 0.7442
(mL/g) ' '

Buffer Density (p) 1.003126 + 0.000005  1.002849 + 0.000005

(g/mL)
Buffer \g'csg)os'ty () 1.0343 + 0.0052 1.0362 + 0.0052
Molecular Weight 2421 + 0.01 24.64 +0.01

(kDa)

Table 2-5 — Hydrodynamic variables for Ru calculations. The values used in the calculation of Ry
from sedimentation coefficients. Uncertainties at 1o for sedimentation coefficients were derived from
linear extrapolation with Monte Carlo sampling. Uncertainties in the measured buffer density and
viscosity are derived from the DMA 5000M densometer & Lovis 2000ME viscometer manufacturer

specifications.
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Figure 2-21 — Radius of Hydration distributions. Radius of hydration distributions for different
structures, predicted using HYDRPRO, derived from x-ray crystallography and MD simulation. Fully
closed, TSA-like structures are coloured green; partially closed NACs are coloured orange; substrate-
free open crystal structures are coloured red; MD simulation conformers are coloured blue and depicted
using boxplots. Black-dashed lines indicate the 95% confidence interval in the measurement of Ry for
the BPGM substrate-free complex compared to the BPGM:MgF3;:G6P TSA complex.
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2.3.4 NMR Relaxation

Rotational diffusion from Relaxation measurements

Longitudinal (Ry), transverse (R.) and cross-relaxation rates (onoe) are sensitive to specific
frequency components of the local electromagnetic fields associated with random molecular
motion. The relationship between the spectral density J(®) and relaxation rates are stated in the
following equations,

Ry = d(J(wn — @) + 3](@y) + 6] (wy + wg)) + J(@x)
d
R, = 5 (41(0) + (@i = 000 + 3 (@) + 6] (@) + 6] o + ) + 2 (4(0) + 3 (@) + R

ONOE = d(6](00H + wy) — J(wy — (Dx))

where ¢ and d are the chemical shift anisotropy and dipolar constants. It follows that the
relaxation rates are dependent on five distinct frequencies (on, ®x, ®H + ®x, OH—ox, 0) which
relate to the Larmor frequencies of the *H and X (e.g. **N, *C) nuclei. By collecting data at
multiple field strengths, a larger number of frequencies are sampled which can be fit to a suitable

‘model” describing molecular tumbling and conformation dynamics.

The ‘model-free formalism’ * and extensions thereof relate spectral density to dynamical
parameters without the need for a specific dynamical model. The contributions from rotational
diffusions are described by a single correlation time (tm). The amplitude and frequencies of local
motions are represented by the generalised order parameter S? and effective correlation time te,
respectively. More complex models for local dynamics exist which separate the contributions
from dynamics on multiple timescales (picosecond — nanosecond) and account for chemical

exchange.

Anisotropic diffusion

If a macromolecule undergoes anisotropic rotational diffusion (i.e. the diffusion rate is
dependent on the axis of rotation), the relaxation rate for a dipole X-H will depend on its
orientation within the macromolecule. Most molecules do not have a perfectly symmetric,
spherical mass distribution and thus have anisotropic rotational inertia. This is completely
described using the moment of inertia tensor (3 x 3 matrix), whose eigenvectors specify three
principal axes of inertia and eigenvalues state the inertia associated with rotation about each of
the three corresponding principal axes. The inertia tensor is well-defined from the atomic
coordinates of a protein. Anisotropic rotational diffusion depends upon the rotational inertia but
must also account for hydrodynamic/frictional effects. These effects are more difficult to
calculate but can be approximated using bead/shell models such as those implemented in
HYDROPRO10%,
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Five distinct diffusion models may be assumed when modelling relaxation data.

1. The “local Tw” model fits a single, independent correlation time for each residue.
2. A global, isotropic diffusion model fits a single, global correlation time shared by all

residues in the molecule.
Dxx = Dyy = DZZ

3. A partially anisotropic oblate spheroid, in which rotation about one of the principal axes
is slower than the others.

Dyx <D D,,

yy =

4. A partially anisotropic prolate spheroid, in which rotation about one of the principal
axes is faster than the others.

Dyx > Dyy = Dy,

5. Afully anisotropic ellipsoid, where rotational diffusion is different for all three principal

axes.
Dyx # Dyy # Dyy

HYDROPRO10 was used to calculate the anisotropic rotational diffusion tensor (Dy) and the
global correlation time () for each of the crystal structures and for each of the MD simulations.
The eigenvalues of the diffusion tensor (Dyx, Dyy and D;) were calculated and are plotted
alongside the global correlation times in Figure 2-22. The eigenvalue distributions for both
substrate-free and closed, TSA samples the show a single fast diffusion component (Dx = 1.45
x 107) and two slow diffusion components (Dyy = D,, = 0.97x107). Therefore, a prolate diffusion
model is most suitable for both the substrate-free complex and TSA complexes. Dy is relatively
insensitive to the transition from open to closed, whilst Dy, and D, increase significantly. The
average affect is captured by the global correlation time (tm) which decreases. As described in
Section 2.3.3, the change in hydrodynamic parameters (rather than their absolute values) have
been calculated between the TSA structures and all other conformations and are stated in Table
2-6.
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Figure 2-22 — Correlation time (tm) distributions. Rotational correlation time distributions calculated using HYDROPRO, for different structures derived from x-ray
crystallography and MD simulations. Fully closed, TSA-like structures are coloured green; partially closed NACs are coloured orange; substrate-free open complex are

coloured red; MD simulation conformers are coloured blue and depicted using boxplots.
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Source Conformation T (ns) D, (rad/ps) Dy, (rad/ps)  D,, (rad/ps)
S c3 17.06 £ 0.39 13.69 + 0.49 7.78 £0.16 7.85+0.23
% ‘—g c2 16.45+0.31 14.02 + 0.36 8.22+0.17 8.16 £ 0.26
Z cl 16.03 £ 0.27 14.06 £ 0.26 8.51+0.19 8.64+0.2
g open 15.74 +0.16 14.37+0.14 8.73+0.14 8.66 £ 0.18
g ‘g nac 14.74 £ 0.08 14,55 £ 0.22 9.71+0.19 9.66 +0.22
°a tsa 14.61+0.17 14,54 +0.14 9.67 £0.15 10.01+0.17
.Source Conformation AT, (ns) (rgcli)/ﬁs) (ridD/yds) (rgtlj)/ﬁs)
< c3 2.45+0.42 -0.86 £ 0.51 -1.89 £0.22 -2.16 £0.29
g g c2 1.84 +0.35 -053+0.39 -144+023 -1.85+0.31
@ cl 1.42+0.32 -0.49+0.29 -1.16+0.24  -1.38+0.27
- open 1.13+0.24 -0.17+£0.2 -0.94+0.21 -1.35+0.25
=2
% ‘g nac 0.13+0.19 0.01+0.26 0.04 £0.25 -0.36 £ 0.28
Z tsa N/A N/A N/A N/A

Table 2-6 — Diffusion tensor eigenvalue distributions. predicted using HYDROPRO10, for different
BPGM conformations derived from X-ray crystallography and MD simulations. The mean and
standard deviation are reported for each distribution. The difference in predicted values between the
TSA complex crystal structures and each other conformation is also calculated with root-sum-squared

deviation.
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Measurement of R1, R, and cross-relaxation rates

Substrate free BPGMwr sample was prepared containing 1 mM BPGMwr in 50 mM K* HEPES
pH 7.2 + 5 mM MgCl; + 2 MM NaNs. A BPGMwr:MgF3:G6P TSA complexes were prepared
by addition of 10 mM NaF and 10 mM G6P. TROSY-based Ri, Rip and ®*N-{*H} NOE
experiments *” were used to measure ps-ns dynamics for each complex.

Data fitting with a local T diffusion model

Model Free analysis was carried out using RELAX 3, A local tm model was initially used to
calculate a single correlation time for each spin system. The local t distributions for the
BPGMwr substrate free and SPGMwr:MgFs:G6P complexes are shown in Figure 2-23. The
combined lack of sensitivity and large uncertainties, mean that the data from this analysis cannot
be compared with the theoretical correlation times and therefore cannot be used to validate a
structural model of the substrate-free complex.
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Figure 2-23 — local m distributions. Strip chart showing the distribution of locally fit Brownian
rotational diffusion correlation times (local tm) measured for a BPGM substrate free complex (blue)
and for a BPGM:AIF,:G6P TSA complex (red).
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Data fitting with a prolate diffusion model

The large variation in local T values may result from anisotropic rotational diffusion. Therefore,
the relaxation data were fit using the dual-optimisation methodology, implemented by RELAX,
for optimisation of model-free parameters and a prolate global diffusion tensor. Briefly, an initial
estimate of the global prolate diffusion tensor is derived from the local T values. The diffusion
tensor is fixed during model-free model fitting, elimination, and selection. The selected model
is then optimised alongside the global diffusion tensor. This process is repeated until parameter
convergence is obtained. This protocol requires user-input atomic coordinates to define the
relative orientations of the spins-systems. Coordinates from the BPGMwr:AlF.:G6P (PDB:
2WEF6) crystal structure was used for the analysis of the corresponding relaxation data. Analysis
of the substrate free dataset was run using either an open BPGMwr crystal structure (PDB:6YDL)
or the average coordinates of the ff15ipg-spceb-ecc-2whe MD simulation. Note: calculations
using 2WHE became stuck in a non-convergent optimisation loop. The results of the analysis
are given in Table 2-7. Domain opening, as modelled by HYDROPRO, results in a small
decrease in Dxx and a larger decrease in Dyy and D, thus resulting in an overall increase in tm.
Conversely, according to the diffusion tensors optimised using relaxation data, the Dy«
component increases substantially and the D,y = D,, components decrease slightly, resulting in
a small increase in . The diffusion model derived from the relaxation data is inconsistent and
incomparable with HYDROPRO calculations. Ultimately, the relaxation data is not sufficiently

sensitive to the change in global correlation time T to assess the validity of the MD ensemble.
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Source

ff15ipg-spceb-ecc-2whe

6YDL

2WF6

Structure

ff15ipg-spceb-ecc-2whe
average

6YDL

2WF6

Relaxation
Data

APO

APO

TSA

Relaxation
Data

APO

APO

TSA

Tc (NS)

14.1

14.0

13.8

At (ns)

0.3

0.2

N/A

DXX
(rad/ps)

154

15.8

14.6

ADxx
(rad/ps)

0.8

1.2

N/A

Dyy AD
(rad/ps)

10.1

9.9

10.8

ADyy =ADz;
(rad/ps)

-0.7

-0.9

N/A

Table 2-7 — Prolate diffusion models of relaxation data. The absolute values of the diffusion tensor

components and global correlation times derived from the fitting of: TSA relaxation data to a prolate

diffusion model using 2WF6; APO relaxation data to a prolate diffusion model using 6YDL; and APO

relaxation data to a prolate diffusion model using the average coordinates from the ff15ipg-spceb-ecc-

2whe MD simulation. The A values are calculated relative to those of the TSA dataset.
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2.4 Discussion

2.4.1 Describing Domain Orientation in BPGM

Several metrics have been reported which describe changes in domain orientation. The simplest
methods involve calculation of select interatomic distances/angles; which are sensitive to
specific conformational changes. The backbone RMSD and Radius of Gyration (Rg) are more
generally applicable metrics which are frequently reported. However, whilst these methods are
relatively interpretable, they suffer from some information loss, i.e. distinct conformations may
be assigned the same value of a given metric. This is particularly problematic for
conformationally diverse ensembles, such as those derived from an MD trajectory. A more
information rich approach describes domain reorientation as a rigid-body transformation,
calculated as an alignment tensor, which can be represented in multiple ways. The DYNDOM
server converts the alignment tensor to a screw-axis transformation, with five parameters
representing the position and orientation of the screw-axis along with a translation along the
screw axis (d) and a rotation around the screw-axis (6). However, describing an ensemble using
just one of these parameters (typically 6) results in information loss. An alternative method takes
one of these underdetermined metrics and uses them to calculate a pairwise distance matrix
which can then be submitted to a clustering algorithm. The backbone RMSD would typically be
used as a distance metric for structural clustering of proteins, however a previous analysis of the
BPGM crystal structures has used the DYNDOM screw-axis angle (6) for calculation of a
distance matrix, which was used for manual classification of structures *. Here we convert the
domain alignment tensor to a set of three Euler angles. To generate angles with a consistent
interpretation, the principal axes of the cap domain of 2WF5 are used as an initial coordinate
system for calculations using an x-y’-z’’ convention (aka. nautical yaw, pitch & roll angles).
The yaw angle captures the left-to-right shear motion of the cap domain. The pitch captures the
clam-shell-like opening and closing mechanism. The roll captures the twisting motion around
the long axis of the cap domain. Hierarchical clustering using the backbone RMSD as a distance
metric identified three high-level clusters corresponding to the fully closed canonical TSA-like
conformation; the partially closed conformations comprised of various NACs; and the substrate-
free open complexes. Euler angles clearly discriminate between each of these structures. These
angles proved to be a useful tool for visualising the potential energy landscape of domain

orientations in BPGM and aided characterisation of distinct hinge conformations.

2.4.2 Experimental Validation

Many experimental approaches cannot unambiguously define a structural model. MD
simulations are often used to complement experiments by adding forcefield information to
narrow down the conformational ensemble. The value of the simulation, in this context, is

therefore limited by the experimental uncertainty and by the uncertainty in the theoretical

65



relationships between atomic coordinates and experimental observables. The relationship
between SAXS data and molecular structure (i.e. Radius of Gyration) is very well understood.
However, in the absence of an explicit model of the solvent effects, the uncertainty in this
relationship can be prohibitively large. Conformational changes which affect the Rq by < 15%
are difficult to validate using SAXS because the magnitude of the change in Ry is of the same
order as the uncertainty in the density of the solvation layer. This solvation effect is usually
accounted for implicitly by a parameter which adds a uniform excess of electron density (5p)
around the surface of the protein and via a free parameter (ro) which define the volume of
displaced solvent 1%°. The model implemented by WAXSIS resolves this issue using MD
simulations to explicitly model the density of the solvation layer and the volume of displaced
solvent. Thus, the only parameters which are fit are a scaling factor (lg) and a baseline offset (c).
This model has been shown to be forcefield-independent and thus serves as a robust tool for
validating conformational ensembles using SAXS data **. The BPGMwr:AlF4G6P and
BPGMwr:MgF3:G6P TSA structures are stable, trapped complexes, with a compact global
conformation which is less susceptible to crystallographic packing artefacts than the open,
substrate-free structures. These structures show excellent agreement with the solution SAXS
data, providing an independent validation of the explicit solvent analysis implemented by
WAXSIS, and therefore greater confidence in the conclusions made about the conformation of
the substrate-free enzyme.

Prediction of hydrodynamic parameters from atomic coordinates also has inherent uncertainty.
HYDROPRO evaluates frictional coefficients of a primary hydrodynamic model (PHM), where
the radii of the primary elements of the model were fit to minimise the deviation between the
experimentally measured hydrodynamic radii and those predicted from a corresponding crystal
structure . The typical error associated with these predictions is ~4%, which is similar in
magnitude to the conformational change between the open and closed BPGM complexes.
Therefore, the change in hydrodynamic parameters were compared rather than the absolute
values. However, the model implemented in HYDROPRO were fit to data derived from
structures which varied between 6 — 466 kDa and was not necessarily designed to accurately
guantify the changes associated with a subtle domain reorientation. In addition to the apparent
lack of sensitivity of the relaxation experiments and the cumulative error in the sedimentation
data, it appears that the use of hydrodynamic measurements is not suitable for validation of
domain orientational dynamics in PPGM and other enzymes with dynamics of a similar

amplitude.

2.43 D10 artefacts
The population of a magnesium coordination state, which has no experimental validation, points

to a well-documented problem with classical MD simulations of metalloproteins. The standard
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model describes a monoatomic ion as a particle with full nominal charge and bespoke Lennard-
Jones parameters. However, the binding and coordination characteristics of metalloproteins
using such models is often inaccurate, which has resulted in the development multi-site models
and more computationally expensive polarisable models 14244, Furthermore, water molecules
cannot be ionised in conventional MD simulations which make them more likely to be displaced
by nearby ions. The simulations described here illustrate the propagation of local coordination
artefacts to global conformational changes. Three distinct domain orientations were identified
which are biased by aberrant displacement of the general acid/base D10. 1) A shear domain
motion, represented by a change in the Yaw angle (c1), occurs exclusively in simulations
populating a direct interaction between D10 side chain and the catalytic magnesium.
Furthermore, the experimentally observed out rotamer sterically precludes the repositioning of
184 sidechain. 2) Conformer cs is significantly more open and is stabilised by the disruption of
the packing interactions within the hinge, resulting from the displacement of D10. 3) A substrate-
free closed conformation was observed which is sterically precluded by the canonical D10 out
rotamer. Whilst sampling of these states is, in general, undesirable because they deviate from
the on-pathway ensemble and hinder sampling of the functionally relevant regions of the
conformational landscape, they do point to an auxiliary roll for D10 in destabilising off-pathway

open conformations.

2.4.4 Salt-bridge artefacts

The stability of solvent-exposed salt bridges in proteins has been studied using the interactions
between guanidinium, butylammonium, imidazolium and acetate ions as a model for the
interactions between arginine, lysine, histidine, glutamate and aspartate sidechains. The stability
of different types of salt bridge were measured by potentiometric titration 45, The populations
inferred from these measurements were compared with those calculated from MD simulations
using a range of contemporary forcefields from Amber, CHARMM and OPLS %46, which showed
that all forcefields overestimate their populations significantly. The ff15ipq forcefield was later
developed and which gave better agreement with experiments. For example, salt bridges found
in crystal structures of protein GB1 domain were not detectable by NMR %47, These salt bridges
were found in MD simulations run using several conventional forcefields, are only weakly

formed under the ff15ipq forcefield 42,

The formation of the R22-D91 salt bridge in BPGM is strictly coupled to a substantial increase
in the cap domain pitch angle (conformer c.). In the ff14sb-tip3p-1 simulation, D10 coordinates
the catalytic magnesium and conformer ¢, dominates the ensemble. This conformation separates
R22 from D91, weakening their electrostatic attraction. Nonetheless, conformer c, still
represents ~20% of the ensemble. In the ff14sb-tip3p-2 simulation, D10 adopts the canonical

out conformation and conformer c; is sterically precluded. Under these conditions, conformer c4
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dominates the ensemble (>50%) alongside a small population of ¢, and cs (Figure 7-1). Our
SAXS data indicate that conformer c4, and therefore the R22-D91 salt bridge, is scarcely
populated in solution. Thus, the ff14sb/tip3p forcefield over-stabilises the R22-D91 salt bridge
resulting in a biased domain orientation. This does not occur under the ff15ipg/spceb forcefield.

Simulations run with a metadynamics bias on the K145-P146 (-angle result in augmented
dynamics in the P146-loop, and reorientation of E140 toward the cap domain. Simulations run
under the ff14sb/tip3p forcefield adopt a more closed conformation stabilised by a salt bridge
between E140 and R49. Conversely, the domain orientation in simulations run under the
ff15ipg/spceb forcefield are unaffected. Our SAXS data indicates that there is not a significant
change in domain orientation between conformer A and B. Thus, stabilisation of a more closed
conformation by the E140-R49 salt bridge (with K145-P146 (-angle metadynamics-enhanced
sampling) is another example of conformational biasing by the ff14sb/tip3p forcefield.

Together, these results provide a general warning to users of conventional MD forcefields, that
protein dynamics (particularly domain orientation) can be biased substantially by overpopulated

salt bridges.

2.4.5 A hydrophobic cavity facilitates product release.

Progression from the substrate-free open complex to the transition state involves multiple steps,
with incremental changes in: the domain orientation; the backbone torsions of the hinge region;
the hydrogen bonding network between D10, T16 and the substrate; and the volume of a
hydrophobic cavity in the hinge. Our validated MD simulations show that the substrate-free open
complex is more accurately described by an ensemble with a more open conformation which
places the side chain of Y19 into a hydrophobic cavity within the hinge. The crystal structures
have a slightly more compact conformation, biased by crystal packing forces, where Y19 and
the hydrophobic cavity are exposed to solvent. An alternative hinge conformation was also
identified in both the crystal structures and MD simulations which involves rotations about D15-
¢ and T16-y, which inserts T16 sidechain into the hydrophobic cavity. The crystal structure of
the BPGM:BeF3:G6P NAC-I complex (PDB: 2WF9 ') shows that substrate binding and domain
closure necessarily lifts Y19 sidechain from this cavity, exposing both Y19 sidechain and the
hydrophobic cavity to solvent. Two T16 sidechain rotamers are populated in this crystal structure
owing to the free space within the hinge. D10 remains in the out position, with D10-O6:
hydrogen bonded to T16-N. The BPGMpion:BG16BP NAC III complex (PDB: 50K1, ) is
arrested prior to proton transfer owing to the D10N mutation. This complex is more closed than
the NAC | complex — torsional changes within the hinge region cause a decrease in pitch angle
of the cap domain. N10 hydrogen bonds to BG16BP-O1 and displaces T16 sidechain which

moves into the hydrophobic cavity — reducing its size. In the TSA complex, D10 makes a shorter
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hydrogen bond to G6P-O1 which makes space for a change in domain orientation which causes
the residual space within the hydrophobic cavity to collapse — there is a closer packing between
the sidechains of L9, T14 and T16 (Figure 2-24). In summary, the substrate free enzyme has a
stable configuration which, sequesters the hydrophobic sidechain of Y19 into the hydrophobic
cavity within the hinge. The NAC | complex is destabilised as the initial mode of domain closure
lifts Y19 sidechain out of its hydrophobic pocket, exposing both the sidechain and the internal
cavity to solvent (Movie S1). Progression to the transition state requires changes in the hydrogen
bonding network, which sees that the cavity is filled by T16 and collapses to a more compact
conformation. These observations imply a specific destabilisation of the closed ground state
NAC | conformation, via a loosely packed, solvent-exposed, hydrophobic cavity. The WT
Michaelis complex is closed **° and is likely a NAC I conformation (Section 3.3.1). Therefore,
destabilisation of this complex would result in a decrease in Ky which would be compensated
for by an increase in ke — the overall catalytic efficiency (Kea/ Km) would be largely unaffected.
The putative role of this architecture would thus serve to provide thermodynamic stabilisation
of the open complex, facilitating product release. It appears that this mechanism would not
diminish the effect of substrate inhibition. The substrate-inhibited complex is modelled by the
BPGMp17on:BG1P complex (6HDG) 3 and can achieve near full domain closure with a
collapsed hydrophobic cavity.

Y19 is moderately conserved amongst BPGM sequences (Figure 7-9, Section 5.2.14). Tyrosine
has a 54.7 % occupancy at this position with the majority of other sequences having bulky
hydrophobic and/or aromatic residues (Phenylalanine = 20.9 %, Leucine = 17.3 %, or Histidine
= 1.7 %) which could fulfil the same functionality. The presence of a bulky hydrophobic at the
base of the hinge adjacent to an internal cavity may be a partially redundant mechanism for
ground state destabilisation resulting in weaker conservation than, for example, residues in the

distal-phosphate, proximal-phosphate, sugar-coordination and magnesium-binding sites.

A related mechanism was suggested for 3’-phosphoglycerate kinase (PGK). Small angle x-ray
scattering data was used to generate a solution model of the substrate-free open complex. The
refined structure was significantly more open than the crystal structure. The domain orientation
measured compared to the fully closed active conformation was 55°, as opposed to a maximum
33° rotation observed in the crystal structures. A patch of hydrophobic residues is buried in this
new structure, which are otherwise exposed to solvent in the closed complexes. Thus, the authors
proposed a “spring-loaded” release mechanism, whereby the open conformation is
thermodynamically stabilised through burial of hydrophobic residues, facilitating product
release and efficient substrate binding 8. An implication of this mechanism is that the exposure
of hydrophobic residues to solvent also affects the stability of the closed transition state.

Conversely, the equivalent mechanism in BPGM is able to temper the strong stabilisation of the
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closed product complex by the distal-site phosphodianion interaction, without compromising the

stability of the transition state.
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Figure 2-24 — Collapse of a hydrophobic cavity in the hinge of BPGM. Shows a slice through the Van Der Waals’ surface of (2WF9) BPGMwr:BeF3:G6P
NAC I crystal structure; (SOK1) BPGMpion:BG16BP NAC III crystal structure and (2WF5) BPGMwr:MgF3:G6P TSA crystal structure. The hydrophobic
cavity — defined by the side chain atoms of D10, T14, T16, Y19, Y80, M83, V87 and D91 (represented as ball and stick) — gets progressively smaller on
approach to the transition state. D10 displaces T16 which occupies the hydrophobic cavity in the NAC 111 complex. As the domain closes further in the TSA

conformation, the hydrophobic packing within the hinge becomes more compact.
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2.5 Conclusions

Small Angle X-ray Scattering data indicate that the crystal structures of substrate-free BPGM
are biased to a more compact conformation by crystal packing forces. Structural ensembles
obtained using MD simulations adopt a more open conformation which better describes the
solution SAXS data. This ensemble stabilises a more open conformation by burial of the
hydrophobic side chain of Y19 into a hydrophobic cavity within the hinge region. This reveals
a mechanism in which an unstable hydrophobic cavity found in the product complex stabilises
domain opening and product release. MD simulations also highlight the propagation of a local
artefact, namely the coordination of Mg by D10, to large scale conformational changes within
the enzyme. Furthermore, domain orientational dynamics in BPGM are biased substantially by

forcefields which over-stabilise salt bridges.
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3 Describing thermodynamic coupling between

phosphodianion binding and hinge bending

3.1 Introduction

3.1.1 The phosphodianion-driven activation framework

In general, enzymes operate by sequestering the substrate in an environment which stabilises the
transition state via extensive electrostatic interactions. Such an environment is established via
substrate-induced conformational transition from an inactive-open conformation to an active-
closed conformation, which may involve whole domain reorientation or more subtle
rearrangements of short loops. The phosphodianion-driven enzyme activation framework states
that the intrinsic binding energy, derived from the interaction between an inert phosphodianion
group from the substrate and a positively charged distal site in the enzyme, is used to offset the
energy required to transition from an open-inactive conformation to a closed-active
conformation. A general approach to study this effect involves the comparison of reaction
kinetics for the whole substate (SP), for the phosphodianion-truncated substrate (S) and for the
phosphite-activated turnover of S (S-HPi). The total intrinsic phosphodianion binding energy
(IBE7) is given by the ratio of the second-order rate constants (kc./Km) for the reactions

involving S and SP.

Kcat/K
IBET — RTIn <( cat/ m)SP>

(kcat/Km)S

A third-order rate constant (which has the general form kc./(KsKupi)) can be derived from initial
velocity data collected at multiple concentrations of S and HPi. The activation barrier associated
with the turnover of S is derived from the second-order rate constant for that reaction. The
smaller barrier, associated with the phosphite-activated turnover of S, can be derived from the
third-order rate constant for that reaction. The change in energy barrier represents the
stabilisation of the transition state by phosphite binding. This is typically much larger than the
intrinsic binding energy of the phosphite alone, which is offset against the energy required to
form a closed-active conformation. This approach has been applied to several enzymes involved
in central metabolic pathways, including glucose-6-phosphate isomerase (GPI), glucose-6-
phosphate dehydrogenase (G6PDH) , 6-phosphogluconate dehydrogenase (6GPDH) 49 Triose
phosphate isomerase (TIM) *%°; orotidine 5-monophosphate (OMPDC) **%; glycerol 3-phosphate
dehydrogenase (GPDH) %%; and in BPGM %%, Together these studies show that the IBEr is
typically between 11-13 kcal/mol, of which ~50% can be accounted for by the IBE of HPi %4,
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A second approach is to measure the kinetic consequences of distal site alanine mutations. The
R269 contributes 9.1 kcal/mol to transition state stabilisation in GPDH. 6.7 kcal/mol can be
recovered by the addition of 1M guanidine . R235 contributes 5.6 kcal/mol to the transition
state in OMPDC for the decarboxylation reaction and 7.2 kcal/mol to that of the deuterium
exchange reaction %¢. K12 in TIM contributes 7.8 kcal/mol to the TS stabilisation in TIM, but
also makes a smaller contribution to turnover of the truncated substrate, which suggests an
additional role in stabilisation of the enolate anion **’. These experiments show that the majority
of the phosphodianion binding energy is delivered through interactions with a single arginine or

lysine residue in the distal site.

3.1.2 Distal site mutants in BPGM

In BPGM two distal site mutants were investigated, PBPGMRgaoa and BPGMgasx. These mutations
had only a small local effect in the conformation of the cap domain in the substrate free enzyme.
Coordination of the 6’phosphate in the BPGMwr:MgFs:G6P complex, occurs via N118-Ng,,
K117-N, S116-Oy and two hydrogen bonds to R49 sidechain guanidino group. In the
BPGMRpagk:MgF3:G6P complex K49 can only make one hydrogen bond to the 6’phosphate,
whilst in the BPGMRraga:MgF3:G6P complex K117-N( is recruited to partially compensate for
the loss of R49 sidechain. Otherwise these distal site mutant TSA complexes are very similar to
their equivalent WT complexes. These observations are corroborated by the backbone *H*N

and °F chemical shifts.

A substantial decrease in stability of the transition state complex was measured via G6P
titration, monitored by *H NMR (300-fold for R49K and 2000-fold for R49A). The Michaelis-
Menten kinetic parameters were reported for WT (Keat = 24.5 + 0.7 s, Ky = 92 £ 6 uM).
However, the K, values for the R49K and R49A were increased beyond the accessible range of
BG1P concentrations. The lower limit on ke and K can be specified (R49A: ket > 12 51, Ky
> 600 uM, derived from 3° Fig S8) meaning the maximum ke effect is ~2-fold. To account for
the 2000-fold change in the stability of the TSA complex, the K, must be significantly larger
than 600 puM.

In general, destabilisation of the closed complexes (ESc and ESct) can have either of two
consequences. 1) If the Michaelis complex is closed, then its destabilisation will have a
substantial K, effect. In the case of a large destabilisation, the Michaelis complex switches to
an open conformer and domain closure becomes part of the rate limiting step resulting in a small
kear effect. 2) If the Michaelis complex is dominated by an open conformation, then its
destabilisation will have a large k. effect and a small Ky, effect. Thus, distal site binding energy
is utilised to deliver rate enhancements either through 1) an increase substrate affinity or 2) a
reduced activation barrier (Figure 3-1). BPGMra9a and BPGMragk €xhibit a dominant K., effect

74



and thus BPGMwr has a closed Michaelis complex which switches to a more open conformer in

the distal site mutants.

An implicit assumption of this framework is that the distal site mutation affects equally the
stability of the closed ground state complex (ESc) complex and the closed transition state
complex (ESc?). Consequently, the measured destabilisation of the BPGMwr:MgF3:G6P TSA
(ESc?) would also apply to ESc. This assumption was supported by the assembly of canonical
transition state analogue complexes, with negligible chemical shift changes. If this assumption
were false, and the phosphodianion interaction provided an additional specific stabilisation of
the TS, then the TSA complex would be compromised by the mutation resulting in structural
and/or chemical shift changes — none of which were observed.

A relationship was uncovered whereby enzymes with lower catalytic efficiencies have an open
Michaelis complex and distal site binding energy primarily contributes to lowering of the
activation barrier. On the other hand, enzymes with higher catalytic proficiencies have a closed
Michaelis complex and distal site binding energy primarily contributes to higher substrate
affinity. In doing so, this introduces the potential for substrate and/or product inhibition. A
structural model of the inhibition of BPGM by BG1P was obtained using a D170N mutant, which
reduces the activity sufficiently to allow crystallisation of a BPGMpai7on:BG1P complex. The
substrate-inhibited complex achieves TS-like domain closure without proximal site occupancy.
The coordination of the distal phosphate is equivalent to that of the WT closed complexes.
Furthermore, the structure of a BPGMwr:Pi complex was obtained by x-ray crystallography. The
enzyme adopts an open conformation, the inorganic phosphate is bound to the distal site via R49
sidechain guanidino group and K117 alkylammonium sidechain. The length and flexibility of
the sidechain torsions allow K117 to coordinate the phosphate whilst maintaining an open
conformation. Interactions between the inorganic phosphate and residues from the core domain
(N117-N, N118-No, and S116-Oy) cannot be maintained by the open conformer. This complex

represents an initial mode of substrate binding to the open conformer (Figure 3-2).
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WT Michaelis Complex (ES) : open E(‘:Si
Mutant Michaelis Complex (ES) : open i

/ E.:S*

AGH  AGH

WT Michaelis Complex (ES) : closed
Mutant Michaelis Complex (ES) : open

AG#H

AGH

Figure 3-1 — Phosphodianion-driven activation framework. Energy level diagrams showing the
consequences of distal site mutation on enzymes which have (TOP) an open Michaelis complex
(BOTTOM) a closed Michaelis complex. The WT energy levels are shown in black, and the distal site
mutant levels are shown in red. An assumption of this framework is that the closed ground state
complex (Ec:S) and transition state complex (Ec:S¥) are affected equally by the distal site mutation,
i.e. the phosphodianion binding energy is not utilised to specifically stabilise the transition state Ec:S*.
A ke effect is only observed if Ec:S is destabilised beyond Eo:S such that domain closure becomes
part of the rate-limiting step. The K, is determined by the difference in free energy between E+S and
the lowest energy ES complex, therefore the K, effect drops off after Ec:S is destabilised beyond Eq:S.
Hence, the top panel represents a large ke effect and small K, effect, and the bottom panel represents
a small ke effect and a large K, effect.
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3.1.3  How is phosphodianion binding coupled to domain closure?

In summary, BPGM and several other enzymes utilise the intrinsic binding energy between an
inert phosphodianion group and a positively charged distal site to stabilise a closed, catalytically
competent conformation. However, the mechanism by which these two thermodynamic
processes are coupled is not fully understood. In general, biomolecular energy transduction
depends on the ability of proteins to couple thermodynamic processes which require energy with
others that release energy. A classic example is the coupling of proton translocation to ATP
synthesis by the ATP synthase %8, However, in the case of BPGM and the phosphodianion-
driven enzyme activation framework, the question becomes: how is domain closure coupled to
the R49-phosphodianion interaction? That is, how is energy transferred/communicated from the
distal site to the hinge? Coordination of the phosphodianion by R49 is present in the open
BPGMuwr:Pi complex. The interaction with the core domain is mediated by the side chain of
K117, rather than by S116-Oy, N117-N and N118-Né, (Figure 3-2). A more specific question
can thus be posed: why is the R49-phosphodianion interaction energy not fully realised until the

enzyme closes?

B
\ : Nus [ e [ ® ' - B
> "
;’ K117
S

5 N {—?F ».

Figure 3-2 — Distal site coordination in open and closed conformations. Distal site interactions in
(A) the closed BPGMwr:MgF3:G6P complex (PDB: 2WF5) and (B) the open BPGMwr:Pi complex
(PDB: 6H93). Hydrogen bonding to the distal phosphate is illustrated with black dashed lines. Water
molecules are represented as red spheres. The hydration of Pi in the open PPGMwr:Pi complex is

greater than in the closed BPGMwr:MgF3:G6P complex.
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3.2 Results

3.2.1 A communication pathway between the hinge and the distal site

A library of NMR resonance assignments of 22 distinct 2H,**C,**N-labelled BPGM complexes
has been collected over the past 20 years (Table 7-1). This chemical shift library was used to
identify residues which would potentially be involved in coupling distal site phosphodianion
binding to a conformational change in the hinge. Backbone *H-*N chemical shifts for a selection
of residues are plotted for each complex in Figure 3-3. Residues in the hinge region (D15, T16,
184, S88 and A90) are specifically sensitive to the transition between open, partially closed NAC
and fully closed TSA conformations. However, the chemical shifts of M83, V81, N79, D78,
N77, K74 and A73 also act as distinct signatures of closure. These residues are found within the
helix which connect the hinge to the distal site via N77 which forms a carboxamide pairing with
N118, and a planar stacking interaction with R49 (Figure 7-7). The *H chemical shift changes
inform on hydrogen bond lengths within the helix. A shorter hydrogen bond results in
polarisation of the N-H bond, de-shielding of the proton and a downfield chemical shift and vice
versa. The chemical shifts therefore reveal a concerted hydrogen bond shortening in N77/V81

and hydrogen bond lengthening closer to the hinge in N79/M83, upon closure.

It is less obvious from the crystal structures that any structural coupling exists between the hinge
and N77 — the backbone atoms from M83-N77 appear virtually superimposable (Figure 3-5A).
However, shiftX2 chemical shift predictions, calculated using the BPGM crystal structures, do
not accurately reproduce the measured chemical shifts changes (Figure 7-8). Therefore, the
structural changes which occur during domain closure in this region, are greater in solution than
suggested by the crystal structures. This is not surprising owing to the extensive contacts with
neighbouring molecules within the crystal (Section 2.2.1). Nevertheless, some relevant
signatures of closure can be detected. The A73/N77 and N77/V81 hydrogen bonds are
compressed whilst the R75/N79 and Y80/184 hydrogen bonds are stretched (Figure 3-4).
Relaxation of the Y80/184 hydrogen bond will affect the torsions of 184 which are key

determinants of domain orientation.

Furthermore, Linear Discriminant Analysis (LDA, Section 6.5) was used to identify structural
signatures of domain closure from the backbone coordinates between N77 and M83. For each
of the 64 BPGM crystal structures, interatomic distances were calculated between all pairs of
backbone atoms between N77 and M83. The distances calculated between atoms found within
the same helical turn (between O; and Ni+4) and not from within the same residue (except between
Ni and O;) were taken forward for LDA. Two linear discriminants (LD1 and LD2) can be derived
for a data set with three classes (open, NAC, TSA). The open complex is separated from the
closed (NAC & TSA) complexes by LD1. The NAC and TSA complex are separated by LD2.
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(Figure 3-5B). The LDA coefficients which are predictive of the open/close transition, receive
small contributions from many distances derived from across the full length of the helix between
N77 and M83. In particular, the distances between the backbone atoms of N77 and V81 are
signatures of domain closure (Figure 3-5C).

Taken together, the crystal structures and chemical shift data indicate that the helical backbone
between N77 and M83 is sensitive to domain orientation and may serve as a pathway for
communication of distal site binding energy to the hinge via N77 sidechain. To test this model,
N77 was mutated to an alanine which would break the chain of communication and decouple

the hinge conformation from occupancy of the distal phosphate site.
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Figure 3-3 — BPGM Chemical Shift Library. Each subplot shows the *H and >N chemical shift
changes in ppm, for a series of BPGM open, NAC, and TSA complexes, coloured red, orange and
green, respectively. Chemical shift changes are calculated relative to the midpoint of the data for each
residue. The x and y-axis ranges are the same for all residues (+ 2 ppm), except D15 and T16 which

show particularly large chemical shift changes (= 5 ppm).
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Figure 3-4 — Communication between N77 and 184 via the Y80/V81 peptide bond. Backbone
hydrogen bond lengths in the 70s helix are shown for the open (red) NAC (yellow) and TSA (green)

crystal structures. Domain closure causes a shortening of the N77-V81 hydrogen bond and a

concomitant lengthening of the Y80-184 hydrogen bond.
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Figure 3-5 — Conformation of backbone from M83-N77 is sensitive to domain closure. (A) Backbone
atoms of residues S88 — A73 for all crystal structures of BPGM deposited to the PDB. Structures are aligned

on residues M83 — N77. C, N and O atoms are coloured orange, blue and red, respectively. (B) The linear

discriminants of the interatomic atomic distances, calculated between all pairs of backbone atoms which

occupy the same helical turn from residues M83 to N77. Open structures are coloured red, partially closed

NACs are coloured yellow and fully closed TSA structures are coloured green. (C) A heat map showing the

contribution made by each interatomic distance to LD1 and LD2. The colour indicates the sum of the weights

for LD1 and LD2 for each atom pair. The weights of all intra-residue distances (except between N and O)

and for all atoms which were NOT found within the same helical turn (between O; and Ni.4) were also set to

Zero.
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3.2.2  Solution properties of the PPGMn77a:MgF3:G6P TSA complex

The effect of the N77A mutation on the stability of the BPGMn77a:MgF3:G6P TSA complex was
determined by serial titration of G6P against 0.5 mM BPGMy77, in 50 mM K+ HEPES pH 7.2,
5 mM MgCI2, 20 mM NaF and 2 mM NaN3. *H NMR was used to monitor the decrease in
intensity W24 indole resonance of the BPGMnz7a substrate-free complex and the increase in
intensity of the K117 backbone amide resonance of the BPGMnz7a:MgF3:G6P complex. These
resonances are well-resolved and report on G6P binding and formation of the fully closed
BPGMn77a:MgF3:G6P complex (Figure 3-6). The pseudo dissociation constant (Kp) for
BPGMn77a Was derived by fitting the change in intensity to the following equation.

([G6P] + [Elo + Kp) — /(IG6P] + [Ep + Kp)? — 4[E]o[G6P]
2[Elo

[G6P] = dilution X [G6P],,

I:IO

The titration data was linear up to ~80% saturation, indicating approach to the tight-binding
limit. Therefore, Monte Carlo sampling was used to calculate parameter uncertainties more
rigorously from the estimated experimental uncertainties. A 5 % uncertainty in [E]o and in serial
pipetting volumes, corresponded to a ~17 % uncertainty in Kp = 30 £ 5 uM . The equivalent
value for the BPGMwr:MgF3:G6P complex was measured by isothermal titration calorimetry
(Kp = 1 uM) %4, Therefore, the stability of the BPGMn77a:MgF3:G6P is attenuated 30-fold
compared to WT. The contribution of N77 sidechain to transition state stability can be estimated

using the following equation.

Kpn77a

AG* =RTIn < ) = 2.0 kcal/mol

D,WT

'HN TROSY NMR spectra of the BPGMnz7a:MgF3:G6P complex were analysed to investigate
the behaviour of this complex in solution. Resonances assignments were obtained by TROSY
transfer from the BPGMwr:MgF3:G6P complex. The weighted aggregate *H*®N chemical shift
changes (Figure 3-7) are small in magnitude (< 0.1 ppm) indicating that the behaviour of the
complex is typical of a TSA complex. Slightly larger chemical shift changes are found in the
vicinity of N77, N118, R49 and within the hinge, indicating subtle conformational changes in
these regions. Some residues around the mutation site could not be identified confidently by

transfer assignment due to large chemical shift changes.
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Figure 3-6 — BPGMwr MgFs G6P titration. (A) *H NMR spectra titration series showing increasing
intensity of the amide K117 resonance of the SPGMwr:MgF;:G6P complex; and the decreasing
intensity of the W24 indole resonance of the BPGMwr substrate free complex. Progression of the
titration is show from top (blue) to bottom (red) (B) Normalised intensities plotted against G6P
concentration on a linear-log scale for each of two replicates, combining data from the K117 and W24
resonances. Least-squares linear regression of the concentration-response data to a quadratic 1:1
binding model using Monte Carlo sampling yields correlations between [SPGM] and (C) Kp (D)
[G6P]o. The uncertainties in [SPGM] and [G6P], determine the uncertainty in Kp.

83



1.8+ B BPGMyr vs. BPGMy774

"éc; 1.6 x Missing assignments
S g4
L]

oh

g 1.2
o)

g 1
¢

= 081
%

§ 06
o)

o 044
[

EI)IJ

B, 0.24
an

-

0 ! b Y v e 20 X 0 X
T 1 T 1 T I 1 T 1 1 T I 1

I |
10 20 30 40 50 a0 70 80 S0 100 110 120 130 140 150 160 170 180 190 200 210 220
Residue ID
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3.2.3 GI1P turnover kinetics

The effect of the N77A mutation on steady state kinetics were measured using a Glucose-6-
phosphate dehydrogenase (G6PDH) coupled assay to monitor the conversion of G1P to G6P.
BG16BP was used as a phosphorylating agent to generate fast linear kinetics, free of an
allomorphic lag phase . Initial rates were measured across a range of pG1P (0-1800 uM) and
BG16BP (0-70 uM) concentrations. Historically for BPGM and for other mutase enzymes, a
Ping-Pong Bi Bi steady-state model has been used to derive Kinetic parameters. The King-
Altman diagram which underpins the derivation of this model is given along-side the equivalent
mechanism utilised by BPGM (Figure 3-8). Ping-Pong Bi Bi describes a sequential mechanism
with two substrates and two products, where the first product is released before the second
substrate binds. This has close parallels with a mutase mechanism, which has one substrate and
one product with an intermediate which is released and rebinds. The mutase mechanism
describes the transfer of a functional group (e.g. phosphate) from one position to another within
the same molecule. However, the Ping-Pong Bi Bi more accurately describes a transferase
mechanism, where a functional group is transferred from one molecule to another. This has
consequences for the derivation of steady state velocity equation. During the derivation it is
assumed that the concentration of the first product is zero, as is usually the case when designing
stead-state kinetics experiments. However, BG16BP acts as both the first product and the second
substrate. Therefore, the concentration of the first product cannot be assumed to be zero (Section
6.4). Previous attempts to fit steady-state kinetics data from BPGM have failed at higher
concentrations of BG16BP, which were attributed to multimeric interactions with Mg?* ions in
the reaction buffer and a substantial back reaction giving rise to higher steady-state concentration
of BG1P . This also results in higher levels of BG1P inhibition than predicted from the model.
In the absence of an improved model, minimising the BG16BP concentration will improve the
accuracy of the fitted parameters. However, a sufficiently high BG16BP concentration is
required to define the maximum velocity with reasonable uncertainty. Initial rates were
measured using a range of BG16BP concentrations, which offer a compromise between these

two factors.
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Fitting initial rates acquired at low BG16BP concentration implicitly requires extrapolation to
higher concentrations. This will give rise to greater uncertainties in the parameter estimates.
Fitting was used with Monte-Carlo sampling to accurately propagate experimental uncertainties
though to the fitted parameters. The values for WT are Kear = 164 + 25 s, Kpgip= 50 £ 13.8 uM,
Kgaiesr = 2.4 £ 0.5 uM, Kj= 442 + 98 uM. The values for N77A are Kes = 104 + 7 s, Kggip =
654 + 60 uM, Kpgiesr = 19.4 + 0.5 uM, Ki = 867 = 72 uM Figure 3-9. The N77A mutation
results in an approx. 10-fold reduction in Kn for BG1P and BG16BP, a negligible effect on Kea
and a 2-fold effect on Kj. The contribution of N77 sidechain to the stability of each complex can
be estimated from the fold-change in the corresponding Michaelis constant (AGpgip = 1.5
kcal/mol, AGggieer = 1.2 kcal/mol).

A B
ping-pong bi bi transferase mutase
kA k;A
E EA = FP E EA=FI
k_y k4
ks | |keQ kP ks ky | |k4P kol ky
k_3 k_3
FB =2 EQ F FI = FP F
k3 ksl

Figure 3-8 — King-Altman diagrams. (A) A ping-pong bi bi mechanism utilised by
transferase enzymes. The product of the first step (blue) is released followed by binding
of the second substrate (green). (B) The mechanism utilised by a mutase enzyme. The
product of the first step is an intermediate (red) which rebinds to the enzyme in an

alternate orientation for the second step of the reaction.
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Figure 3-9 — Steady-state kinetics data. The initial rate of reaction (vo) plotted against BG1P
concentration at multiple BG16BP concentrations, with lower concentrations coloured yellow and
higher concentrations coloured blue, for each of two variants (A) BPGMwr (B) BPGMnz7a. The ping-
pong Bi Bi parameter distributions derived from least-squares non-linear regression with Monte Carlo
error propagation, for (C) BPGMwr and (D) BPGMn77a. The affinity for BG1P and BG16BP are reduced
10-fold in the N77A variant, while ke is unaffected.
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3.2.4 BeF3, G6P titration

The effect of the N77A mutation on the stability of the BPGM:BeF3:G6P GSA complex was
determined by serial titration of G6P against either 0.5 mM BPGMnz7a or 0.5 mM BPGMuwr in
50 mM K+ HEPES pH 7.2 + 10 mM MgCl,, + 5 mM BeFs; + 20 mM NaF + 2 mM NaNas. The
titration was monitored by ‘H-®*N BEST-TROSY NMR. The product complexes are relatively
low affinity, and thus the bound and unbound species exist in fast chemical-exchange, resulting
in incremental chemical shift changes. The start and endpoints of the titration were
independently assigned by comparison with the resonance assignments of 2H*C®N labelled
BPGMwr:BeF; and BPGMwr:BeF3:G6P complexes, respectively. Trajectories showing chemical
shift changes during the titration for each variant are shown in Figure 3-10A. The aggregate

chemical shift changes were fitted to a 1:1 binding model (Figure 3-10B).

([G6P] + [E]p + Kp) — +/([G6P] + [E], + Kp)Z — 4[E], [G6P]

AS = AS 0y TET.

The mean Kp derived from hinge residues is reduced by an order of magnitude for N77A
compared to WT (Kpwr = 3.2 £ 0.2 mM, Kpn77a = 24.9 + 4.4 mM). The corresponding free
energy contribution is AGger = 1.2 kcal/mol. The Admax derived from BPGMn77a dataset was
calculated as a percentage of the corresponding values from PPGMwr (AAdmax). The values for
hinge residues which display a linear trajectory between open, NAC and TSA complexes, and
thus are specifically sensitive to domain orientation, have a AAdmax = 82 %. Therefore, the
stability of the ground state product complex has been destabilised sufficiently to introduce a
significant population of an open complex. The chemical shift for the remaining residues may
be interpreted using a two-state model (open/closed) at a ratio 1:4. Therefore, if the AAdmax is
significantly higher or lower than 82% this would indicate that the theoretical chemical shift of
the closed complex in isolation is altered significantly. Making this assumption, significant

structural changes through the 70s helix can be detected (Table 3-1).

88



O O WT
‘C)‘«'r @Q
%) o =) b@ O N77A
L

SE. R75 Y80 Va1

S

o oY 519)

D o8 Yo &0

=

]

=

'(:/_'} Q85 D86 V87

S a

o o IS a®

= = s 1’@ @

5 % % oo

=

Q
Z
- D91 V92 Y93 G953 196

©
5e = %> @ | o
© LS| |
'H chemical shift changes (ppm)
O WT
O N77A

Y93 G95 196

Aggregate chemical shift change (ppm)

[G6P]

Figure 3-10 — G6P titration into a BPGM:BeFs complex. (TOP) The ¥N-H TROSY trajectories
from the titration of G6P into either a SPGMwr (red) or a BPGMnz7a (blue) trifluoroberyllate
complexes. Chemical shifts are centred on the midpoint of the trajectory. Data from each variant are
perpendicularly-offset from one another by + 0.1 ppm. The titration endpoints are represented as closed
circles. (BOTTOM) The aggregate chemical shift changes are plotted against G6P concentration (0-
180 mM). Locally fit 1:1 binding models are show as lines.
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Ko (mMM) Ko (mMM) Admax (ppM)  Admax (Ppm)

residue AAdmax (%0)
WT N77A WT N77A
113 3.3 29.7 0.3 0.1 54.2
T14 3.1 239 0.2 0.1 59.7
D15 3.9 26.4 6.1 4.5 73.1
A73 2.8 18.0 0.7 0.6 91.4
K74 3.2 214 13 1.6 126.3
R75 2.7 - 0.1 0 <20
D78 3.1 18.9 1.6 1.0 59.7
Y80 3.4 24.1 0.3 0.4 128.4
V81 2.9 23.1 0.7 0.5 79.3
M83 3.1 18.7 13 0.8 62.1
184 3.2 25.0 2.1 1.7 81.6
Q85 33 31.1 0.7 0.5 74.3
D86 3.4 331 0.4 0.5 135.7
V87 3.5 30.3 0.6 0.5 81.7
S88 2.9 27.0 1.0 0.8 82.9
D91 3.2 24.4 0.7 0.5 77.0
V92 33 241 1.8 1.5 80.6
Y93 3.4 24.4 0.1 0.1 64.3

Table 3-1 — Parameters derived from titrations of G6P into pPGM:BeFs complexes. The
dissociation constant (Kp) and endpoint chemical shifts (Admax) derived from G6P titrations into
BPGMwr and PPGMn774 trifluoroberyllate complex, for each of a selection of spin systems monitored
by 'HN-TROSY-NMR. The endpoint chemical shift derived from the titration against BPGMnz7a is
expressed as a percentage of the corresponding PPGMwr value. The values derived for key hinge
resides S88 and 184 are used to estimate the %age closure under saturation (blue). Many residues have
a significantly smaller (red) or larger (green) endpoint aggregate shift, than would be predicted purely
from a ~20% population of an open conformer.
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3.2.5 a-Galactose-1-phosphate titration

The BPPGM:BeF3:G6P complex is a step 2 product complex. The effect of the N77A mutation
on the stability of the step-1 ground state complex was determined by serial titration of the
substrate analogue a-Galactose-1-phosphate (aGallP) against either 0.5 mM BPGMnz7a or 0.5
mM BPGMwrt in 50 mM K+ HEPES pH 7.2, 10 mM MgCI2 and 2 mM NaNs. The titration was
monitored by *H-*N BEST-TROSY NMR, which showed incremental chemical shift changes
between bound and unbound complexes in fast chemical exchange. The titration was monitored
using the well resolved W24 indole resonance. The aggregate chemical shift change is plotted
against aGallP concentration (Figure 3-11). Dissociation constants (Kp) and endpoint chemical
shifts (Admax) values were obtained by fitting the data to a 1:1 binding model. The dissociation
constants were 1.1 mM and 11.4 mM for BPGMwr and PPGMnr7a, respectively. The free energy
contribution is AGecaiip = 1.4 kcal/mol. The change in endpoint chemical shift for N77A vs. WT
is given by AAdmax =45 %.

0.42— O O
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Figure 3-11 — aGallP titration into substrate-free BPGM. The ®N-'H aggregate chemical shifts
change (Ad) from the titration of aGallP into either a SPGMwr (red) or a SPGMnz7a (blue) substrate
free complexes. The aggregate *H*N-chemical shift changes are plotted against G6P concentration (0-
180 mM). The 1:1 binding models, fit by least-squares non-linear regression, are show as lines.
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3.2.6 N77A TSA crystal structures

BPGMn77a:MgF3:G6P and BPGMnrra:AlF.G6P TSA complexes were crystallised in the
orthorhombic space group P2:2:2;, under standard conditions 7646%13% and their structures
solved by molecular replacement to 1.5A. (Section 7.8). These complexes align to the
corresponding BPGMwr:MgF3:G6P and BPGMwr:AlF4:G6P TSA complexes with a 0.28 A and
0.25 A Co-RMSD, respectively. The C atom of A77 occupies a similar position to that of N77,
packing against the R49 sidechain guanidino group. The missing carboxamide group in A77 is
replaced by a water molecule which hydrogen bonds to the carboxamide of N118. The backbone
at A77 is freed from the restraints imposed by side chain hydrogen bonding to N118.
Consequently, the backbone hydrogen bond between A77-O and V81-N is slightly longer (Ad

~ 0.2 A) (Figure 3-12, Figure 7-6).

The domain orientational Euler angles of all but three BPGM TSA complexes deposited to the
PDB are within 0.5° of 2WF5. The three outliers, 12404, 61034 and 50LY 4, are compromised
in domain orientation due to coordination of aGallP, 5’-fluorotryptophan labelling at W24 and
a D10N mutation, respectively. The crystal structures of the N77A TSA complexes also fall
outside of the main distribution (pitch = 0.5 °, yaw = 1.2 °, 6 = 1.4 °) (Figure 7-5). The per-
atom root-mean-square-fluctuation (RMSF) (Section 5.2.9) was calculated, providing a baseline
profile of structural variability within the canonical TSA structures. The RMSF was then
calculated by comparison of the BPGMn77a TSA structures with each of the canonical TSA
structures. The final baseline-subtracted RMSF profile for the BPGMn77a TSA structures is
shown in Figure 3-13A, illustrating the collective motions within the cap domain and in the
hinge. A significant RMSF is also observed in the side chains of 156, W24, H20, K76, Y80, 184
and V87, illustrating the connection between the hinge and the internal hydrophobics of the cap
domain (Figure 3-13B). The distal site architecture remains unaffected. The distal phosphate is
coordinated directly by R49 and N118, and indirectly to K76 via a water molecule, as in the
equivalent WT complexes. The plasticity in the sidechain rotamers of R49 allow it to maintain
an optimal interaction with the distal phosphate. Thus, the phosphodianion binding energy is

fully utilised but is not efficiently coupled to optimal TSA conformation.
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»

Figure 3-12 — Conformation of mutation site within BPGMn77a:MgF3:G6P TSA complex. Crystal structures comparing the local structure of the mutation site in (A)
the PPGMwr:MgF3:G6P TSA complex (B) PPGMn77a:MgF3:G6P TSA complex. The side chain carboxamide of N77 is replaced by a water molecule in the mutant

complex. Thus, A77 is free from the restraints imposed by the hydrogen bond with N118 and the hydrogen bond between A77-O and V81-N increases by 0.2 A.
Coordination of the distal phosphate by N118 and R49 is unaffected by the mutation.
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Figure 3-13 — RMSF analysis of the PPGMn77a:MgF3:G6P TSA complex. (A) The per-residue RMSF of the BPGMn77a:MgF3:G6P TSA complex normalised against
the baseline RMSF of the canonical TSA structures. The uncertainty (red area) was calculated using the standard deviation of the pairwise backbone-RMSD calculations.
(B) BPGMn77a:MgF3G6P structure coloured according to the normalised RMSF, illustrating the subtle reorientation of the cap domain including the side chains of residues
V87, 184, Y80, K76, H20, W24 and 156.
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3.3 Discussion

3.3.1 Energy landscape of pPGMn77a

BPGM is amenable to a variety of experimental methods which allow the consequences of
removal of the N77 sidechain carboxamide to be evaluated at multiple stages along the reaction
coordinate (Table 3-2).

Parameter (F>?Vlfrlc ?(i?ie) (kca?f mol)
Km (BG1P) 13 15
Ko (aGal 1P) 11 14
Km (BG16BP) 8 12
Ko (G6P:BeFs) 8 12
Kea <2 0.3
Ko (G6P:MgFs) 30 2.0

Table 3-2 — Free energy changes for different BPGMn77a and PGMwr complexes. The fold
change and free energy perturbation is calculated for each parameter derived from NMR titrations
or steady state, Michaelis Menten kinetics. The free energy is defined by RTIn(Xwt/Xn77a) Where
R is the gas constant (0.001987 kcal.K*.mol?) T is the temperature (298 K) and Xwr/Xn77a is the
fold-change for a given experimental parameter for BPGMwr and BPGMnz7a.

The contribution to BG16BP binding (corresponding to the step-2 Michaelis complex, with
6’phosphate occupying the distal site) can be estimated from the Michaelis constant for BG16BP
measured for BPGMwr and BPGMn77a (AAGgecieer = 1.2 kcal/mol). This is in good agreement
with the contribution made to the BPGM:BeF3:G6P product complex, which has an equivalent
sugar orientation (AAGagers:cer = 1.2 kcal/mol). Given the close agreement between N77’s
contribution to the stability of the Michaelis complex and to the BPGM:BeF3:G6P complex, it is
likely that the Michaelis complex is dominated by NAC I. From here, the enzyme undergoes
brief dynamical excursions to the high energy transition state conformation via a rearrangement

of the hinge and a 17 ° rotation of the cap domain %,

184 and S88 chemical shifts serve as direct reporters of domain orientation in BPGM. The
chemical shifts (extrapolated to 100% saturation) show that the BPGMn77a:BeF3:G6P complex
exists as a 1:4 mixture of open and closed conformers. Thus, the 1.2 kcal destabilisation of NAC
I was sufficient to introduce a measurable population of an open conformation. Given an 8-fold
stabilisation measured using the apparent Kp, the ratio of open and closed conformers in WT

can, as a first approximation, be estimated at 32:1 (~97%). This shows that the enzyme stabilises
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the closed, ground state complex sufficiently, but not excessively. Any additional stabilisation
could inhibit product release. The closed conformer still dominates the BPGMn77a Michaelis
complex and domain closure itself does not make a significant contribution to the activation
energy barrier — as it does in the R49A and R49K distal site mutants **° — which is consistent
with a small change in ke (0.3 kcal/mol) and a small additional stabilisation of the
BPGM:MgF3:G6P TSA complex (2.0 kcal/mol) over the BPGM:BeF3:G6P NAC | complex (1.2

kcal/mol).

The contribution made by N77 sidechain carboxamide to BG1P binding (corresponding to the
step-1 Michaelis complex, with 1’-phosphate occupying the distal site) can be estimated from
the change in the Michaelis constant measured for fG1P between PPGMwr and BPGMn77a
(AAGgagip = 1.5 kecal/mol). aGallP binds with the same sugar orientation and shows a similar
sensitivity to the N77A mutation (AAGcair = 1.4 kcal/mol). N77A, thus appears to confer
additional stabilisation to the step 1 complexes, where the 1°-phosphate is bound in the distal
site and the 6’phosphate is bound in the proximal site. In this configuration, the pyranose ring
makes direct contacts with cap domain residues (L44, S52, W24 and K76), whereas water-
mediated contacts with the cap domain are made in the step-2 complex %. The plasticity in the
water-mediated, cap domain interactions with the substrate must reduce the sensitivity of the

step-2 complexes to the N77A mutation.

3.3.2 The coupling mechanism

Several pieces of evidence point to a relationship between the V81-N77 backbone hydrogen
bond, and the N77-N118 carboxamide pair. Analysis of the BPGM crystal structures has shown
a concerted relationship between domain closure; side chain hydrogen bonding between N77
and N118; and shortening of the V81-N77 hydrogen bond. This is corroborated by the analysis
of the library of 'H*®N backbone chemical shifts. Furthermore, truncation of N77 sidechain
results in a long hydrogen bond between V81 and N77 within the fully closed TSA complexes.
Within the canonical TSA complexes, the sidechain torsions (y: and y2) place N77-O; within 3A
of N118-Ns. No further optimisation can be obtained via these torsions. Thus, the only remaining
degree of freedom which allows the N77-N118 hydrogen bond to form, is via compression of
the V81-N77 hydrogen bond. Thus, the coupling between these two hydrogen bonds is strictly
maintained by placing the interacting carboxamides just out of reach. The corollary of this is
that an N77Q mutant would also decouple these two hydrogen bonds owing to the plasticity
inferred by an additional degree of freedom in the sidechain. The N77 and N118 relationship is
the only direct hydrogen bond between the two domains and is well conserved in the vast
majority of BPGM sequences (Figure 7-9, Section 5.2.14). The N77/N118 pair represents 95.4
% of the analysed sequences with a small number of N77-S118 pairs, which would likely

perform an analogous role. A Q77/N118 pairing is present in less than 0.1% of the sequences.
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Such a mutation might normally be tolerated as ASN and GLN have similar physiochemical
properties. However, geometry/distance restraints appear to be a functionally important aspect
of this interaction.

The analysis of the chemical shifts suggests a concerted shift in hydrogen bonding through the
70s helix, whereby V81 and N77 make longer hydrogen bonds in the closed complex, while
N79, M83 and 184 make shorter hydrogen bonds. Thus, there is antagonism within the helix,
which is biased by the N77-N118 carboxamide pair. The crystal structures are not fully
representative of this model, however, antagonistic behaviour between the V81/N77 hydrogen
bond and the 184/Y80 hydrogen bond is present. The Y80/V81 peptide connects N77 to 184. If
N77 makes a short hydrogen bond with V81, Y80-O pulls away from 184-N and no longer
influences the backbone torsions of 184.

The analysis of the BPGMn77a TSA crystal structures suggest the involvement of an additional
mechanism. The kink in the helix at N77 causes a semi-rigid reorientation of the cap domain, as
indicated from the Euler Angles and the RMSF calculations. This rigid body effect transmits
through the internal hydrophobics of the cap domain (H20, W24, Y80, K76, 156) to the sidechain
of 184. This mechanism is consistent with the additional sensitivity of the step-1 complexes to
the N77A mutation, owing to the direct interactions between the pyranose sugar and cap domain
via W24 and K76. The plasticity in the water-mediated interactions found in the step-2

complexes may dampen the transmission of this effect through the cap domain.

N77 makes a planar stacking interaction with R49. Thus, R49 sidechain guanidino group might
serve as a buttress against N77 which works synergistically with the carboxamide hydrogen
bonding interaction to stabilise the conformation of the 70s helix. However, the N77-N118
hydrogen bond is unperturbed by the R49A mutation (PDB: 6HDM). We therefore suggest an
alternative mechanism, in which the role of R49 is to stabilise the conformation of N118
sidechain via the distal phosphate, which is required to maintain coupling with the hinge via
N77 and V81. Whilst N118 appears to be preorganised to bind the distal phosphate within the
open structures, its position is stabilised by contacts with a neighbouring molecule in the crystal

lattice.

Coupling via N77 can only account for part of the total stabilisation conferred by R49 to the
closed complex. The minimal requirement for domain closure is binding of a sugar phosphate
with the phosphate bound in the distal site. Proximal site occupancy is not required for full
domain closure — evidenced by the substrate-inhibited BPGMp17on:BG1P complex and the
BPGMwr:aGallP complex 501%°. Therefore, the sugar likely plays a role in coupling R49’s
interaction with domain closure. The pyranose ring of the sugar-phosphate packs against H20

from the cap domain and makes hydrogen bonds with V47-O and G46-N. Hydrogen bonds with
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W24, K76, L44 and S52, are made directly in the step-1 complexes and indirectly, via water
molecules, in the step-2 complexes ®. A single hydrogen bond to the core domain is made via
D10 sidechain. It can be seen from Figure 3-2 that the orientation of the distal phosphate is
influenced by the tethered sugar, thus R49 may play a role in stabilising the orientation of the
sugar such that it can make contacts with the cap domain which position 1’0OH to donate a
hydrogen bond either to D10, or in the case of the NAC | complex, to the BeFs; moiety in the

proximal site.

3.4 Conclusions

The phosphodianion-driven enzyme activation framework states that the intrinsic
phosphodianion binding energy is coupled to domain closure. NMR chemical shifts and x-ray
crystal structures implicate the N77-N118 carboxamide pair in this coupling mechanism. Free
energy contributions of this interaction have been measured Kkinetically; using a
BPGM:BeF;:G6P GSA complex; using a BPGM:MgFz.G6P TSA complex; and a BPGM:aGallP
complex. The structural basis of this effect was inferred from crystal structures of the WT and
N77A TSA complexes. The N77-N118 carboxamide pair is tightly coupled to the hydrogen
bonding in the 70s helix. Stabilisation of the V81-N77 backbone amide hydrogen bond releases
184 from its hydrogen bond with Y80 allowing torsional changes which give rise to hinge
bending. These structures also provide evidence of a second pathway, transmitted as a rigid body
effect, through the internal hydrophobics of the cap domain. R49 thus confers additional stability
by maintaining a competent distal site which organises the sidechain of N118 to accept a
hydrogen bond from N77. To our knowledge, no previous studies have provided such a detailed
characterisation of hinge bending and domain closure, which is made possible by the collation

and curation of a large library of NMR data and x-ray crystal structures.
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4 Future perspectives

The role of Y19 in facilitating product release could be investigated by characterising a Y19A
mutant using steady state kinetics and NMR titrations, similar to those described in section 3.2.
The mutation could also be made in silico and monitored by MD simulation to observe the effect
on domain orientation. Residual dipolar couplings could be measured to provide additional
information on domain orientation for validation and refinement of MD simulation data. RDCs
are more sensitive to subtle changes in domain orientation which may not give a significant

change in the radius of gyration.

Prediction of protein structure from the primary sequence has recently become possible using
deep learning based on multiple sequence alignments (e.g. AlphaFold2 **°, RosettaFold2 %) or
protein language models (ESMFold %), Several structure predictions using the pgmB sequence
from Lactococcus lactis (Uniprot codes: P71447, AOA2A9IDT2, A0A552Z207, AOAS52XK19,
AO0A2XO0R470) can be found in the AlphaFold Protein Structure Database. Each of the
predictions align closely with the fully closed, transition state analogue (PDB 2WF5) rather than
the ligand-free open conformer (PDB 2WHE). The problem of inter-domain accuracy of
structure predictions has been reported for other systems 62264 This issue is acknowledged by
AlphaFold, which reports a pairwise alignment error (PAE) matrix quantifying the uncertainty
in the predicted pairwise interatomic distances. For BPGM structure predictions, there is a lower
uncertainty for distances within each domain and a higher uncertainty for distances between
each domain. The deep neural network used by AlphaFold?2 is trained on x-ray crystal structures.
Our experimentally validated MD simulations of BPGM, as well as previous studies of T4
lysozyme and phosphoglycerate kinase suggest that, in general, crystal structures may favour
more compact interdomain relationships. This bias may be learned by deep neural networks. A
larger survey of experimental and predicted protein structures would be useful in determining

the severity and generality of this issue.

Some simulations implemented a metadynamics bias to accelerate sampling of the K145-P146
peptide bond. Whilst the sampling of this torsion angle was successfully increased, the dynamics
of residues in its vicinity were substantially increased and did not converge. Recent MD studies
of carbohydrate polymers demonstrated high-quality conformational sampling using replica
exchange methods (REST2-RECT) %, It is feasible that this method would be equally successful
when applied to the conformational dynamics of short peptides or short loops within larger
proteins. A thoroughly sampled dynamic ensemble of the P146 loop may provide a valuable

insight into the mechanism behind allomorphic regulation in BPGM (Section 1.2.8).
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A full assignment of BPGMn77a complexes using 2H*C**N-labelled material could be useful to
validate the transfer assignment and to find missing assignments. At present, the structural
consequences of the N77A mutation were only structurally accessible via the TSA complexes.
A DI10ON N77A double mutant could be made and characterised by NMR and x-ray
crystallography — in particular, the high affinity BG16BP complex would likely be accessible by
crystallography where the BPGMn77a:BeF3:G6P was not. These structures may provide further

insights into the compromised stability of the BPGMnz7a closed, ground state complexes.

The N77A has a modest effect on the stability of the closed ground state complexes, in
comparison to the R49A and R49K mutants. Consequently, the closed ground state complexes
are compromised but are still amenable to NMR and crystallography. This offers a unique
opportunity to study the relationship between domain closure and other dynamical process
within the enzyme including the isomerisation of P146 and recruitment of K145. It may be
informative to expand the analysis of the PPGMn77a:BeF3:G6P titration trajectories to other

residues in the protein.

The evidence of a direct, through-domain communication pathway between the substrate
binding site and the hinge in BPGM may be considered a specific implementation of a general
mechanism for substrate/ligand-induced domain reorientation in proteins. Structural
tightening/coalescence of protein domains in response to ligand binding may propagate towards
interdomain hinge regions in multidomain proteins, which influences the interdomain
relationship. The involvement of this mechanism might be relevant to many multi-domain

proteins, which can be tested through a combined use of NMR and site-directed mutagenesis.
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5 Materials & Methods

All materials reagents were purchased from Sigma-Aldrich, Roche, Alfa Aesar, VWD, Fisher

Scientific, unless otherwise stated.

BG1P was enzymatically synthesised from maltose using maltose phosphorylase (EC 2.4.1.8).
7.2 g maltose was dissolved in 0.5 M phosphate buffer and adjusted to pH 7. 40 Units of maltose
phosphorylase was added to the maltose solution. The mixture was incubated at 18 °C overnight.
Maltose phosphorylase was removed from the sample using a centrifugal filtration unit
(Sartorius, Vivaspin 5 kDa cut-off). 500 mg CaCl, was added resulting in a thick white
precipitate (CaPO4) formed which was removed by centrifugation at 4500 RPM for 20 mins
(Thermo Scientific Heraeus Labofuge 400 R). The concentration of BG1P was verified by
comparison with a known concentration of G6P using *H NMR spectroscopy.

BG16BP was enzymatically synthesised . A reaction mixture containing 200 mM K* HEPES
+ 20 uM BPGMpi7on + 100 MM MgCl; + 20 mM BGIP + 40 mM AcP + 2 mM NaNs, was
incubated for 265 min, after which the reaction was quenched by heat denaturation, at 90 °C for
10 min. Denatured protein was removed by centrifugation at 4,500 RPM (Thermo Scientific
Heraeus Labofuge 400 R). The solution was separated on a IR120 (H*) ion-exchange resin, pre-
washed in milliQ-H.0. The resulting solution was neutralised with 0.2 M Barium Hydroxide on
ice, resulting in selective phosphorylation of BG16BP. BG1P and BG16BP were retained in
solution. The precipitate was extracted by centrifugation at 4,500 RPM (Thermo Scientific
Heraeus Labofuge 400 R). The precipitate was diluted in 1 L cold milliQ-H.O and passed
through a R120 (Na + ) ion-exchange resin.
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5.1 Buffers Solutions & Media

5.1.1 Luria Bertani (LB) Agar
e 10 g/L Tryptone
e 5g/L Yeast Extract
e 10g/L NaCl
e 15 g/L Bacto-Agar

5.1.2 LB Liquid Media
e 10 g/L Tryptone
e 5 g/L yeast extract
e 10g/L NaCl

513 M9 Minimal media
e 6g/LNa,HPO,
o 3¢g/L KH,PO,
e 0.5¢g/L NaCl

The pH was adjusted before autoclave sterilization.
The following sterile reagents were added to 1L media...

e 1mL 1MMgSO,

e 100uL 1M CaCl,

e 650 uL Trace Elements

e 100 uL 10 mg/mL Thiamine

e 2mL 50 % (W/V) (**NH4)SO4

e xmL Glucose

5.14 SOB media
e 20g/L tryptone
o b5g/L yeastextract
e 0.5g/L NaCl

515 SOC media
Add the following to 50 mL SOB

e 500uL 1M MgCI2
e 500uL 1 M MgSO4

o 2 mL 20% (w/v) glucose, filter-sterilised
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5.1.6

Trace elements

550 mg CaCl2.2H20
220 mg ZnSO4.7H20
140 mg MnS0O4.H20
45 mg CoCl2.6H20

40 mg CuS04.5H20

40 mg H3BO3

26 mg Na2Mo04.2H20
26 mg Kl

The pH was adjusted with acetic acid to pH 8.0 before adding:

500 mg EDTA

The pH was re-adjusted with acetic acid to pH 8.0 before adding:

375 mg FeS0O4.7H20

The solution was then made up to 100 ml and sterilised by autoclave.

5.1.7

TFB1 buffer
100 mM RbCI
50 mM MnCl;
30 mM Kac
10 mM CaCl,
15% glycerol

The pH was adjusted to 5.8 with NaOH before the solution was filter-sterilised.

5.1.8
.
.
.

TFB2 buffer
10 mM MOPS
10 mM RDbCl,
75 mM CaCl;
15 % Glycerol

The pH was adjusted to 5.8 with NaOH before the solution was filter-sterilised.

5.19
[ ]
[ ]

Standard HEPES Buffer
50 mM HEPES

5 mM MgClI2

2 mM NaN3
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The pH was adjusted to 7.2 before the solution was filter-sterilised.

5.1.10 BpPGM K-HEPES High Salt Buffer
e 50 mM HEPES
e 100 mM MgCI2
e 2mM NaN3

The pH was adjusted to 7.2 before the solution was filter-sterilised.

5.1.11 Chromatography Buffer A

e 50 mM K+ HEPES pH 7.2
e 2mM NaN3
e 1mMEDTA

5.1.12 Chromatography Buffer B

e 50 mM K+ HEPES pH 7.2
e 2mM NaN3

e 1mMEDTA

e 1M NaCl

5.1.13 Lysis Buffer

e 50 mM K+ HEPES pH 7.2
e 2mM NaN3
e 1mMEDTA
e Protease Inhibitor cocktail

5.1.14 4X SDS-PAGE Stacking Gel Buffer
e 05MTris
e 0.4% (w/v) SDS

The pH was adjusted to 6.8 with HCI before the solution was filter-sterilised.

5.1.15 4X SDS-PAGE Resolving Gel Buffer
e 15MTris
o 0.4% (w/v) SDS

The pH was adjusted to 8.8 with HCI before the solution was filter-sterilised.
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5.1.16 SDS-PAGE Stacking Gel (4.5% BisAcrylamide)
o 2.5ml 4X SDS-PAGE Stacking Gel Buffer
o 1.125 ml 40% (w/v) BisAcrylamide (37.5:1)

This solution was then diluted to 10 ml before adding:

e 110 pl 10% (w/v) Ammonium Persulphate (APS) (filter-sterilised)
e 11 pl Tetramethylethylenediamine (TEMED)

The solution was thoroughly mixed before pouring into the gel apparatus to set.

5.1.17 SDS-PAGE Resolving Gel (18% BisAcrylamide)
o 2.5ml 4X SDS-PAGE Resolving Gel Buffer
o 4.5ml 40% (w/v) BisAcrylamide (37.5:1)

This solution was then diluted to 10 ml with milliQ-H,O before adding:

e 100 pl 10% (w/v) Ammonium Persulphate (APS) (filter-sterilised)
e 10 pl Tetramethylethylenediamine (TEMED)

The solution was thoroughly mixed before pouring into the gel apparatus to set.
5.1.18 SDS-PAGE Running Buffer

e 25 mM Tris

o 250 mM Glycine

e 0.1% (w/v) SDS

The pH was adjusted to 8.3 with HCI before the solution was filter-sterilised.
5.1.19 2X SDS-PAGE Loading Buffer

e 100 mM Tris

e 200mMMDTT

e 4% (w/v) SDS

e 0.2% (w/v) Bromophenol Blue

o 20% (v/v) Glycerol

The pH was adjusted to 6.8 with HCI before the solution was filter-sterilised.
5.1.20 Gel stain and destain

e 10% (v/v) Acetic Acid

e 45% (v/v) Methanol

o 45% (viv) Milli-Q Water

e 0.25% (w/v) Coomassie Brilliant Blue R250 (stain only)
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5.2 Methods

5.2.1 Crystal structure processing

51 BPGM structures from lactococcus lactis were downloaded from the protein data bank. Each
of the chains were extracted using pdb-tools software 7 as well as fixing formatting errors and
removing duplicate atoms. OpenMM’s pdbfixer python module 1% was used to remove non-
protein atoms and replace non-standard residues (e.g. aspartyl phosphate, 5’-fluoro-tryptophan).
The final collection of 64 BPGM crystal structures are summarised in Table 5-1.

1008 A tsa 6hdj A tsa 6h8v B open 6hdi B open
6hdg A tsa ohdk A tsa 6h8v_A open 6hdh B open
4cds A tsa 50k2 A tsa 6h8u A open 6h91 B open
1003 A tsa lz4o A tsa 6h8w A open 69gzg B open
4cdr A tsa 50ly A tsa 6h90 A open 6h93 B open
2wf5 A tsa 5o0ly G tsa 50jz A open 6h8x B open
6103 A tsa 2wfd A 50lw A open 6h8y A open
2wf8 A tsa 1z4n B 50lw B open 6h93 A open
2wf7 A tsa lz40 B lzol A open 6ydm B open
2wfe A tsa 506p A oydk A open 6hdi A open
4cd4t A tsa lz4n A 3fm9 A open 6hdh A open
50lx A tsa 5o06r A 2whe A open 6h8x A open
3zid A tsa 50kl A 2wfa A open 6qzg A open
6hdm A tsa 50k0 A 6h94 A open 6h91 A open
6hdl A tsa 6ydl A open 6h8z A open 6hdf B open
6ydj A tsa 1lvh A open 6ydm A open 6hdf A open

Table 5-1 — The BPGM PDB dataset. The Protein Data Bank ID code and the chain identifier for
each structure. The domain orientation categorised by hierarchical clustering is also stated for each

structure.
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5.2.2  Crystal contact analysis

Pymol’s symexp function was used to generate a PDB file containing the neighbouring
asymmetric units. Crystal contact maps were generated using python scripts. A distance matrix
was calculated between the coordinates from the central copy and the surrounding copies of the
asymmetric unit. The number of contacts within 3.5 A were counted cumulatively across all of

the open BPGM crystal structures.

5.2.3 Molecular Dynamics acquisition

All calculations were performed using openMM 1%, using either Amber’s ff14sb paired with the
TIP3P water model ** or ff15ipq and the SPC/E, water model 1%, Some simulations included a
further electronic continuum correction (ECC), implemented as 75% scaled charges for
monoatomic ions (Mg*®*, Na®"*, CI%™>) with modified LJ parameters % summarised in Table

5-2. Nonbonded interactions were truncated using a switching function.

y=1-6x5+15x*—10x3 x=-_"%

Tco~Tsw
Tsw = 0.75nm 1., = 0.9nm

Periodic boundary conditions were applied using a cubic unit cell. Electrostatics were calculated
using the Particle Mesh Ewald (PME) method (5" order B-splins, error-tolerance = 0.0005). The
SETTLE algorithm was used to constrain bond lengths and angles in water molecules. The
SHAKE algorithm was used to constrain protein bonds containing hydrogen atoms. 4 g/mol
hydrogen mass repartitioning was applied. Langevin integration was used with 4fs timestep at
298 K and 0.1 ps! thermal coupling. Starting coordinates were derived from the crystal structure
of either the SPGMwr:MgF;:G6P complex (PDB: 2WF5) or the SPGMwr substrate-free
complex (PDB:2WHE). Hydrogen atoms were added using Amber’s LEaP module (pH 7.2).
The starting structure was placed in the centre of a pre-equilibrated water box with a minimum
distance of 2 nm from the periodic boundary. Overlapping water molecules were removed. Na*
and CI- ions were added to neutralize the system. The final ionic strength was 160 mM. The L-
BFGS algorithm was used for local minimization of the potential energy. The solvent was
equilibrated under NPT conditions followed by NVT equilibration of the whole system. A
further Sus data were collected. Coordinates were saved at 100 ps intervals for analysis. For
some simulations, a metadynamics bias was applied (implemented in openMM) to the {-angle
of K145 (defined by atoms: K145-C,, K145-O, P146-C; and P146-C,) and to the v angle of
P146 (defined by atoms: P146-N, P146-C,, P146-C and A147-N). A bias factor of 15, the height
was set to 0.8 kJ/mol and the deposition frequency was 500 ns™. The openMM metadynamics
module was modified to report the collective variables (C, y) for each deposited periodic

gaussian kernel.
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Full Charge Force Field ECC Force Field
lon Tmi
q (e) s (A) & (kJ/mol) q(e) o (A) & (kJ/mol) "é‘” 0N & (kcal/mol)
Na +1 2.3500 0.5439 +0.75 2.1150 0.5443 1.187004 0.130091
Mg +2 1.8900 3.6610 +1.5 1.3600 3.6610 0.763274 0.875001
Cl -1 4.4000 0.4184 -0.75 4.1000 0.4928 2.301047 0.117782

Table 5-2 — Electronic Continuum Correction Parameters for monoatomic ions. The Lennard-Jones parameters for a full-charge and charge-scaled forcefield

for each of three monoatomic ions (Mg?*, Na* and CI") are stated. For clarity and ease of comparison with literature values, the energy (€) is expressed in kcal/mol
and kJ/mol and the atomic radius is expressed as either 6 or Rmin/2.
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5.2.4 MD Analysis

Euler Angles

Euler Angles are calculated for a structure X compared to a reference structure (PDB: 2WFS5).
The reference is aligned to the principal axes of its cap domain c,-atoms. The core domain of
structure X is aligned to the core domain of the reference structure. The cap domain of structure
X is then aligned to the cap domain of the reference structure. The rotation matrix associated
with the latter alignment is used to calculate intrinsic Euler angles, using the XYZ convention
(aka. nautical angles). Alignments were implemented using Mpanalysis %917 calculation of
Euler angles from the rotation matrix was done using scipy, organisation and storage of data

tables was done using Numpy and pandas; data visualisation was done using plotly.

import numpy as np

import pandas as pd

import MDAnalysis as mda

from MDAnalysis.analysis import align

from scipy.spatial.transform import Rotation as R

def calculateEulerAngles (ref, topl, traj, outfile):

# read reference pdb file
ref = mda.Universe (ref

# define the cap domain CA atoms
refcap = ref.select atoms(" (resid 15-87) and (name CA)")

# translate/rotate cap domain onto its principal axes
ref.atoms.translate (-refcap.center of mass())
ref.atoms.rotate (refcap.principal_ axes())

# create mda trajectory object for input file
sim = mda.Universe (topl, traj)

# setup trajectory alignemnt
print ("calculating core domain alignment...")
coreAlign = align.AlignTraj (
sim,
ref,
select="(resid 1:14 88:218) and (name CA)",
filename="./tempCoreAligned.dcd",
match atoms=True,
verbose=True,

)

# run alignment
coreAlign.run (

# read aligned trajectory
sim = mda.Universe (topl, "tempCoreAligned.dcd")

# select cap domain atoms
tscap = sim.select_atoms (" (resid 15-87) and (name CA)")

# initialise a data list
data = []

# iterate through each frame in the trajectory
print ("calculating cap alignment & euler angles...")
for ts in tgdm(sim.trajectory) :

# calculate the rotation matrix

rot, rmsd = align.rotation matrix(
tscap.atoms.positions,
refcap.atoms.positions

)

# calculate euler angles from the rotation matrix

yaw, pitch, roll = R.from matrix(rot.T).as euler ('XYZ',6 degrees=True)
# calculalte the axis-angle from the rotation matrix

theta = np.degrees (np.arccos ((np.trace(rot) - 1) / 2))

# add data to the data list
data.append([yaw, -pitch, roll, thetal)
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# create a dataframe
df = pd.DataFrame (data)

# define the column names
df.columns = ["yaw", "pitch", "roll", "theta"

# define the frame id
df ["structure"] = "frame" + df.index.astype (str)

# write the results to a file in the simulation directory
with open (outfile, "w") as f:

table string = df.to_string(index=False, float_ format="%.7f", col_ space=15

f.write(table string)

Dihedral Angles
An atomGroup is defined with four atoms in order which define the torsion to be calculated. For
example, the phi_selection method selects atoms Ci, Ni, Cai+1 and Ci+1 for any given residue.

The pihedral function calculates the torsions for each of the given atomGroups.

# atom selection functions

def phi(residue) : return residue.phi selection ()
def psi(residue): return residue.psi selection ()
def omega (residue) : return residue.omega selection ()

def get dihedrals(residues, dihedral, outfile):

# initialise empty lists
atom groups = []
residue identifiers = []

# loop through each residue
for residue in residues:

# if the dihedral angle is applicable to that residue...
if dihedral (residue) is not None:

# ... append residue identifier to list
residue identifiers.append(f'{residue.resname}-{residue.resid}")
# ... append atom group to list

atom groups.append (dihedral (residue))

# calculate the dihedral angles
dihedrals = Dihedral (atom groups, verbose=True).run()
angles = dihedrals.results.angles

# convert to a dataframe
table = pd.DataFrame (angles)
table.columns = residue identifiers

# write dataframe to a text file
f = open (outfile, "w")
f.write(table.to string(index=None, float format="%.4f"))
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Interatomic distances

# create MDAnalysis simulation object
u = mda.Universe (topologyfile, trajectoryfile)

# select relevent atoms
al = u.select atoms (atomSelectionStringl)
a2 = u.select atoms (atomSelectionString2)

# initialise an empty list
distances = []

# loop through each frame in the trajectory
for ts in tgdm(u.trajectory) :

# calculate the distance between selected atoms
d = np.linalg.norm(np.squeeze (al.positions) - np.squeeze (a2.positions))

# append distance to list
distances.append (d)

# create a pandas dataframe
df = pd.DataFrame (distances)
df.columns = ["distance"]

# write dataframe to file
with open(args.outfile, "w") as f:
f.write(df.to string(index=None))

Radius of gyration

# create MDAnalysis simulation object
u = mda.Universe (args.topl, args.traj)

# select relevent atoms
s = u.select atoms (args.sele)

# initialise an empty list
RgData = []

# loop through each frame in the trajectory
for ts in tgdm(u.trajectory) :

# calculate radius of gyration and store in dictionary
RgData.append({"frame": ts.frame, "rg": s.radius_of_gyration()})

# create pandas Dataframe
df = pd.DataFrame (RgData)

# write dataframe to file
print (f'writing data to file: {args.outfile}')
with open(args.outfile, "w") as f:

contents = df.to string(index=None)
f.write (contents)
f.write("")
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Metadynamics Bias Kernel Density Estimation

Reconstruction of the metadynamics bias over the course of the MD simulation was calculated
using a Kernal Density Estimation procedure with a periodic gaussian kernel. This is the same
kernel used by the openmmM Metadynamics module, rather than the Von Mises kernel
implemented in PLUMED. The gaussian_periodic_1Dkernel function translates the input x-
values to Xo and creates a hard-coded periodic boundary. The modified x-variable is then input
into a standard gaussian kernel function. The gaussian_periodic_2Dkernel, Simply takes the
outer (pairwise) product of two 1D kernels. The gaussian periodic_kde calculates the
cumulative sum of periodic gaussian kernels centred on a series of input dihedral angles, with

specified width.

def gaussian periodic 1Dkernel (x0, x, sigma) :
""" define a periodic gaussian kernel """

# calculate circular x-variable

x shift = np.abs(x - x0)

x wrapped = np.min(np.array([x shift, np.abs(x shift - 2 * np.pi)]), axis=0)
x wrapped|[-1] = x wrapped[0]

# calculate gaussian kernel using circular x-variable
kernel = np.exp (- (x wrapped ** 2) / (2 * (sigma ** 2)))

return kernel

def gaussian periodic 2Dkernel (x0, x, y0, y, sigx, sigy, height):
""" calculate 2D periodic gaussian kernel """

kernel x = gaussian periodic_ 1Dkernel (x0, x, sigx)
kernel y = gaussian periodic 1Dkernel (y0, y, sigy)
kernel xy = height * np.multiply.outer (kernel x, kernel y)

return kernel xy

def gaussian periodic kde (data, x, y, sigx, sigy):
""" calculate kernel density etimation """

# initialise an array of null values

kernels = np.zeros((len(x), len(y)))

# calculate cummulative sum of metadynamic bias
for row in data:
x0, y0, height = row
kernels += gaussian periodic 2Dkernel (x0, x, yO, y, sigx, sigy, height)

return kernels
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Dihedral Categorisation

A series of functions are defined below, which are used convert continuous Ramachandran angle
variables into categorical variables which provide a conformation signature which can be used
to evaluate conformation sampling and simulation convergence. The hard coded
CATEGORY_DEFINITIONS define the boundaries of different discrete regions of Ramachandran
space, selected based on population-density criteria. An atypical periodic boundary is used such

that none of the defined categories is split by a periodic boundary.

CATEGORY_DEFINITIONS = {
# Proline

"PRO": |
[220, 360, -100, 201, # category 1
[220, 360, 20, 1081, # category 2
[220, 360, 108, 220], # category 3

]7

# Glycine

"GLY": |
[15, 125, 80, 2507, # category 1
[125, 235, 80, 2501, # category 2
[235 350, 80, 250], # category 3
1 180, -110, 80], # category 4
[180 360, -110, 807, # category 5

]7

# All Other Residues

"AOR": |
[170, 360, -90, 381, # category 1
[255, 310, 38, 957, # category 2
[175, 255, 70, 1901, # category 3
[255 340, 95, 2101, # catrgory 4
[2 190, 180, 250], # catrgory 5
1 130, -50, 801, # catrgory 6

}
def wrap ramachandran angles(phi: np.array, psi: np.array) -> (np.ndarray,
np.ndarray) :

""" translates the periodic boundaries of

the ramachandran plot from their default
values...

phi: [-180, 180], psi: [-180, 180]

to a new frame where each population is not
split by a periodic boundray...

phi: [0, 360], psi: [-110, 250] """

_phi = phi % 360
“psi = ((psi + 110) % 360) - 110

return phi, psi
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def read and filter(phi file: str,
psi file: str,
omg file: str,
selection: str) -> pd.DataFrame:
""" reads a whitespace delimitted phi/psi dihedral angle
ascii table. Returns a numpy.ndarray for phi and psi respectively
as well as a list of residues representing the columns in
each of the phi/psi arrays """

# read phi/psi tables (whitespace delimited, ascii file)
phi = pd.read table(phi file, delim whitespace=True)
psi = pd.read table(psi file, delim whitespace=True)
omg pd.read table(omg file, delim whitespace=True)

# only keep residues for which phi, psi and omega angles are defined
residues = [

residue for residue in phi.columns

if (residue in psi.columns) & (residue in omg.columns)

1
if selection is not None:

# filter user-selected residues
user selected resids = parse selection string(selection)
residues = |

residue for residue in residues

if int(residue.split("-")[-1]) in user selected resids

]

# apply filter

phi = phi.filter (residues)
psi = psi.filter (residues)
omg = omg.filter (residues)

return phi, psi, omg

def parse selection string(selection: str) -> List[int]:
""" takes a comma separated sequence of residue ids
and converts it to a list of integers. Parses "x-y" as
a range of integers from x to y."""

resids = []

for sel in selection.split(","):

if "-" in sel:
lower = int (sel.split("-")[0])
upper = int(sel.split ("-")[1])

resids += [x for x in range(lower, upper + 1, 1)]
else:
resids.append (int (sel))

return resids
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def categorise peptide conformers (phi: pd.
psi: pd.
omg: pd.

""" categorises peptide conformations
phi/psi dihedral angles into discrete
categories (see global variable:

# check dihedral angles correspond to
assert list (phi.columns)
assert list (phi.columns)

# convert column values to a list
residues phi.columns

CATEGORY DEFINITIONS)

DataFrame,
DataFrame,
DataFrame) ->
by organising
ramachandran

(list, np.ndarray) :

won

the same residues (in order)

list (psi.columns)
list (omg.columns)

# convert pandas dataframe to numpy array

phi = phi.to numpy ()
psi = psi.to numpy ()
omg = omg.to numpy ()

# initialize an array of NaN
peptide categories

# categorise proline residues
proline filter = [
i for i1, x in enumerate (residues)
if ("PRO" in x)

pro_cat _categories dihedrals (
phi[:, proline filter],
psi[:, proline filter],
omg[:, proline filter],
CATEGORY DEFINITIONS["PRO"]
)

peptide categories[:, proline filter]

# categorise glycine residues
glycine filter = [

i for i, x in enumerate (residues)
if ("GLY" in x)

]

gly cat = categories dihedrals (

phi[:, glycine filter],
psi[:, glycine filter],
omg[:, glycine filter],
CATEGORY DEFINITIONS["GLY"]
)
peptide categories[:, glycine filter]

# categorise all other residues
aor filter = [

(not a number)
np.full (phi.shape,

values
np.nan)

pro_cat

gly cat

i for i1, x in enumerate (residues)

if ("PRO" not in x) & ("GLY" not in x)
1
aor cat = categories dihedrals(

phi[:, aor filter],
psi[:, aor filter],

omg[:, aor filter],
CATEGORY DEFINITIONS["AOR"]
)

peptide categories|:,

aor filter]

# convert to a pandas dataframe

aor cat

peptide categories = pd.DataFrame (peptide categories)

peptide categories.columns residues

return peptide categories
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def categories dihedrals (phi: np.ndarray,
psi: np.ndarray,
omg: np.ndarray,
ramachandran categories: dict) -> np.ndarray:
""" places ramachandran angles into discrete
categories using the 'CATEGORY DEFINITIONS'
global variable. New categories a """

phi, psi = wrap ramachandran angles (phi, psi)

# initialize an array of NaN values
categories = np.full (phi.shape, np.nan)

for i, boundary in enumerate (ramachandran categories) :
x1l, x2, yl, y2 = boundary

# identify values which meet the criteria ...

boolean filter = (x1 <= phi) & (phi <= x2) & (yl <= psi) & (psi <= y2)
# ... assign a category ID to these values
categories[boolean filter] =1 + 1

# recategorise cis peptides
is cis = (-30 < omg) & (omg < 30)
categories[is cis] = categories[is cis] + len(ramachandran categories)

# set 'transitional' angles to NaN
unclassified = ((-150 < omg) & (omg < -30)) | ((30 < omg) & (omg < 150))

categories[unclassified] = np.nan

return categories

Dihedral angle tables are parsed, and the data are separated into different residues groups. The
Ramachandran distributions for Proline, Glycine and all other residues are treated separately,
i.e. they have different category definitions. A data point is defined for each residue in each
frame of the simulation. Each data point which falls within the bounds of a specified category
are assigned a number. The categories do not cover the whole of Ramachandran space, data

points which fall within the transition state space are assigned to an N/A category.

Each frame contains a data point for each residue. The peptide backbone conformation is
represented by a series of integers corresponding to a specific Ramachandran category. If two

frames have a similar conformation they will have the same backbone conformational code.

If, during the simulation, the structure of the peptide does not change then the code will not
change. The conformational coverage over a simulation can be determined by counting the
cumulative number of unique conformational codes. If the simulation starts exploring new
conformations the unique category count will increase. If the simulation starts to explore
conformation space which has already been sampled, then the cumulative unique category count
will not increase. For a conformationally convergent simulation, the cumulative unique category

count will plateau. This is necessary but not sufficient for demonstrating convergence.
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def convert peptide categories (categories: np.ndarray) -> np.ndarray:

def

""" counts the number of unique peptide
categories at each time step """

# extract the unique peptide categories
unique categories = np.unique (categories, axis=0)

# initialize an array of NaN values
category ids = np.full (categories.shape[0], np.nan)

# assign a single-digit dihedral category ID to each peptide conformation
for i, cat in enumerate (unique categories) :

# select all equivalent rows
boolean selection = np.all (categories == cat, axis=1)

# set value for row
category ids[boolean selection] = 1i + 1

return category ids

count unique categories (categories: np.ndarray) -> np.ndarray:

# initialize an array of NaN values
unique category count = np.full (categories.shape([0], np.nan)

# count the number of unique peptide categories at each time step
for i in tqgdm(range (len(unique category count))) :

unique category count[i] = len (np.unique (categories[:1]))

return unique category count
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5.25 Molecular Biology

UV-Vis spectroscopy

Thermofisher Nanodrop One UV-Vis Spectrophotometer was used for absorbance
measurements (A = 600 nm, cuvette mode) to monitor the growth of bacterial culture, using
sterile liquid media (LB or M9) as a blank. Samples were added to plastic cuvettes with a 1 cm
path length. Buffer-blanked, absorbance measurements (A = 280 nm, nanodrop mode) were used
to measure total protein concentration. A280 readings were converted to molar concentration
using the Beer-Lambert equation (e = 19.94 mM“*cm™) . Mass concentration was calculated
assuming a molecular weight of 24.21 kDa. Similarly, DNA concentrations were measured using
absorbance (A = 260 nm, € = 0.02 uL-ngcm™, nanodrop mode). A260/A280 and A260/A230
ratios were used to assess protein and RNA contamination. Ratios greater than 1.8 were

generally considered to be suitable for downstream processing.

SDS-PAGE

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) was used to monitor
protein content during protein expression and purification. Bio-Rad Mini-Protean Tetra cell
apparatus was used to cast acrylamide gels and to carry out electrophoresis. 18% BisAcrylamide

Resolving Gel solutions were prepared and immediately added to a secured Bio-Rad gel casting
cassette. A few drops of isopropanol were added to level the acrylamide solution. The
acrylamide solution was allowed to polymerise for < 20 min. Residual isopropanol was poured
off. Stacking gel solution was prepared and layered on top of the resolving gel. A comb was

inserted into the top of the cassette and the stacking gel solution was allowed to set in < 20 min.

Gels were either used immediately or stored in wet tissue roll at 4°C for up to 2 weeks.

Cast gels were loaded into the BioRad companion electrode module and suspended in SDS
running buffer. 15 uL sample was mixed with 5 uL SDS loading buffer and heated to ~95 °C for
3min. The samples were loaded into wells of the gel. Gels were run for 5 mins at 50 V and 45-
60 mins at 180 V. Gels were stained with InstantBlue™ Coomassie Stain.

Site-directed mutagenesis

The pgmB gene from Lactococcus lactis was cloned into pET-22b(+) plasmid cloned into the
multiple cloning site (Ndel and Xhol)  (Figure 5-1). The pET-22b(+) plasmid containing the
BPGMwr gene was purified from recombinant E. coli cells using the Monarch ® plasmid
miniprep kit (T1010L) following the manufacturer’s instructions. A 5 mL starter culture of
transformed XL1-Blue cells were grown overnight at 36 °C (<16hr incubation, as per
manufacturer instructions). Autoclaved milliQ-H,O was used in place of the elution buffer.
Agilent’s Quickchange II site-directed mutagenesis kit was used to introduce the N77A mutation

into BPGMwr plasmid following the manufacturer’s instructions. The reaction mixture was

118



comprised of 20 ng plasmid, 125 ng of each primer, dNTP mixture, PfuUltra High Fidelity DNA
polymerase in Monarch’s reaction buffer diluted in sterile milliQ-HO to a final volume of 50
uL. SDM was carried out using Techne Progene FPROGO050 Thermocycler, with 30 s at 95 °C
followed by 16 cycles of 30 s at 95 °C, 60 s at 55 °C and 6 min at 68 °C, followed by Dpnl
digestion for 1hr at 37 °C. Digest products were transformed into XL1-Blue super-competent
cells using Agilent’s recommended heat shock protocol (30 min on ice; 45s at 42 °C; 2 min on
ice). Mutations were confirmed by DNA sequencing (GENEWIZ, Azenta Life Sciences), using
the T7 promotor/terminator sequences for forward/reverse sequencing, respectively.
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Figure 5-1 - The pET-22b(+) vector. (TOP) the pET-22(b) plasmid map. The location of the multiple
cloning site (MCS) is indicated with a black arrow. (BOTTOM) A detailed diagram showing the
location of functional elements and restriction sites within the MCS.
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N77A site-directed mutagenesis sequences

> pgmB (WT)
atgtttaaagcagtattgtttgatttagatggtgtaattacagataccgcagagtatcattttagagct

tggaaagctttggctgaagaaattggcattaatggtgttgaccgccaatttaatgagcaattaaaaggg
gtctcacgagaagactcgcttcagaaaattctagatttagctgataaaaaagtatcagctgaggaattt
aaagaacttgctaagagaaaaaatgataactatgtgaaaatgattcaggatgtgtcgccageccgatgtce
tatcctggaattttacaattactcaaagatttacgttcaaataaaatcaaaattgctttagcgtcgget
tctaagaatggtccatttttattagagagaatgaatttaactggatattttgatgcaattgctgatccg
gctgaagttgcagcatcaaaaccagcaccagatatttttattgcagcagcacatgcagtgggtgttgcce
ccctctgaatcaattgggttagaggattctcaagctggaattcaagccatcaaagattcaggggcttta
ccaattggtgtagggcgcccagaagatttgggagatgatatcgtcattgtgcctgatacttcacactat

acattagaatttttgaaagaagtttggcttcaaaagcaaaaataa

N77 CODON

Primer Name Primer Sequence (5' to 3')

cctgaatcattttcacatagttatcagcttttctcttagcaagttctttaaattcctca
a229g a230c

tgaggaatttaaagaacttgctaagagaaaagctgataactatgtgaaaatgattcagg

. Length Duplex Energy at 68 Energy Cost of
Primer Name (nt.) Tm °c Mismatches
59 7ib48 -49.09 kcal/mole 2.96%
az229g a230c
- - 78.48
59 o -50.68 kcal/mole 1.17%

> pgmB N77A
atgtttaaagcagtattgtttgatttagatggtgtaattacagataccgcagagtatcattttagagcet

tggaaagctttggctgaagaaattggcattaatggtgttgaccgccaatttaatgagcaattaaaaggg
gtctcacgagaagactcgcttcagaaaattctagatttagctgataaaaaagtatcagctgaggaattt
aaagaacttgctaagagaaaagctgataactatgtgaaaatgattcaggatgtgtcgccagccgatgtce
tatcctggaattttacaattactcaaagatttacgttcaaataaaatcaaaattgctttagcgtcgget
tctaagaatggtccatttttattagagagaatgaatttaactggatattttgatgcaattgctgatccyg
gctgaagttgcagcatcaaaaccagcaccagatatttttattgcagcagcacatgcagtgggtgttgcce
ccctctgaatcaattgggttagaggattctcaagctggaattcaagccatcaaagattcaggggettta
ccaattggtgtagggcgcccagaagatttgggagatgatatcgtcattgtgcctgatacttcacactat
acattagaatttttgaaagaagtttggcttcaaaagcaaaaataa
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Preparation of chemically competent BL21(DE3) expression host

A 100 mL LB liquid culture of BL21(DE3) E. coli was incubated at 37 °C until the culture ODsgoo
reached ~0.5. Cells were collected by centrifugation for 5 mins at 4,500 RPM, 4 °C (Thermo
Scientific Heraeus Labofuge 400 R). Cells were gently resuspended in 30 mL ice-cold TFB1
buffer and incubated on ice for 90 min. Cells were collected by for 5 mins at 4,500 RPM, 4 °C
(Thermo Scientific Heraeus Labofuge 400 R) and gently resuspended in ice-cold TEB2 buffer.
200 uL aliquots were flash frozen and stored at -80 °C.

Transformation of competent BL21(DE3)

50 uL chemically competent BL21(DE3) were mixed with 5 ng plasmid DNA in a pre-chilled
15 mL round-bottom, polypropylene Falcon tube and incubated on ice for 30 min. The cells
were heat-shocked at 42 °C for 30s and immediately placed back on ice for 2 min. 5 mL SOC
was pre-heated to 37 °C and added to the heat-shocked cells and incubated for 1 hr at 37 °C. The
culture was used to inoculate solid LB agar plates containing 100 pg/mL Ampicillin, which were
incubated overnight (~16 hr) at 37 °C.

Expression

A 5 mL LB liquid culture containing 100 ug/ml Ampicillin was inoculated with BL21(DE3) E.
coli cells containing the pgmB encoding the N77A mutation and grown overnight at 37 °C. The
culture was centrifuged 4,500 RPM, 5 min, 4 °C (Thermo Scientific Heraeus Labofuge 400 R)

and re-suspended in 1 L M9 minimal media containing 100 ug/mL ampicillin and distribute

between two sterile baffled conical flasks. The cultures were incubated at 37 °C and induced
with 0.5 mM IPTG when the culture reaches ODgoo 0.6. The cultures were then incubated
overnight at 25 °C.

Cell Lysis & purification

Cells were harvested by centrifugation at 8,000 RPM using a Beckman Coulter Avanti
centrifuge, with a F10BCI-6x500y rotor (FIBERLite, Piramoon technologies); resuspended in
ice cold Lysis Buffer; and subject to six rounds of sonication (20 s pulse, 20 % amplitude, 60 s
rest). The lysate was centrifuged at 20,000 RPM for 35 min at 4 °C, using a Beckman Coulter
Avanti centrifuge with a Beckman JA-20 rotor. The supernatant was filtered using a 0.22 pm
syringe filter. The soluble fraction was loaded onto a DEAE-sepharose Fast-Flow Anion

Exchange column, washed pre-equilibrated with chromatography buffer A, using an AKTA start

purification system. Unbound proteins were eluted from the column with chromatography buffer

A. Bound proteins were eluted with a 0-50% chromatography buffer B gradient over 300 mL.

Fractions containing SPGM were identified by SDS-PAGE, combined and concentrated using
a Vivaspin centrifugal concentrator (Satorius) with a 10 kDa molecular weight cutoff, following

the manufacturer instructions. The concentrated sample was loaded onto a Hiload 26/600
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Superdex 75 size-exclusion column, pre-equilibrated with 3 column volumes of chromatography
buffer B, using an AKTA Prime purification system. Fractions were checked for purity by SDS-
PAGE, combined and exchanged into SPGM buffer and concentrated to ~ 1 mM using a

Vivaspin centrifugal concentrator (Sartorius). Aliquts were stored at -20 °C.

122



5.2.6  Small Angle X-ray Scattering

Sample Preparation, Data Acquisition and Analysis

BPGM was exchanged into different buffers to create different complexes.

e BPGMwr was exchanged into 50 mM K* HEPES pH 7.2 + 5 mM MgCl; + 2 mM NaNs
to generate a substrate-free magnesium loaded complex, populating both cis and trans
P146 isomers in solution.

o BPGMwr was exchanged into 50 mM K* HEPES pH 7.2 + 100 mM MgCl; + 2 mM
NaNjs to generate a substrate-free magnesium loaded complex, which populates the cis
P146 isomer.

e BPGMpuea Was exchanged into 50 mM K* HEPES pH 7.2 + 5 mM MgCl; + 2 mM NaNs
to generate a substrate-free magnesium loaded complex, which populates a trans A146
isomer.

e BPGMpion Was incubated with 5 mM MgCI2, 10 mM AcP and 10 mM G6P at room
temperature overnight, to generate a trapped PG16BP complex. The complex was
exchanged into 50 mM K* HEPES pH 7.2 + 5 mM MgCl, + 2 mM NaNs.

e BPGMpion Was incubated with 5 mM MgCI2, 10 mM AcP and 10 mM G6P at room
temperature, overnight, to generate a trapped BG16BP complex. The complex was
exchanged into 50 mM K* HEPES pH 7.2 + 2 mM NaNs, to remove magnesium from
the complex.

e BPGMwr was exchanged into 50 mM K* HEPES pH 7.2 + 5 mM MgCl, + 10 mM G6P

+ 20 mM NaF + 2 mM NaNj3 to generate a canonical transition state analogue complex.

Small angle X-ray scattering data were collected at the Diamond Light Source, beamline B21
which operates in a 3.6 meter camera length configuration at 13 keV and wavelength 0.9524A.
Data was collected using an EigerX 4M (Dectris) detector. Data collection was coupled to an
upstream Agilent 120 HPLC system, equilibrated with matched sample buffer.

Radially averaged data was integrated and buffer-subtracted using Chromixs from the ATSAS
software suite 1. Processed data from the SPGMwr substrate-free sample were submitted to the

WAXSIS sever 3! with each of 64 processed crystal structures and a sample of 45 frames from

the ff14sh-tip3p-1 simulation. The electron density of the solvent was set to 339 e-nm™ with
‘thorough’ convergence criteria. The same SAXS dataset and crystal structures were analysed
using Pepsi-SAXS software package 4, which uses an implicit solvation model. A parameter-
sweep of p and ro was performed to determine which values gave best agreement with the
explicit solvation model implemented in the WAXSIS sever. These parameters (6p = +5 %, ro
= -1 %) were then used to process the remaining datasets paired with all 64 processed crystal

structures and 1000 frames from the ff14sb-tip3p-1 simulation.
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Pepsi-SAXS Python Wrapper

import
import
import
import
import

os # operating system interface
shutil # high-level file interface

glob # unix style file patten expansion
subprocess # run external processes

numpy as np # numerical operations

def run pepsisaxs (pepsipath, saxsdata, outdir, indir, opt):

# make output directory
try:

os.mkdir (outdir)

except FileExistsError:

shutil.rmtree (outdir)
os.mkdir (outdir)

# define a list of command line arguments
args = [

]

pepsipath, # path to pepsi-saxs program exe file
None, # placeholder for pdbfile path
saxsdata, # input saxsdata.dat

None # placeholder for output file

# append optional command line arguments
args += opt

# iterate through input pdb files and run pepsi-saxs program
for pdbpath in glob.glob (indir) :

# define input file.pdb
args[l] = pdbpath

# define output file name

filename = pdbpath.split ("/") [-1].split(".") [0]
outfile = outdir + filename + ".fit"
args[3] = f'-o {outfile}'

# run program
subprocess.run (args)

A python wrapper was created to run the Pepsi-SAXS program #° for a batch of PDB files. On

execution, the wrapper creates an output directory and populates an argument list to provide to
the Pepsi-SAXS executable. This list is updated with each of the input batch of PDB files before

execution of the Pepsi-SAXS program.
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Pepsi-SAXS Parameter Sweep

# loop through values for dp
for dro in np.arange (2, 8, 0.5):
# loop through values for ,r0.
for d0 in np.arange(0.95, 1.05, 0.01):
# run PepsiSAXS python wrapper
run_pepsisaxs (
outdir=£f"./dro-{int (dro*10)} d0-{int(d0 * 100)}/",
indir="path/to/pdbfiles/*.pdb",
pepsipath="/path/to/pepsi-saxs.exe",
saxsdata="/path/to/saxsdata.dat",
opt=[
f'--dro {dro}',
f'--r0 min factor {d0}',
f'--r0 max factor {d0}',
V==@siE",

solvation layer

r0 parameter lower restraint

r0 parameter upper restraint

fit a constant baseline subtraction

H= =

Pepsi-SAXS fitting of the data acquired for the BPGMwr substrate-free magnesium loaded
complex (populating both cis and trans P146 isomers in solution), against all of the crystal
structures and each of 1000 frames of the ff15ipg-speceb-ecc-2whe simulation, was executed
using an array of fixed values for 6p (dro) and ro (d0). The PepsiSAXS python wrapper was
executed in a loop over a range of 8p and ro values. The values for 8p and ro which resulted in y?
vs. Ry profile which best matched that generated using calculations made by the WAXSIS server

131 were taken forward to the analysis of all SAXS datasets.

Pepsi-SAXS Global Rollout

# define inputs
pdbfiles = glob.glob ("/path/to/pdbfiles/*.pdb")
saxsdata = glob.glob ("/path/to/saxsdata/*.dat")

# loop through data for each sample
for saxsdata in saxdatasets:

# run pepsisaxs python wrapper

run_ pepsisaxs (
pepsipath="/path/to/pepsi-saxs.exe",
saxsdata=saxsdata,

outdir=saxsdata.split ("/") [-1].split(".") [0],
indir=pdbfiles,
opt=1[

--dro 5',

--r0_min factor 0.99',
--r0_max factor 0.99',
--cst',

Pepsi-SAXS fitting of each acquired dataset against each of the crystal structures and each of
1000 frames from the ff15ipg-speceb-ecc-2whe simulation, was executed using a fixed,
optimised value for 3p =5 % and ro = 0.99 (- 1%).
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5.2.7 Analytical Ultracentrifugation

Sample preparation

Two samples were prepared for analytical ultracentrifugation (AUC). A magnesium-loaded
substrate-free BPGMwr complex was prepared by exchanging SPGMwr into 50 mM K+ HEPES
pH 7.2 + 5 mM MgCl; + 2 mM NaNs. A BPGMw1:MgF3:G6P TSA complex was prepared by
exchanging SPGMwr into 50 mM K+ HEPES pH 7.2 + 5 mM MgCl; + 5 mM G6P + 20 mM
NaF + 2 mM NaNs.

Data Acquisition

AUC sedimentation velocity experiments were run using a Beckman Optima analytical
ultracentrifuge with an An-50Ti rotor, at 50,000 RPM. Samples with their corresponding buffers
were loaded into each side of standard two-sector epon centerpieces. The reference data is
subtracted from the sample data during data acquisition. Data were recorded using the
absorbance optical detection system at 280 nm, at three different concentrations (0.25 mg/mL,
0.5 mg/mL and 1.0 mg/mL). Buffer densities and viscosities were measured using a DMA

5000M densometer equipped with a Lovis 2000ME viscometer.

Data Analysis

Radial Absorbance scans were analysed using SVEDBERG software 72, Scans 2-250 were
selected and the data between 0.02-7.00 cm from the meniscus were fit using the Behlke whole
boundary model 34, with a time-invariant noise correction. Starting values were estimated from
c(s) distributions calculated using SEDFIT !, The data derived from the closed
BPGMyy1:MgF5:G6P TSA complex was fit to a single species model. The data derived from the
open BPGMyy, T substrate free complex was fit to a 3 species model. The c(s) analysis indicated
the presence of at least 3 species for each dataset. The dominant population is the folded
monomer. A small amount of higher molecular weight, aggregated material was also present.
The H-statistics for were not significantly improved by including more than 3 species, whilst

parameter covariances were introduced by inclusion of more than 3 species.
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5.2.8 NMR Relaxation

Sample preparation, data acquisition and processing were carried out by Dr Angus Robertson.
A BPGMuwr substrate-free sample was prepared containing 50 mM K*-HEPES pH 7.2 + 1 mM
’N?H-labelled BPGMwr + 5 mM MgCl, + 2 mM NaNs. A BPGMwt:AlIF,:G6P TSA was
prepared by addition of a further 10 mM G6P + 10 mM NaF. ®N R1, Rlp and *H-{**N}
measurements were carried out at 25 °C at each of two field strengths (600 MHz, 800 MHz),
with a temperature-compensated, TROSY -readout pulse scheme ¥, Pseudo-randomised decay
durations were used for R1 experiments: 0, 400, 1200, 80, 1760, 240, 800, 2400 and 640ms and
R1p experiments: 20, 110, 1, 200, 60, 90, 160, 40 and 20ms. The spin lock-field was set to 1.4
kHz. Peak intensities were fit to time-dependent exponential equations to derive R1 and R1p.
R2 values were calculated using the following equation.

Ry = ot
sin?(8) tan?(0)

Where, 6 = % o1 is the spin lock field strength and Q is the offset from the *N carrier
frequency. Data were analysed using a local tm diffusion model and a prolate diffusion model
using the RELAX software suite 1*74, The prolate diffusion model was fit using either an open
crystal structure (PDB: 6YDL) or the average coordinates from the ff15ipg-spceb-ecc-2whe

simulation.
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5.2.9 X-ray Crystallography

Crystallisation

Crystals of BPGMn77a:MgFs:G6P TSA complex were obtained by preparing solutions
containing 0.7 mM BPGMn77a, 5 MM MgCl, 20 mM NaF and 5 mM GG6P, which were mixed
1:1 with a solution containing 100 mM Tris-HCI pH 7.5, 200 mM Sodium Acetate and 28 %
PEG4000. Crystals of BPGMn77a:AlF4:G6P TSA complex were obtained by preparing solutions
containing 0.6 mM BPGMn77a, 5 MM MgClz, 5 mM AICls, 20 mM NaF and 5 mM G6P, which
were mixed 1:1 with a precipitant solution containing 100 mM Tris-HCI pH 7.5, 200 mM
Sodium Acetate and 22 % PEG4000. Crystals were grown by vapour diffusion using 2 uL
hanging drops, suspended from a silanised glass slide, over a reservoir containing 700 uL of
precipitant soliton. TSA complexes grew as thin plates over 1 — 2 weeks. Crystals were collected
using a mounted LithoLoop (Molecular Dimensions Ltd.) in a drop of precipitant soliton

containing 25% ethylene glycol.

Data Acquisition & processing

Crystals were sent to the Diamond Light Source (DLS), Oxfordshire, United Kingdom for data
collection at 100 K on beamline 1D14-2. Data processing was done using the xia2 pipeline .
CC-half values were used to define the resolution cut-off. Structures were solved by molecular
replacement using MolRep ¢, using 2WF5 and 2WF6 for the BPGMn77a:MgF3:G6P and
BPGMn77a:AlF4:G6P data, respectively. Model building and refinement was done using COOT
and REFMACS5 7. Ligands were added during the final stages of refinement. COOT and
MolProbity 1’8 were used for validation of the geometry of the final structures. Figures were
created using PyMOL 17,

Linear Determinant Analysis

Linear determinant analysis (LDA) was implemented in Python using the MDAnalysis (version
2.3.0) 19170 Scikit-Learn (version 1.2.1) ¥ and Scipy (version 1.5.3) 8! libraries. The
interatomic Euclidean distances between all pairs of backbone atoms were calculated, for each
of the BPGM crystal structures. Intra-residue distances (excluding O; and N;), and distances
calculated between atoms which are NOT within the same helical turn (between O; and Ni:4)
were discarded. The interatomic distance (feature) vector was calculated for each structure
(observation). The distances were normalized by subtracting the mean and scaling the variance
to unity. Linear discriminants were optimized for the interatomic distance array using the Open,
NAC and TSA clusters defined by backbone RMSD hierarchical clustering.
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import numpy as np

import MDAnalysis as mda

from scipy.spatial.distance import pdist, squareform

from sklearn.preprocessing import StandardScaler

from sklearn.discriminant analysis import LinearDiscriminantAnalysis

def N77_ to M83 distance vector (pdbfile) :
""" calculate the interatomic distance vector
from a complete bpgm pdb file """

# read pdbfile using MDAnalysis library
u = mda.Universe (pdbfile)

# select atoms for the analysis
atoms = u.select atoms (f"resid 77-83 and backbone")

# calculate the interatomic distance vector
distance vector = pdist (atoms.positions, metric="euclidean")

# convert distance vector to interatomic distance matrix
distance matrix = squareform(distance vector)

# create an array of indices corresponding to those of the distance matrix
i, j = np.meshgrid(range (len(distance matrix)), range(len(distance matrix)))

# create a boolean filter to select specific distances from the distance matrix
dmat mask = (

# keep atoms which are within the same helical turn (N[i] - O[i+4])
(np.abs (i - j) <= 16) & \
# discard intra-residue distances (except the N[i] - O[i] distance)

(np.abs (i - j) >= 3) & \
# discard the diangonal
(np.abs (i - j) != 0)

)

# convert the square boolean filter to a vector format
dvec_mask = squareform(dmat mask)

# apply boolean filter
filtered distance_vector = distance vector[dvec_mask]

return filtered distance vector

# calculate the interatomic distances for each input pdbfile
data list = [N77_to M83 distance vector (pdbfile) for pdbfile in pdbfiles]

# store the data in a table format
data array = np.stack(data list, axis=0)

# Normalise the data for Linear Discriminant Analysis
data scaled = StandardScaler () .fit transform(data table)

# initialise the LDA solver
lda = LinearDiscriminantAnalysis ()

# fit linear discriminants to the scaled data, using categories [open, nac, tsa]
lda.fit (data scaled, user defined categories)

# project observations onto the linear discriminants
linear discriminants = lda.transform(data scaled)
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Root-Mean-Square-Fluctuation Analysis

The RMSD was calculated between every pair of TSA crystal structures, by alignment to the
core-domain and calculating the interatomic distances between equivalent backbone atoms. The
data were split into two groups 1) the BPGMnz7a TSA crystal structures and 2) all other BPGM
TSA structures (excluding: 12404, 61034 and 50LY a, which have unusual domain orientation).
The mean and standard deviation of the per-residue RMSD was calculated for each group. The
mean RMSD for the canonical BPGM TSA structures was subtracted from that of the BPGMn77a
TSA crystal structures. The residual RMSD represents a statically significant perturbation in
structure. The residual error was calculated as the sum-of-squares of the standard deviation

calculated within each group.

5.2.10 G6P titration in the presence of MgF; TSA

Apparent dissociation constants (Kp) for G6P were measured for SPGMn77a Were determined
by serial titration of a solution of 20 mM G6P in standard HEPES buffer, into a solution
containing 0.5 mM BPGMn77a + 5 mM MgCI2 + 10 mM NaF + 1 mM Trimethylsilyl propionate
(TSP) + 10 % D.O. The titration was monitored by *H NMR Spectroscopy using a Bruker
800 MHz Avance III spectrometer equipped with a 5-mm TCI cryoprobe and z axis gradients,
at 298 K. The dilution-corrected intensity of W24 indole resonance was fit to a standard 1:1
binding model for tight binding.

(IG6P] + [E]y + Kp) - v/ ([G6P] + [E]p + Kp)? - 4 [E]o[G6P]

I1=1
0 2[E]p

where, [G6P] = dilution x [G6P],

Monte-Carlo sampling of [E]o £ 5 % and 5 % pipetting error was combined with free fitting of
Kb, lo and [G6P]o to estimate the error associated with fitting a value for Kp close to the tight-
binding limit. Note, fitting the titrant concentration [G6P]o, using the dilution-factor as
independent variable, is only possible where the ratio of [E]o and [G6P]o is constrained by data
obtained close to the tight binding limit. Least-squares, non-linear regression and Monte-Carlo

sampling were implemented using the Scipy and Numpy python libraries, respectively.

5.2.11 aGallP titration

The dissociation constants (Kp) for aGallP and end-point chemical shifts BPGMwr and
BPGMn77a Were determined by serial titration of a solution of 20 mM G6P in standard HEPES
buffer, into a solution containing 0.5 mM BPGMnz7a + 10 mM MgCI; + 1 mM Trimethylsilyl
propionate (TSP) and 10 % D,O. The titration was monitored by *H*®*N BEST-TROSY at 298
K, using a Bruker 800 MHz Avance III spectrometer equipped with a 5-mm TCI cryoprobe and
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z-axis gradients. Binding occurred under a fast-exchange regime, meaning the chemical shifts
could be monitored incrementally throughout the titration. Aggregate chemical shifts were
calculated for of the indole resonance of W24 and were fit to a 1:1 binding model.

5.2.12 Steady State Kinetics

Steady state B-Glucose-1-phosphate (BG1P) turn-over Kinetics for BPGMwr and BPGMn774 Were
acquired using Hidex Sense microplate reader. The production of G6P was measured indirectly
using a glucose-6-phosphate dehydrogenase (G6PDH) coupled assay. Oxidation of G6P is
coupled to reduction of NAD*, which is monitored by absorbance (A = 340 nm, € = 6220 M
cm?). Reactions were initiated by the addition of BG1P and B-Glucose-1,6-bisphosphate
(BG16BP) to solutions containing 5 mM MgCl; 5 Units/mL G6PDH, 1 mM NAD* and 4 nM
BPGMwr or BPGMn77a in standard kinetics buffer (200 mM K* HEPES pH 7.2 + 5 mM MgCl,
+2 mM). A variable range of fG1P and BG16BP concentrations were prepared by serial dilution
(BPGMwr: [BG1P] 0-700 uM, [BG16BP] 0-16 uM; BPGMnr7a: [BG1P] 0-1800 uM, [BG16BP]
0-22 uM). The data were fit to a steady state equation derived for a bi bi ping-pong reaction
mechanism, with substrate inhibition 82, Errors were estimated using Monte Carlo sampling
with a 5% error for the concentrations of BG1P, BG16BP and Eo. The error in vo was derived

from linear least-squares fit of the time-course data.

KeatEo[BG1P][BG16BP]

Vo=
[BG1P][BG16BP] + Kpc;1p[BG16BP] + Kyg1650 [BG1P] (1 i mIG(—lP])

Non-linear least squares regression was done using a the scipy python library. The
scipy.optimize.curve_fit function takes a function with a single input variable (x) and an
unspecified number of parameters to be optimised. The code below acts as an interface to allow

fitting of multivariate data with scipy.optimize.curve fit.
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class Fit2D:
def init (self):
pass

def load data(self, x, y, z, ¢, X var name, y var name, z var name) :
""" Store input data as Fit2D class attributes
x and y must be 1 dimensional np.arrays
- z must be 2 dimensional
- x and y must correspond to rows and columns of z

wwn

self.x = x
self.y = vy
self.z = z
self.c = ¢
self.x var name = X var name
self.y var name = y var name
self.z var name = z var name

def load model (self, func):
""" 3 user-defined python function which takes two
input arrays (x, y), a list of constants (c),
a list of params (parms) and returns an output
array (z). x, y and z have the shape and the
same number of dimensions """

self.func = func

def get scipy compatible 2dfunction (self, y, c):
""" convert a function with multiple inputs (x,y,c,parms)
to a function with a single input variable and parameters
(x, *parms) """

def function (x, *parms):
return self.func(x, y, c, list(parms))
return function
def run fit(self, p0, bounds):

# convert x, y and z into a 1D array of same length
X, Yy, ¢ = broadcast data(self.x, self.y, self.c)

# convert z-array into a 1D array
z = self.z.flatten()

# filter N/A values
X, Y, z, ¢ = filter missing values(x, y, z, c)

# convert the input 2D function to a pseudo-1D function
func = self. get scipy compatible 2dfunction(y, c)

# run non-linear least squares curve fitting sub-routine
popt, pcov = scipy.optimize.curve fit (

f=func,

xdata=x,

ydata=z,

p0=p0,

bounds=bounds,

)

# return optimised parameters
self.popt = popt

# return parameter covariances
self.pcov = pcov
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def run monte carlo(self, x err, y err, z err, c err, p0, bounds, N):

# generate random sampling of monte-carlo variables
X mc = np.random.normal (self.x, x err, (N, len(self.x
y mc = np.random.normal (self.y, y err, (N, len(self.y
z mc = np.random.normal (self.z, z err, (N, len(self.x
c mc = np.random.normal (self.c, c err, (N, len(self.c

)))

)))

), len(self.y)))
)))
self.popt mc = []

# loop through monte carlo iterations
for 1 in tgdm(range (N)) :

# convert x, y and z into a 1D array of same length
X, Yy, ¢ = broadcast data(x mc[i], y mc[i], c mc[i])

# convert z-array into a 1D array
z = z mc[i].flatten ()

# filter N/A values
X, Y, z, ¢ = filter missing values(x, y, z, c)

# convert the input 2D function to a pseudo-1D function
func = self. get scipy compatible 2dfunction(y, c)

# run non-linear least squares curve fitting sub-routine
popt, pcov = scipy.optimize.curve fit (

f=func,

xdata=x,

ydata=z,

p0=p0,

bounds=bounds,

)

# store data in list
self.popt mc.append (popt)

self.popt mc = np.stack(self.popt mc, axis=0)
def broadcast data(x, y, c):

# generate a 2d meshgrid of x and y data
y, X = np.meshgrid(y, x)

# arange the grid to a 1d array
x = x.flatten ()
y y.flatten ()

# broadcast ¢ to match x & y
c = np.repeat(cl[:, np.newaxis], len(x), axis=1)

return x, y, C

def filter missing values(x, y, z, C):

# create a filter
filt = ~np.isnan(z)

# filter x, y z and c arrays
return x[filt], y[(filt], z[filt], cl[:, filt]
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5.2.13 G6P titration in the presence of BeF3 GSA

Apparent dissociation constants (Kp) for G6P and end-point chemical shifts BPGMwr and
BPGMn77a Were determined by serial titration of a solution of 20 mM G6P in standard HEPES
buffer, into a solution containing 0.5 mM BPGMpy77a + 10 mM MgCl; + 5 mM BeCl; + 15 mM
NaF + 1 mM Trimethylsilyl propionate (TSP) and 10 % D>O. The titration was monitored by
!HN BEST-TROSY at 298 K, using a Bruker 800 MHz Avance 111 spectrometer equipped with
a 5-mm TCI cryoprobe and z axis gradients. Resonances for BPGMnz7a:BeFs were assigned by
comparison with the chemical shifts from PPGMwr:BeFs (BMRB: 17851). Binding occurred
under a fast-exchange regime, meaning the chemical shifts could be monitored incrementally
throughout the titration. Assignments were validated by comparison of the end-point chemical
shifts with those of the pPGMwr:BeFs:G6P complex (BMRB: 7234). Dissociation constants
were fit to a 1:1 binding model. End-point chemical shifts were derived by linear extrapolation
of chemical shift trajectories to infinite concentration of G6P.

5.2.14 Multiple Sequence Alignment

A diverse set of BPGM sequences (Section 7.12 - Uniprot Accession Codes) were subject to
multiple sequence alignment using the Clustal Omega web server 8, The alignment
conservation score was calculated using Jalview 3418, The selected sequences were sufficiently
diverse to detect residue conservation whilst maintaining sufficient structural similarity with

BPGM from Lactococcus lactis.
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6 Appendix

6.1 Thermodynamics

When studying conformational dynamics of biomolecules, we would like to understand the
relative stability of different conformations, how they interchange and ultimately how they relate
to function. Conformations of biomolecules can be described as continuous distribution in a high
dimensional space. This conformational space has a dimension for each bond length, angle, and
torsion within the biomolecule (aka. internal/BAT coordinates) as well as for every possible

configuration of the solvent.

It is often helpful to reduce the dimensionality of this landscape allowing one to conceptualise
just a few important variables, such as a domain orientation, a secondary structure metric or a
few selected torsions/distances. More sophisticated dimensionality reduction techniques have
been developed to extract more abstract variables in an unsupervised manner (e.g. Principal

Component Analysis).

Each point within the conformational space represents a microstate of the system. Each
microstate within the conformational landscape has an associated potential/internal energy (E).
The probability of sampling a particular microstate (P) in thermodynamic equilibrium is defined

by the Boltzmann equation,

where E is the potential energy, kg is the Boltzmann constant, T is the temperature above
absolute zero and Z is the partition function. The partition function takes a sum over all

microstates.

_E
i

Certain regions within the conformational landscape are stabilized by favourable interactions
(local energy minima), which often prompts discretisation of the continuous distribution into
conformational macrostates (e.g. open/closed, apo/bound, helix/strand/loop, cis/trans etc.).
Macrostates are separated by less favourable conformations which act as barriers to
conformational change. Entropy is a measure of the number of microstates belonging to a

macrostate.
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... where S, is the entropy of macrostate A and N, is the number of constituent microstates of
A and N is the total number of microstates. If a macrostate is comprised of more microstates, it
will be sampled more frequently and will appear more stable. The potential energy and entropy
together define the Helmholtz free energy (F).

_Ea Sa _EA-TSa —Fa
e kBT . ekB =e kBT — ekBT
F=E-TS

Gibbs Free energy also accounts for pressure-volume work,
H=E+PV
G=H-TS

where H is the enthalpy, P is the pressure, V is the volume and G is the Gibbs free energy. Free

energy changes describe the ratio of the probabilities/frequencies of different states.

~Ga/KgT
Pp_ e — oAG/kpT

p_B ~ e~Gp/kgT

Therefore...

Pa
AG = kgT-In (—)
Pg

The ratio of probabilities corresponds to the ratio of the populations of A and B, i.e. the

equilibrium constant (Kp).
A=B
ki [A] =k, (B]

k, [A]l Py

Jz UM _A_ ¢
k; [B] Pg EQ

AG = kgT - In(Kgq)
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6.2 The Michaelis-Menton model

A basic model for an enzyme-catalysed reaction is given by...
E+S<=ES=E+P

Initial rates assumption: Reaction rates are measured at an early timepoint during the reaction
such that the accumulation of product and the rate of the reverse reaction are negligible.

Rapid equilibration assumption: The substrate-binding equilibrium is much faster than turnover.

This means that the initial rate is directly proportional to the concentration of ES at equilibrium.
Vo = keat[ES]gg

Quasi-steady-state assumption: The concentration of ES is effectively constant during the period

at which the initial rates are measured.
Rate of ES formation = k, [E][S]
Rate of ES dissociation = (k_; + k,)[ES]
kq[ET[S] = (k-1 + k)[ES]

ko1 +k, _ [E][S]
ke [ES]

=Km

It is assumed that the enzyme and substrate exist in either of two states: associated or dissociated.
[Elror = [E] + [ES]
[Slror = [S] + [ES]
The concentration of substrate is assumed to be in large excess of the total enzyme.
[Slror > [Elror
[STror ~ [S]
Under these assumptions, an expression can be derived for the concentration of ES.
[ESTKm = ([Elror — [ESDIS]
[ES1Km = [Elror[S] — [ES][S]
[ES](S + Kin) = [ElrorlS]

[Elror(S]

ES) =TT+ k,n
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The initial reaction velocity is directly proportional to the concentration of ES.

— kcat [E] TOT [S]

Vo = kcat[ES] [S] +K
m
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6.3 Two-state 1:1 binding model

A simple 1:1 two state binding model between A and B is stated below.
A+B=AB
kq[A][B] = k[AB]

_k, _[Al[B]
K0 =1 = Tan]

AG = —kBT . ln(KD)
The model can be expressed in terms of known experimental concentrations [A]ror and [B]ror.

([Alror — [AB]) ([Blror — [AB])
[AB]

[AB]? — ([Altor + [Blror) - [AB] + [Altot * [BltoT)
[AB]

KD:

KD:

0 = [AB]? — [Alror[AB] — [Blror[AB] — Kp[AB] + [Altor[BlroT

-b+vb2-4ac

X = —b + b2—4acx =
2a

a=1
b = —([Alror + [Blror + Kp)

¢ = [Alror[Blror

[AB] _ [Altor + [Blror + Kp % +/([Altor + [Blror + Kp)? — 4[Altor[BlToT
[Blror 2 [Blror
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6.4 The King-Altman Model: Bi Bi Ping-Pong Reactions

The primary output of the King Altman method for a Bi Bi Ping-Pong reaction is given below.

c1AB + ¢,PQ
Vo =
O caA+ pB + ¢pP + cqQ + CapAB + capAP + pqPQ + ¢ BQ

In the derivation of the steady state velocity equation, one can assume that the two products P
and Q have negligible concentration during the early stages of the reaction. Thus, the equation
simplifies to...

c1AB
Vo =
CaA + ¢pB + c,pAB

CapAP =0
P=0
Cab -1

However, for a mutase enzyme, the first product is also the intermediate which has a non-zero
concentration. Thus, many of the terms which were discarded for the bi bi ping-pong
mechanism, must be retained for the derivation of a steady state velocity equation of a mutase

enzyme.
P=B=1I
Q-P

_ C1Al + ¢, IP
Y0 CaA + Cpl + Cpl + CqP + CapAl + CapAl + CpqlP + CpgIP

P=20

_ c,Al
A+ (cp + cp)I+ (1 + cap)Al

Vo

CapAl # 0
cpI #0

Cap = 1
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6.5 Linear Discriminant Analysis
A multivariate gaussian distribution is defined by a mean and variance for each variable (pi, ci)
and a parameter defining the correlation between each pair of variables (pj). The general

covariance matrix (X) for a distribution with 3-variables is stated below.

2
01 P120102 P130103
_ 2
L= p1,0,0, 03 P230203
2
P130103 P230107 03

Linear discriminant analysis (LDA) is a classification method. Each of k classes in an N
dimensional dataset are modelled using a multivariate gaussian distribution. All classes are
assumed to have an identical covariance matrix. New data points can be classified using Bayes’
Theorem. This is equivalent to finding the class which minimises the Mahalanobis distance, i.e.

the distance from the class mean, measured in standard deviations.

Dimensionality reduction is implicitly associated with this method. Consider two gaussian
distributions in 3D space, whose covariances have been normalised such that each distribution
appears spherical. A single dimension can be defined by drawing a line connecting the centres
of each distribution. Classification of this data, expressed in a single dimension, is just as
effective as classification of the 3D dataset. Similarly, a 2D plane is defined by a dataset with 3
classes, and a 3D hyperplane is defined by a dataset with 4 classes. In general, an ND dataset
with k classes can be effectively classified in a subspace with k-1 dimensions. This subspace
which maximises the separability between the classes within the dataset. This is achieved by
maximising the between-class variance and minimising the within-class variance. LDA is
similar to principal component analysis (PCA), which instead finds linear combinations that

maximises the total variance within a dataset.
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7 Supplementary Data

7.1 Euler Angles by simulation
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Figure 7-1 — Cap domain Euler angles from pPGM MD simulations. The yaw and pitch angles
calculated from each of MD simulations specified in Figure 2-3 are shown separately. Angles
calculated for each of the crystal structures are also shown in each plot as open circles. The TSA, NAC
and Open structures are coloured green, yellow, and red, respectively. The simulation data are coloured
by sampling density (light blue — dark purple). All subplots have the same x-scale (-60 to 60 °) and y-
scale (-15 to 90°)
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7.2

Y19 sidechain trajectory

o

Y19-C, / L221-C, distance (A)

Time (0 —5 ps)

Figure 7-2 — Y19 occupancy of hinge cavity. Trajectory showing the distance between Y19-C; and
L221-C, during the ff15ipg-speceb-ecc-2whe Molecular Dynamics simulation. This distance acts as a
reporter of occupancy of the cavity found within the hinge region in BPGM, by the sidechain of Y 19.
The simulation quickly tends towards a conformation which places Y19 sidechain into the cavity.
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7.3 P146 loop convergence
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Figure 7-3 — Conformational convergence in the 140s loop under a metadynamics bias. Each
frame of the ff15ipg-spceb-ecc-meta simulation was categorised according to the backbone torsion
angles of residues P138-P148. The cumulative structural category count is plotted throughout the

trajectory.
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7.4 Hierarchical clustering of BPGM crystal structures
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Figure 7-4 — Hierarchical clustering of PPGM crystal structures. Pairwise, average-linkage,
agglomerative clustering, was calculated using the backbone-RMSD as a distance metric (MaxCluster,
Alex  Herbert, the Structural Bioinformatics Group, Imperial College, London,
http://www.sbg.bio.ic.ac.uk/~maxcluster/). The results are shown as a dendrogram. Three flat clusters
can be defined, corresponding to the TSA structures (green), NACs (yellow) and open structures (red).
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7.5 Crystal Structure Euler Angles
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Figure 7-5 — BPGMn77a TSA crystal structures have distorted cap domain Euler Angles. A scatter plot
of the Pitch and Yaw Euler angles describing the orientation of the cap domain for each of the BPGM crystal
structures. The open structures are coloured red, the NACs are coloured yellow, the TSAs are coloured green
and the PPGMn77a:MgF3:G6P and BPGMn77a:AlF4:G6P TSA complexes are coloured purple. There are five
outliers amongst the TSA complexes: 1. a BPGMwr:a-GallP complex (1Z2404) 2. BPGMspw:MgF3:G6P
(50LYa) 3. BPGMpion:AlF4:G6P (61034) 4. BPGMny77a:AlF4:G6P 5. BPGMn77a:MgF3:G6P.
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7.6 Hydrogen bond lengths in PGM TSA crystal structures
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Figure 7-6 — BPGMNn77a TSA hydrogen bonding in the 70s Helix. Hydrogen bond lengths in the 70s
helix in fPGM TSA crystal structures. Each subplot represents a backbone helical hydrogen bond
between residue i and i+4 (indicated above each subplot). Hydrogen bond lengths in the canonical
TSA crystal structures are coloured green; the N77A TSA structures are coloured purple. The hydrogen
bond between V81-N and N77-0O is elongated in the N77A TSA structures.
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7.7 Structure of the 70s helix

Figure 7-7 — Residues in a4 which are sensitive to closure. The crystal structure of SPGMwr
substrate free complex (2WHE). Backbone atoms are represented as sticks and sidechain atoms are
represented as lines. Residues backbone *N-tH chemical shifts which are sensitive to domain closure
(S88, 184, M83, V81, N79, N77, K84, A83) are highlighted in red and annotated.
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7.8 Crystal Structure Processing and Refinement Statistics

Data collection and data processing statistics

Complex BPGMn77a:MgF3:G6P BPGMn77a:AlF,:G6P
Beamline, Facility i03, DLS i03, DLS
Space Group P2:12:12; P2:12:12;

Cell dimensions
(a, b, c)
(alpha, beta, gamma)

37.49, 54.22,105.19
90.00, 90.00, 90.00

37.11, 54.26, 105.41
90.00 90.00 90.00

Resolution (A) 1.50-1.45 1.49-1.44
Rmerge 0.632 0.538
Rpim 0.185 0.151
CC-half 0.921 0.939

/o (1) 1 2.2
Completeness (%) 100% 100%
Multiplicity 12.26 13.64
Total reflections 42545 59354
Unique Reflections 3471 4351
Molecular Replacement Model PDB 2WF5 PDB 2WF5
Refinement Statistics

R (%) / Rfree (%) 18.7/21.8 19.2/21.3
Number of Atoms

Protein 1686 1686
Ligands 20 21

Metal lons 2 2

Water 255 260
Protein Residues 219 219

RMS deviations

Bonds (A) 0.01 0.01
Angles 1.6 15
Average B factors

Main chains 16.2 15.1

Side chains 25.1 18.9
Ligands 12.9 13.7
Metal lons 16.7 155
Water 25.9 28.2
Ramachandran Analysis

Favoured / allowed (%) 98.2 97.8
Disallowed 0 0
MolProbity score (percentile) 100 (0.61) 100 (0.69)

* Statistics are given prior to the final refinement cycle
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7.9

BPGM NMR resonance assignments

Variant Ligands Species Category
WT - A OPEN
WT - B OPEN
P146A - B OPEN
D10N - A OPEN
D10N - B OPEN
D10N/P146A - B OPEN
WT BeF3:G6P -
D10N BG16BP
D10N BG16BP:Mg -
D10N F16BP -
D10N/P146A F16BP -
D10N/P146A F16BP:Mg -
D10N/P146A BG16BP a
D10N/P146A pG16BP B
D10N/P146A pG16BP Y
D10N/P146A AlF4:G6P -
K145A MgF2:G6P -
WT AlF4:G6P - TSA
WT MgFs:G6P - TSA
K145A MgFs:G6P TSA
P146A MgFs:G6P - TSA
D10N/P146A AlF4:G6P TSA

Table 7-1 — Summary of PPGM NMR resonance assignments. The first column describes the
enzyme variant (WT, P146A, D10N, K145A or a D10N/P146A double mutant. The second column
describes the bound ligands: Trifluoromagnisate (MgF3), Tetrafluoroaluminate (AlF,), Glucose-6-
phosphate (G6P), Glucose-1,6-bisphosphate (3G16BP) and Fructose-1,6-bisphosphate (F16BP). Some
assignments contain multiple species. The open complexes may exist in slow exchange between two
conformations (A and B) corresponding to isomerisation of P146. The BPGMpionsrisea: BGLE6BP
complex is comprised of multiple species (a, B, y). Each of the assignments can be classified as either

open, NAC or TSA.
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7.10 ShiftX2 predictions
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Figure 7-8 — ShiftX2 chemical shift predictions. The relative (centred), mean chemical shift
predicted for the TSA (green) NAC (yellow) and Open (red) crystal structures, using ShiftX2. The
error bars represent the standard deviation of each distribution.
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7.11 Conserved Residues

2102G UOIJRAIBSUOD

Figure 7-9 — BPGM Residue Conservation Scores. Conservation scores calculated using Clustal Omega for 2982 pgmB protein sequences (Section 7.12). Conservation

scores account for residue identity and physiochemical properties. The N77 — N118 pairing is highly conserved amongst these sequences. Y19 has a moderate conservation

score .
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7.12 List of pgmB sequences

tr |AOA3GIKSEOQ |AOA3GI9K8EO 9ACTN/1-234
tr|AOA0J5PC30 |AOAQ0JSPC30 9LACO/1-200
tr|AOA4Z0Y7Q9|A0A4Z0YT7Q9 9FIRM/1-221
tr |AOA2Z6T6U8 |AOA2Z6T6U8 9LACO/1-225
tr|AOA2Z6PRX2|AOA2Z6PRX2 9LACO/1-226
tr|AOA9160QJY6|AO0A916QJIY6 9LACO/1-226
tr|AOA401IR42|A0A401IR42 9LACO/1-216
tr|AOA829ZLK7|AO0A829ZLK7 9LACT/1-218
tr|AOAGFIXSAS |AOAGFIXSAS 9LACO/1-215
tr|AOA6F9Y6Z9 |AOA6FIY6Z9 9LACO/1-215
tr|AOAGFIXMNS | AOAGFIXMNS 9LACO/1-215
tr|AOAGFIYN37|AOAGFIYN37 9LACO/1-215
tr|AOA2X4NG6FS5|AOA2X4NGF5 9BACL/1-221
tr|AOAIC6F9Q9|AOAIC6FIQ9 9FIRM/1-219
tr|AOAIW6NXRO|AOALIW6NXRO 9RHOB/1-215
tr|AOA6N3B184|AO0A6N3B184 9CLOT/1-208
tr|AOA2K8SEY3|AOA2K8SEY3 9MOLU/1-222
tr|AOA401IRQ1|AOA401IRQ1 9LACO/1-211
tr|AOAIASVGR8 |AOALIASVGR8 PEDAC/1-204
tr|AOAIYOVS70|AOA1YOVST70 PEDPE/1-218
tr|AOA2IBAJS6|AOA2I8AJS6 9STRE/1-214
tr|AOA2RSHF31|AOA2R5HF31 9LACT/1-216
tr|AOAGFIXIH4 |AOAGFIXIH4 9LACO/1-221
tr|AOAGFIXXMI | AOAGFIXXMI 9LACO/1-221
tr|AOA6FI9XUDI |AOA6FIXUDL 9LACO/1-221
tr |AOAG6FI9Y619|AOAGFIY619 9LACO/1-221
tr|AOAIJOLLQ6|AOAL1JOLLQ6 9FLAO/1-219
tr|AOA383TZH7|AOA383TZH7 9FLAO/1-221
tr|AOATL4ZF57 |AOATLAZF57 9FLAO/1-222
tr|AOAICSMFB7 |AOALCS5MFB7 9FIRM/1-217
tr|AOAIC5SQONY|AOAIC5SQON9 9FIRM/1-217
tr|AOA239T8L7 |AOA239T8L7 9FIRM/1-218
tr|AOA378NW23|AO0A378NW23 9FIRM/1-195
tr |AOAGM1ZVR6 |AOAGM1ZVR6 9BACT/1-227
tr|AOAGM2ADAL |AOAGM2ADAL 9BACT/1-227
tr|Q4JCF8|Q4JCF8_SULAC/1-216

tr|AOA822IUD2 |AO0A822IUD2 9EURY/1-217
tr|AOA822JFY1|AOAB822JFY1l 9EURY/1-210

tr|AOA388TMN1 |AOA388TMN1 9BACT/1-216
tr|QOW6Q6 | Q0W6Q6 METAR/1-237

tr|QOW893|Q0W893 METAR/1-238

tr|AOAI36M128|A0AI36M128 9BACT/1-202
tr|AOA1VSXTY8|AOALVS5XTY8 9BACT/1-204
tr |AOA3G8JJH4 |AOA3G8JJH4 9ACTN/1-236
tr|AOA222TGK6 | AOA222TGK6_GORRU/1-234
tr|AO0A449GWLO |AOA449GWLO 9ACTN/1-234
tr|AOAS49VV92|AOA949VVI2 9BACT/1-215
tr|AOASPIIWFO |AOASPOIWFO 9GAMM/1-218
tr|AOA5Q0UHM2 | AOASQOUHM2_9ARCH/1-215
tr|AOA1Y2MNG1 |AOA1Y2MNG1 STRPT/1-239
tr|AOA1K2FW38 |AOALK2FW38_ 9ACTN/1-227
tr|AOA2P8A305|AOA2P8A305 9ACTN/1-236
tr|AOA518HAM3 |AOAS18HAM3 9BACT/1-219
tr|AOA142YGEQ|AOAL142YGEO 9PLAN/1-222
tr|AOASBOWIKL | AOASBOWIKL 9BACT/1-225
tr|AOAOPS8AOW] |AOAOPSAOWL 9CYAN/1-238
tr|V5V6NO|V5V6NO_ 9CYAN/1-237

tr|AO0A916G4Q8 |A0A916G4Q8 9BACT/1-227
tr|AOASE2TMWG | AOASE2TMW6_UNCNT/1-235
tr|AOA379MPD2 | AOA379MPD2_9BACT/1-210
tr|AO0A173TDJO|AOAL73TDJO 9FIRM/1-218
tr|AOA143X505|A0A143X505 9FIRM/1-217
tr|AO0A174BZS0|AOA174BZS0 ANAHA/1-219
tr|AOA1C5YX23|A0ALIC5YX23 9FIRM/1-219
tr|AOAGN2U7D8 |AOA6N2U7D8 ANAHA/1-219
tr|AOA173TWM4 |AOA173TWM4 ANAHA/1-219
tr|D4N1C3|D4NIC3_ANAHA/1-219

tr|AOA1V5L8VS |AOALV5L8VS 9PROT/1-221
tr|AOA7Z3QE47 |AOA7Z3QE47 LACPN/1-226
tr|H5T034|H5T034_LACLL/1-59

tr | AOAOPOGKKO |AOAOPOGKKO 9BACE/1-215
tr|AOAIC6I921|AOALIC6I921 9BACE/1-215
tr|AO0A120A1H9 |AOA120A1H9 BACSE/1-231
tr|AOA380YRK6 |AOA380YRK6_9BACE/1-215
tr|AOAOK6BU29 |AOAOK6BU29 BACFG/1-220
tr |AOAOPOEUD4 | AOAOPOEUD4_BACT4/1-215
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tr|AOA1C5TEMY |AOALICSTEMY 9BACE/1-216
tr|AOA379EEA2 |AOA379EEA2 9BACT/1-207
tr|AOA3S4X1L5|A0A3S4X1L5 9BACT/1-215
tr|AOAIBINUT7|AOAIBINUT7 9VIBR/1-202
tr|AOALCTFF42|AOALICTFF42_9VIBR/1-202
tr|AOAIE3WGEO |AOAIE3WGEO 9VIBR/1-202
tr|AOASE7IEC4 |AOASE7IEC4 PSEFL/1-228
tr|AOAIV6D0Z1|AOALV6D0Z1 9CHLR/1-219
tr|AOA6M1ZRHY |AOA6M1ZRHY_UNCCA/1-221
tr|AOAIV5QGY6|AOAIV5QGY6 9BACT/1-220
tr|AOASE6MEG4 | AOASE6MEG4_9BACT/1-204
tr|AOAIYSKW46|AOALYSKW46 PSEPU/1-227
tr|AOA1VSFISS5|AOALVSFISS5 9BACT/1-234
tr|M7N2Y9|MTN2Y9 9BACT/1-186

tr|AOA379MSLY |AOA379MSLY 9BACT/1-221
tr|AOAOPBAIV3|AOAOP8ALIV3 9BACT/1-215
tr|AOAOR3KOL2 |AOAOR3KOL2 CALMK/1-211
tr|AOA3690L40|A0A369QL40 9BACT/1-229
tr|AOA257KBN2 |AOA257KBN2_9FLAO/1-218
tr|AOA519KHJ6 |AOA519KHJI6 FLASP/1-218
tr|AOA519K0K8 |AOA519K0K8_FLASP/1-218
tr|AOA519MYP1 |AOAS519MYP1 FLASP/1-218
tr |AOA4Q6CM83 |A0OA4Q6CM83 9PROT/1-218
tr|AOA519NCU7 |AOAS519NCU7_FLASP/1-218
tr|AOATY8YIIB8|AOA7Y8Y1I8 9FLAO/1-218
tr|AOA4Q3W5N2 | AOA4Q3W5N2_9BACT/1-205
tr|AOA972FYG8|AOA972FYG8 9FLAO/1-218
tr|AOA345HC31|AOA345HC31_9FLAO/1-218
tr|AOA2E4P6AQ0 |AOA2E4P6A0 FLASP/1-218
tr|AOA255YUW3 |AOA255YUW3_9FLAO/1-218
tr|AOA3S3TY70|AOA3S3TY70 9FLAO/1-218
tr|AOA519MN45|AOAS519MN45 FLASP/1-218
tr|AOA519NLJI3 |AOAS519NLI3 FLASP/1-218
tr|AOA964W6Y5|A0A964W6Y5 9FLAO/1-218
tr|AOASBIFNA4 |AOASBIFNA4 9FLAO/1-218
tr | AOAGNBHG66 | AOAGNBHG66_9FLAO/1-218
tr |AOA2S1IQWNS |AOA2S1QWNS SFLAO/1-218
tr |AOA552UVW3 | AOA552UVIW3_9FLAO/1-217



tr |AOA4Q3CFG8 |AOA4Q3CFG8 9SPHI/1-203
tr|AOA6I4IKR3|AOA6I4IKR3_9FLAO/1-218
tr|AOA2E4PLB4 |AOA2E4PLB4 FLASP/1-218
tr|AOA4VIN2L4 |AOA4VIN2L4_9FLAO/1-217
tr|AOA4Q1LOB3|AO0A4Q1LOB3 9FLAO/1-218
tr|AOA354D8U3|A0A354D8U3_FLASP/1-218
tr|AOA2SORDG7 |AOA2SORDG7 9FLAO/1-218
tr|AOA257K4Q2 |A0OA257K4Q2 9FLAO/1-218
tr|AOA2S1SGE2|AOA2S1SGE2_9FLAO/1-218
tr |AOA3D1DACT |AOA3D1DACT_9FLAO/1-227
tr|AOA359DWDY |AOA359DWDY 9FLAO/1-218
tr |AOA3RBTMB3 |AOA3R8TMB3 9FLAO/1-218
tr|AOATHIDNV3|AOATHIDNV3 9FLAO/1-218
tr|AOA348XZJ2|A0A348XzJ2_ 9FLAO/1-218
tr|AOA8J7K4K7|AOA8J7K4KT 9FLAO/1-218
tr|AOA944G502 |A0OA944G502 9FLAO/1-218
tr|AOA3LOMII2 |AOA3LIMII2 9FLAO/1-218
tr |AOA5P2GHD3 |AOA5P2GHD3_9FLAO/1-218
tr|AOA2552L95|A0A2552L95 9FLAO/1-221
tr|AOA924I7R1|AO0A924I7R1_FLASP/1-217
tr|AOA924LVV4|AO0A924LVV4 FLASP/1-216
tr|AOA7Y3R6Z8|AOATY3R6Z8 9FLAO/1-217
tr|AOA3SOEP15|AOA3SO0EP1S 9FLAO/1-216
tr|AOA352RC73|A0A352RC73_FLASP/1-216
tr|AOA9DIQWAT |AOA9DIQWAT FLASP/1-218
tr|AOA2H3KXI3|AOA2H3KXI3 9FLAO/1-217
tr |AOA3DIN9Q6 |AOA3DIN9Q6 FLASP/1-218
tr|AOA9DIQWSI9 |AOA9DIQWS9 FLASP/1-218
tr|AOA7J5AF38|AO0A7JISAF38 9FLAO/1-219
tr|AOA3P3WIDYS|AOA3P3WIDY 9FLAO/1-217
tr|AOA50106M8 |A0A50106M8 9FLAO/1-218
tr|AOA924H734|A0A924H734 FLASP/1-218
tr |AOA2MBJEFS5 |AOA2MBJEFS5 9FLAO/1-217
tr|AOA2WAX5X4 |AOA2WAX5X4 9FLAO/1-217
tr|AOA3D4BFYS5|AOA3D4BFY5 FLASP/1-217
tr|AOA2W7UGCO |AOA2WTUGCO 9FLAO/1-219
tr|AOAGM8SILY |AOAGMBSILY_9FLAO/1-219
tr|AOA553DRD2 |AOA553DRD2 9FLAO/1-219
tr|AOA2U1JPZ5|A0A2ULJPZ5 9FLAO/1-219
tr |AOA3S2U5X7 |AOA3S2U5X7 9FLAO/1-223
tr|AOA2U1JNR1 |AOA2ULJNRLI_9FLAO/1-219

tr |AOA3G2GL46|A0A3G2GL46 9FLAO/1-218
tr|AOA519M3W8 | AOAS19M3W8 FLASP/1-221
tr |AOA363N520|A0A363N520 9FLAO/1-219
tr|AOA7K1FVH4 |AOATK1FVH4 9FLAO/1-219
tr|AOA2ULQXF9|AOA2ULIQXF9 9FLAO/1-219
tr|AOA521CDY5|A0A521CDY5 9FLAO/1-218
tr|AOA2S1YJ01|A0A2S1YJ01 9FLAO/1-218
tr|AOA7HSWAT2 | AOA7THBWAT2 9FLAO/1-218
tr |AOATKIWRLS |AOATK1WRLS 9FLAO/1-217
tr|AOA2V4C2T5|AOA2V4C2T5 9FLAO/1-216
tr|AOA6I4ANT91 |AOA6I4NTI1 9FLAO/1-218
tr|AOA6I3ML35|A0A6I3ML35 9FLAO/1-219
tr|AOA6I3LQ29|A0A6I3LQ29 9FLAO/1-217
tr|AOASQ3QPW3 |AOASQ3QPW3 9FLAO/1-217
tr|AOA7L8UKSO|AOATL8UKSO 9FLAO/1-217
tr|AOA4Q1FC80 |A0A4Q1FC80 9FLAO/1-217
tr|AOA344LQS4|A0A344LQS4 9FLAO/1-217
tr|AOA4Q1FEV] |AOA4Q1FEV1 9FLAO/1-217
tr|AOA7LATFM2 |AOATLATFM2 9FLAO/1-217
tr|AOA941AXT6|AOA941AXT6 9FLAO/1-217
tr|AOA2RTLUK4 |AOA2RTLUK4 9FLAO/1-218
tr|AOAlS8ZY36|A0ALS8ZY36 9FLAO/1-217
tr|AOA502E6Q5|A0AS02E6Q5 9FLAO/1-218
tr|AOA7Y3X498|A0ATY3X498 9FLAO/1-217
tr|AO0A4YTUJCS |AOA4YTUJC8 9FLAO/1-218
tr|AOA434A9Y2 |A0OA434A9Y2 9FLAO/1-217
tr|AOA7KOF5E4 |AOATKOF5E4 9FLAO/1-217
tr|AOA553E3EL |AOAS53E3El 9FLAO/1-219
tr|AOA4R5CNJ7 | AOA4R5CNJ7 9FLAO/1-218
tr|AOA6M2CB02 |AOA6M2CB02 9FLAO/1-218
tr|AOA4R5CNW6 | AOA4RSCNW6 9FLAO/1-219
tr|AOA930UF65|A0A930UF65 9FLAO/1-218
tr|AOA349PZS2 |A0A349PZS2 FLASP/1-217
tr|AOA2S5AD69|A0A2S5AD69 9FLAO/1-217
tr|AOA553CKLO |AOA553CKLO_9FLAO/1-218
tr|AOA4P6YDS3|AOA4P6YDS3 9FLAO/1-217
tr|AOATK3MTUS | AOATK3MTUS FLASP/1-217
tr|AOA519RRX8 |AOAS519RRX8 FLASP/1-217
tr|AO0A923MYJ6 |AOA923MYJ6 9FLAO/1-219
tr|AOA9EQHNY7 |AOASEOHNY7 FLASP/1-218
tr|AOA4R5FAIG |AOA4RSFAI6 9FLAO/1-218
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tr |AOA4RSFRKO|AOA4RS5FRKY 9FLAO/1-218
tr|AOA553BU95 |AOA553BU95 9FLAO/1-218
tr|AOA4R5CL79|AO0A4R5CL79 9FLAO/1-218
tr|AO0A4V2YU97 |AOA4V2YU97 9FLAO/1-217
tr|AOA482U4G1 |A0A482U4Gl 9FLAO/1-217
tr|AOA6GTCAX8 |AOA6GTCAX8 9FLAO/1-217
tr |AOA366AZ64 |A0A366AZ64 9FLAO/1-218
tr|AOA3SOPKF3|AOA3SOPKF3 9FLAO/1-218
tr|AOA432CDY8|AOA432CDY8 9FLAO/1-218
tr|AO0A3MOGOS5 |AOA3MOGOS5 9FLAO/1-218
tr|AOA2S1QA92 |A0A2S1QA92 9FLAO/1-218
tr|AOA2E4HHNO |AOA2E4HHNO 9BACT/1-218
tr|AOA2E3F224 |AOA2E3F224 9FLAO/1-219
tr|AOA2G1VMTO |AOA2GIVMTO 9FLAO/1-218
tr|AOA2E5GM99 | A0A2ES5GM99 9FLAO/1-218
tr|AOA2E8IDIS |AOA2E8IDI5 9FLAO/1-219
tr|AOATG2T9Z7|AOATG2T9Z7 9FLAO/1-219
tr|AOA7CIRZCT7 |AOATCIRZCT 9FLAO/1-218
tr |AOA2E2SJW8 |AOA2E2SJW8 9BACT/1-219
tr|AOA3D1E4GL |AOA3D1E4Gl 9FLAO/1-217
tr|AOATY7CKPO|AOA7Y7CKPO 9FLAO/1-219
tr|AO0A6MOCGD3 |AOA6MOCGD3 9FLAO/1-218
tr |AO0A83100Q99|A0A8310099 9FLAO/1-217
tr|AOA372GWZ2 |AOA372GWZ2 9FLAO/1-220
tr|AOA849F4N9 |AOA849F4N9 9FLAO/1-219
tr |AOAB49FQ71 |AOA849FQ71 9FLAO/1-219
tr|AOA3N4PKN7 |AOA3N4PKN7 9FLAO/1-218
tr|AOASB7TYCS|AOASBTTYCS5 9FLAO/1-219
tr|AOALGTGZF2 |AOALGTGZF2 9FLAO/1-220
tr|AOA3Q9FKD2 |AOA3Q9FKD2 9FLAO/1-218
tr|AOASRI9ASS4 |AOASRIASS4 9FLAO/1-222
tr|AOATC1QQ0G4 |AOA7C1QQG4 9FLAO/1-223
tr|AOA3BIR3M8 |AOA3BIR3M8 9FLAO/1-220
tr |AOA430K5W4 |A0A430K5W4 9FLAO/1-221
tr|AOA848ZTHO |AOAB48ZTHO 9FLAO/1-221
tr|AOA520%525|A0A52025Z5 9FLAO/1-218
tr|AOATY2ZU13 |AQOAT7Y2ZU13 9FLAO/1-219
tr|AOA2G6QW26 |AOA2G6QW26 9FLAO/1-218
tr |AOA6I2MG59|A0A6I2MG59 9FLAO/1-219
tr|A0A223V6Gl |A0A223V6Gl 9FLAO/1-216
tr|AOA426RN79|AO0A426RN79 9FLAO/1-217



tr |AOASB2TZ27 |AOASB2TZ27 9FLAO/1-216
tr|AOASRBMBE2 | AOASRBMBE2_ 9FLAO/1-216
tr |AOA3G2LAD2 |[AOA3G2LAD2 9FLAO/1-217
tr|AOA2ESBIX5|AOA2ESBIXS5 9FLAO/1-217
tr |AOA2MT7NSWY |[AOA2MTNSWY 9FLAO/1-221
tr |AOAOESH2T7 |AOA9ESH2T7_9BACT/1-221
tr |AOA2AS5H247 |AOA2AS5H247 9FLAO/1-219
tr |AOATHSAQN3 |AOATHOAQN3 9FLAO/1-224
tr|AOA5S3PWS1|AOA5S3PWS1 9FLAO/1-217
tr |AOA5B7SNQ5 |AOASB7SNQ5 9FLAO/1-217
tr|AOA941HLT6 |AOA941HLT6 9FLAO/1-216
tr |AOAB44NAW2 |AOAB44NAW2 9FLAO/1-218
tr |AOA7X2ZR99|A0ATX2ZR99 9FLAO/1-220
tr|GOLAHO|GOLAHO_ ZOBGA/1-220

tr|AOATY7CQG6 |AOATYTCQG6 9FLAO/1-219
tr |AOA2U2J9H7 |A0A2U2J9H7_9FLAO/1-218
tr|A2TWV3 |A2TWV3 9FLAO/1-217

tr |AOA5C6XVZ6 |AOASC6XVZ6_ 9FLAO/1-217
tr |AOA2K8XNY2 |AOA2K8XNY2 9FLAO/1-217
tr|AOA5C6Y163|A0A5C6Y163 9FLAO/1-217
tr|AOA5S3N833|A0A5S3N833 9FLAO/1-218
tr|AOA975CMP6 |AOA975CMP6_9FLAO/1-218
tr |AOA7GOLDN1 [AOA7G9LDN1 9FLAO/1-218
tr |AOA7LBAFT8 |AOATLBAFT8 9FLAO/1-218
tr|AOA958TEZ7 |AOA958TEZ7 9FLAO/1-219
tr|AOATY2ASS2 |AOATY2ASS2 9FLAO/1-221
tr|AOAB849ENS0 |AOAB49EN50_9FLAO/1-218
tr|AOA6POUGP4 |AOA6POUGP4 9FLAO/1-218
tr |AOA7Y3CAK3|AOA7Y3CAK3 9FLAO/1-218
tr|AO0A9462ZV19|A0A946ZV19 9FLAO/1-218
tr|AOA7Y2VP59 |AOATY2VP59 9FLAO/1-218
tr |AOA7Y1THF6 |AOATY1THF6 9FLAO/1-218
tr|AOA7Y2UYL1 |AOA7Y2UYL1 9FLAO/1-218
tr|AOA411ECAL |AO0A411ECALl 9FLAO/1-218
tr|AOA7Y2UKI2 |AOATY2UKI2 9FLAO/1-218
tr |AOA7Y2MKB2 |AOATY2MKB2 9FLAO/1-219
tr|AOA842IGM6 |A0AB42IGM6 9FLAO/1-218
tr |AOA947A2F6 |A0A947A2F6 9FLAO/1-218
tr |AOATY2YAF2 |AOATY2YAF2 9FLAO/1-218
tr|AOA849D504 |A0A849D504 9FLAO/1-218
tr |AOA3BOCDEL |AOA3BOCDEL 9FLAO/1-224

tr |AOA7Y3F4D3|AOATY3F4D3 9FLAO/1-223
tr|AOA6LIEDN4 | AOAGLOEDN4 9FLAO/1-224
tr|AOA524JQE4 |A0A524JQE4 9FLAO/1-223
tr|AOA967E6L7 |AOA967E6LT_9FLAO/1-218
tr|AOA349P1G1|AO0A349P1G1l 9FLAO/1-227
tr|AOA7Y1Z6E3|AOATY1Z6E3_9FLAO/1-218
tr |AOA2D5TNC4 |AOA2D5TNC4 9FLAO/1-218
tr|AOA5C6ZQK9|AOASC6ZQK9_ 9FLAO/1-229
tr |AOA9DSFVAL |AOA9DIFVAL 9FLAO/1-232
tr|AOASEOWPI6 | AOASEOWPI6 9GAMM/1-232
tr|AOAS58RIYO|AOA958RIYY9 9FLAO/1-230
tr|AOASEOSCI3|AOASEOSCI3_9GAMM/1-221
tr|AOA2D5HU82 | AOA2D5HUB2 9FLAO/1-218
tr|AOA3D5J2U2|AOA3D5J2U2_ 9FLAO/1-218
tr|AOA2D9DMES | AOA2D9DMES 9FLAO/1-218
tr|AOA2R3Z9X0 |AOA2R3Z9X0_9FLAO/1-222
tr|AOM3A5|AOM3A5 GRAFK/1-226

tr|AOA550I2J9|A0A55012J9 9FLAO/1-227
tr|AOATM3SX43|A0ATM3SX43 9FLAO/1-221
tr|AOA497CK87|AOA497CK87_9BACT/1-224
tr |AOA929GMNG | AOA929GMN6_9BACT/1-194
tr|AOASN5ZH62 | AOASN5ZH62 9FLAO/1-218
tr|AOA506PCZ7 |AOA506PCZ7 9FLAO/1-218
tr|AOA368MDK6 | AOA368MDK6_9FLAO/1-218
tr|AOA3M7KJI87 |AOA3MTKI87 9FLAO/1-224
tr |AOATY2NRCO |AOATY2NRCO 9FLAO/1-218
tr|AOA7Y3M4Z9|AOATY3M4Z9 9FLAO/1-218
tr|AOA6L6U900 |AOAGL6UI00 9FLAO/1-218
tr|AOA7G8W822 |AOATG8W822 9FLAO/1-218
tr|AOA2D4YIW8 | AOA2D4YIWS 9FLAO/1-218
tr|AOAS58NLX7 |AOA958NLX7_9FLAO/1-218
tr|AOA2E2ETQ8 |AOA2E2ETQ8 9FLAO/1-218
tr|AOA2E6VAC3 |AOA2E6VAC3_ 9FLAO/1-218
tr |AOATK1GDBO |AOA7K1GDBO S9FLAO/1-218
tr|AOA842IMWI |AOA842IMWY 9FLAO/1-218
tr|AOA848UMY5|AO0A848UMY5 SFLAO/1-218
tr|AOA2T4WKAY |AOA2T4WKA9 9BACT/1-218
tr|AOA7KOBGV4 | AOATKOBGV4 9FLAO/1-218
tr|AOA2D9Y344 |AOA2D9Y344 9FLAO/1-224
tr|AOASBI1BICO|AOASBIBICY9 9FLAO/1-221
tr|AOA504J507 |A0A504J507 9FLAO/1-219
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tr|AOA3ASWFF6|AOA3AIWFF6 9FLAO/1-221
tr|AOA3A9YNS5|AOA3A9YNS5 9FLAO/1-221
tr|AOA941CCW8|AOA941CCW8 9FLAO/1-217
tr|AOA554VHWY | AOAS54VHWY_9FLAO/1-221
tr|AOA3A9VG37|AOA3A9VG37 9FLAO/1-219
tr|AOA936ZQUS5|A0A936ZQUS5 9FLAO/1-220
tr |AOA7D7VMNY |[AOA7D7VMNY 9FLAO/1-227
tr|AOA2M8AIG6 |AOA2MBAIG6 9FLAO/1-226
tr |AOA966FLJI8 |AOA966FLJI8 9FLAO/1-226
tr|AOA516GPV4 |AOAS516GPV4_9FLAO/1-218
tr|AOA2I7SEG2|AOA2I7SEG2 9FLAO/1-218
tr|AOA5Q0JRFO |AOASQOJRFO_9FLAO/1-226
tr|AOA3MBGBI1|AOA3M8GBI1 9FLAO/1-228
tr|AOAS58T6%4 |AOA958T624 9FLAO/1-218
tr |AOA958Y9D9 |AOA958Y9D9 OFLAO/1-218
tr|AOA7YITQH4 |AOATY1TQH4 9FLAO/1-218
tr|AO0A521A707 |AOA521A707 9FLAO/1-218
tr|AOA4R1ADB4 |AOA4R1ADB4 9FLAO/1-218
tr |AOA2K1E4D4 |AOA2K1E4D4 9FLAO/1-218
tr|AOA7CTNUB3 |AOA7CTNUB3_9FLAO/1-218
tr |AOA2TIN7F5|AOA2TIN7F5 9FLAO/1-218
tr|AOAS74YTJL |AOA974YTJ1_ 9FLAO/1-218
tr|AOA2K8WUHO | AOA2K8WUHO 9FLAO/1-218
tr|AOA2K8XKUS5 | AOA2K8XKUS5_ 9FLAO/1-218
tr |AOA4PTWWLO | AOA4PTWWLO 9FLAO/1-218
tr |AOA6H3Q0I8 |AOAGH3Q0I8 S9FLAO/1-218
tr|AOA7J5AMO4 |AOA7JI5AMO4 9FLAO/1-217
tr|AOA3RIOUWY3 |AOA3ROUWY3 9FLAO/1-218
tr|AOA4Q4B8L6 |AOA4Q4B8L6_9FLAO/1-218
tr |AOA4Q9RVR2 |A0A4Q9RVR2 9FLAO/1-218
tr|AOAS58YLDO |AOA958YLDO_SFLAO/1-172
tr|AOASCT7AKAO |AOASCTAKAO 9FLAO/1-220
tr|AOAS34KUAG |AOA934KUA6 9FLAO/1-218
tr|AOA4QOXFS2 |AOA4Q0XFS2 9FLAO/1-218
tr|AOATW2M6E2 |AOATW2M6E2 9FLAO/1-218
tr |AOA3SIMWNG | AOA3SOMWN6 SFLAO/1-220
tr|L7W7I2|L7W7I2_NONDD/1-220

tr|AOATLSFCA2 |AOATL5FCA2 9FLAO/1-220
tr|AOA2K8X751|AOA2K8X7S1 9FLAO/1-220
tr|AOA7W1ZDP8|AOATW1ZDP8 9FLAO/1-220
tr|AOA2M7DGJY9 |AOA2M7DGJI9_9FLAO/1-217



tr|AOA2N2YELO |AOA2N2YELO 9BACT/1-217
tr |AOA6B3R576 |AOA6B3R576 9FLAO/1-223
tr|AOA2I0D5V6|AOA2I0D5V6 9FLAO/1-219
tr |AOA7CT7IKB4 |AOATCT7IKB4 9FLAO/1-220
tr|AOA2D8UGI4 |A0OA2D8UGI4 9FLAO/1-220
tr|AOA967DZEL |AOA967DZEL 9FLAO/1-217
tr|AOA4USTRCS |AOA4USTRCS 9FLAO/1-220
tr |AOA426KL65|A0A426KL65 9FLAO/1-220
tr|AOA975FUQL |AOA975FUQL 9FLAO/1-220
tr |AOA2U8QSH2 |AOA2UBQSH2 9FLAO/1-218
tr [AOA2TINDXO |AOA2TINDX9 9FLAO/1-216
tr|AOA8J7J200|A0A8J7J200 9FLAO/1-226
tr |AOA8J6QC96 |A0OA8J6QCI6 SFLAO/1-220
tr |AOA8J6QSW6 |AOABJ6QSW6 9FLAO/1-218
tr |AOA8J6UCW4 |AOABJ6UCW4 SFLAO/1-218
tr|AOA5M4B843 |AOASM4B843 9FLAO/1-208
tr|AOA250G556 |AOA250G556 SFLAO/1-213
tr |AOA3ALYHI4 |AOA3AlYHI4 9FLAO/1-213
tr|AOA250G616 |A0OA250G616 SFLAO/1-210
tr |AOAOB7HEV4 |AOAOB7HEV4 9FLAO/1-210
tr |AOAOB7HI86 |AOAOB7HI86 SFLAO/1-210
tr |AOA250E5Q3 |AOA250E5Q03 9FLAO/1-208
tr |AOA250EPUS |AOA250EPUS5 9FLAO/1-208
tr|AOA4S3M4E3 |AOA4S3M4E3 9FLAO/1-218
tr|AOA9E6ZXB8 |AOASE6ZXB8 9FLAO/1-214
trlAOA6L9EZA5|AOA6L9EZA5:9FLAO/1—218
tr |AOA6POUQ62 |AOA6POUQ62 9FLAO/1-218
tr |AOA918VWB2 |AOA918VWB2 S9FLAO/1-220
tr |AOA9E8DIJS5 |AOA9ESDIJS 9FLAO/1-219
tr |AOA958M7UL |AOA958M7UL 9FLAO/1-226
tr |AOA5C6ZUK6 |AOASC6ZUK6 9FLAO/1-221
tr |AOA5B7X264 |AOASB7X264 9FLAO/1-221
tr |AOAS5B8YJ73|AO0A5B8YJ73 9FLAO/1-219
tr|AOA7Y2J7I6|A0AT7Y2J7I6 SFLAO/1-218
tr|AOA7Y3DVZ8 |AOAT7Y3DVZ8 9FLAO/1-218
tr |AOA947EID3 |AOA947EID3_9BACT/1-218
tr |AOA3D2XPK3 |AOA3D2XPK3 9FLAO/1-218
tr|AOA7Y3A2J1 |AOATY3A2J1 9FLAO/1-225
tr |AOA7Y3HXHO |AOA7Y3HXHO 9FLAO/1-221
tr |AOA523GDR2 |AOA523GDR2_9BACT/1-218
tr |AOA523GWBY |AOA523GWBY 9BACT/1-218

tr|AOA523H102|A0A523H102 9BACT/1-218
tr|AOA2EOYQE6 |AOA2EOYQE6 9FLAO/1-218
tr|AOATY2Z4W3 |AOATY2Z4W3 9FLAO/1-218
tr|AOAGHILDM3 |AOA6HILDM3 FLASP/1-219
tr |AOA2SOHYI9|AOA2SOHYI9 9FLAO/1-219
tr|AOA7Y1ZBT9|AOATY1ZBT9 9FLAO/1-218
tr|AOA2D8FXY1|AOA2D8FXY1l 9FLAO/1-218
tr|AO0A958U460 |A0A958U460 9FLAO/1-219
tr|AOA2D9B7Q3|AO0A2D9B7Q3 ALTSX/1-206
tr|AOA2E2IYE6 |AOA2E2IYE6 9FLAO/1-219
tr|AOA352BS49|A0A352BS49 9FLAO/1-222
tr|AOA3D2R7Y4|AOA3D2R7Y4 9FLAO/1-221
tr |AOA3B9JQZ3 |AOA3B9JQZ3 9FLAO/1-216
tr|AOA3B8T677 |AOA3B8T677 9FLAO/1-216
tr|AOA348N9H2 |AOA348N9H2 9FLAO/1-216
tr|AOA3D1I5J0|AOA3D1ISJ0 9FLAO/1-180
tr|AOA926JVMO |AOA926JVMO_SFLAO/1-221
tr|AOA329N3G7|AOA329N3G7 9FLAO/1-212
tr|AOA3NOE7D8 |AOA3NOE7D8 9FLAO/1-215
tr|AO0A362XLC6|AOA362XLC6 9BACT/1-220
tr|AOA7Y1VMO3 |AOA7Y1VMO3 9FLAO/1-223
tr|AO0A946Z8B0|A0A946Z8B0 9BACT/1-220
tr|AOA942NH41 |AOA942NH41 9FLAO/1-219
tr|AOA838ZMRY |AOA838ZMRY 9FLAO/1-217
tr |AOA970I5N6 |AOA970I5N6 9FLAO/1-219
tr|AOA94218T1 |A0A942L.8T1 9BACT/1-218
tr|AOA2A4RM25 |AOA2A4RM25 9FLAO/1-218
tr|AOA2M8AB843|A0OA2M8AB843 9FLAO/1-217
tr|AOA2N2ZI16|AO0A2N2ZI16 9BACT/1-217
tr|AOA5CTAP33|AOASCTAP33 9FLAO/1-219
tr|AOA958TR27 |AOA958TR27 9FLAO/1-219
tr|AOA2K9PW15 |AOA2K9PW15 9FLAO/1-223
tr|AOAB848SAZ3|A0A848SAZ3 9FLAO/1-221
tr|AOASM7BMWS |AOASMTBMWS 9FLAO/1-223
tr|AOA2U2X6Z4 |AOA2U2X6Z4 9FLAO/1-227
tr|AOA5CTGGA4 |AOASCTGGA4 9FLAO/1-219
tr|AOASDOHF35|AOASDOHF35 9FLAO/1-217
tr|AOA2N3HJB4 |AOA2N3HJIB4 9FLAO/1-222
tr|AOA5C4SM99 |AOA5C4SM99 9FLAO/1-218
tr|AO0A4Q9FMD1 |AOA4Q9FMD1 9FLAO/1-232
tr|AOA4V6MT38 |AOA4V6MT38 9FLAO/1-232
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tr |AOA923HGC4 |A0A923HGC4 9FLAO/1-229
tr|AOA2G6F6D1 |AOA2G6F6D1 9FLAO/1-218
tr|AOA2G6LP93|AO0A2G6LP93 9FLAO/1-212
tr|AOA958UYZ7 |AOA958UYZ7 9FLAO/1-179
tr|AOA432ILQ4 |AOA432ILQ4 9BACT/1-217
tr|AOA2A4NMEO | AOA2A4NMEO 9FLAO/1-217
tr |AOA2A4R0S0|AOA2A4R0S0 9FLAO/1-217
tr|AOA2A4TG87 | AOA2A4TG87 9FLAO/1-217
tr|AOA662BPB5 |A0A662BPB5 9BACT/1-215
tr|AOA2A4MOG7 | AOA2A4MOGT7 9FLAO/1-218
tr|AOA4Q1IS01|AOA4Q1IS01 9FLAO/1-218
tr|AOA4YSAP17|AOA4YBAP17 9FLAO/1-218
tr |AOA958UAX1 |A0A958UAXL 9FLAO/1-201
tr|AOA7Y2TK56 | AOA7Y2TKS56 9FLAO/1-218
tr|AOATX8N614 |AOATX8N614 9FLAO/1-218
tr|AOA6P1DGY8 |AOA6P1DGY8 9FLAO/1-218
tr|AOA3D1KNQ2 |AOA3D1KNQ2 9FLAO/1-218
tr|AOA2N2XC14 |AOA2N2XC14 9BACT/1-218
tr |AOA3R6NHHO |AOA3R6NHHO 9CLOT/1-212
tr|AOA373T7X5|A0A373T7X5 9FIRM/1-212
tr|AOA3732253|A0A3732253 9FIRM/1-212
tr|AOA374JHY8 |AOA374JHY8 9FIRM/1-212
tr|AOA374E1Q5|AOA374E1Q5 9FIRM/1-212
tr|AOA374BYG6 |AOA374BYG6 9FIRM/1-212
tr|AOA417BL20|A0A417BL20 9FIRM/1-212
tr |AOA1HOUYP1 |AOAIHOUYP1 BUTFI/1-210
tr|AOASD1F6T2 |AOA9DIF6T2 9FIRM/1-211
tr|A0A371JG13|A0A371JG13 9FIRM/1-213
tr|AOA7C6JXH7 |AOA7C6JXHT7 9FIRM/1-213
tr |AOA373NGQ8 |A0A373NGQ8 9FIRM/1-211
tr|AOA8IOAIRO |AOA8IOAIRO 9FIRM/1-211
tr |AOA3RBLWVO |AOA3R8LWVO 9FIRM/1-211
tr|AOA7X5EK17 |AOA7X5EK17 9FIRM/1-211
tr|AOAGLOGY28 |AOA6LIGY28 9FIRM/1-211
tr|AOA3R6NNR3 |AOA3R6NNR3 9CLOT/1-210
tr|AOA3AGESCS |AOA3AGESC5 9FIRM/1-210
tr|AOA3E4UWH7 |AOA3E4UWH7 RUMGN/1-210
tr|AOATX2M750 | AOATX2M750 9FIRM/1-209
tr|AOA373NN34 |AOA373NN34 9FIRM/1-213
tr|AOA373SX58 |A0A373SX58 9FIRM/1-213
tr|AOA373MN89|AOA373MN89 9FIRM/1-213



tr|AOA374JHKO |AOA374JHKO 9FIRM/1-213
tr |AOA396PVY6 |AOA396PVY6 9FIRM/1-213
tr|AOA374BW90|AOA374BWI0 9FIRM/1-213
tr |AOA417BKO7 |A0A417BKO7 9FIRM/1-213
tr|AOA417FLH4 |AOA417FLH4 9FIRM/1-213
tr |AOA494ZRM5 |A0A494ZRM5 9FIRM/1-213
tr|AOA4Q8TU42 |AO0A4Q8TU42 9FIRM/1-213
tr |AOA3DOMOAG | AOA3DOMOA6 9FIRM/1-213
tr|AOAIC5XQA8|AOALIC5XQA8 9CLOT/1-216
tr |AOA7X5KTO1 |AOA7X5KTO1l 9FIRM/1-216
tr|AOA3DOEF98 |AOA3DOEF98 9FIRM/1-216
tr |AOA9D1H331|AOA9DIH331 9FIRM/1-216
tr|AOA9DIMBN2 |AOA9DIMBN2 9FIRM/1-215
tr |AOA9D1SEP5|AOA9DISEP5 9FIRM/1-216
tr|AOA9D8S1J9|AO0A9D8S1JY9 9FIRM/1-214
tr |AOA3B8S5C8 |A0A3B8S5C8 9FIRM/1-216
tr|AOA943KVM1 |AOA943KVM1 9FIRM/1-216
tr|C6LHF1|C6LHF1 9FIRM/1-239

tr|AOAGLS5YF64 |AOAGLS5YF64 9FIRM/1-215
tr |AOA970FLT3 |AOA970FLT3 9CLOT/1-214
tr|AOA373W2Z1|A0A373W2Z1 9FIRM/1-214
tr|AOA416T3S2|A0A416T3S2 9FIRM/1-214
tr|AOA416W1X2|AOA416W1X2 9FIRM/1-214
tr |AOA939RAEG |AOA939RAE6 9FIRM/1-210
tr|AOA9D2MNVS |AOA9D2MNVS5 9FIRM/1-216
tr|AOA954722T9|A0A95422T9 9BACT/1-220
tr |AOA7C4CAJ3 |AOATC4CAJ3 9BACT/1-221
tr|AOA2Z4WEG2 |AOA2Z4AWEG2 9CLOT/1-216
tr|AOA353BT66|A0A353BT66 UNCFI/1-214
tr|AOATV6H5K2 |AOATV6H5K2 9FIRM/1-211
tr |AOA7X8DB42 |A0A7X8DB42 9FIRM/1-211
tr|AOA970PNF4|AOA970PNF4 9FIRM/1-220
tr |AOA6G3ZR39|A0A6G3ZR39 9BACL/1-213
tr |AOA927WJIGS5 |A0A927WIGS5 SELRU/1-212
tr|AOATV3L486|A0ATV3L4A86 UNCAM/1-226
tr |AOA970G438|A0A970G438 9FIRM/1-216
tr|AOATC6BEX7|AOATC6BEX7 9FIRM/1-216
tr|AOA971VVU8|AOA971VVUS 9FIRM/1-216
tr|AOA924VWUS5 |AOA924VWUS UNCCL/1-218
tr|AOA960M1W2 |AOA960MIW2 9BACT/1-214
tr|AOA943G7L2|AO0A943G7L2 9FIRM/1-229

tr|AOA928C456|A0A928C456 9BACT/1-216
tr|AOA9D1ZUQ6 |AOA9D1ZUQ6 9FIRM/1-216
tr|A0A496Y082|A0A496Y082 UNCDE/1-218
tr|AOA7C5DV82 |AOA7C5DV82 9BACT/1-218
tr |AOA968VWE4 |AOA968VWE4 9BACT/1-214
tr|AOA6C2UNS3 |AOA6C2UNS3 9BACT/1-213
tr |AOA7X8PTC6|AOATX8PTC6 9CLOT/1-223
tr|AOA9E5S008 |AOA9E5S008 9CLOT/1-223
tr |AOA3C1AZS5|AOA3C1AZS5 9FIRM/1-217
tr|AOA971G7I6|AOA971G7I6 9FIRM/1-219
tr|AOA941WPW3 |AOA941WPW3 9FIRM/1-216
tr|AOA969YK23 |AOA969YK23 9FIRM/1-213
tr|AOA927SSCO|A0A927SSCY 9FIRM/1-215
tr|AOA971AJB6 |AOA971AJB6 9FIRM/1-212
tr|AOA2Z2K5F9 |AOA2Z2K5F9 9BACL/1-214
tr|AOA348NL83|AO0A348NL83 9MOLU/1-211
tr|AOA254NL48 |A0OA254NL48 9BACL/1-208
tr|AOA970STA3|AOA970STA3 9FIRM/1-215
tr|AOAS72B661 |A0A972B661 9CLOT/1-239
tr|AOATX6XDY2 |AOATX6XDY2 9BACT/1-224
tr|AOA349UN8B8 |AOA349UNBS 9BACT/1-218
tr|AOA7C6UQC8 |AOA7C6UQC8 UNCFI/1-216
tr|AOA943CTK5|AOA943CTKS5 UNCFI/1-211
tr|AOA355A495|A0A355A495 UNCFI/1-225
tr|AOA357TOH6 |AOA357T0H6 UNCFI/1-225
tr|AOABJ6I2P7|AOABJ6I2P7 9FIRM/1-219
tr|AOA971N855|AOA971IN855 UNCFI/1-219
tr|AOA357CMU7 |AOA357CMU7 UNCFI/1-218
tr|AO0A357D6J1 |AOA357D6J1 UNCFI/1-229
tr |AOA7C6CJIRL |AOA7C6CIR1_UNCFI/1-218
tr|AO0A972D713|A0A972D713 UNCFI/1-218
tr|AOA7X7UQ91 |AOATX7UQ91 9MOLU/1-210
tr|AOA9J6RAX0|AOA9J6RAX0 9BACI/1-217
tr|AOA2N1PZ26 |AOA2N1PZ26 9BACT/1-210
tr|AOAS750XM8 | AOA9750XM8 9BACT/1-210
tr|AOASE2GAB8 |AOAIE2GAB8 UNCFI/1-215
tr|AOA2N1QFC7 |AOA2N1QFCT7 9BACT/1-210
tr|AOA356GLT1 |A0A356GLT1 9MOLU/1-210
tr|AOA385NVB4 |AOA385NVB4 9BACI/1-215
tr|AOA2C1Z8R5|A0A2C1Z8R5 9BACI/1-220
tr|AOA2P8MHN3 |AOA2P8MHN3 9CLOT/1-215
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tr|AOA2C1MAUG |AOA2CIMAU6 BACCE/1-215
tr|AOA443THLS |AOA443THLS BACMY/1-215
tr |AOA3P3UCT1 |AOA3P3UCT1 9BACL/1-213
tr|AOA3P3U4D7 |AOA3P3U4D7 9BACL/1-213
tr|AOA3P3U4F3|AOA3P3U4F3 9BACL/1-213
tr|AOA090ZBES |AOA090ZBES PAEMA/1-213
tr|AOA090ZE99|AOA090ZE99 PAEMA/1-213
tr|AOAGA8D924 |AOA6A8D924 9BACI/1-213
tr |AOALE3L9Q8 |AOAIE3L9Q8 9BACL/1-212
tr|AOA4U3FBI8 |AOA4U3FBI8 9BACL/1-212
tr|AOA9DS5M4B4 |AOA9D5M4B4 9FIRM/1-208
tr|AOA7C4U3EL |AOA7C4U3ELl 9BACT/1-185
tr |AOA9DBTQX4 |AOAID8TQX4 UNCCL/1-167
tr|AOA9DIBY49|AOAODIBY49 9FIRM/1-164
tr|AOA928RQL4 |AOA928RQL4 9FIRM/1-211
tr|AO0A413I1Z2|A0A413I122 9FIRM/1-210
tr|AOA416BDS6|A0A416BDS6 9FIRM/1-210
tr|AOA3D2QOR6 |AOA3D2Q0R6 9FIRM/1-211
tr|AOA373L5K1|AOA373L5K1 9FIRM/1-211
tr|AO0A373UV12|AOA373UV12 9FIRM/1-211
tr|AOA396LLZ0|AOA396LLZ0 9FIRM/1-211
tr|AOA3R6M5B0 |AOA3R6M5BO 9FIRM/1-211
tr|AOA3R6MIX1|AOA3R6MTX1 9FIRM/1-211
tr|AOA3R6PNKY |AOA3R6PNK9 9FIRM/1-211
tr |AOA3R6QEH4 |AOA3R6QEH4 9FIRM/1-211
tr|AOA416WN28|AOA416WN28 9FIRM/1-211
tr|AOA374BAP7 |AOA374BAPT 9FIRM/1-211
tr |AOA2G3E3J3|A0A2G3E3J3 9FIRM/1-216
tr|AOA9D1JBY3|AOA9D1JBY3 9FIRM/1-211
tr|AOA351V7G2|AO0A351V7G2 9FIRM/1-210
tr|AOA927YI29|A0A927YI29 9FIRM/1-210
tr|AOA414HWY3|AOA414HWY3 9FIRM/1-212
tr|AOA173UMW3 |AOAL173UMW3 9FIRM/1-212
tr |AOA396FQT8 |AOA396FQT8 9FIRM/1-212
tr|AOAIQ6SEA6|AOALIQ6SEA6 9FIRM/1-212
tr|AO0A3490QMM1 |AOA349QMM1 9FIRM/1-212
tr|AOA3R6DH83|AOA3R6DH83 9FIRM/1-212
tr|AO0A844KJS7 |AOA844KJIST 9FIRM/1-211
tr|AOA351R0Z3|AO0A351R0Z3_9FIRM/1-211
tr|AO0A2N1QJ23 |A0A2N1QJ23 9BACT/1-211
tr|AOATX8WJA4 |AOATX8WJIA4 9MOLU/1-218



tr|AOA859DNM8 | AOA859DNM8 9FIRM/1-211
tr|AOA7G8TA93 |AOATGBTA93 9FIRM/1-225
tr|AOA524MS92 |A0A524MS92 9BACT/1-218
tr|AOA371J4N1|AO0A371J4N1_9FIRM/1-215
tr|AOA934RZKI9|AOA934RZK9 9BACT/1-220
tr|AOA5C8M3Q8 |AOA5C8M3Q8 9BACL/1-214
tr|AOATX6VRPY|AOATX6VRPY 9MOLU/1-213
tr|AOA353J950|A0A353J950 UNCFI/1-213
tr|AOA949KII9|AOA949K1I9 9FIRM/1-225
tr |AOA3R6XFR1|AOA3R6XFR1_9FIRM/1-210
tr|AOATXSE9R4 |AOATX5E9R4 9FIRM/1-215
tr |AOA6PIMAMI |AOA6P1IMAMI 9BACT/1-212
tr|AOA933ZXV6|AOA9332XV6 UNCDE/1-240
tr |AOA3F3K4WO | AOA3F3K4W0_GARVA/1-215
tr|AOA3E2CJ24 |AOA3E2CJ24 GARVA/1-215
tr|AOA2I1KNBI1 |AOA2I1KNBl GARVA/1-215
tr|AOAIHILTJ3|AOAIHILTJI3 GARVA/1-215
tr|E3D7N8|E3D7N8_GARV3/1-215

tr|F5LX24|F5LX24 GARVA/1-215

tr |AOA3E2D5B5|AOA3E2D5B5 GARVA/1-169
tr|AOA395Y1IE3|AOA395Y1E3 BIFLN/1-213
tr |AOA2KSAGMI | AOA2KOAGM1 BIFBR/1-213
tr|AOA2K9B2B4 |AOA2K9B2B4 BIFBR/1-213
tr |AOA9D2H8J8 |AOA9D2H8J8 9FIRM/1-212
tr|AOA348T1E3|AOA348T1E3 9FIRM/1-212
tr|AOA943YSAS|AOA943YSA9 9FIRM/1-212
tr|AOA9DOZE62 |AOA9DOZEG2 9FIRM/1-213
tr|D3R1S2|D3R1S2 MAGIU/1-211

tr |AOA3COPOD3|AOA3COPOD3_9FIRM/1-215
tr|AOA927XF88|AO0A927XF88 9STRE/1-214
tr|AOA2T3G162|A0A2T3G162 9FIRM/1-215
tr|AOAG6NBHT7Z2 | AOAGNSHT7Z2 9FIRM/1-212
tr|AOA3D2X3V8|AOA3D2X3V8 9FIRM/1-211
tr |E6LRG8|E6LRG8_9FIRM/1-215

tr|AOA496N621 |AOA496N621 9FIRM/1-215
tr|IOR477|I0R477 9FIRM/1-215

tr|AOA496NEG7 |AOA496NEGT_9FIRM/1-214
tr|J5GJ17|J5GJ17 9FIRM/1-214

tr|AOA3P30432|A0A3P30432_ 9FIRM/1-214
tr|AOA929Y1Z3|A0A929Y1Z3 9FIRM/1-214
tr|AOA2N2BBYS|AOA2N2BBY9 9FIRM/1-212

tr|AOA943QFI8|AOA943QFI8 CLOSP/1-211
tr|AOA9D2DNMS |AOA9D2DNMS5 UNCFI/1-210
tr|AOATD4PVRI |AOA7D4PVR1 9MICO/1-212
tr|AO0AT7Y2Q3C7|AOATY2Q3C7 CELFI/1-214
tr|AOA3D1FR17|AOA3DIFR17 9FIRM/1-214
tr|AOA352P1D8 |AOA352P1D8 9FIRM/1-214
tr|AOA353MSHO |AOA353MSHO_CLOSP/1-214
tr|AO0A174W2C0 |AOAL174W2C0 FLAPL/1-230
tr |AOA2V2CGE6 |AOA2V2CGE6 UNCCL/1-216
tr|AO0A354MP0O7 |AOA354MP0O7 9FIRM/1-209
tr|AOA354WKQ3 |AOA354WKQ3 9FIRM/1-212
tr|AOA3D3ZA04 |AOA3D3ZA04 9FIRM/1-212
tr|AO0A923MI90|AOA923MI%0 9FIRM/1-210
tr|AOA9DICM36 |AOA9DICM36 9FIRM/1-213
tr|AO0A943TZQ4 |A0A943TZQ4 UNCFI/1-212
tr|AOA971HYT76|AOA971HYT76 9CLOT/1-221
tr |AOA9J6R7T3|AOA9J6RTT3_9BACI/1-214
tr|COCX73|COCX73 9FIRM/1-218

tr|AOA943EX77 |AOA943EX77 9FIRM/1-218
tr|AOA9DIACQ4 |AOA9DIACQ4 9FIRM/1-216
tr|AOA928HZHA4 |AOA928HZH4 9FIRM/1-211
tr|AOA3BIWRT3 |AOA3BIWRT3 9FIRM/1-218
tr|AOA9D2G643|A0OA9D2G643 9FIRM/1-212
tr|AOA3R6KIHO |AOA3R6KIHO 9CLOT/1-213
tr|AOA355VZH3 |AOA355VZH3 9FIRM/1-213
tr |AOA2N2DRIG6|AOA2N2DRI6 9FIRM/1-224
tr|AOA975CWNS |AOA975CWNS 9FIRM/1-214
tr|AOAGATKAY3 |AOAGATKAY3 9FIRM/1-212
tr|AOA972HUZ2 |AOA972HUZ2 9FIRM/1-213
tr|AOA7X8MKT2 |AOATX8MKT2 9FIRM/1-220
tr|AOA3D5UM10|AOA3D5UM10 9FIRM/1-212
tr|A0A9700Q2P7 |AOA970Q2P7 9FIRM/1-215
tr|AOA7X7S818|AOATX7S818 9FIRM/1-214
tr|AOA970VXF9|AOA970VXF9 9FIRM/1-211
tr |AOATX8KV77|AOATX8KVTT7 9FIRM/1-211
tr|AO0A970D8S1|AOA970D8S1 9FIRM/1-211
tr|AOA970SWS3|AOA970SWS3_OFIRM/1-211
tr|AOATX9BGMY |AOATXIBGM9 9FIRM/1-211
tr|AOA7X8YQSO|AOA7X8YQS0 OFIRM/1-211
tr|AOA847FAF6|AOA84T7FAF6 9CHLR/1-211
tr|AOATT8BBU3 |AOA7T8B8U3 9SPIR/1-215
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tr|AOATX7QONJL |AOATX7QNJ1l 9CLOT/1-214
tr|AOA7C6U4E6 | AOA7C6U4E6_9MOLU/1-214
tr|AOA3P3R120|AOA3P3R120 9FIRM/1-214
tr|AOA8J7H5BO |AOABJ7H5B0O_9FIRM/1-213
tr|AOATC6IZBS|AOATC6IZB5 9FIRM/1-213
tr|AOA7C6SISS5|AOATC6SIS5 9FIRM/1-213
tr|AOA521JMI2|AOA521JMI2 9CHLR/1-214
tr|AOASDS5RU12 |AOAODS5RU12 9FIRM/1-213
tr|AOA354J647|A0A354J647 OFIRM/1-213
tr|AOA359MT80 |AOA359MT80 9FIRM/1-213
tr|F5T7B4|F5T7B4_9FIRM/1-211

tr|AOA413FB02|A0A413FB02_9FIRM/1-210
tr|AOA2T3FGTY|AOA2T3FGT9 9FIRM/1-210
tr|AOAS26DFC3|AOA926DFC3_9FIRM/1-223
tr|AOA9DOZMS1 |AOA9DOZMS1 9FIRM/1-214
tr|AOA351UTA4 |AOA351UTA4_ 9FIRM/1-213
tr|AOATC6BRX3|AOA7C6BRX3 9FIRM/1-211
tr|AOA3D2GZRO |AOA3D2GZR0O_9FIRM/1-212
tr|AOA941XLD4 |AOA941XLD4 9FIRM/1-212
tr|AOASE1B2X0 |AOASE1IB2X0 9FIRM/1-212
tr |AOA3D5IGJ3 |AOA3D5IGJI3_9FIRM/1-212
tr|AOAS75H9Z7 |AOA9T5H9Z7 9FIRM/1-212
tr|AOATX6WM69 | AOATX6WM69 9FIRM/1-219
tr|AOA972I264 |A0A972I264 9FIRM/1-211
tr|AOA4Q2K9Z2 |AOA4Q2KI9Z2 9FIRM/1-212
tr|AOA859DV40|AOA859DV40 9FIRM/1-232
tr|AOA173VHLG |AOA173VHL6 9FIRM/1-213
tr|C7G6ES|CTG6ES 9FIRM/1-213

tr|AOA414RP98|A0A414RP98_9FIRM/1-213
tr|AOA414T4B2|A0A414T4B2 9FIRM/1-213
tr|AOA7X5E5U4 |AOATX5E5U4 9FIRM/1-215
tr|AOA970MD62 |A0A970MD62 9CLOT/1-212
tr|AOA416E7I1|AOA416E7I1_9FIRM/1-212
tr|AOA9DICPP3|AOA9DICPP3 9FIRM/1-214
tr|AOA9DSM4M2 |AOA9D5M4M2 9FIRM/1-214
tr|AOA9DIDKTO |AOA9DIDKTO 9FIRM/1-214
tr|AOA9D1G3J8 |AOA9D1IG3J8_9FIRM/1-213
tr|AOA3B8SF75|AOA3B8SF75_9FIRM/1-212
tr|AOATM2RE44 |AOATM2RE44 9FIRM/1-212
tr|AOA943UB80 |AOA943UB80_9FIRM/1-213
tr |AOA9D2Q237 |AOA9D2Q237 9FIRM/1-213



tr|AOA174U4G1 |AOA174U4G1l 9CLOT/1-211
tr |AOA7G5MTJ4 |AOA7G5MTJ4 9FIRM/1-220
tr|AOA8GIWUE2 |AOABGIWUE2 9FIRM/1-216
tr|AOA9D0Z206 |AOA9D0Z206 OFIRM/1-214
tr|AOA7G5N2P2 |AOATG5N2P2 9FIRM/1-212
tr |AOA8GIWU79 |AOABGIWU79 9FIRM/1-212
tr|AOA9D2U6I1 |AOA9D2U6I1 9FIRM/1-212
tr |AOA3E3K4M2 |AOA3E3K4M2 9FIRM/1-227
tr|AOA417TLC3 |AOA417TLC3 9FIRM/1-214
tr |AOA374PFVO|AOA374PFV0_9CLOT/1-213
tr |AOA413XCR6|AOA413XCR6_9CLOT/1-217
tr |AOA4S2HG55 |AOA4S2HGS55 9FIRM/1-212
tr |AOA3D3RM59 |AOA3D3RM59 SFIRM/1-210
tr |AOA9D1J4P7|AOA9D1J4P7 9FIRM/1-211
tr |AOA9DIKT67 |AOAODIKT67 SFIRM/1-211
tr |AOA9E0Z2U4 |AOASE(0Z2U4 9FIRM/1-212
tr|AOA173SGO9|AOAL173SG09 OFIRM/1-223
tr|AOA373IVELl |AOA373IVEL 9FIRM/1-214
tr |AOA173TWXS |AOAL73TWX5 OFIRM/1-214
tr|COB6R8|COB6R8 9FIRM/1-214

tr|AOA174EBO9 |AOAL174EBO9 OFIRM/1-214
tr |AOALIC5LG76 |AOAICS5LG76 9FIRM/1-214
tr |AOA3E4GNG6 |AOA3E4GN66 OFIRM/1-214
tr |AOA416NNM7 |AOA416NNM7 9FIRM/1-211
tr |AOA373UDQ7 |AOA373UDQ7 9FIRM/1-213
tr |AOA3R6Y6I7|AOA3R6Y6I7 OFIRM/1-213
tr|AOA417TR52 |AOA417TR52 9FIRM/1-213
tr|AOA416WM42 |AOA416WM42 OFIRM/1-213
tr|AOA374B392 |A0A374B392 9FIRM/1-213
tr |AOA3R6QIZO|AOA3R6QIZ0 SFIRM/1-213
tr|AOA350S3J4 |AOA35053J4 9FIRM/1-213
tr |AOA3D2PPG9 |AOA3D2PPGY SFIRM/1-213
tr|EOS1IO|EOS1I0 BUTPB/1-213

tr|AOA927YLG3 |AOA927YLG3 9FIRM/1-209
tr|AOAL1C5Y2M4 |AOA1IC5Y2M4 9CLOT/1-218
tr |AOA417ESKS |AOA417E8KS5 9CLOT/1-218
tr |AOA354MPFO |AOA354MPFO_9FIRM/1-211
tr |AOA3D3ZA88 |AOA3D3ZA88 9FIRM/1-211
tr|AOA4S2H7Y4 |AOA4S2HTY4 OFIRM/1-212
tr|AOA927ZE29|AO0A927ZE29 9FIRM/1-213
tr|AOA3D4X856 |AOA3D4X856 9FIRM/1-211

tr|AOA351UX66 |A0A351UX66 9FIRM/1-211
tr|AOA3D4XEN3 |AOA3D4XEN3 9FIRM/1-213
tr|AOA2EODI44 |AOA2EODI44 9FLAO/1-216
tr|AOA2EIRJK7 |AOA2EIRJK7 9FLAO/1-222
tr |AOA2EBR6X6 |AOA2E8R6X6 9FLAO/1-214
tr|AOA3R7T2Q0|AO0A3RTT2Q0 9FLAO/1-214
tr|AOA424NPL2 |AOA424NPL2 9FLAO/1-214
tr|AO0A925BJJ8 |AOA925BJJ8 9CHLR/1-223
tr|AOA8T7K8H1 |AOA8T7K8H1 UNCCH/1-219
tr|AOATW1S710|AOATW1S710 9CHLR/1-216
tr |AOA2N6MNN7 |AOA2NGMNNT7 9CYAN/1-219
tr|AOA2M8PPR8 |AOA2M8PPR8 9CHLR/1-220
tr |AOA8T6PJID6 |AOA8T6PJID6 UNCCH/1-213
tr|AOATV8BXMT7 |AOATV8BXM7 9CHLR/1-213
tr|AOA934LWM4 |AOA934LWM4 UNCCH/1-214
tr|AOA956Y817|AOA956Y817 9CHLR/1-218
tr|AOAGLIISIT7|AOA6LIISI7 UNCCH/1-221
tr|AOATYSQHI2 |AOATY5QHI2 9CHLR/1-217
tr | AOA2WANUEG | AOA2W4ANUE6 UNCCH/1-225
tr|AO0A3M1XXS6|AOA3MIXXS6 UNCCH/1-221
tr|AOA2MBNT7Z7 |AOA2M8NTZ7 9CHLR/1-221
tr|AOA2M8NKLO | AOA2ZM8NKLO 9CHLR/1-221
tr|AOA916GQ65|A0A916GQ65 9CHLR/1-221
tr|AO0A916GCX9|AOA916GCX9 9CHLR/1-234
tr|AOA952PXB8 |AOA952PXB8 9CHLR/1-218
tr|AOA8TT7EZH2 |AOA8T7EZH2 UNCCH/1-213
tr|AOA934GZI5|A0A934GZI5 UNCCH/1-211
tr |AOA3MIYKY6|AOA3MIYKY6 UNCCH/1-214
tr|AOA923P7L3|A0A923P7L3 UNCCH/1-214
tr|AO0A952C0OB1 |AOA952C0OB1 9CHLR/1-214
tr|AOA931AWV1 |AOA931AWV1 9FIRM/1-217
tr|AOABATKHX8 |AOABATKHX8 9FIRM/1-218
tr|AOAB8T5X5X0 | AOABT5X5X0 UNCFI/1-218
tr|AOA7C3FSAT|AOATC3FSAT7 9CHLR/1-218
tr|AOA7CICN1S |AOA7CICNL1S5 9BACT/1-218
tr|AOA947VNG8 |AOA947VNG8 9BACT/1-218
tr|AOA3N5RCX6 |AOA3NSRCX6 UNCCH/1-240
tr|AOA935CND1 |AOA935CND1_9CHLR/1-227
tr|AOA972CRT9|AOA972CRT9_UNCFI/1-211
tr|AOA838DU63 |AOA838DU63 9CHLR/1-214
tr|AOA838JCS2|AOA838JCS2_9CHLR/1-214
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tr|AOA535BZS5|A0AS535BZS5 UNCCH/1-214
tr|AOA53535X0|A0A535S5X0 UNCCH/1-214
tr |AOA3D1SIJ2 |AOA3D1SIJ2 9CHLR/1-214
tr|AOA535ZYI9|AOA5352YI9 UNCCH/1-214
tr |AQOA535IXV1|AQOA535IXV1 UNCCH/1-193
tr |AOA535PB08|AOA535PB08 UNCCH/1-214
tr |AOA535FKP6 |AOA535FKP6 UNCCH/1-213
tr|AOA535CAG4 |AOA535CAG4 UNCCH/1-192
tr|AOA535CDQ8 |A0OA535CDQ8 UNCCH/1-214
tr|AOA535EZX4 |AOAS535EZX4 UNCCH/1-204
tr|AOA535VHW3 |AOAS35VHW3 UNCCH/1-214
tr|AOA352XS15|A0A352XS15 9CHLR/1-215
tr |AOA535S2C8 |AOA53552C8 UNCCH/1-215
tr|AOA535PAWY |AOA535PAWY UNCCH/1-220
tr|AOA535UIEO |AOAS35UIEO0 _UNCCH/1-215
tr|AOA535SLJ8|AO0A535SLJI8 UNCCH/1-215
tr|AOA535ITZ7 |AOAS35ITZ7 UNCCH/1-215
tr|AOA535C4J6|A0A535C4J6 UNCCH/1-215
tr |AOA535HCF3 |AOA535HCF3_UNCCH/1-215
tr |AOA535QI25|A0A5350I25 UNCCH/1-214
tr|AOA4P6JRL1 |AOA4P6JRL1 KTERU/1-214
tr |AOA9E3BBP2 |AOA9E3BBP2 9CHLR/1-215
tr |AOA353P5F4 |AOA353P5F4 9BACT/1-216
tr|AOA916FH50 |AOA916FH50 9CHLR/1-233
tr |AOA933J3C6|AO0A933J3C6_UNCCH/1-227
tr|AOA920YGJI5 |AOA920YGJ5 9CHLR/1-226
tr|AOA3NSUTL4 |AOA3NSUTL4 UNCCH/1-218
tr|AOA2N2MBQ2 | AOA2N2MBQ2 9CHLR/1-216
tr|AOA2U2SAWS |AOA2U2SAWS 9CHLR/1-215
tr|AOA2N2NOGY |AOA2N2NOG9 9CHLR/1-236
tr |AOATWOJBES |AOATWOJ8ES 9CHLR/1-238
tr|AOA2N2NBD8 |AOA2N2NBD8 9CHLR/1-238
tr|AOA355GRVI|AOA355GRVY_UNCFI/1-220
tr|AOATK1IIIW] |AOATKIIIW1l 9ACTN/1-217
tr|AOA926V046|A0A926V046 9CYAN/1-230
tr|AOA351L8V7|AOA351L8V7_9CYAN/1-222
tr |AOA8J7DGC4 |AOA8J7DGC4 9CYAN/1-228
tr |AOA8J6ZWET |AOA8J6ZWET7 DESMC/1-205
tr |AOA235HLZ7 |AOA235HLZ7 9NOSO/1-233
tr|AOA235IPP6|AOA235IPP6 9NOSO/1-232
tr|AOATCOPTEY |AOA7CIPTE9 9CYAN/1-235



tr|AOATC3ZHWT7 |AOA7C3ZHWT7 9CYAN/1-209
tr|AOA9785014 |A0A9785014 9CYAN/1-209
tr | AOA9DIPGES5 | AOA9DIPGES 9CYAN/1-231
tr|AOA522XJV4 |AOA522XJV4_9CYAN/1-233
tr|AOA6N2DGC3|AOAGN2DGC3 9CYAN/1-234
tr |AOABKIMQVY |AOABKIMQVY 9CYAN/1-234
tr|AOA2T1GEC3|AOA2TIGEC3 9CYAN/1-232
tr|AOAT7V4P314|AO0ATV4P314_9BACT/1-235
tr|AOA7S6MG31|AOA7S6MG31 9BACT/1-219
tr|AOA662EIS5 |AOA662EI55 9BACT/1-219
tr |AOA7X9J869|A0ATX9J869 OCHLR/1-218
tr|AOA645E3T3 |AOAG45E3T3_922%%/1-159
tr|AOAT7C4PJIMI |AOA7C4APIMY 9CHLR/1-214
tr |AOA3D1JES7 |AOA3D1JES7_9CHLR/1-214
tr|ESMZH3 |ESBMZH3 ANATU/1-214

tr |AOA3BSA4RS5 |AOA3BOA4R5 9CHLR/1-216
tr |AOA353GZT3 |AOA353GZT3_9CHLR/1-217
tr|AOA351X7Y8|AO0A351X7Y8 9CHLR/1-217
tr|AOA9DSIWQL |AOA9DSIWQ1 9CHLR/1-217
tr |AOA2D7MQ89 |A0A2D7MQ89 9FLAO/1-220
tr|AOATY3HRQ6|AOA7Y3HRQ6 9FLAO/1-219
tr |AOA4Q8QENO |A0OA4QB8QENO_9FLAO/1-219
tr|AOA5C8V4BY |AOA5C8V4BY 9FLAO/1-219
tr|AOA316KTIS5|AOA316KTI5 9FLAO/1-219
tr|AOA3MBGET74|AOA3M8GET74 9FLAO/1-219
tr|AO0A371JMB6 |A0A371JMB6 9FLAO/1-220
tr|AOA4UILYU2 |AOA4UILYU2 9FLAO/1-219
tr|AOA3AIN2C4 |AOA3AIN2C4 9FLAO/1-219
tr |AOA850NRUS [AOA850NRUS_9FLAO/1-219
tr|AOA2N2P283|A0A2N2P283 9CHLR/1-226
tr |AOA2T3N6TO |AOA2T3N6TO_9GAMM/1-211
tr|AOA2T3NWX3 |AOA2T3NWX3 9GAMM/1-211
tr |AOASN3QY43|AO0ASN3QY43 9VIBR/1-210
tr |AOA5P9B873|A0A5P9B873_9VIBR/1-210
tr|AOA3G2QLJ5 |AOA3G2QLJ5 9VIBR/1-211
tr [B8K3G5|B8K3G5 9VIBR/1-211

tr|KSUTN2 |K5UTN2_9VIBR/1-211

tr|AOA812I023|A0A812I023 9VIBR/1-211
tr|AOATY4BJIT8|AOATY4BJT8 9VIBR/1-210
tr|AOA925IHU4 |AOA925TIHU4 9CHLR/1-217
tr |AOA6P2B314 |A0A6P2B314 9CHLR/1-209

tr|AOA925WLE2 |AOA925WLE2 9CHLR/1-180
tr|AOA3MIN3ET7 |AOA3MIN3E7 UNCCH/1-220
tr|AOA2MBPGVI |AOA2M8PGV1 9CHLR/1-220
tr|AOA2M8P479|AOA2M8P479 9CHLR/1-220
tr |AOA660THP9 |AOA660THPY9 UNCSP/1-219
tr|AO0A949JPU4 |A0OA949JPU4 9SPIR/1-214
tr |AOA359LKHS5 |AOA359LKH5 9BACT/1-218
tr|AOA2N3AHQ6 |AOA2N3AHQ6 9BACT/1-186
tr |AOA3COLAK6 |AOA3COLAK6 9BACT/1-218
tr|AOA9CIGDE4 |AOASCIGDE4 UNCFI/1-231
tr|AOA49672Y66|A0A4962Y66 UNCCH/1-180
tr|AO0A5211237|A0A5211237 UNCCH/1-218
tr|AOA2N2NJFO |AOA2N2NJFO0 9CHLR/1-213
tr|AOA3M2DAU2 |AOA3M2DAU2 9BACT/1-219
tr|AOA2J6WYMI |AOA2J6WYM9 9CHLR/1-219
tr|AOA3MIWAE2 |AOA3MIWAE2 UNCCH/1-220
tr|AOATC2PIT8|AOA7C2PIT8 9CHLR/1-220
tr|AOA9D9JA92 |AOA9DIJA92 9CHLR/1-216
tr|AOA9DIJR77|AOA9DIJRT7 9CHLR/1-216
tr|AOAT7C1F068 |AOATC1F068 UNCCH/1-224
tr|AOATC4QFCL |AOA7C4QFC1 UNCCH/1-215
tr|AO0A932DLO7 |AOA932DL0O7 UNCCH/1-215
tr|AOA933APS2 |AOA933APS2 UNCCH/1-215
tr|AO0A424Y5D1 |AOA424Y5D1 9FIRM/1-216
tr |AOATX8HTH3 |AOATX8HTH3 9FIRM/1-217
tr|AOA970GS22|A0A970GS22 9FIRM/1-214
tr|AOA661VRL6 |AOA661VRL6 UNCCH/1-216
tr|AO0A972GCT6|AOA972GCT6 9CHLR/1-218
tr|AOA9DOKIF1 |AOA9DOKIF1 UNCCH/1-233
tr |AOA2ETH324 |AOA2ETH324 9FLAO/1-217
tr|AOATLI9BHF9|AOATLIBHF9 9BACT/1-217
tr |AOAGN2EQT3 |AOA6N2EIT3 9SPIO/1-218
tr|AOABB5WV52 |AOABB5WV52 9SPIO/1-230
tr|AOATY2LAT7 |AOATY2L4T7 9THEO/1-216
tr |AOA831NNKO |AOA831NNKO THESB/1-216
tr|AOATC6RELL |AOATC6RELL UNCCL/1-215
tr |AOA3BSMVH3 |AOA3B8MVH3 THESB/1-215
tr|AOA948AHUT |AOA948AHUT 9GAMM/1-217
tr|AOA948HYM8 |AOA948HYM8 9GAMM/1-222
tr |AOA9DS5K4AWL |AOAIDSKAWL 9BACT/1-217
tr|AO0A934VUDS5 |AOA934VUD5 9BACT/1-219
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tr|AOA6C1QWD1 |AOA6CIQWD1 9SPIO/1-219
tr|AOA6CIRS37|AOA6CIRS37_9SPIO/1-219
tr|AOA6I7P3V6|AOAGITP3V6 9SPIO/1-219
tr|AOATX7G378 |AOATX7G378_9BACT/1-223
tr[AOA970FIT1|AOA970FIT1 9CLOT/1-217
tr|AOAB847H2H6 | AOAB47H2H6_ 9BACT/1-234
tr|AOA6LSYAN2 |AOAGLSYAN2 9BACT/1-236
tr|AOA6ATKBDS5 | AOAGATKBDS 9FIRM/1-218
tr|AOA9ELEQV6 |AOA9EIEQV6 UNCFI/1-223
tr|AOA7C6ADE7 |AOA7C6ADET_9BACT/1-217
tr|AOA353EX45|A0A353EX45 9FIRM/1-215
tr|AOAS70PWAO |AOAS70PWAO_9FIRM/1-208
tr|AOA971LT75|AOA971LT75 9FIRM/1-218
tr|AOATV6HTI1 |AOATV6HTO1 9MOLU/1-227
tr|AOA925HKO03|AOA925HK03 9BACT/1-222
tr|AOA3M2B327|A0A3M2B327_UNCPL/1-212
tr|AOA952VIS2|AOA952VIS2 9BACT/1-226
tr|AOAS59PYS2 |AOA959PYS2 9BACT/1-223
tr|AOATX8Q7H1 |AOATX8Q7H1 9SPIR/1-218
tr|AOA413LRS7|AOA413LRS7_9CLOT/1-221
tr|AOA2V2DUZ4 |AOA2V2DUZ4 9FIRM/1-227
tr|AOAS49NHB5 | AOA949NHBS5 9FIRM/1-213
tr|AOATT4YGS1|AOATT4YGS1 UNCPL/1-220
tr|AOAS18NDAL |AOA918NDAL 9GAMM/1-212
tr|AOA3M1KFUL |AOA3M1KFU1l 9PROT/1-234
tr|AOA4D7DGFO|AOA4DT7DGFO 9SPHN/1-213
tr|AOA432VNS9|AOA432VNS9 9SPHN/1-222
tr|AOA2WSAERS |AOA2WSAERS 9SPHN/1-215
tr|AOA847D962 |A0OAB47D962 9LACT/1-229
tr|AOA2A4QJ03|A0A2A4QJ03 9GAMM/1-217
tr|AOA2NIHPCO|AOA2N1IHPCYO 9GAMM/1-221
tr|AOA516N0Z1 |AOA516N0Z1 9GAMM/1-220
tr|AOA2EOENG8 |AOA2EOENG8_9RICK/1-228
tr|AOA91T7YWNG |AOA917YWNG6 9ALTE/1-218
tr|AOA8J6INJO|AOA8J6INJ0_9ALTE/1-216
tr|AOA939DKL6 |AOA939DKL6 9ALTE/1-220
tr |AOA920CYN2 |AOA920CYN2 9BACL/1-226
tr|AOA948FLCO|AOA948FLCO 9BACT/1-221
tr |AOA9DBECO4 |AOA9DBEC0O4_9ACTN/1-221
tr|AOA3C1I6P2 |AOA3CII6P2 9BACI/1-222
tr |AOA919XDW3 |AOA919XDW3 9BACI/1-222



tr|AOA919WQM4 |AOA919WQM4 9BACI/1-223
tr |AOA5D8QCD8 |A0OA5D8QCD8 9THEO/1-217
tr|AOA4ZOWAB4 |AOA4ZOWAB4 9GAMM/1-220
tr |AOA923HK67 |AOA923HK67 9BURK/1-218
tr|AOA353BV30|A0A353BV30 UNCFI/1-219
tr | AOA2W5UWQO | AOA2WS5UWQO 9BACT/1-238
tr|AO0A248JYS7|A0A248JYS7 9PROT/1-218
tr |AOA7HOLQZ3 |AOATHOLQZ3 9SPHN/1-213
tr|AOA4S1X121|A0A4S1X121 9SPHN/1-219
tr |AOAB53FRE5 |AOA853FRES 9SPHN/1-212
tr|AOA926G5N0 |AOA926G5N0 9SPHN/1-218
tr |AOAO69RGS3 |A0AO69RGS3 PEPLI/1-220
tr|AOA971E4S9|AOA971E4S9 UNCFI/1-216
tr |AOA955COH9 |AOA955COHY 9BACT/1-223
tr|AOA951XYIO|AOA951XYIO0 9BACT/1-230
tr |AOA3M1R1A9 |AOA3MIR1A9 UNCPL/1-223
tr|AOA7S6M5K1 |AOA7S6M5K1 9BACT/1-220
tr |AOA3M1BNI4|AOA3MIBNI4 9CHLR/1-185
tr|AOA420ECR6|AO0A420ECR6_9ALTE/1-213
tr|AOA411YIQ6|AO0A411YIQ6 9ACIN/1-232
tr|AOA2D7MCWY |AOA2DTMCWY 9FLAO/1-220
tr |AOA2E3SDA9 |AOA2E3SDA9 9FLAO/1-219
tr|AOA2Z4LV37|A0A2Z4LV37_9FLAO/1-219
tr |AOA964WYG5|A0A964WYG5 9FLAO/1-219
tr|AOA3AINS19|AOA3AINS19 9FLAO/1-219
tr|AOA432J1I0|A0A432J1I0 9BACT/1-219
tr |AOASNSIRUL |AOA5SNSIRUL 9FLAO/1-219
tr|AOAGISKYQS5|AOAGISKYQ5 9FLAO/1-219
tr |AOA3AINIW3 |AOA3AINIW3 9FLAO/1-219
tr|AOA418NA24|AO0A418NA24 9FLAO/1-219
tr|AOA958M313|A0A958M313 9FLAO/1-219
tr|AOA444VLAS|AOA444VLA9 9FLAO/1-219
tr |AOA4S8RJIY9|AO0A4S8RIYY9 9FLAO/1-219
tr|AOA9DOETF6|AOA9DIETF6 9FLAO/1-219
tr|AOA2E1AP15|AOA2E1IAP1S 9FLAO/1-219
tr|AOA6GT7IZET7|AOA6GTIZET 9FLAO/1-219
tr|AOA2DICOT3 |AOA2DICOT3 9FLAO/1-219
tr |AOA358G125|A0A358G125 9FLAO/1-219
tr|AOA3RTTJIF6|AOA3RTTJIF6 9FLAO/1-219
tr|AOATK3NARO |AOA7TK3NARO 9FLAO/1-219
tr|AOA355FUL3 |AOA355FUL3 9FLAO/1-187

tr |AOA381ICC5|AO0A381ICC5 CLODI/1-42
tr|K8EJG4|K8EJG4 CARML/1-66
tr|AOA9D7U495|A0A9DTU495 9BACT/1-215
tr|AOA3CITIGO|AOA3CITIGO 9BACT/1-219
tr|AOA344TFT3|AOA344TFT3 9BACT/1-220
tr|AOA369I702|A0A369I702 9BACT/1-220
tr|AOA917DM63|AO0A917DM63 9BACT/1-216
tr|AOA2N4XB88 |AOA2N4XB88 9BACT/1-217
tr|AOA838YXC7|AOA838YXCT7 9BACT/1-216
tr|AOA372F4F1 |AOA372F4F1 9BACT/1-216
tr|AO0A4Q5LZ47 |A0OA4Q5LZ47 9BACT/1-216
tr|AOA939GB77|AOA939GB77 9BACT/1-223
tr|AOA939GHWT7 |AOA939GHWT 9BACT/1-223
tr|AOA3P1COY3|AOA3P1COY3 9BACT/1-221
tr|AOA368JJK3|A0A368JJK3 9BACT/1-221
tr|AOASN1JSES |AOASN1JSES 9BACT/1-221
tr|AOA3P1CXB5 |AOA3P1CXB5 9BACT/1-220
tr|AOA7KOEL79|AOATKOEL79 9BACT/1-221
tr|AO0A924JBZ9|A0A924JBZ9 9BACT/1-220
tr|AOA418MEZ4 |AOA418MEZ4 9BACT/1-218
tr|AOA7L5DV62 |AOATL5DV62 9BACT/1-218
tr|AOA6M5Y898 |AOAEM5Y898 9BACT/1-220
tr|A0A4Q2UMO4 |A0A4Q2UM0O4 9BACT/1-220
tr|AOA6GI9ATR2 | AOA6GOATR2 9BACT/1-219
tr|AOA6PIWAUT |AOA6PIWAU7 9BACT/1-219
tr|AOA6LIL6US |AOAGLIL6US 9BACT/1-221
tr|AOA6GMOIFDO | AOAGMOIFDO 9BACT/1-219
tr|AO0A927B4C9|A0A927B4CY9 9BACT/1-218
tr|AOA2K8YSG3 |AOA2K8YSG3 9BACT/1-218
tr|AO0A926Y314 |A0A926Y314 9BACT/1-219
tr|AOA7G5H006|AOA7G5H006 9BACT/1-218
tr|AOA515A1P3|AOA515A1P3 9BACT/1-218
tr|AOA7K1SGH3 |AOATK1SGH3 9BACT/1-218
tr|AOA3D1PZU7 |AOA3D1PZU7 9FIRM/1-219
tr|AOA6BSREMO |AOA6BSREMO 9BACL/1-211
tr|AOA940GDI9|AOA940GDI9 9BACL/1-212
tr|AO0A494XWU2 |AOA494XWU2 9BACL/1-214
tr|AO0A974PBU2 |A0OA974PBU2 9BACL/1-209
tr|AOATX2L2Q6 |AOA7X2L206 9BACL/1-216
tr|AOA2Z2KPE4 |AOA2Z2KPE4 9BACL/1-209
tr|AOA5BOW427 |AOASBOW427 9BACL/1-211
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tr|AOA850EUP3|AOA850EUP3 9BACL/1-210
tr|AOA7X3LJI1|AOATX3LJI1 9BACL/1-211
tr |AOA7X3GLY6 |AOATX3GLY6 9BACL/1-211
tr|AO0A9J6ZB73|A0A9J6ZB73 9BACL/1-211
tr |AOA3Q9I8T3|AO0A3Q9I8T3 9BACL/1-211
tr|AOA3S1DET8 |AOA3S1DET8 9BACL/1-212
tr|AO0A0902802|A0A0902802 PAEMA/1-211
tr|AOA5DOCSCY |AOASDOCSCY 9BACL/1-213
tr|AOATX22L62|A0ATX22L62 9BACL/1-214
tr|C6J752|C6J752 9BACL/1-210

tr|A0A4QO0VXZ1|AO0A4Q0VXZ1 9BACI/1-215
tr|AOA7STL7B2 |AOA7STL7B2 9BACI/1-215
tr|AOA969ZK39|A0A969ZK39 9CLOT/1-188
tr|AO0A410DR16|AO0A410DR16 9CLOT/1-214
tr |AOAB848M6T4 |A0AB48M6T4 PAELE/1-223
tr|AOA3S1CBM2 |AOA3S1CBM2 9BACL/1-222
tr |AOA3Q8S8S9|A0A30858S9 9BACL/1-220
tr|AOATX3CPR6 |AOATX3CPR6 9BACL/1-220
tr |AOA3S9UT90 |A0A3S9UTI0 9BACL/1-219
tr|AO0A090ZMP4 |AOA090ZMP4 PAEMA/1-216
tr |AOA3P3UIRO|AOA3P3UIRO 9BACL/1-216
tr|AOATX2ZN70 |AOATX2ZN70 9BACL/1-219
tr|C6IYD6|C6IYD6 9BACL/1-219

tr|AOATX3INF6|AOATX3INF6 9BACL/1-223
tr |AOA259T5EL |AOA259T5EL 9BACL/1-223
tr |AOA5J5FZC3|AO0A5J5FZC3 9BACL/1-220
tr|AOA3N9P8V6 |AOA3NIPBV6 9BACL/1-220
tr |AOAGM1PHJT |AOAGMLPHJI7 9BACL/1-220
tr|AOA850F158 |AOA850F158 9BACL/1-220
tr |AOAOE4HOWS | AOAOE4HOWS 9BACL/1-220
tr|AOA974P7G4 |AOA974P7G4 9BACL/1-220
tr|A0A2Z2K3Q3 |A0A2Z2K3Q3 9BACL/1-220
tr|AOASBOWI41 |AOASBOWI41l 9BACL/1-218
tr |AOA357MC44 |A0A357MC44 PAESP/1-218
tr|AOATX2H3W4 |AOATX2H3W4 9BACL/1-220
tr|AOASDOCP25|AOASDOCP25 9BACL/1-223
tr |AOA2MSMRZ9 |AOA2MOMRZ9 9BACL/1-216
tr|AOA328W9J5|AOA328W9IJ5 PAELA/1-216
tr |AOA385TW43 |AOA385TW43 PAELA/1-216
tr|F3MCV1|F3MCV1 9BACL/1-216

tr |AOA2AS5LJCY |AOA2ASLJICY PAELA/1-216



tr|AOA3S1D643 |A0A35S1D643 9BACL/1-216
tr|AO0A250U557|A0A2S0U5S7 9BACL/1-217
tr|AOA359LA07 |AOA359LA07 9BACT/1-215
tr |AOA919RXV3 |AOA919RXV3 9CLOT/1-222
tr |AOA9EBWOCL |AOA9EBWOCL 9CLOT/1-215
tr|AOATD4Q8G8 |A0ATD4Q8G8 9SPHI/1-216
tr|AOA425XXQ3|A0A425XXQ3 9BACT/1-219
tr|AOA4Q1JINZ6|AOA4QL1INZ6 9BACT/1-218
tr|AOA434AYLO|AOA434AYLO 9BACT/1-215
tr|AOA6LS5DZ10|AO0AG6L5DZ10 9BACT/1-215
tr|AOA2V3ZYA3|AOA2V3ZYA3 9BACT/1-215
tr|AOA425YELY|AOA425YEL9 9BACT/1-215
tr|AOA2A4NBX2 |AOA2A4NBX2 9BACT/1-215
tr|AOATC6MQES |AOATC6MQE9 9BACT/1-215
tr|AOATV6H2PO |AOATV6H2P0 9BACT/1-215
tr|AOA9J6ZNI4 |AOA9J6ZNI4 9BACT/1-215
tr|AOA972A7S1|AO0A972A7S1 9BACT/1-215
tr|AOA353TWQ7 |AOA353TWQ7 9BACT/1-215
tr |AOA359GOBS |AOA359G0B5 9BACT/1-215
tr|AOA971IUZ9|AOA971IUZ9 9BACT/1-219
tr|AOASRIQYP3|AOASRIQYP3 9BACT/1-218
tr|AOA2U2B8B3|AO0A2U2B8B3 9BACT/1-214
tr|AOA4Q8RZG6 | AOA4Q8RZG6 9BACT/1-215
tr|AOA553GN04 |A0A553GN04 9BACT/1-217
tr|AOA941IYN4 |AOA941IYN4 9BACT/1-217
tr|AOATV3IUO6|AOATV3IUO6 9FLAO/1-196
tr|AOA847LZS4|AO0A847LZS4 9SPIR/1-182
tr|AOAIC6BQQ4|A0AIC6BOQ4 9CLOT/1-216
tr|AOA949K1X9|AOA949K1X9 9FIRM/1-216
tr[AOA970J5C3 |AO0A970J5C3_UNCFI/1-219
tr|AOATC6CG50|A0ATC6CG50 UNCFI/1-225
tr|AOA353MPE8 |AOA353MPE8 UNCFI/1-234
tr|AOATC6RUK4 |AOA7TC6RUK4 UNCFI/1-220
tr|AOA3COH6Z4 |AOA3COH6Z4 UNCFI/1-222
tr|AOA3C1QKIS|AOA3CIQKI5 UNCFI/1-222
tr|AOA5240K34 |A0A5240QK34 9BACT/1-215
tr|AOAGL8TXF6|AOAGLSTXF6 9BACT/1-215
tr|AOA3D3HFU8 |AOA3D3HFU8 9BACT/1-173
tr|AOATXTETP7|AOATXTETP7_9BACT/1-215
tr|AOATX7CZJI7|AOATXTCZJI7 9BACT/1-216
tr|AOA959U7HT7 |AOA959U7HT 9BACT/1-216

tr|AOA661Z9S3|A0A661Z29S3 9BACT/1-215
tr|AOA7G2MC46|AOATG2MC46_9BACT/1-223
tr |AOA662BR29|AO0A662BR29 9BACT/1-219
tr|AOA969T6Q3 |AOA969T6Q3 9CHLR/1-219
tr|AOA3C1PKYS|AOA3C1PKYS 9BACT/1-197
tr|AOA5CIQDA7 |AOA5CIQDAT_9SPIO/1-212
tr|AOATY8NVIO|AOA7YSNVIO 9BACT/1-216
tr|AOA3532417|A0A3532417 9BACT/1-218
tr|AOA3537Z2B4 |A0A35322B4 9BACT/1-217
tr|AOABJ6YTQ3|AOABJ6YTQ3 9BACL/1-217
tr |AOA355RXHS5 |AOA355RXH5 9CLOT/1-216
tr|AOA7CARYV1 |AOA7C4RYV1 FERPE/1-215
tr|AOATVAKD59 |AOATV4KD59 FERPE/1-215
tr|AOA832IJY9|A0A832IJY9 FERPE/1-215
tr|AOA6P1Y983|AOA6P1Y983 9FIRM/1-215
tr|AOATX8MT45|AOATX8MT45 UNCCL/1-214
tr|AOA3DSKHO93 |AOA3D5KH93 CLOSP/1-214
tr|AOA1IMANSG2 | AOA1MANSG2_9CLOT/1-214
tr|AOA970DSF3|AOA970DSF3 9FIRM/1-214
tr|AOA925ZAH6|AOA925ZAH6_ 9CLOT/1-215
tr|AOAOR3K2R0O|AOAOR3K2R0 CALMK/1-214
tr|AOASB7TDWS | AOASB7TDWS_9CLOT/1-215
tr|AOA6P1P040 |AOA6PIP040 9BACT/1-219
tr|AOATX9FAES |AOATX9FAES 9BACT/1-225
tr|AOATK1SX44 |AOATK1SX44 9SPHI/1-215
tr|AOA4Q3FTQ7 |AOA4Q3FTQ7 9SPHI/1-215
tr|AOA4VIT2H1 |AOA4VIT2H1 9SPHI/1-215
tr|AOATD3XXA3 |AOATD3XXA3 9BACT/1-219
tr|AOA355IZ67|A0OA355IZ67 9BACT/1-218
tr|AOA3D5YV59|A0A3D5YV59 9BACT/1-214
tr|AOA923IJ05|A0A923IJ05 9BACT/1-227
tr|AOA2S4GSH8 |AOA2S4GSH8 9FIRM/1-213
tr|AOABGITM15|AOABGITM15 9FIRM/1-213
tr|AOA970UN95 |AOA970UN95 UNCFI/1-224
tr|AOA7CAXDHA4 |AOA7C4XDH4 9BACT/1-224
tr |AOAT7C6CWVL |AOA7C6CWVL UNCFI/1-220
tr|AOA970EQBI1 |AOA970EQBL UNCFI/1-221
tr|AOA353LYK8 |AOA353LYK8 UNCFI/1-222
tr|AOA356BYL6 |AOA356BYL6 UNCFI/1-218
tr|AOA965A8I6|AOA965A8I6 9BACT/1-223
tr|AOA352MH11 |AOA352MH11 9BACT/1-219
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tr |AOA7X8L6G4 |AOATXB8L6G4 9CLOT/1-222
tr|AOATCTE630|AOATCTE630 9CLOT/1-217
tr |AOA971EMG8 |AOA971EMG8 9CLOT/1-217
tr|AOA9DIC1US |AOA9DIClUS 9CLOT/1-217
tr |AOA7Z2VRFO |AOATZ2VRFO 9BACL/1-220
tr|AOA2U8ES525|A0A2U8ES25 9BACT/1-224
tr |AOA3D0ZD38|A0A3D0ZD38 9SPIR/1-190
tr|AOAT7C6Z7L3 |AOATC6Z7L3 UNCFI/1-235
tr |AOA2UBET7X5|AOA2UBETX5 9BACT/1-234
tr|AOA7C3LRCY |AOA7C3LRCY UNCCH/1-213
tr|AOA3NSUIL3 |AOA3NSUIL3 UNCCH/1-211
tr|AOA925EGP2 |AOA925EGP2 9CHLR/1-219
tr |AOA9J6R7S0|AO0A9JT6R7S0 9BACI/1-218
tr|AOA323TIJ2 |AOA323TIJ2 9BACI/1-215
tr |AOA7V6LINY |AOATV6LINY 9FIRM/1-218
tr|AOA847WSK5 |AOAB4TWSKS 9BACI/1-225
tr |AOA3E2WQTO | AOA3E2WQTO 9CLOT/1-220
tr|AOA941XFI3|AOA941XFI3 9BACT/1-221
tr|AOA267ML21|A0A267ML21 9CLOT/1-216
tr|AOA355WDGY |AOA355WDGY 9CLOT/1-215
tr |AOA7COH944 |AOATCO9H944 UNCFI/1-217
tr|AOA7CILBFO|AOA7CILBFO UNCFI/1-216
tr |AOA847NEH2 |AOA847NEH2 9FIRM/1-217
tr|AOA9J6P2Q3 |A0A9J6P2Q3 9CLOT/1-214
tr |AOA3C2D325|A0A3C2D325 9BACT/1-228
tr |AOA3B9ZMAY |AOA3BIZMA9 9BACT/1-220
tr|AOA925SEP4 |AOA925SEP4 9BACT/1-217
tr |AOA2N2X5J8 | AOA2N2X5J8 9BACT/1-215
tr|AOASN7IK65|AOASNTIK65 9CLOT/1-218
tr |AOA7Y3WSUL |AOATY3WSULl 9CLOT/1-218
tr|AOA2M8TELS |AOA2M8TEL8 9CLOT/1-216
tr |AOA7Y3NX47 |AOATY3NX47 9FIRM/1-217
tr|AO0A410PQR4 |AOA410PQR4 9CLOT/1-216
tr |AOAG62AFB3 |A0A662AFB3 9BACT/1-218
tr |AOA929FZI3|AO0A929FZI3 9BACT/1-219
tr|AO0A849UQ33 |A0A849UQ33 9BACT/1-218
tr |AOA3D4TWH3 |AOA3D4TWH3 9BACT/1-218
tr|AOABI2AT732|A0ABI2AT732 9BACT/1-217
tr |AOA6IOE233|AO0A6IOE233 9BACT/1-219
tr|AOA7C1CR58 |AOA7C1CR58 9BACT/1-220
tr|AOATC4JX68 |A0ATC4TX68 9BACT/1-220



tr |AOA9EOA3RY |AOA9EOA3RY 9BACT/1-220
tr|AOA958ZWNG |AOA958ZWN6 9BACT/1-217
tr|AOATK3XHRI|AOATK3XHRY 9BACT/1-217
tr|AOA174GBFS5|AO0AL174GBF5 9CLOT/1-212
tr |AOA3EA4U5Z0|AOA3E4U5Z0 9CLOT/1-212
tr|AOA662C096 |A0OA662C096 9BACT/1-218
tr|AOA6P1TLUS |AOA6PITLUS 9FIRM/1-217
tr|AOA6I306S5|A0A6I3Q6S5 9FIRM/1-218
tr|AOA975EYEY |AOA975EYE9 9SPIR/1-223
tr|AOAGISIBC8|AOAGISIBC8 9BACT/1-216
tr|AOA937K482 |AO0A937K482 9CLOT/1-216
tr|AOA936QCIO|AOA936QCIO0 9RHOO/1-216
tr|AOATXTWMJI4 |AOATXTWMJI4 9BACT/1-222
tr|AOATC6EVN3|AOATC6EVN3 9BACT/1-222
tr|AOATVALQP8 |AOATV4ALQOP8 9BACT/1-222
tr|AOAIG6L589|A0ALIG6L589 9BACT/1-216
tr|AOATCA4CCG7 |AOATC4CCGT _9BACT/1-215
tr|AOATXTTT34|AO0ATXTTT34 9THEM/1-216
tr|AOA3D3DYU7 |AOA3D3DYU7 9BACT/1-216
tr|AOA3D2GHT6|AOA3D2GHT6 9BACT/1-216
tr|AOA250FVZ5|AOA250FVZ5 9FLAO/1-210
tr|AOA958WMJ4 |AOA958WMI4 9BACT/1-217
tr|AOA4RON653 |AOA4RON653 9SPHI/1-221
tr|AOA2R7L2I6|AOA2RTL2I6 9SPHI/1-224
tr|AOATKOFRB6 | AOATKOFRB6 9SPHI/1-223
tr|AOAOB8XTZ1 |AOAOB8XTZ1 9SPHI/1-223
tr|AOASCOVIB6|AOASCOVIB6 9SPHI/1-223
tr|AOA928UWNO |AOA928UWNO 9SPHI/1-214
tr|AOA519U789|AO0A519U789 9SPHI/1-220
tr|AOA520C7A9|AO0A520CT7A9 9SPHI/1-215
tr|AOA4ULC266|A0A4ULIC266 9SPHI/1-216
tr|AOA4UICLQ8 |A0A4UICLQ8 9SPHI/1-216
tr|AOA2T7BN19|AOA2T7BN19 9BACT/1-216
tr|AOA924MCR6 |AOA924MCR6_9SPHI/1-217
tr|AOA519U1F7 |AOAS519UIF7 9SPHI/1-222
tr|AOA924KE93|AO0A924KE93 9SPHI/1-223
tr|AOA6B9Z358|A0A6BIZ23S8 9SPHI/1-226
tr|AOA7S9Q196 |AOA7S90196 9SPHI/1-229
tr |AOA369Q1N7 |AOA369Q1IN7 9SPHI/1-228
tr|AOATKOFUC8 |AOATKOFUC8 9SPHI/1-228
tr|AOA3NOBNP4 |AOA3NOBNP4 9SPHI/1-232

tr|AOA3NT7FOP2 |AOA3N7FOP2 9SPHI/1-232
tr|AOA4V2JHAG | AOA4V2JHA6 9SPHI/1-232
tr|AOA366KPM1 |[AOA366KPM1 9SPHI/1-227
tr|AOA4ROPH76|AOA4ROPH76_9SPHI/1-228
tr |AOA7G9QGD9 |A0OA7G9QGDY_9SPHI/1-228
tr|AOA317EJQ4 |AOA317EJQ4 9SPHI/1-227
tr|AOA4Q3BC72|A0A4Q3BC72 9SPHI/1-225
tr|AOA519VZ35|A0A519VZ35 9SPHI/1-226
tr|AOA519Y945|A0A519Y9%945 9SPHI/1-226
tr|AOA317F284 |AO0A317F284 9SPHI/1-220
tr|AO0A4Q3TDK3 |AOA4Q3TDK3 9BACT/1-226
tr|AOA519RVU4 |AOAS19RVU4_9SPHI/1-226
tr|AOA3G8X109|AOA3G8X109 9SPHI/1-226
tr|AOA4ROP5N9 |AOA4ROPS5N9 9SPHI/1-226
tr |AOA354BXE9|AOA354BXE9 9BACT/1-239
tr|AOA357VRR7 |AOA357VRR7_9BACT/1-214
tr|AOA848J3A2 |AOA848J3A2 9BACT/1-216
tr|AOASD6JUIG |AOAOD6JUI6 9BURK/1-219
tr|AO0A932W944 |AOA932W944 9BURK/1-216
tr|AOA923KUD7 |AOA923KUD7_9BURK/1-217
tr|AOA941E5R8 |AOA941ESR8 9BURK/1-216
tr|AOA9411485|A0A%411485 9BURK/1-216
tr|AOA959DXH4 |AOA959DXH4 9BACT/1-219
tr|AOA9632Y35|A0A9632Y35 9BACT/1-219
tr|AOA5D6V5T2 |AOASD6VST2 9BACT/1-222
tr|AO0A3MIMOD1 |AOA3MIMQDI 9BACT/1-220
tr|AOA3MIMIVI |AOA3MIMTVY 9BACT/1-220
tr |AOASB6TCKO |AOASB6TCKO_9BACT/1-228
tr|AOA5M8Q761 |AOASM8Q761 9BACT/1-220
tr |AOA2S7IQQ5|A0A2S7IQQ5 9BACT/1-220
tr|AOA261PXL8|A0A261PXL8_9BACT/1-220
tr|AOA2NTBG64 |AOA2NTBG64 9BACT/1-220
tr|AOA267T991 |A0OA267T991 9BACT/1-216
tr|AOA923UNS2 |AOA923UNS2_9BACT/1-214
tr|AO0A521VJP1|AOA521VJP1_9BACT/1-217
tr|AOA2EQOVW36 |AOA2EOVW36 9BACT/1-221
tr|AOA3545873|A0A3545873_9FLAO/1-151
tr|AOA257IYR6 |AOA257IYR6 9BACT/1-216
tr|AOA924KDJ1 |AOA924KDJ1 9SPHI/1-218
tr|AOA2S5A0N6 |AOA2S5A0NG6 9SPHI/1-216
tr|AOA2WSF1P0 |AOA2WSF1P0O_9SPHI/1-216
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tr|AOA3ELINW56 |AOA3EINW56 9BACT/1-217
tr|AOASB2VNX8 | AOASB2VNX8 9BACT/1-213
tr|AOATK1U2G3 |AOATK1U2G3 9BACT/1-216
tr|AOASC6LQAL |AOASC6LQAL 9BACT/1-219
tr|AOA6B9ZQU2 |AOAGB9Z2QU2 9BACT/1-219
tr|AOA3E2NJB2 | AOA3E2NJB2 9SPHI/1-214
tr|AOA444MMUS |AOA444MMUS 9SPHI/1-217
tr|AOA4Y8STHI |AOA4Y8STHO 9SPHI/1-217
tr|AOA2A2S7Z0|A0A2A2S7Z0 9SPHI/1-216
tr|AOA7V1SQJ3 |AOATV1SQJI3 9BACT/1-216
tr |AOA2J6H3G8 |AOA2J6H3G8 9SPHI/1-216
tr|AOA372NYUO |AOA372NYUO 9SPHI/1-216
tr |AOA563U8M7|A0A563U8M7 9SPHI/1-216
tr|AOA934PS59|A0A934PS59 9SPHI/1-218
tr|AOA4Q5LPEL |AOA4Q5LPE1l 9SPHI/1-216
tr|AOA563U3D7 |AOA563U3D7 9SPHI/1-217
tr|AOA4YBAJ15|A0A4Y8AJ1S 9SPHI/1-216
tr|AOA926NS96|AOA926NS96 9SPHI/1-217
tr|AOA4ROMY26|AO0A4ROMY26 9SPHI/1-216
tr|AOA519VAO2 |AOAS19VAO2 9SPHI/1-216
tr|AOA923ITX3|AO0A923ITX3 9SPHI/1-216
tr|AOA520ADG5 | AOA520ADG5 9SPHI/1-216
tr|AOA520CXY4 |A0A520CXY4 9SPHI/1-216
tr|AOA519POV5|AOAS19P0V5 FLASP/1-216
tr|AOA519VEM7 |AOA519VEMT7 9SPHI/1-216
tr|AOA249SYJ5|A0A249SYJ5 9BACT/1-216
tr|AOA4Q6EI92 |AOA4Q6EI92 9SPHI/1-216
tr|AOA5SB8UZQ3|AOA5B8UZQ3 9SPHI/1-216
tr|AOA929KS25|A0A929KS25 9SPHI/1-216
tr |AOASBBW339 |AOASBBW339 9SPHI/1-215
tr|AOA494VZ94 |A0A494VZ94 9SPHI/1-216
tr |AOA5C1IO0S5|A0A5C1IO0S5 9SPHI/1-216
tr|AOA364WPZ9|AOA364WPZ9 9SPHI/1-216
tr |AOABASKOWS | AOABASKOWS 9SPHI/1-216
tr|AOA6I4I2G7|AOAGIAI2GT7 9SPHI/1-216
tr|AO0A966DVI9 |AOA966DVI9 9SPHI/1-216
tr|AOA5P2G3K4 |AOAS5P2G3K4 9BACT/1-219
tr|AOA2U2PFT9 |AOA2U2PFT9 9SPHI/1-216
tr|AOA4QOMIET |AOA4QOMIET 9SPHI/1-216
tr|AOASMI9HD13 |AOASM9HD13 9SPHI/1-216
tr|AOA6B3PHD4 |AOAGB3PHD4 9BACT/1-216



tr|AOA2M6GEMY | AOA2M6GEMY 9BACT/1-217
tr|AOATGTGEI2 |AOATGTGEI2 9BACT/1-221
tr|AOATL7LBB4 |AOATL7LBB4 9BACT/1-219
tr|AOA2T2YFMI |AOA2T2YFM9 9BACT/1-220
tr|AOA354W6G1 |AOA354W6G1 9FLAO/1-215
tr|AOA2T4WBR4 |AOA2T4WBR4 9BACT/1-215
tr|AOA348TVY7|AOA348TVY7 9FLAO/1-215
tr|AOA937IRS5|AOA937IRS5 9FLAO/1-215
tr|AOA3C2ARH3 |AOA3C2ARH3 9FLAO/1-217
tr|AOA3COU6RS |AOA3COUGRS 9FLAO/1-214
tr|AOA2E2Y952 |A0A2E2Y952 9FLAO/1-214
tr|AOATW2GGQO |AOATW2GGQO0 9FLAO/1-214
tr|AOA3EOMUK2 | AOA3EOMUK2 9BACT/1-214
tr|AOA3EOR5M4 |AOA3EOR5M4 9BACT/1-214
tr|AOA2B4FHP8 |AOA2B4FHP8 9BACI/1-223
tr|AOATS8HGUS |AOATS8HGUS 9BACI/1-215
tr [AOA9590GYS5 |AOA959QGY5 9BACT/1-223
tr|AOA2EOKQAS |AOA2EOKQAS 9FLAO/1-218
tr|AOAIDTWSGY |AOA9IDTW5GY 9BACT/1-218
tr|AOA2DIX3NO|AO0A2DIX3NO 9EURY/1-219
tr|AOA9E1YMGO |AOA9E1YMGO 9FLAO/1-218
tr|AOA651I0F2 |AOA651I0F2 9BACT/1-222
tr|AOATY2TFZ3 |AOATY2TFZ3 9BACT/1-218
tr|AOA9D7ZDYS5|AOA9D7ZDY5 9BACT/1-217
tr|AOA351GJU9 |AOA351GJUY9 9BACT/1-217
tr |AOA2ASES5DS |AOA2ASESDS 9BACT/1-216
tr|AOA355U9P6 | A0A355U9P6 9BACT/1-216
tr|AOA3D1H5LY |AOA3DIH5L9 9BACT/1-216
tr|AOA352P1W8 |AOA352P1W8 9FIRM/1-216
tr|AOA3N5K1BI1 |AOA3N5KIB1 9BACT/1-215
tr|AOA353P141|A0A353P141 9BACT/1-214
tr |AOA3N5MIBY |AOA3N5MIBY UNCCH/1-235
tr|AOA971MSHO |AOA971IMSHY UNCFI/1-214
tr |AOA969FJ56 |AOA969FJ56 9CYAN/1-236
tr |AOAOP8A2H1 |AOAOPBA2H1 9CYAN/1-234
tr|AOA928VY80|AO0A928VY80 9CYAN/1-231
tr|AOA9C8TXE2 |AOA9C8TXE2 9BACT/1-232
tr|AOA971IYZ5|A0A971IYZ5 UNCFI/1-233
tr|AOA316S4B4 |A0A316S4B4 9FIRM/1-227
tr|AOA973JI40|A0A973J140 9CELL/1-226
tr|AOA9DICRQY|AOA9DICRQY 9FIRM/1-220

tr|AOA416R6D0|AO0A416R6D0_9FIRM/1-219
tr|D1YOWS|D1YOWS5 9BACT/1-134

tr|AOA925WPKS5 |AOA925WPKS5 9CHLR/1-221
tr|AOAT7Y5QCJI4 |AOAT7Y5QCJ4 9CHLR/1-219
tr |AOA3M1YAS6|AOA3MIYAS6 UNCCH/1-216
tr|AOA2M8NBMS | AOA2M8NBM8 9CHLR/1-216
tr|AOA6P2B6D1 |AOA6P2B6D1 9CHLR/1-215
tr|AOA7S8EAY2 |AOATS8EAY2 9CHLR/1-225
tr |AOA2E1AKS4 |AOA2E1AKS4 9CHLR/1-218
tr|AOA958C9G4 |AOA958C9G4 9CHLR/1-220
tr|AOA958HGE2 |AOA958HGE2 9CHLR/1-220
tr|AOATY3U9K7 |AOA7Y3U9KT7 UNCPL/1-229
tr|AOATC2KX86 |AOATC2KX86 9BACT/1-226
tr|AOA936IG38|A0A936IG38 9BACT/1-234
tr|AQOA357T8S6|AOA357T8S6 9CLOT/1-213
tr|AOA939KIES |AOA939KIES 9CLOT/1-214
tr |AOATZOPGJ9 |AOA7Z0PGJI9 9FUSO/1-213
tr|DOGPRO|DOGPRO 9FUSO/1-212

tr|AOA510JCK8 |AOA510JCK8 9FUSO/1-212
tr|AOA7Y2BDIO|AOA7Y2BDIO 9BACT/1-216
tr|AOA958X400|A0OA958X400 9BACT/1-229
tr|AOA2E4SY61 |AOA2E4SY61 9FLAO/1-224
tr|AOA2E6BUU3 |AOA2E6BUU3 9FLAO/1-215
tr|AOA2E4S911|AO0A2E4S911 9FLAO/1-217
tr|AOA2E7CTZ1 |AOA2ETCTZ1 9FLAO/1-215
tr|AOA9DOYUC6 |AOASDOYUC6 9FIRM/1-220
tr|AOAGN2CUN7 |AOA6N2CUNT 9BACT/1-225
tr|AOA7M3MY71|AOATM3MY71 9BACT/1-223
tr|AOA3D2X4W5 |AOA3D2X4W5 9FIRM/1-220
tr|AOA1S8TMMI |AOAL1S8TMMY 9CLOT/1-215
tr|AOATD6ZR44 |AOATD6ZR44 9CLOT/1-215
tr|A0A496QCW2 |A0OA496QCW2 9BACT/1-217
tr|AO0A940D975|A0A940D975 9BACT/1-217
tr|AOA7X6XZ71|AOATX6XZ271 CLOSP/1-214
tr|AO0A35854M4 |AOA35854M4 9CLOT/1-213
tr|AOA941CPS2|AO0A941CPS2 9CLOT/1-213
tr|AOATMITA59 |AOATMITAS9 9BACT/1-228
tr|AOA936GEUO |AOA936GEUO_9BACT/1-219
tr|AOA2A5XD73 |AO0A2A5XD73 9FLAO/1-219
tr|AOA2D8KHR6 |AOA2D8KHR6 9FLAO/1-218
tr|AO0A424PI60|A0A424PI60 9FLAO/1-215
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tr |AOA2E1P5R3|AOA2E1P5R3 9FLAO/1-215
tr|AOA2T2VSF6 |AOA2T2VSF6 9BACT/1-201
tr |AOA520UM58 |A0OA520UM58 9FLAO/1-202
tr|AOA520UE19 |AOA520UEL9 9FLAO/1-216
tr |AOA937GR99 |AO0A937GRI9 9FLAO/1-213
tr|AOA2E8R6J7 |AOA2E8R6J7 9FLAO/1-214
tr|AOA2D7A4M3 |A0A2D7A4M3 9FLAO/1-216
tr|AOA2D5LT60 |AOA2D5LT60 9FLAO/1-216
tr |AOA2EBFXZ4 |AOA2EBFXZ4 9FLAO/1-216
tr|AOA2E5Z3G8 |AOA2E5Z3G8 9FLAO/1-221
tr |AOA2EBVCQ4 |A0A2EBVCQ4 9FLAO/1-218
tr|AOA2D5HN19 |AOA2D5HN1Y 9FLAO/1-223
tr |AOA2D8JA99 |A0A2D8JA99 9FLAO/1-223
tr|AOA3R7V3V1|AOA3RTV3V1 9FLAO/1-217
tr|AOA2U2RX44 |AOA2U2RX44 9BACT/1-216
tr|AOA661XDF1|AOA661XDF1 9BACT/1-222
tr|AO0A936VZ49|A0A936VZ49 9IBACT/1-230
tr|AO0A935G7S3|AOA935G7S3 9BACT/1-225
tr |AOA958XSL7|A0A958XSL7 9BACT/1-229
tr|AOA9DILNMI |AOASDILNM1 9FIRM/1-211
tr |AOA496R7T1|A0A496R7T1 UNCSP/1-223
tr|AO0A946JYB4 |A0OA946JYB4 9GAMM/1-216
tr |AOA845LMU6 |A0OA845LMU6 9FIRM/1-218
tr|AOA2ETVR85 |AOA2ETVRE85 9FLAO/1-215
tr |AOA2D9ANUG6 | AOA2DIANU6 9FLAO/1-215
tr|AOA2E5XDX2 | AOA2E5XDX2 9FLAO/1-215
tr|AOA2EICEDS |AOA2EICEDS 9FLAO/1-214
tr |AOA2EBTM48 |AOA2EBTM48 9FLAO/1-215
tr|AOA938HDMY |AOA938HDMY 9SPHN/1-214
tr |AOA9DBBDV6 |AOAIDBBDV6 9BACT/1-215
tr|AOA3D5ZF02 |AOA3D5ZF02 9FLAO/1-221
tr|AOA2E1FNJ6 |AOA2E1FNJ6 9FLAO/1-222
tr|AOA2E4TCF1 |AOA2E4TCF1 9FLAO/1-221
tr |AOA975A957 |AOA975A957 9BACT/1-214
tr |AOA4R0Z662 |A0A4R0Z662 9BACL/1-216
tr|AOA917JNG2 | AOA917JING2 9GAMM/1-224
tr|I1E091|I1E091 9GAMM/1-215
tr|AOA2N1YAT76 |AOA2N1YA76 9GAMM/1-215
tr|AOA350NTD8 |AOA350NTD8 9FLAO/1-219
tr|AOA353VHL3 |AOA353VHL3 9FLAO/1-215
tr|AOA449A524 |A0A449AS24 9MOLU/1-54



tr|AOATY2F3L8|AOATY2F3L8 9FLAO/1-216
tr |AOA2HOIKCO |AOA2HOIKCO 9BACT/1-216
tr|AOALV6GZJ9|AOALV6GZI9 9BACT/1-220
tr |AOA7X7TFI7|AOATX7TFI7 9THEM/1-220
tr|AOA972E3J3|AO0A972E3J3 9THEM/1-207
tr |AOAT7V6UY75|AO0ATV6UY75 9CLOT/1-219
tr|AOA920YR95|A0A920YR95 9CLOT/1-219
tr |AOA7V4I8D9|AOATV4IBDY 9BACT/1-225
tr|AOA401UE11|AOA401UELl 9BACT/1-224
tr |AOA958VUZ0 |A0A958VUZ0 9BACT/1-214
tr|AOA952N2P4 |AOA952N2P4 9BACT/1-213
tr |AOA9E3KYW4 |AOA9E3KYW4 9BACT/1-213
tr|AOA952MRX6 | AOA952MRX6 9BACT/1-214
tr |AOA9E3KGWO | AOA9E3KGWO 9BACT/1-213
tr|AO0A952M922|A0A952M922 9BACT/1-214
tr |AOA3D6EV76|AOA3D6EV76 9BACT/1-206
tr|AOA952MEI8 |AOA952MEI8 9BACT/1-214
tr |AOA3B8W6Q6 | AOA3BBW6Q6 9BACT/1-214
tr|AOA977LIK7|AOA97TLIKT 9BACT/1-214
tr |AOA2W4NU48 |AOA2W4ANU48 9BACT/1-220
tr|AOA953KI1WO|AOA953K1W0 9BACT/1-214
tr |AOA968WL72 |A0A968WL72 9BACT/1-208
tr|AO0A364Y397 |A0A364Y397 9BACT/1-230
tr|AOA385SXQ8 |A0A3855XQ8 9BACT/1-214
tr|AOATY4XLA5|AO0ATY4XLA45 9BACT/1-214
tr|AOAGN4EJI3|AOA6GN4EJI3 9RHOO/1-214
tr|AOA936L329|A0A936L329 9BACT/1-221
tr |AOABJ3CGT3|A0A8J3CGT3 9BURK/1-217
tr |AOA3BOUDD1 |AOA3BIUDD1 9FLAO/1-205
tr|AOA2Z4G7M3|A0A2Z4GT7M3_9BACT/1-216
tr |AOABUOMAG2 |AOABUOMAG2 9BACT/1-224
tr|AOA926H603 |A0A926H603 9BACT/1-225
tr |AOA521GEU9 |A0A521GEU9 9BACT/1-229
tr |AOA7J5U5G6 |A0OA7JI5US5G6 9BACT/1-226
tr|AOA3G3GQ14 |A0A3G3GQ1l4 9BACT/1-219
tr |AOA3COUK34 |AOA3COUK34 9BACT/1-219
tr|AOA976HGK2 |AOA976HGK2 9BACT/1-223
tr|AOA976HSX2 |AOA9T6HSX2 9BACT/1-223
tr|AOA9E6RWUS | AOAYE6RWUS 9BACT/1-223
tr|AOAGNGKPX0|AOAGN6KPX0 9BACT/1-225
tr|AOA959J695|A0A959J695 9BACT/1-225

tr|AOA9E2AJ21|AOA9E2AJ21 9BACT/1-228
tr|AOA4D7JIWF4 |AOA4D7JIWF4_9BACT/1-219
tr|AOA4V6BJIT72|AO0A4V6BIT72 9BACT/1-218
tr|AOASRIKSD6 | AOASROKSD6_9BACT/1-214
tr|AOA4R4KK61 |AOA4R4AKK61 9BACT/1-220
tr|AOA7CIBFK9|AOA7CIBFK9_ 9BACT/1-218
tr|AOA2Z2KCI3|AOA2Z2KCI3 9BACL/1-235
tr|AOA923LLQ1 |AOA923LLQO1 9FIRM/1-218
tr|AOA413LV8S5|AO0A413LV85 9CLOT/1-216
tr|D3AQX6|D3AQX6 9CLOT/1-217

tr|AOA3R6VHX4 |AOA3R6VHX4 9CLOT/1-212
tr|AOA4S2HJUO |AOA4S2HIUO_9FIRM/1-214
tr|AOA7U9SB37 |AOATU9SB37_9FIRM/1-214
tr|AOA2E3SQ06|AOA2E3SQ06_9BACT/1-219
tr|AOA3BIN1GS |AOA3BIN1G5 9BACT/1-219
tr|AOA2N52Z95|A0A2N52295 9BACT/1-218
tr |AOA3C1JW13|AOA3C1JW13 9BACT/1-220
tr|AOA3N7FCCY|AOA3NTFCCY_9SPHI/1-227
tr|AO0A924UN92 |AOA924UN92 9SPHI/1-216
tr|AOA847MOW4 |AOAB47MOW4_9SPIR/1-215
tr|AOA4PTDTR8 |AOA4PTDTR8 9SPHI/1-216
tr|AOA7GIBSWS | AOA7GIBSWS 9SPHI/1-213
tr|AO0A420W1E6 |AOA420W1E6 9SPHI/1-215
tr|AOA349R4B3|A0A349R4B3_9SPHI/1-215
tr|AOA3C0Z8Q9|A0A3C0Z8Q9 9SPHI/1-215
tr|AOA6GTBZS2 |AOA6GTBZS2 9SPHI/1-215
tr|AOA363NPE6|AOA363NPE6_9SPHI/1-215
tr|AOATG5E3Q0 |AOA7GSE3Q0 SPHMU/1-215
tr|AOA349VWP8 |AOA349VWP8_ 9SPHI/1-215
tr|AOA374A9J8 |AOA374A978_9BACT/1-220
tr|AOASB3G4F1 |AOASB3G4F1_9BACT/1-220
tr|AOA943ATQ8 |AOA943ATQ8 9BACT/1-220
tr|AOASDITYNG |AOA9DITYN6 9BACT/1-223
tr |AOASCT7FMHO |AOASC7FMHO_9BACI/1-219
tr|ATVQZ8 |ATVQZ8 9FIRM/1-229

tr|AOA970EWFT7 |AOA970EWEF7 9FIRM/1-216
tr|AOA3M8DRS7|AOA3M8DRS7_9BACL/1-217
tr|AOA3D3FK06 |AOA3D3FK06 9SPIR/1-219
tr|AOATX5EGM7 |AOATX5EGM7_9FIRM/1-185
tr|D7UWL3|D7UWL3 LISGR/1-216

tr|AOA3DOWVU6 | AOA3DOWVU6_O9FIRM/1-228
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tr |AOA353RC55|A0A353RC55 9FIRM/1-228
tr|AO0A35723J2 |A0A35723J2 9FIRM/1-228
tr|AOA9DIDETO|AOA9DIDETO 9FIRM/1-216
tr|AOA9DIFRPO |AOA9DIFRPO 9FIRM/1-216
tr|AO0A94272S8|A0A94222S8 9BACI/1-215
tr|AOA942TF39|A0A942TF39 9BACI/1-215
tr|AOA942TS19|A0A942TS19 9BACI/1-215
tr|AO0A424Y5T2 |AOA424Y5T2 9CLOT/1-215
tr |AOA250F6E6 |A0A250F6E6 CAPSP/1-210
tr|AO0A250FIR9 |AOA250FIR9 CAPSP/1-210
tr|AOA2A3NTF2|AOA2A3NTF2 CAPSP/1-210
tr|AOA1Z4BLH8 |AOA1Z4BLH8 9FLAO/1-210
tr |AO0A2S0LC47 |A0A2S0LC47 9FLAO/1-202
tr|JOWN13|JOWNL13 9FLAO/1-207

tr|I9DYT9|I9DYT9 O9FLAO/1-207

tr|AOATH8YRI6 |AOATH8YRI6 9FLAO/1-207
tr |AOA2SOLII3|AO0A2SOLII3 9FLAO/1-207
tr|AOATY8VU48 |AOATY8VU48 9FLAO/1-207
tr|E4MT34 |E4MT34 CAPOC/1-207

tr|AOA9DITMQO |AOASDITMQO 9BACT/1-213
tr |AOASBOFKBY |AOASBOFKBY 9BACT/1-218
tr|AOA3D8Y503 |AOA3D8Y503 9BACT/1-222
tr |AOA4R5DQJ2 |AOA4R5DQJI2 9BACT/1-222
tr|AOA9ESNBJ2 |AOASESNBJ2 9BACT/1-219
tr |AOA5Q0Q6K4 |A0OA5Q0Q6K4 9SPHI/1-216
tr |AOAGNBL2H8 |AOAGNBL2H8 9SPHI/1-217
tr|AOA9E2SE81 |AOASE2SE81 9BACT/1-228
tr |AOA2T8HFM6 | AOA2T8HFM6 9SPHI/1-219
tr|AOATK1Y981 |AOATK1Y981 9SPHI/1-224
tr |AOA7GBV2K3 |AOATGBV2K3 9SPHI/1-226
tr|AOA929PLQ8 |AOA929PLQ8 9SPHI/1-221
tr |AOA553F028 |A0A553F028 9BACT/1-220
tr|AOATHOVIS6 |AOATHOVIS6 9FLAO/1-219
tr |AOA2D8SHY2 |AOA2D8SHY2 9FLAO/1-219
tr|AOA353FEP6 |AOA353FEP6 9FLAO/1-219
tr|AOA2G4HBJO | AOA2G4HBJO 9FLAO/1-211
tr|AOA3BBQVX5 |AOA3B8QVXS 9FLAO/1-216
tr|AOA937KHRO |AOA937KHRY 9FLAO/1-219
tr|AOA966P5J6 |A0A966P5J6 9BACT/1-219
tr|AOA975I9Y1 |AOA975I9Y1 9FLAO/1-214
tr|AOA9E4LBX6 |AOAOE4LBX6 9FLAO/1-214



tr|AOATY6YG29|AO0ATY6YG29 9BACT/1-216
tr |AOAGL3ZCX4 |AOAGL3ZCX4 9FLAO/1-216
tr|AOAGN6RHIG|AOAGN6RHI6 9FLAO/1-216
tr |AOAB50L8H3|AOA850L8H3 9BACT/1-216
tr|AOA6M1T502|A0AGMIT502 9BACT/1-218
tr |AOABTS5XWD6 | AOABTS5XWD6 UNCFI/1-216
tr|AOA969HMI8 |AOA969HMI8 9BACT/1-221
tr |AOA9ESQSU3 |AOA9ESQSU3 9BACT/1-219
tr|AOATC3IR57|AOATC3IR57 9SPIR/1-220
tr|AOA7Y4Z5E3 |AOATY4Z5E3 9BACT/1-218
tr|AOATYTTTK7 |AOATYTTTK7 9BACT/1-218
tr |AOA7X9HJIQ5 |AOATX9HIQ5 9BACT/1-223
tr|AOA352F6V8|A0A352F6V8 9BACT/1-213
tr |AOA970UT58 |AOA970UT58 9BACT/1-213
tr |AOA5BOY9C2 |AOA5BOY9C2 9FIRM/1-216
tr |AOAOBOHSI4 |AOAOBOHSI4 9BACL/1-139
tr|AOA370ANK3|AOA370ANK3 9SPIO/1-228
tr |AOA5C1QHN2 |AOA5CIQHN2 9SPIO/1-223
tr|AOA2MBHOSS | AOA2MBHOS5 9VIBR/1-208
tr |AOA3D8ZUE7 |AOA3D8ZUE7 9ENTE/1-222
tr|AOA553S872|A0A5535872 ENTAV/1-222
tr |AOA4P8KF62 |AOA4PBKF62 ENTAV/1-222
tr|AOAGI7Z2IX6|A0A6ITZ2IX6 9ENTE/1-222
tr|AOA437UR67 |A0A437UR6T ENTAV/1-222
tr|AOA2N8PXTO|AOA2NS8PXTO ENTAV/1-222
tr|AOA833HLM1 |AOA833HLM1 9CLOT/1-217
tr |AOA3COBFB4 |AOA3COBFB4 9SPIR/1-215
tr|AOA842HHY8 |AOA842HHY8 9BACT/1-224
tr |AOA9D2TSM7 |AOA9D2TSM7 9FIRM/1-216
tr |AOA975F5MO0 |AOA975F5M0 9SPIR/1-223
tr|AO0A923L1S7|A0A923L1S7 9FIRM/1-225
tr|AOA2SOKNZ4 |AOA2SOKNZ4 9FIRM/1-224
tr |AOA416RSGO|A0A416RSGO 9CLOT/1-212
tr|AOA090ZA67|AOA090ZA67 PAEMA/1-216
tr|AOA9E1F8R8|AOA9E1F8R8 CLOSP/1-215
tr|AOA2G6LL13|A0A2G6LL13 9FLAO/1-216
tr|AOA959LBH2 |AOA959LBH2 9BACT/1-225
tr |AOA959BOR8 |A0A959BOR8 9BACT/1-219
tr|AOA959C130|AO0A959C130 9BACT/1-234
tr |AOA959AQ81 |A0A959A081 9BACT/1-223
tr|AOA959HBT6 |AOA959HBT6 9BACT/1-220

tr [AOA959HGTO |AOA959HGTY 9BACT/1-212
tr|AOA959BT20 |AOA959BT20 9BACT/1-220
tr |AOA959ECKG |AOA959ECK6 9BACT/1-220
tr|AOA7Y5J2U8|AOATY5J2U8 9BACT/1-225
tr|AOATYSR8IB|AOATYSR8I8 9BACT/1-221
tr|AOAS59JPP7 |AOA959JPP7_9BACT/1-216
tr|AOA2S2DVI8|AOA2S2DVI8 9BACT/1-215
tr|AOA437PWNL |AOA437PWNL_9BACT/1-216
tr|AOA4Q9BAX1|AOA4Q9BAX]1 9BACT/1-215
tr|AOASDIWC15 |AOA9DIWC1S5 9BACT/1-215
tr|AOALVS5WO36 |AOALV5WO36 9BACT/1-218
tr|AOATX8J636|A0A7X8J636 9BACT/1-221
tr|AO0A2S9J2W6 |AOA2S9J2W6 9SPHI/1-219
tr|AOA5D4H4D7 |AOASD4H4DT_9SPHI/1-219
tr|AOA2S9JSW4 |AOA2S9JSW4_9SPHI/1-219
tr|AOA6MING71 |AOA6MING71_9SPHI/1-219
tr|AOA368DHO8 |AOA368DH08 9FLAO/1-219
tr|AOA2D5K6Q6 | AOA2D5K6Q6 9FLAO/1-213
tr|AOA2E4Q9L7 |AOA2E4Q9L7 9FLAO/1-217
tr|AOA959M4I1 |AOA959M4T1 9BACT/1-223
tr |AOA7C5JMTO|AOA7C5JMT9_9BACT/1-216
tr|AOA7VIHX50 |AOATVIHX50 9BACT/1-213
tr|AOA3DSHMKS |AOA3D5HMKS5 9BACT/1-220
tr|AOA2E4IAT74 |AOA2E4IAT4 9BACT/1-220
tr|AOA3COHBF4 |AOA3COHBF4 9BACT/1-220
tr|AOA3MIYXP3|AOA3MIYXP3 9BACT/1-221
tr|AOAS59FV44 |AOA959FV44 9BACT/1-219
tr|AO0A660R2D3 |AOA660R2D3 9BACT/1-173
tr|AOA6B2M3A3 |AOAGB2M3A3_9BACT/1-224
tr|AOA212JPK8 |AOA212JPK8 9FIRM/1-217
tr|AOA7X9IJT9|AOATX9IJTY9 9DELT/1-214
tr|AO0A329KVLO |AOA329KVLO 9BACL/1-221
tr|AOA7X8FUD2 | AOA7X8FUD2_9SPIR/1-217
tr|AOA970D3C5|AOA970D3C5 9CLOT/1-215
tr|AOA9D2KKB2 | AOAOD2KKB2 O9FIRM/1-217
tr|AOAT7V4YSDT7 |AOATV4YSDT7 9BACT/1-233
tr|AOA951WCA8 |AOA951WCAS_9BACT/1-214
tr|AOA316KFH1 |AOA316KFH1 9FLAO/1-210
tr|AOA9DIXCKA |AOAODIXCK4 9FLAO/1-209
tr|AO0A358Y2B0|AOA358Y2B0 9FLAO/1-211
tr |AOA965J266 |AOA965J266 9FLAO/1-211
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tr|AOA9DOML39|AOA9DIOML39 9FLAO/1-211
tr|AOA946R7A2 |AOA946R7A2 9FLAO/1-222
tr|AOA9ESGPF4 |AOA9ESGPF4 9BACT/1-222
tr|AOA45S4C659|A0A4S4C659 9BACL/1-220
tr|AOA2B8A351 |AOA2B8A351 9BACT/1-213
tr|AOA7Y1U727 |AOAT7Y1U727 9FLAO/1-217
tr|AOA7Y7BDTO |AOA7Y7BDTO 9BACT/1-216
tr|AOA9EICH41 |AOASE1CH41 UNCFI/1-216
tr|AOA9E3KH38 |AOA9E3KH38 9BACT/1-220
tr|AOA2D5BAW2 |AOA2DSBAW2 9FLAO/1-223
tr |AOA2A2GE36 |AOA2A2GE36_ 9BACT/1-220
tr|AOA967SPN4 |AOA967SPN4 9BACT/1-220
tr |AOA2D9HQ65 |AOA2DOHQ65 SFLAO/1-218
tr|AOA3DIBF62 |AOA3D1BF62 9FLAO/1-218
tr |[AOA2ESWYLS5 |AOA2ESWYL5 9FLAO/1-218
tr|AOA3CODYN1 |AOA3CODYN1 9FLAO/1-218
tr |AOA351DUDS5 |AOA351DUDS5 9FLAO/1-220
tr|AOA2D5AGAS |AOA2D5SAGAS 9FLAO/1-221
tr|AOA357K704 |AOA357K704 SFLAO/1-221
tr|AOA3D3A770|AOA3D3A770 9FLAO/1-221
tr |AOA2AS5FKY6 |AOA2ASFKY6 9BACT/1-221
tr|AOA946WX24 |AOA946WX24 9FLAO/1-217
tr |AOA9EIQ8IO|AOA9ELIQ8I9 9FLAO/1-217
tr|AOA424QLF9|A0A424QLF9 9FLAO/1-219
tr |AOA2D5EOH1 |AOA2DSEQHLI 9FLAO/1-219
tr |[AOA356MMKO |AOA356MMKY 9FLAO/1-217
tr|AOA3R7USQO |AOA3R7USQO_ 9FLAO/1-217
tr |AOA2E4ZPP6 |AOA2E4ZPP6_O9FLAO/1-217
tr|AOA352WQUL |AOA352WQUL_ 9FLAO/1-217
tr |AOA2D7DES54 |AOA2D7DES54 9FLAO/1-217
tr|AQOA2ET7TXL2 |AOA2E7TXL2 9FLAO/1-217
tr |AOA2E9YF63 |AOA2ESYF63 9FLAO/1-219
tr|AOA946EYD3 |AOA946EYD3 9FLAO/1-219
tr |AOA350I6W6|AOA350I6W6 O9BACT/1-220
tr |AOA2T4WJIWS |AOA2T4WIWS 9BACT/1-219
tr|AOATY2BXK4 |AOA7TY2BXK4 9BACT/1-217
tr |AOA7TY3A6F1 |AOATY3A6F1 9BACT/1-223
tr|AOATK3WLKO |AOA7TK3WLKO 9FLAO/1-216
tr |AOASC6RJIT1 |AOASC6RJITL 9BACT/1-222
tr|AOA959KTL3 |AOA959KTL3 9BACT/1-226
tr |AOA9D7F6Q3 |AOAIDTF6Q3 9BACT/1-224



tr|AOA959LCLO |AOA959LCLO S9BACT/1-221
tr|AOA934YE48 |AOA934YE48 9BACT/1-225
tr [AOA9EOIOMS |AOAOEOIOMS SBACT/1-225
tr |AOA959DRBO |AOA959DRBO_9BACT/1-225
tr|AOATDSRGP2 |AOA7DSRGP2 9BACT/1-225
tr |AOA959D2E4 |AOA959D2E4 9BACT/1-225
tr|AOA6B2G7Y8|AOA6B2G7Y8 9PROT/1-217
tr|AOA2M7VNN4 | AOA2MT7VNN4_9FLAO/1-217
tr|AOATY1YGFS5|AOATY1IYGFS5 9BACT/1-224
tr|AOA2S5A747 |AOA2S5A747 _9SPHI/1-220
tr|AOATC5GAX4 |AOATC5GAX4 9BACT/1-219
tr | AOA9DOXKAS |AOA9DOXKA8 9BACT/1-219
tr|AOA848SYF7|AOAB848SYFT7 9BACT/1-224
tr |AOA7G3FPTO |AOA7G3FPTO_9BACT/1-216
tr|AOA9DIAXY9|AOA9DIAXY9 9BACT/1-216
tr|AOAB848SWL5|A0A848SWL5 9BACT/1-220
tr |AOAOET7B366 | AOA9ETB366_9BACT/1-227
tr|AOA7Y3H325|A0ATY3H325 9BACT/1-217
tr|AOA3D4AJUL |AOA3D4AJUL 9BACT/1-227
tr |AOA2Z4UEY3 |AOA2Z4UEY3 9FIRM/1-220
tr|AOA844J729|A0A8447729 9CLOT/1-224
tr |AOA2T3JPU3 |AOA2T3JPU3_9GAMM/1-216
tr|AOA242FTX5|AO0A242FTX5 ENTFC/1-225
tr |AOABE2RPH8 |AOABE2RPH8_ENTFC/1-225
tr |AOA133CUD9|AOAL133CUDY9 ENTFC/1-225
tr|AOA8280B99|A0AB828QB99 ENTFC/1-225
tr |AOA3D5CSG5|AOA3D5CSG5_ENTSX/1-225
tr|AOA6B3Q6F8 |AOA6B3Q6F8 _ENTFC/1-225
tr|AOA934XGA4 |AOA934XGA4 9BACT/1-232
tr|AOA9DIUGKL |AOA9DIUGKL 9BACT/1-233
tr |AOA935M2A2 |AOA935M2A2 9BACT/1-229
tr|AOA9352W79|A0A9352W79 9BACT/1-229
tr|AOA9D7SC64 |AOA9DTSC64 9BACT/1-229
tr|AOA2P6MKRO |AOA2P6MKRO 9BACI/1-227
tr |AOA969PXP3 |AOA969PXP3 9BACI/1-222
tr|AOA959G1Q5 |AOA959G1Q5 9BACT/1-224
tr|AOA6N7SIKS|AOAGNTSIKS 9CLOT/1-224
tr|AOA4Q6XYLY|AOA4Q6XYLY 9SPHI/1-218
tr|AOATT4UK34 |AOATT4UK34_ 9SPHI/1-215
tr|AOATXS5YWVS |AOATX5YWVS 9SPHI/1-215
tr|AOATKOBAU2 |AOATKOBAU2 9SPHI/1-215

tr|AOA3DSADRG |AOA3DSADR6 9SPHI/1-215
tr|AOA976GS29|A0A976GS29 9BACT/1-216
tr|AOA944T5I3|A0A944T5I3 9FLAO/1-217
tr|AOA4Q1C2K5|AOA4Q1C2K5_ 9BACT/1-216
tr|AOA3R7UT75|AOA3R7UT75 9FLAO/1-216
tr|AOA3D4CD23|A0A3D4CD23_9FLAO/1-216
tr[AOA965I0P5|AO0A965I0P5 9PROT/1-219
tr|AOA6NIMLWT | AOA6NIMLWT_ECOLX/1-219
tr|AOATW3ERE7 |AOATW3ERE7 ESCFE/1-219
tr|AOA2K3TT93 |AOA2K3TT93_ECOLX/1-219
tr|AO0A3J9BD20 |AOA3J9BD20 ECOLX/1-219
tr|AOA4P8CI1K3|AOA4P8CIK3_ECOLX/1-219
tr|AOA5SBIACDS | AOASBYOACDS_ECOLX/1-219
tr|AOAO66R5B8 |AOAO66R5B8_ECOLX/1-219
tr|AOAGH2GEX4 |AOA6H2GEX4 9ESCH/1-219
tr|AOAB36ZEJ4 |AOAB36ZEJ4_ECOLX/1-219
tr |AOASB3KJINO | AOA8B3KJINO_ SHISO/1-219
tr|A7ZLE6|ATZLE6_EC024/1-219

tr|D8E798|D8E798 ECOLX/1-219

tr|E9TF70|E9TF70_ECOLX/1-219

tr|F4NGGO |F4NGGO_ ECOLX/1-219

tr|I2UFD4|I2UFD4_ECOLX/1-219

tr|AOA6DOILD8 |AOA6DOILD8 ECOLX/1-188
tr|AOA7Z1J0TO|AOA7Z1J0TO_SHIFL/1-219
tr|D7XPQ4|D7XPQ4 ECOLX/1-219

tr|E1J7Q7|E1J7Q7 ECOLX/1-219

tr|E6BN25|E6BN25_ECOLX/1-219

tr|AOA3Y3MKI3|AOA3Y3MK13 ECOLX/1-219
tr|AOAB29CNMO | AOAB29CNMO_ECOLX/1-219
tr|J7QE14|J7QE14 ECOLX/1-219

tr|AOATHILSVO | AOATHILSVO_ECOLX/1-219
tr|AOA8STNEGT7 |AOA8STNEGT ECOLX/1-219
tr|AOAB27Q5E0 |AOAB27Q5E0_ECOLX/1-219
tr|AOA0J2BWAO |AOAOJ2BWAO ECOLX/1-219
tr|AOA4Y8GPX4 |AOA4Y8GPX4 ECOLX/1-219
tr|AOA641BIY2 |AOA641BIY2 ECOLX/1-219
tr|AOA7IOKQVO|AOA7IOKQVO ECOLX/1-219
tr|AOA828UAT4 |AOA828UAT4 ECOLX/1-219
tr|AOA0J2BLH3 |AOAOJ2BLH3_ECOLX/1-219
tr|AOAB26L6Y6|AOAB26L6Y6_ECOLX/1-219
tr|AOA4UITHKY |AOA4UITHKY ECOLX/1-219
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tr|AOA3L4JQG4 |AOA3L4JQG4 ECOLX/1-219
tr|AOA775TCT2 |AOAT7TSTCT2_ECOLX/1-219
tr|AOA4P7TQPY|AOA4PTTQPY9 SHIFM/1-219
tr|F5NTT1|FSNTT1_SHIFL/1-219

tr|AOA376W521|AO0A376W5Z1 ECOLX/1-219
tr|AOA376LRY5|AOA376LRY5_ECOLX/1-219
tr|D8ALX6|D8ALX6 ECOMS/1-219

tr|AOA241QR90|A0A241QR90_ECOLX/1-219
tr|D7XYHO|D7XYHO ECOM1/1-219

tr|AOA232PR10|A0A232PR10_ECOLX/1-219
tr|B1LGB1|B1LGB1 _ECOSM/1-219

tr|AOAOB1I124|AOAOB1I124 ECOLX/1-219
tr|E1IVDO|E1IVDO_ECOLX/1-219

tr|AOA6DOIFHL |AOAGDOIFHI _ECOLX/1-207
tr|AOA8HODBHS |AOABHIDBHS SHIFL/1-219
tr|AOAOH3PQ51 |AOAOH3PQ51 ECO5C/1-219
tr|C3TBL2 |C3TBL2_ECOLX/1-219

tr|AOAB91SFNO |AOAB91SFNO_ECOLX/1-219
tr|AOAOD8VW63|AOAOD8VW63 ECOLX/1-219
tr|AOABHIDZQO | AOABHIDZQ0 SHIBO/1-219
tr|AOA2X3JUIO|AOA2X3JUIO0 ECOLX/1-66
tr|AOA2HATLT3 |AOA2HATLT3_ECOLX/1-219
tr|E2QLS6|E2QLS6 ECOLX/1-219

tr|AOABEOKTHIL |AOABEOKTH1_ECOLX/1-219
tr |AOA839B0O03|AO0A839B003 ECOLX/1-219
tr|AOATWAKMMS | AOATWAKMMS 9ESCH/1-219
tr|AOA793XWME | AOATI3XWM6 ECOLX/1-219
tr|AOA6L8Z4X1|AOA6L8Z4X1 ECOLX/1-219
tr|AOA6C8T533|A0A6C8T533_ECOLX/1-219
tr|AOA4Q9CF35|A0A4Q9CF35 ECOLX/1-219
tr|AOA3USWIX1 |AOA3USWIX1 SHIBO/1-219
tr|AOA39802S1|AO0A3980Q251 SHIBO/1-219
tr|AOA377MXQ4 |AOA377MXQ4 ECOLX/1-219
tr|AOA377D3R6|A0A377D3R6_ECOLX/1-169
tr |AOA376K2P9|AO0A376K2P9 ECOLX/1-219
tr|AO0A2X1PMM3 |AOA2X1PMM3 ECOLX/1-219
tr|AOA2G9A6G1 |AOA2GI9A6GL_ECOLX/1-219
tr|AOA2A6QCHS |AOA2A6QCH5 ECOLX/1-219
tr|AOA2A3VWUS |AOA2A3VWUS_ECOLX/1-219
tr|AO0A246NY93 |AOA246NY93 ECOLX/1-219
tr|AOAIMOD2S2|AOAIMOD2S2 ECOLX/1-219



tr|AOA192EN96|AOAL192EN96 ECOLX/1-219
tr | AOAOHOKPT7 |AOAOHOKPT7 ECOLX/1-219
tr|AOAOB1lFYS1|AOAOBLIFYS1 ECOLX/1-219
tr |AOAOA1A3I6|AOAOALA3I6 ECOLX/1-219
tr |AOAO85NXUS5 |AOAO85NXUS5 ECOLX/1-219
sp|P77366|PGMB_ECOLI/1-219
tr|AOAOE1T3D3|AOAOELIT3D3 ECOLX/1-219
tr |AOA7I6H572|A0ATI6HS572 ECOHS/1-219
tr|W8TAK6 | W8TAK6 ECOLX/1-219

tr |AOA377DSY8|A0A377DSY8 ECOLX/1-40
tr|AOA4P8S906|A0A4PBS906 9GAMM/1-234
tr | AOA2NSE6X2 | AOA2NSE6X2 9GAMM/1-231
tr|AOA2NSE4F2 |AOA2NSE4F2 9GAMM/1-233
tr | AOA2NSEPP8 |AOA2NSEPP8 9GAMM/1-231
tr|AO0A376RJ72|A0A376RI72_ECOLX/1-88
tr |AOA2P8VLAL |AOA2P8VLALl 9ENTR/1-227
tr|AOA2T7ATI8 |AOA2TTATI8 9ENTR/1-227
tr |AOA2T7B494 |AOA2T7B494 9ENTR/1-225
tr|AOA423XTY2|AO0A423XTY2 9ENTR/1-225
tr |AOA7V7URVS |AOATVTURVS CROSK/1-225
tr|AOAB55WS62 |AOAB55WS62 CROSK/1-225
tr |AOA3R9GB97 |A0A3RIGBI7 9ENTR/1-227
tr|AOA5J6WAVS |AOASJ6WAVS 9ENTR/1-227
tr |AOA3COH257 |AOA3COH257 9ENTR/1-227
tr|AOA5D4YF74 |AOA5D4YF74 9ENTR/1-235
tr|AOAGI2I8TY|AOAGI2IBTY 9ENTR/1-226
tr |AOABHOYRV2 |AOABHOYRV2 9PSED/1-226
tr|AOA3S5XQJ6|A0A3S5XQJ6 LELAM/1-226
tr |AOAO8SAIE2 |AOAO85AIE2 9ENTR/1-226
tr|AOA329HJY7|AO0A329HIY7 9ENTR/1-226
tr |AOA4ROGCP1 |A0A4ROGCP1 9ENTR/1-224
tr |AOA5Q2K339|A0A5Q02K339 9ENTR/1-224
tr|D2ZCV5|D2ZCV5 9ENTR/1-224
tr|AOATD6YL95|AOATD6YLI5 9ENTR/1-221
tr|AOA443UD69|A0A443UD69 ENTCL/1-221
tr|AOA8B2SF55|A0A8B2SF55 9ENTR/1-221
tr|AOA443UQ96 |A0A443UQ96 ENTCL/1-221
tr|AOA855M287|A0A855M287 9ENTR/1-221
tr|AOA2L2JIW3|AOA2L2JIW3 9ENTR/1-221
tr |AOA330F588|A0A330F588 ENTCL/1-221
tr|AOA8B3JW64 |AOABB3JW64 9ENTR/1-221

tr|AOA443XC50|A0A443XC50 ENTCL/1-221
tr|AOA5C1COT5|AOASCICOT5 9ENTR/1-221
tr |AOA330GEA5 |AOA330GEAS5 ENTCL/1-221
tr|AOA2T9UYPO|AOA2TOUYP9 9ENTR/1-221
tr|AOA8I1FY10|AOA8I1FY10 ENTAS/1-221
tr|AOA2S4SQP4 |AOA2S4SQP4 9ENTR/1-222
tr |AOA2U3F5K8 |AOA2U3F5K8 9ENTR/1-222
tr|AOA411GH31|A0A411GH31 ENTCL/1-221
tr|AOA263VKDS5 |A0A263VKD5 ENTAS/1-221
tr|AOAB08IFR6|AOAB08IFR6 9ENTR/1-221
tr|AOATW3CCP7 |AOATW3CCP7 ENTAS/1-221
tr|AOA8B2UNUL | AOABB2UNULl 9ENTR/1-221
tr|AOA330DCO3|A0A330DCO3 9ENTR/1-224
tr |AOA2WOGBRO | AOA2WOGBRO 9ENTR/1-224
tr|AOA8B2YIN9 |AOA8B2Y1IN9 9ENTR/1-224
tr|AOA7H8UGHL | AOA7H8UGH1 ENTCL/1-221
tr|AO0A4Q4A4R6 |A0OA4Q4A4R6 ENTCL/1-221
tr|AOA4ROFUAS | AOA4ROFUA8 9ENTR/1-221
tr|AOA3A3ZT51 |AOA3A3ZT51 9ENTR/1-221
tr|AOA7G3F1R5|AOA7G3F1IR5 ENTCL/1-221
tr|AOA801DRFO|AOA801DRFO_9ENTR/1-222
tr|AOA7T9PDM7 | AOA7T9PDM7 9ENTR/1-221
tr|AOA431SNY7|A0A431SNY7 9ENTR/1-221
tr|AOATHOJTKY |AOATHIJTKY ENTCL/1-221
tr|AOA9ETBFVS |AOASETBFV8 9ENTR/1-221
tr|AOA7T1QU30|AOA7T1QU30 9ENTR/1-221
tr|F5RXW1|FSRXW1 9ENTR/1-221

tr|AOA8B3V1IO|AOA8B3V1IO 9ENTR/1-221
tr|AOA5Q5DZV2 | AOA5Q5DZV2 9ENTR/1-221
tr|AOA6GAMKRO |AOA6G4MKRO 9ENTR/1-221
tr|AOA4Q2QUN4 | AOA4Q2QUN4 9ENTR/1-221
tr|AOA6L3Y319|A0A6L3Y319 9ENTR/1-221
tr|A0A2J0QTU2|A0A2J0QTU2 9ENTR/1-221
tr|AOASBT7XTAS |AOASBTXTAS5 9ENTR/1-224
tr|AOASJ6Q2A3 |A0A9J6Q2A3 9ENTR/1-225
tr|AOA839BFRY |AOA839BFRY 9ENTR/1-225
tr|A0A4V6JJIJ6 |AOA4V6TTT6 9ENTR/1-225
tr|AOA6GTTFGL |AOA6GTTFGLl 9ENTR/1-225
tr|AOA3RIW614 |AOA3RIW614 9ENTR/1-225
tr|AOATW2V3P6 |AOATW2V3P6 9ENTR/1-225
tr|AOA3R9A122 |AOA3ROAI22 ENTCL/1-225
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tr|AOA851G6K3|A0OA851G6K3 9ENTR/1-225
tr|AOATVIMIB6 |AOATVIMIB6 ENTCL/1-225
tr|AOA7Z1J8A4 |AOA7Z1J8A4 ENTCL/1-225
tr|AOA8HI9S660 |AOABHIS660 ENTCL/1-225
tr |AOA2Y9UO023|AOA2Y9U023 9GAMM/1-227
tr|AO0A4QIECRS |AOA4QIECRS 9GAMM/1-225
tr|AOA2A2MEF9 |AOA2A2MEF9 9GAMM/1-225
tr|AOA3G2I9R5 |AOA3G2I9R5 9ENTR/1-225
tr|AOAO85GDN2 |AOAO85GDN2 9ENTR/1-225
tr|AOA3A5KOPO |AOA3A5KOPO 9ENTR/1-225
tr|AOA702BM40 |AOA702BM40 SALBN/1-219
tr|AOA750P494 |AOA750P494 SALER/1-219
tr|AOA5U3DMS3|AOA5U3DMS3 SALER/1-219
tr|AOA248K990|A0A248K990 SALBN/1-219
tr|AOA8BFB8AXVS |AOABF8AXVE SALBN/1-219
tr|AOA5Y3AZ91 |AOAS5Y3AZ91 SALER/1-219
tr|AOA702DCF4 |AOA702DCF4 SALDZ/1-219
tr|AOA735RFA2 |AOA735RFA2 SALDZ/1-219
tr|AOA8F5RKZ9 |AOABF5RKZ9 SALDZ/1-219
tr|AOATU6BK13 |AOATU6BK13 SALER/1-219
tr [AOAS5Y9Q3N3 |AOA5YSQ3N3 SALER/1-219
tr|AOASU3EHZ8 |AOASU3EHZ8 SALET/1-219
tr|AOA2ISHGDY |AOA2I5HGDY SALDZ/1-219
tr|AOA3KOPE37 |AOA3KOPE37 SALER/1-219
tr |AOA658B6NO |AOA658B6N0_SALET/1-219
tr|AOABE9YA46 |AOABE9YA46 SALDZ/1-219
tr|AOA3F3J3L1 |AOA3F3J3L1 SALER/1-219
tr|AOA3ROQY55|AO0A3R0OQY55 SALEN/1-219
tr|AOA3S4K1C8 |AOA3S4K1C8 SALER/1-219
tr|AOA3U4W4KI |AOA3U4W4K1 SALDZ/1-219
tr|AOA701UP12 |AOA701UP12 SALER/1-219
tr|AOATUSYGRY|AOATUSYGRY SALDZ/1-219
tr|AOA7Z1TCDO |AOA7Z1TCDO SALET/1-219
tr |AOASI0BS86|AOA5I0BS86 SALET/1-219
tr |AOASW2LQ92 |AOASW2LQ92 SALET/1-219
tr|AOAT742R6E4 |AOAT42R6E4 SALER/1-219
tr|AOA5ISDTK4 |AOASI5DTK4 SALET/1-219
tr |AOAST3NHZ6 |AOAST3NHZ6 SALER/1-219
tr|AOA2CIONZXO0 |AOA2CINZX0 SALET/1-219
tr|AOA737H5P2 |AOA737H5P2 SALER/1-219
tr|AOA735M785|A0A735M785 SALER/1-219



tr|AOA402XKMO |AOA402XKMO SALER/1-219
tr|AOA737Y0OM2 |AOA737Y0M2 SALER/1-219
tr|AOA6CT7D4YO0 |AOA6CTD4Y0 SALER/1-219
tr |AOA701VVQO |AOAT701VVQO SALER/1-219
tr|AOA737IN59 |AOA737IN59 SALER/1-219
tr |AOA5Y1WD24 |AOASY1WD24 SALER/1-219
tr|AOA3V8IOE2 |AOA3V8IOE2 SALER/1-219
tr |AOA731N980|AOA731N980 SALER/1-219
tr|AOA379Q6B0 |A0A379Q6B0 SALER/1-219
tr |AOA379QZK5|AO0A379QZK5 SALER/1-219
tr |[AOA3U3WLWG | AOA3U3WLW6 SALER/1-219
tr|AOA603B752 |A0A603B752 SALER/1-219
tr|AOA701V3C6|AOAT701V3C6 SALER/1-219
tr |AOA729AUB3 |AOAT729AUB3 SALER/1-219
tr|AOA732GQC5|AO0AT732GQC5 SALER/1-219
tr |AOA734HZK1 |AOA734HZK1 SALER/1-219
tr |AOA735PYC1 |AOA735PYC1 SALER/1-219
tr |AOA379QL84 |AOA379QL84 SALER/1-219
tr |AOA5Y3USH2 |AOASY3USH2 SALER/1-219
tr |AOA6CTCC70|AOA6CTCC70_SALER/1-219
tr |AOA5Y2QE11 |AOA5Y2QELl SALER/1-219
tr |AOA737EWTO |AOA737EWTO0_ SALER/1-219
tr |AOA753A1F6 |AOAT53A1F6_SALER/1-219
tr |AOA6L3RX51 |AOA6L3RX51 CROSK/1-225
tr |AOA2P5GV12 |AOA2P5GV12 9ENTR/1-220
tr |AOA4P7IZQ4 |AOA4PT7IZQ4 SENTR/1-222
tr |AOAOP8LZL1 |AOAOP8LZL1 CITFR/1-222
tr [AOAOD7MOWY |AOAOD7MOWY CITFR/1-222
tr |AOA8B5QF49|AOABB5QF49 9ENTR/1-222
tr |AOA7TD6TDF7 |AOATD6TDF7 CITFR/1-222
tr |AOATW3FOY6 |AOATW3FOY6 CITFR/1-222
tr |AOA4U6GZI2 |AOA4U6GZI2 SENTR/1-222
tr |AOA5P2MECT |AOASP2MECT 9ENTR/1-222
tr |AOA6I5AJV4 |AOAGISAJV4 SENTR/1-222
tr |AOA7X1BM73 |AOATX1BM73 9ENTR/1-222
tr |AOA2Z3X7P5|A0A2Z3X7P5 9ENTR/1-222
tr|D4B909|D4B909 9ENTR/1-222

tr |AOA4P6WKLE | AOA4P6WKLS 9ENTR/1-222
tr |AOA2S4QAX9 |AOA2S4QAX9 CITFR/1-222
tr |AOATL6IFY2 |AOATL6IFY2 9ENTR/1-222
tr|AOATL6U242 |AOATL6U242 9ENTR/1-222

tr|AOATLOJME2 | AOATL6JME2 9ENTR/1-222
tr|AOATL6DSP3 |AOATL6DSP3 9ENTR/1-222
tr|AOATW2VJ41 |AOATW2VJI41l 9ENTR/1-222
tr|AOA2I8S6S4|A0A2I856S4 9ENTR/1-222
tr|AOA1IROFUWS |AOALIROFUWS CITBR/1-222
tr|AOATL6BSF2 |AOATL6BSF2 9ENTR/1-222
tr|AOATL6PIS1 |AOATL6PIS]1 9ENTR/1-222
tr|AOATW3DXZ1 |AOA7TW3DXZ1 9ENTR/1-222
tr|AO0A254S1C1|A0A254S1C1 CITAM/1-222
tr|AOA379SKS1 |AOA379SKS1 SALER/1-101
tr|AOATT8FKZ1 |AOATT8FKZ1 SALET/1-222
tr|AOA737F4V6 |AOA737F4V6 _SALER/1-222
tr|AOA740VJH4 |AOA740VJIH4 SALET/1-222
tr|AOA379S437|A0A3795437 SALER/1-222
tr|AOA3J80Q185|A0A3J8Q185 SALER/1-222
tr|AOASW1EP41 |AOASW1EP41 SALER/1-222
tr|AOA739C2U3|AOA739C2U3 SALER/1-222
tr|AOA5T8WXD8 | AOAST8WXD8 SALER/1-222
tr|AOA632U6F0 |AOAG32U6F0_SALER/1-222
tr|AOA741NOG2 |AOA741NOG2 SALER/1-222
tr|AOA8HOTVP6 |AOABHOTVP6 SENTR/1-220
tr|AOA9CTQL52 |AOA9CTQL52 CITAM/1-220
tr|AOA6BLITZG6 |AOAGBITZG6 CITAM/1-220
tr|AOATL6YQQ3 |AOATL6YQQ3 9ENTR/1-220
tr|AOATL6Z1H4 |AOATL6Z1H4 SENTR/1-220
tr|AOATL6OUGQ3 |AOATL6UGQ3 9ENTR/1-220
tr|AOA3S7DC38 |AOA3S7DC38 9ENTR/1-220
tr|AOA482PKAS |AOA482PKAS CITRO/1-220
tr|AOATLEXJIV6 |AOATL6XJIV6 9ENTR/1-220
tr|AOATL6YBL4 |AOATL6YBL4 9ENTR/1-220
tr|AOA387ANIS5|AOA387ANIS 9LACO/1-221
tr|AOA8I2JKAQ |AOA8I2JKAO 9LACO/1-221
tr|AOALIL8CHJ7 |AOALIL8CHJ7 9LACO/1-221
tr|AOA410K7G3|AOA410K7G3_LATCU/1-223
tr|AOA4Q4TIKO5 |AOA4Q4TKOS5 9BACL/1-226
tr|AOA410DCSO|AOA410DCSO_9BACL/1-226
tr |AOA6NOILIXS5|AOA6NOILIXS 9LACO/1-224
tr|AOA349MX35|AO0A349MX35 9LACO/1-223
tr |AOASPOZESS |[AOASPOZESS 9LACO/1-227
tr|AOA241RPAQ |AOA241RPAO_LACPE/1-223
tr|AOA2S9VTX9 |AOA2S9VTX9 LACPE/1-223
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tr |AOA098R767 |A0A098R767 9LACO/1-223
tr|AOABE4BMR6 |AOABE4BMR6 9LACO/1-223
tr |AOAOGOFDY8 |AOAOGIFDY8 LACPN/1-223
tr|AOA2I0YTB3|AOA2I0YTB3 LACPN/1-223
tr |AOA4Z0JHG5 |A0A4Z0JHGS 9LACO/1-223
tr|AOA2N7AVQ4 |AOA2NTAVQ4 9LACO/1-228
tr |AOA2P4RIES |AOA2P4RIES 9LACO/1-227
tr|AO0A386PU09|AOA386PU0Y 9LACO/1-227
tr|AOASB7SYC4 |AOASB7SYC4 9LACO/1-223
tr|AOATLTKXZ3 |AOATLTKXZ3 9LACO/1-223
tr |AOASPOZWT3 |AOASPOZWT3 9LACO/1-228
tr|AOA9D2CPT8 |AOA9D2CPT8 9LACO/1-228
tr|AOA202FERO|AOA202FERO_9LACO/1-223
tr|AO0A210P9X4 |A0OA210P9X4 9LACO/1-223
tr |AOA5P8QMO2 |AOA5PBQMO2 9LACO/1-223
tr|AOA3R8I4CS5|AOA3R8I4C5 9LACO/1-222
tr|AOASB8TJIPO |AOASB8TJIPO_9LACO/1-222
tr|AOA2S9VWN4 |AOA2S9VWN4 LACPE/1-224
tr |AOA370ABG3 |A0A370ABG3 9LACO/1-228
tr|AO0A4Q9YB8T9 |AOA4Q9YBT9 9LACO/1-228
tr|AOA241RP56 |A0A241RP56 LACPE/1-225
tr|AO0A2S9VSM4 |AOA2S9VSM4 LACPE/1-225
tr |AOABE4G054 |A0ABE4G054 9LACO/1-223
tr|AO0A2S1T423|A0A2S1T423 LACPN/1-223
tr |AOA0G9GSZ0 |AOA0GIGSZ0 LACPN/1-223
tr |A0A2S3UONO |A0A2S3UONO LACPN/1-223
tr|D7VED1 |D7VED1 LACPN/1-223

tr|AOAIE3KPUL |AOALIE3KPUl LACPN/1-223
tr|AO0A426D7C6|A0A426D7C6 9LACO/1-223
tr |AOA2R3JPJ8 |A0A2R3JPJ8 9LACO/1-223
tr|AOA2R3JWU6 |AOA2R3JWU6 9LACO/1-223
tr|AOA2VING6L2 |AOA2VIN6L2 9LACO/1-223
tr|AOA7X3C3NO |AOA7X3C3NO 9LACO/1-223
tr|AOA1Z5IAEL |AOA1Z5IAEl 9LACO/1-223
tr |AOA1Z5J4N5|AO0A1Z5J4N5 9LACO/1-223
tr|AOA1Z5IIJ5 |A0AL1Z5IIJ5 9LACO/1-223
tr|AOALZ5IKX3|AOAL1Z5IKX3 9LACO/1-223
tr|AOA1Z5IX45|A0A1Z25IX45 9LACO/1-223
tr|AOA425XP49|A0A425XP49 9LACO/1-223
tr|AOA6PLIE7Y7 |AOA6P1E7Y7 LENHI/1-223
tr|COXMI3|COXMI3 LENH9/1-223



tr|AOA844EBWS |AOA844EBWS8 9LACO/1-224
tr | AOASRICXE9 |AOA5RICXEY9 9LACO/1-223
tr|AOASBE1X419|AO0ABE1X419 LENBU/1-223
tr |AOA269Y5R9 |A0A269Y5R9 9LACO/1-223
tr|AOAGN4HV21 |AOAGN4HV21 9LACO/1-224
tr |AOA8D4IVUO|AOABD4IVUO LATCU/1-223
tr|AOATZ6QKQ0 | AOA7Z6QKQ0 LEVBR/1-217
tr |AOA2P4R47Z3|A0A2P4R47Z3 9LACO/1-223
tr|AOA9D1QQ21|AO0A9D1QQ21 9LACO/1-223
tr|A0A4Z0J4X3 |A0A4Z0J4X3 9LACO/1-223
tr|AOATZ6MLWY |AOA7Z6MLWY LEVBR/1-223
tr |AOAODOFHH5 |AOAODOFHHS5 LEVBR/1-223
tr|AO0A4QOVGVS |AO0A4QOVGVE 9LACO/1-223
tr |AOA921EEJO |A0A921EEJO 9LACO/1-223
tr|AOAlY6JVEL |AOALlY6JVEL 9LACO/1-223
tr |AOA9D1USH2 |AOA9DIUSH2 9LACO/1-223
tr|AOA1Z5H3B4|AOA1Z5H3B4 9LACO/1-226
tr |AOA921B3N9 |A0A921B3N9 9LACO/1-224
tr|AOA6C2C3D2 |A0A6C2C3D2 9LACO/1-223
tr|C5RBIO|C5RBI0O WEIPA/1-220

tr|AOA4Q7IW25|A0A4Q7IW25 WEIPA/1-225
tr |AOA5SMOERS2 |AOA5MIER82 WEIPA/1-225
tr|AOA512PSKO|AOA512PSK0_9LACO/1-225
tr|AO0A921SQT2|A0A921SQT2 9LACO/1-225
tr|AOA4Y4FZ08|AOA4Y4FZ08 WEIHE/1-222
tr |AOASB8TP16|AOASBSTP16 WEIHE/1-223
tr |AOA5SMODPW2 | AOASMIDPW2 WEIPA/1-223
tr|AOA3P2RDNO |AOA3P2RDNO _WEIVI/1-221
tr|AOA7L8CI15|AOATLBCILS WEIVI/1-218
tr|AOA5SB8SYX1|AOA5B8SYX1 LEUPS/1-224
tr |AOA7L8VOL6 |AOATL8VOL6 9LACO/1-224
tr|AOA3TOTRC7 |AOA3TOTRC7 9LACO/1-223
tr |AOA5C4TJIQ3 |A0A5C4TIQ3 FRUSA/1-223
tr|AOA482PZ42|A0A482PZ42 WEICO/1-223
tr|AOA4ZORLJ2 |AOA4ZORLJI2 WEICO/1-223
tr|AOA3R52475|A0A3R52475 WEICO/1-223
tr|AOA4Z0RH56 |AOA4Z0RH56 WEICO/1-223
tr|A0A4Z0S096|A0A4Z0S096 WEICO/1-223
tr|AOA846ZFES5 |AOAB46ZFES 9LACO/1-224
tr|AOASB8TBPYO|AOASB8TBPY9 LEULA/1-224
tr|AOASB8T487|AOASB8T487 LEULA/1-224

tr |AOAGL7A9S0|AOAGLTA9S0 LEULA/1-224
tr|AOA2880X53|A0A2880X53 9LACO/1-224
tr |AOA7G9T472 |AOATG9T472 9LACO/1-224
tr|AOASP1X0S3|AOA5P1X0S3_9LACO/1-223
tr |AOA7ZOHTH7 |AOATZOHTH7 9LACO/1-228
tr|AOA843YXB1|AOA843YXBl LEUME/1-228
tr |AOA5C4TJ58 |AOA5C4TJ58 FRUSA/1-223
tr|AOA425VZB5|AOA425VZB5 9ACTN/1-223
tr |AOA6LS5GUCL |AOAGL5GUCL 9FIRM/1-223
tr |AOA6N7BRZ5|AOA6NTBRZ5 PEDPE/1-223
tr|AOA7Z0KUT3 |AOA7ZOKUT3 9LACO/1-223
tr|AOA843723Q5|A0A8432305 LEUME/1-223
tr|AOAB46ZIE6|AOAB46ZIE6 9LACO/1-223
tr |AOASB8TOWS | AOASB8TOWS8 LEUPS/1-223
tr|AOA4Q7IVA9|AOA4Q7IVAY WEIPA/1-223
tr|C5RBX8|C5RBX8_WEIPA/1-223

tr|AOA4Y4GILL |AOA4Y4GIL1 WEIHE/1-223
tr |AOASP8JTNT|AOASP8JITN7_9LACO/1-228
tr|AOAS5Q2NWHIL | AOASQ2NWH1 9LACO/1-229
tr |AOATT4MYNS | AOA7T4MYNS PEDPE/1-219
tr|AOA6L5A812 |AOAGL5A812 PEDPE/1-219
tr|AOA833T150|A0A833T150_ 9LACO/1-219
tr|AOA6NTBTY5|AOAGNTBTY5 PEDPE/1-219
tr |AOA4P6YUE6|AOA4P6YUE6 9LACO/1-226
tr|AOAB43R7T3|A0A843R7T3 LIMFE/1-222
tr |AOA2V2CWRO | AOA2V2CWRO LIMFE/1-222
tr |AOAOF4HDHS | AOAOF4HDH8 LIMFE/1-222
tr|COWVW4 |COWVW4 LIMFE/1-222

tr|DODSD6|DODSD6_LIMFE/1-222

tr|AOAB552ZNX1 |AOAB552ZNX1 LIMFE/1-222
tr |AOA3R8GOW4 | AOA3RBGIW4_9LACO/1-220
tr|AOASB8TES4 | AOASB8TES4 9LACO/1-220
tr|AOA5Q2P1C6|AOA5Q2P1C6_9LACO/1-220
tr|AOA556UEA8 | AOAS56UEA8 9LACO/1-220
tr|AOA4V3REO6 |AOA4V3REO6 9LACO/1-221
tr|AOA4Z0GGM8 |AOA4Z0GGM8 LACJH/1-220
tr|AOA7L5UJHY |AOATLS5UJHY 9LACO/1-221
tr|AOA2Z6TEH7 |AOA2Z6TEHT7 9LACO/1-220
tr|AOA3152ZN28|A0A3152ZN28 LIMMU/1-220
tr|AOA3C1I6Q5|A0A3C1I6Q5 9LACO/1-220
tr |AOATX9RDI9|AOA7XIRDI9 9LACO/1-220
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tr|AOA9D1U425|A0A9D1U425 9LACO/1-220
tr|C7XVI6|CTXVI6 9LACO/1-219

tr |AOA9DIVGJ3 |AOA9DIVGI3 9LACO/1-220
tr|AOATW3YLMO |AOATW3YLMO 9LACO/1-220
tr|AOATW3TS31|AOATW3TS31 9LACO/1-220
tr|AOA3M6SAY8 |AOA3M6SAY8 LIMRT/1-220
tr|AOA079YT56|A0A079YT56 LIMRT/1-220
tr|AOA828RGY4 |AOAB28RGY4 LIMRT/1-220
tr|AOATW3YMO2 |AOATW3YMO2 9LACO/1-220
tr|AOA2S1EN98 |AOA2S1EN98 LIMRT/1-220
tr|AOA855XJIG3|AOA855XJG3 LIMRT/1-220
tr|AO0A317GGUO |AOA317GGUO LIMRT/1-220
tr|AOATYOSWAS|AOATYOSWA9 LIMRT/1-220
tr|AOATX2KIS1 |AOATX2KIS1 LIMRT/1-220
tr|AOATW3V2S0|AOATW3V2S0 9LACO/1-220
tr|AOAGNIEMTY |AOA6NIEMTY LIMRT/1-220
tr|AOA517D2T8|AO0A517D2T8 LIMRT/1-220
tr|AOA1S9AN24 |AOAL1S9AN24 LIMRT/1-220
tr|AOAO081NQZ9|AOA08INQZ9 LIMRT/1-220
tr|AOA8D9S5S6 |AOABDIS5S6 LIMRT/1-220
tr|F8DR87|F8DR87 LIMRS/1-220

tr|QLlKMT6|QIlKMT6 LIMRT/1-220

tr|C8P4W6|C8P4W6_9LACO/1-220

tr|E3C8NO|E3C8NO_ 9LACO/1-220

tr|AOA5P9QG95|AOA5PIQGI5 9LACO/1-221
tr |AOA2J6NNU9 |AOA2J6NNU9 9LACO/1-221
tr|AOA9E2KW88 | AOASE2KW88 9LACO/1-220
tr |AOATW3TYD8 |AOATW3TYD8 9LACO/1-220
tr|C2EU59|C2EU59 9LACO/1-220

tr|AOA9E2KTJ2 |AOA9E2KTJ2 9LACO/1-220
tr|C8PC99|C8PCI99 9LACO/1-209

tr|AOA6G7B7J2|AO0A6GTB7J2 9LACO/1-220
tr|EINMG2 |EINMG2 9LACO/1-220

tr|EINT81|EINT81 9LACO/1-220

tr|AO0A916QJS7|AO0A916QJIST 9LACO/1-226
tr|AO0A3MOPAG4 |AOA3MOPAG4 9LACO/1-225
tr|AOA318M2R7 |A0A318M2R7 9LACO/1-225
tr|AOA3MONXI4|AOA3MONXI4 9LACO/1-225
tr|AOA2Z3HRQIL |AOA2Z3HRQ1 9LACO/1-225
tr|AOA5P5ZK79 |A0ASP5ZK79 9LACO/1-220
tr|AOA6B8YEK7 |AOA6BSYEKT7 9LACO/1-220



tr|AOA558KGEL |AOA558KGEL 9LACO/1-221
tr|AOA558K4C5|A0A558K4C5 9LACO/1-220
tr|AOA133PHP4|AOA133PHP4 LACGS/1-220
tr|D1YL18|D1YL18 LACGS/1-220

tr|AOA2Z6PPL7|AOA2Z6PPL7 9LACO/1-220
tr|AOAG6P1IEPGL |AOAGPIEPGL 9LACO/1-220
tr|AOALIV3Y1D7|AOALV3Y1D7 LACGS/1-220
tr |AOA6B2G0O03 |AOA6B2G003_9LACO/1-220
tr|AOA8A4V077|AO0ABA4V0T77 LACGS/1-220
tr|AOAIB3PV14|AOALB3PV14 LACJH/1-220
tr|AOA1Y4IBJ3|AOALY4IBJ3 LACJH/1-220
tr|DOR1V9Y|DOR1VY LACJF/1-220

tr|AOA6BIHXSI|AOA6BIHXS9 LACJIH/1-220
tr|AOA346MT01|AO0A346MT01l LACJH/1-220
tr|C2E3E3|C2E3E3 LACJH/1-220

tr|AOA244CIZ1|A0A244CIZ1 LACJH/1-220
tr|AOA4Z0GDJI5 |A0A4Z0GDJI5 LACJH/1-220
tr|D4YU61|D4YU61 9LACO/1-223

tr|AOA2V4EWB1 |AOA2V4EWB1 LACHE/1-225
tr |AOABHIOF999 |AOABHOF999 LACHE/1-223
tr[Q5FI05|Q5FI05 LACAC/1-221

tr|AOA809KFM8 | AOAB09KFM8 LACAI/1-221
tr|AOA437STJI5|A0A437STJI5 9LACO/1-220
tr|AOAIGSWIKL |AOALIGS5WIK1 9LACO/1-220
tr|C2EP86|C2EP86 9LACO/1-220

tr |AOABTILF53 |AOA8T1LF53 9LACO/1-220
tr|AOA854ZDRY|AO0A854ZDR9 9LACO/1-220
tr|AOATX7H2P1 |AOATXT7H2P1 9LACO/1-221
tr|AOA3R6BXU4 |AOA3R6BXU4 LACAM/1-221
tr|FOTHE4 |FOTHE4 LACAM/1-221

tr|AO0A4QOLSCO|AO0A4QOLSCO 9LACO/1-220
tr |E3R6B5|E3R6B5 9LACO/1-224

tr|AOA109DFH6 |AOAL09DFH6 9LACO/1-220
tr|C7xXJR4|C7XJR4_9LACO/1-224

tr|DODFQ6|DODFQ6 9LACO/1-224

tr|D5GZY2|D5GZY2 LACCS/1-220

tr|AOA2ATRIW3 |AOA2ATRIW3 9LACO/1-220
tr |AOA5M9Z0U8 |AOASM9Z0U8 9LACO/1-220
tr|AOA558JKE8 | AOA558JKES_LACJE/1-223
tr|D6S3G5|D6S3G5 LACJE/1-223

tr|AOASN1IFF7|AOASNIIFF7 LACJE/1-223

tr |AOAGABMDX6 | AOAGABMDX6 9LACO/1-222
tr|AOA061CMF3|AOAO61CMF3 LACDL/1-221
tr |FOHWK4 | FOHWK4 LACDL/1-221
tr|AO0A4Y3JVH4 |AOA4Y3JVH4 9LACO/1-221
tr |AOAB44FQ68|A0A844FQ68 9LACO/1-222
tr|A0A1V0Q4M1 |AOA1V0Q4M1 LACPA/1-230
tr |AOA5Q8BRY7 |AOA5Q8BRY7 LACPA/1-230
tr|C2FGX1|C2FGX1 LACPA/1-232

tr |AOA7M1BYV2 |AOATMIBYV2 LACPA/1-230
tr|AOATYTUIPY |AOATYTUIPY9 LACRH/1-223
tr|AOAB873ZKJ8|A0AB73ZKJ8 LACRH/1-223
tr|AOA508YSD9|AOA508YSD9 LACRH/1-223
tr|C2JVW5|C2JVW5 LACRM/1-225
tr|AOA7STJIIG3|AOA7STJIIG3 LACRG/1-223
tr|AOA5R8LG36 |AOASR8LG36 LACCA/1-220
tr|AOASR8M163|AOASR8M163 LACZE/1-220
tr|AOASR8LPWO |AOASR8LPWY LACZE/1-220
tr|AOAGL3ULK6 |AOA6L3ULK6 LACCA/1-220
tr |AOASP8JMBG |AOASP8JMB6_9LACO/1-222
tr|AOAGMICGY8 |AOA6MICGY8 LACPA/1-226
tr|A0A3M1Q672|A0A3M1Q672 9PROT/1-230
tr|AOA2X2BTH1 |AOA2X2BTH1 PROMI/1-62
tr|AOASCTFAT6 | AOASCTFAT6 9BACI/1-212
tr|AOA323TRL1 |AOA323TRL1 9BACI/1-220
tr|AOA4Q0VWR4 | AOA4Q0VWR4 9BACI/1-226
tr|AOAL167T095|A0AL67T095 9BACI/1-233
tr|AOAL78T7K6 |AOAL78TTK6 9BACI/1-221
tr|AOA2G5RQC4 |AOA2G5RQC4 9BACI/1-221
tr|AO0A4S3L2U2 |AOA4S3L2U2 9BACI/1-221
tr|AOAB59FEI2 |AOAB59FEI2 9BACI/1-227
tr|AOASD4RKAS |AOASD4RKAS5 9BACI/1-223
tr|AOABJ6MVY3|AOABJ6MVY3 9BACL/1-221
tr|AO0A940X157 |A0OA940X157 9BACI/1-225
tr|AOAOMOKFR4 | AOAOMOKFR4 ALKHA/1-226
tr|AOA4YTWGD2 | AOA4YTWGD2 ALKHA/1-226
tr|AOA6ISA4TA |AOAGISA4TA 9BACI/1-222
tr|AOA6I1IF8S6|A0AGI1IF8S6 9BACI/1-220
tr|AOA7YOK5K6 | AOA7TYOK5K6 9BACI/1-221
tr|AOA941JKNIL |[AOA941JKN1 NIACI/1-221
tr|AOA3G4ZB91 |AOA3G4ZB91 NIACI/1-221
tr|A0A2N0Z0J2 |A0A2N0Z0J2 9BACI/1-222
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tr|AOA3S2U72Z2|A0A3S2U7Z2 9BACI/1-222
tr|AOA553SGE3 |AOAS53SGE3 NIACI/1-222
tr|AOA3D8X231|A0A3D8X231 PRIMG/1-235
tr|D5DWM9|D5DWM9 PRIM1/1-235

tr|AOA2BOQSAL |AOA2BOQSAl PRIMG/1-235
tr|D5DMB8 | D5DMB8 PRIM3/1-235

tr |AOAOB6AEC4 |AOAOB6AEC4 PRIM2/1-235
tr|AOA6M6DJILS5 | AOA6M6DIL5 PRIMG/1-235
tr |AOASB8PU6L |AOA5B8PU61 PRIMG/1-235
tr|AOA2C5HGBS | AOA2C5HGB8 9BACI/1-235
tr |AOAGIOBXC7|AOAGIOBXCT7 9BACI/1-224
tr|AOA1X7G830|AOALX7G830 9BACI/1-224
tr|AOA8IIMJIW2 |AOA8IIMJIW2 9BACI/1-221
tr|AOA264YXW5 |AOA264YXW5 9BACI/1-221
tr|AOA4Z0D7A2 |AOA4Z0DTA2 9FIRM/1-217
tr|AOA972J059|A0A972J059 9FIRM/1-223
tr |AOAGI7NH66|AOAGITNH66 9MOLU/1-217
tr|AOA2N1QCB9 |AOA2N1QCBY9 9BACT/1-219
tr|AOA5SBIY3Q9|AO0A5BI9Y3Q9 9MOLU/1-225
tr|AOAlYOL2F8|AOALYOL2F8 9MOLU/1-222
tr|W6ATG5|W6ATG5 9MOLU/1-218

tr|AOAOL1IJVO |AOAOL1IIJVO 9MOLU/1-209
tr|AOAG654IRF5|AOA654IRF5 9MOLU/1-209
tr|L5LA05|L5LA05 9MOLU/1-209

tr|AOAOC2ZL35|A0A0C22L35 MYCCA/1-209
tr |AOAO84ERIO|AOAO84ERI9 MYCCA/1-209
tr|E4PTJ3|E4PTJ3 MYCLG/1-209

tr|AOA2T4I9G8 |AOA2T4I9G8 9MOLU/1-209
tr|AOA014LZVI|AOA0L14LZV9 MYCMC/1-209
tr|F4MP69|FAMP69 MYCML/1-209

tr|AOA014L6I7 |AOAOL4L6I7 9MOLU/1-220
tr|AOA2D1UDW3 |A0A2D1UDW3 9MOLU/1-223
tr|AOA269TII1|AOA269TII1 9MOLU/1-233
tr|AOA4ROXLUL |AOA4ROXLU1l 9MOLU/1-219
tr|AOA4ROXQPO |AOA4ROXQPO 9MOLU/1-219
tr|AOA5Q3TK82 |AOASQ3TK82 MYCSY/1-225
tr|Q4A6U4|Q4A6U4 MYCS5/1-225

tr|Q6KHP8 |Q6KHP8 MESM1/1-223

tr|AOASBBK1QO0|AOASB8K1Q0 9MOLU/1-226
tr|AOA5B8JY41|AOASB8JY41l 9MOLU/1-226
tr|AOA5B8K9J5 |AOASB8KIJS 9MOLU/1-226



tr|DSE6C2|D5E6C2 MYCCM/1-222

tr|D4XWP6|D4XWP6 9MOLU/1-222

tr|AOA6HOV695|AOAGHOVE695 9MOLU/1-226
tr|AOASP3I6Q7|AOASP3I6Q7 MYCGL/1-225
tr |AOA6H2DUJ6 |AOA6H2DUJ6 9MOLU/1-221
tr|EOTKSS5|EOTKSS5 MESHH/1-222

tr|AOA2D1JL35|A0A2D1JL35 9MOLU/1-226
tr|AOA809S131|A0A809S131 9MOLU/1-223
tr|AOAGN1DV19|AOAGNIDV19 9MOLU/1-222
tr|AOA857DBJO|AO0A857DBJ0 9MOLU/1-225
tr|AOALID3IQZ5|A0ALD3IQZ5 NEIGO/1-216
tr|AOA378VUUS|AO0A378VUUS NEIGO/1-103
tr|AOATL7KSP2 |AOATLTKSP2 9BACT/1-223
tr|AOA4Q2A2K1 |A0A4Q2A2K1 9FIRM/1-225
tr|AO0A942QY31|A0A942QY31 9CLOT/1-223
tr|AOA4S3LN34|AO0A4S3LN34 9ENTR/1-227
tr|AOA947QGCY|AO0A947QGCY UNCSP/1-218
tr|AOA2S1JRCO|AO0A2S1JRCO 9GAMM/1-238
tr|AOA3N9SG94 |AOA3N9SG94 9SPHN/1-213
tr|AOA970K4C8|AOA970K4C8 9FIRM/1-223
tr|AOA8B6I567 |AOABB6I567 CLODI/1-205
tr|AOAIC3SVI1|AOALC3SVI1 9LACT/1-215
tr|AOA401IRB6|AOA401IRB6 9LACO/1-228
tr|AOASROBUH3 |AOASRIBUH3 9LACO/1-231
tr|AOAID7TRJ7|AOALIDTTRJI7 9LACO/1-223
tr|C2EJL1|C2EJL1 9LACO/1-226

tr|AOAGNOITK7 |AOAGNIITK7 9LACO/1-223
tr|AOA2U2MOTO |AOA2U2MOTO_ 9LACO/1-223
tr|AOA089QCY6|AOA089QCY6 9LACO/1-223
tr|AOAIVOQRF9|AOALIVIQRF9 9LACO/1-223
tr|AOAGABGZM7 | AOAGABGZMT 9LACO/1-223
tr|AOA930RHZ9|AOA930RHZ9 STRSP/1-222
tr|AOA41722L2|A0A41722L2 9LACO/1-223
tr|AOA347SSQ5|A0A347SSQ5 9LACO/1-223
tr|AOA417ZHN1 |AOA417ZHN1 9LACO/1-223
tr|AOA3MONZH8 |AOA3MONZH8 9LACO/1-221
tr|AOA3MOPJKS |AOA3MOPJKS 9LACO/1-222
tr|AOA318M8M9|AOA318M8M9 9LACO/1-222
tr|AOA3MONK52 |AOA3MONKS52 9LACO/1-219
tr|AOA3MOM161|A0A3MOM161 9LACO/1-219
tr|AOA396SR60|AO0A396SR60 9LACO/1-223

tr|AOA417ZM58 |A0A4172M58 9LACO/1-223
tr|AO0A3MOMXD7 |AOA3MOMXD7 9LACO/1-223
tr |AOA3MONTF9|AOA3MONTF9 9LACO/1-223
tr|AOASB8THR4 |AOASBS8THR4 9LACO/1-218
tr |AOA2NB8PUHS8 |AOA2NBPUH8 ENTAV/1-218
tr|AOA4P8KD45 |AOA4P8KD45 ENTAV/1-218
tr |AOA6I7ZCHO|AOA6I7ZCHO 9ENTE/1-218
tr|AOAGFIXSC6 |AOAGFIXSC6 9LACO/1-223
tr |AOA6FI9YNWI |AOA6F9YNW9 9LACO/1-223
tr|AOAGN3D805|AOA6N3D805 STRPA/1-220
tr|F8DHB4 |F8DHB4 STREP/1-221

tr|I2NML7|I2NML7 STRPA/1-220

tr|AOA7T3T2D2 |AOA7T3T2D2 9LACT/1-220
tr|I2NDM3|I2NDM3 STRPA/1-216

tr|AOA350B8D6 |AOA350B8D6 9FIRM/1-219
tr|AOA3D1YS23|AOA3D1YS23 9FIRM/1-219
tr|AOA6MOLIY1 |AOAGMOLIY1 9LACT/1-220
tr|AOATX6S063|A0ATX6S063 9STRE/1-219
tr |AOASRICPX6 |AOASRICPX6_ 9LACO/1-224
tr|AOA3R8JIBY|AOA3R8JIBY 9LACO/1-224
tr|AOA6P1ES846|AOAGP1IES46 LENHI/1-224
tr|CO0XGZ2|C0XGZ2 LENH9/1-224

tr|AOA6N4HLVS |AOA6GN4HLVS 9LACO/1-224
tr|A0A224V819|A0A224V819 9LACO/1-224
tr|AOABE1X3U8|AOABE1X3U8 LENBU/1-224
tr|AOA844EFI8|AOA844EFI8 9LACO/1-224
tr|AOA1Z5H503 |A0AL1Z5H503 9LACO/1-231
tr|AOATX2XWPY |AOATX2XWP9 9LACO/1-230
tr|AOA929MS34 |A0A929MS34 ABIDE/1-221
tr|AOA929MWWS |AOA929MWWS OLACT/1-221
tr|AOA948TKD2 |AOA948TKD2 9LACO/1-223
tr|AOA291KFE6 |AOA291KFE6 BROTH/1-214
tr|AOA7G2N1R9 |AOA7G2N1IR9 LACSP/1-215
tr|AOA6IS5XGQO|AOA6I5XGQ0 LEUCI/1-222
tr |AOA7L8UYIO|AOATLBUYIO 9LACO/1-222
tr|AOASC5EDUL |AOASCSEDUL 9LACT/1-227
tr|AOAO69AX49|A0AO69AX49 CLODI/1-223
tr|AOA125VIP9 |AOAL25VIP9 CLODI/1-223
tr |AOAOH3NAVS5 |AOAOH3NAVS5 CLODC/1-223
tr|AOAOB2XMZ6 | AOAOB2XMZ6 LATCU/1-222
tr |AOASE3BL74|AOA8E3BL74 LATCU/1-222
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tr|AOA921F7R1|AOA921F7R1 _9LACO/1-223
tr|AOASDIRJU2 |AOAODIRJU2_9LACO/1-222
tr|G8PBC3|G8PBC3_PEDCP/1-224

tr|AOASDIUWL1 |AOASDIUWL1_9LACO/1-221
tr|AOA3E4MGPY |AOA3E4MGP9 9LACO/1-222
tr|AOAGASHTF8 |AOAGABHTF8_9LACO/1-222
tr|E7FQ32|E7FQ32 9LACO/1-222

tr|AOA3B8RJU9|AOA3B8RJIUY9_9LACO/1-220
tr|AOA4V3RNS1|AOA4V3RNS1 9LACO/1-221
tr|AOA2Z4VWO8 |AOA2Z4VWO8_9LACO/1-221
tr|AOA358LWQS |AOA358LWQS5 9LACO/1-221
tr|AOA4Q2AZU8 |A0A4Q2AZU8_9LACO/1-221
tr|AOA6MOI6M2 [AOAGMOI6EM2 9LACO/1-221
tr|AOA7X3LJIG6 |AOATX3LJIG6_9BACL/1-220
tr|AOATT1HIL7 |AOA7T1HIL7 9GAMM/1-215
tr|B2Pz81|B2PZ81_ PROST/1-215

tr|AOA43322G4|A0A43322G4 MORMO/1-219
tr|AOA7D6HJIPL |AOATD6HIP1 9GAMM/1-216
tr|AOAG6PIRZW6 |AOAGPIRZW6 9GAMM/1-223
tr|AOABB3F843|AOABB3F843_ PECPM/1-220
tr|E6LHM4 |E6LHM4 ENTI1/1-223

tr|AOA374JDV7|A0A374JDV7_9ENTE/1-219
tr|AOA414XF14 |AOA414XF14 9ENTE/1-227
tr|AOA4S3B8C7 |AOA4S3B8CT_O9ENTE/1-222
tr |AOA6GBAQSI |AOAG6GBAQS1 9ENTE/1-220
tr|AOA8I2AYWO|AOA8I2AYWO 9ENTE/1-220
tr|AOA7X6D749|A0ATX6D749 9ENTE/1-220
tr|AOA8I1VIS3|AOA8I1VTS3 9ENTE/1-220
tr|AOA3S0A543|A0A3S0A543 9ENTE/1-225
tr|AOA3Q9BKWO |AOA3Q9BKWO 9LACT/1-222
tr|AOA6GTKAJ2 |AOA6GTKAJ2 9LACT/1-222
tr|AOA9D2I3S0|A0A9D2I35S0 9LACT/1-222
tr|AOA7T2Y991 |AOATT2Y991 9LACT/1-223
tr|AOA352NDJ4 |AOA352NDJ4 LACSP/1-221
tr |AOA7T2Y8MO |AOATT2Y8MO 9LACT/1-221
tr|AOATT4NKP8 |AOATT4NKP8 O9LACT/1-221
tr|AOA098CQ48|A0A098CQ48 9LACT/1-221
tr|AOAGL2ZTU2 |AOA6L2ZTU2 9LACT/1-221
tr|AOA4PSPFA7|AOA4PSPFAT7_9ENTE/1-222
tr|AO0A4DTCNVO |AOA4DTCNVO O9ENTE/1-223
tr |AOA4Z0D3K6 |AOA4Z0D3K6 9ENTE/1-223



tr|AOA4YQJIGE2 |AOA4YOJIGE2_9STRE/1-219
tr | AOAOE3WFC2 |AOAOE3WFC2_9STRE/1-219
tr|AOA943W3N3 |AOA943W3N3_9LACT/1-222
tr|AOA3C1XALO|AOA3CIXALO_LACSP/1-219
tr|AOATT4TI13|AOATT4ATI13 9LACT/1-225
tr|AOAO98CXET |AOA098CXET_9LACT/1-225
tr|AOA9E4CAY4 |AOA9E4CAY4 LACSP/1-225
tr|AOA2R5HKL2 | AOA2RSHKL2 9LACT/1-223
tr |AOA5C8K8EL |AOASC8K8EL SLACT/1-223
tr|AOA7X1ZBN7 |AOATX1ZBN7_9LACT/1-221
tr|AOA4Q7DT33|A0A4Q7DT33 9LACT/1-221
tr|AOA51427U5|A0A51427U5 9LACT/1-218
tr|AOA387BLK2|AOA387BLK2 9LACT/1-219
tr |AOA387BTP3|AO0A387BTP3_9LACT/1-221
tr|AOA552XK19|A0A552XK19 9LACT/1-225
tr|A2RIG5|A2RIG5 LACLM/1-221
tr|T2F4K2 | T2F4K2 LACLC/1-221
tr|AOA3N6LI22 |AOA3N6LI22 9LACT/1-221
tr|AOA5SD4G7I0|AOA5D4AG7I0 LACLL/1-221
sp|P71447|PGMB_LACLA/1-221
tr|AOAIVONDU3|AOA1VONDU3 LACLL/1-221
tr |AOASP3IFKI1|AOASP3IFK1 LACLL/1-221
tr|AOA6I2HTB2 |AOAGI2HTB2 LACLC/1-221
tr |AOA2X0R470 |A0A2X0R470_9LACT/1-221
tr |AOA6MOMAS3 |AOA6GMOMA83 9LACT/1-208
tr|AOAOV8AP46|AOAOV8AP46 LACLL/1-221
tr|S6EW90|S6EW90_ LACLL/1-221
tr|AO0A5522207|A0A5522207 9LACT/1-221
tr |AOAOH1RRQ5 |AOAOHIRRQS5 LACLL/1-221
tr|AOATX1VGM1 |AOA7X1VGM1 9LACT/1-221
tr |AOA2AS5SEY2 |AOA2ASSEY2 LACLH/1-221
tr|AOA2A9IDT2 |AOA2A9IDT2 9LACT/1-221
tr|D2BNW1|D2BNW1 LACLK/1-221
tr|H5SX32|H5SX32 LACLL/1-221
tr|AOA4YOGIX1 |AOA4YIGIX1 ONEIS/1-224
tr|AOATHIMF12 |AOATHIMF12 9NEIS/1-224
tr|F5S8F3|F5S8F3_KINKI/1-222
tr|AO0A220S0L7 |A0A220S0L7_9NEIS/1-221
tr |AOA381E2E8|AOA381E2E8 9GAMM/1-220
tr|C8NDK2 |C8NDK2 CARH6/1-220
tr|AOAI25WF99|AOAI25WF99 NEIME/1-221

tr|AOA828RMQ4 |AOA828RMQ4 NEIME/1-221
tr|AOAL12R2H5 |AOA112R2H5 NEIME/1-221
tr|AOAOYSLYF6|AOAOYSLYF6 NEIME/1-221
tr|DOWAS7|DOWAS7 NEILA/1-221

tr|COEN14|COEN14 NEIFL/1-221

tr|AOA378VTJ4|AOA378VTJI4 NEIME/1-221
tr|I4E3Q3|I4E3Q03 NEIME/1-221

tr|AOAOG4BWH2 |AOAOG4BWH2 NEIME/1-221
tr|E3D1A4|E3D1A4 NEIM7/1-221

tr|A9M2K1 |A9M2K1 NEIMO/1-221

tr|AOA425AMM7 |AOA425AMMT7 NEIME/1-221
tr|EON6N2 |[EON6N2 NEIME/1-221

tr | AOA9K2KMNS |AOA9K2KMNS NEIM8/1-221
tr|AOA9DSWRU9 |AOASDSWRU9 NEISI/1-221
tr|C6M175|C6M175 NEISI/1-221

tr|I2NRK1|I2NRK1 NEISI/1-221

tr|D2ZUEO|D2ZUEO_NEIMU/1-221

tr|AOA4DTWHHO | AOA4DTWHHO NEISU/1-221
tr|AOA2I1XCY5|AOA2I1XCYS5 NEISI/1-221
tr|AO0A930GV05|AOA930GV05 NEISI/1-221
tr|AO0A5Q3S5229|A0A5Q035229 9NEIS/1-221
tr|AOA8I1DID5|AOA8I1DIDS5 NEIME/1-221
tr|E6MX25|E6MX25 NEIMH/1-221

tr|Q9K108|Q9K108 NEIMB/1-221

tr|AOA854WI16|AOAB54WI16 9STRE/1-222
tr|AOA1C3SX67 |AOALIC3SX67 9LACT/1-223
tr|AOAOD6DX88 |AOAOD6DX88 9LACT/1-223
tr|AOA6AOB358 |AOAGAOB358 9LACT/1-220
tr|AOA6AOB818 |AOAGAOB818 9LACT/1-227
tr|AO0A847J262 |A0A847J262 9LACT/1-220
tr|AO0A965UCB6 |A0OA965UCB6 9FIRM/1-220
tr|AOA2A5SH88 |AOA2A5SHB88 9LACT/1-220
tr|AOABEOREM3 |AOABEOREM3 LACSP/1-220
tr|AOATVENOBS |AOATVSNOB5 9LACT/1-220
tr |AOA3ALY7WO|AOA3ALY7WO 9GAMM/1-224
tr |AOA3ALIYK75|AO0A3A1YKTS5 9GAMM/1-222
tr|AOA3A1Y398 |AOA3A1Y398 9GAMM/1-221
tr|AOA3ALYHQ7 |AOA3AIYHQT7 9GAMM/1-222
tr|AOA828QQ74 |A0A828QQ74 ENTFL/1-222
tr|AO0A125W9Z1 |AO0A125W9Z21 ENTFL/1-222
tr |AOAIB4XMC2 |AOA1B4XMC2 ENTFL/1-222
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tr|AOA4V5V1S1|AOA4V5VIS1 ENTFL/1-142
tr|AO0A640MY51 |AOA640MY51 BACAN/1-222
tr|E2YY31|E2YY31 ENTFL/1-222

tr|Q836Y8(Q836Y8 ENTFA/1-222

tr|AOA970JPAS|AOA970JPAS ENTSX/1-221
tr|AOA179EU54 |AOAL179EUS4 ENTTH/1-221
tr|AOA249SGF9|AOA249SGF9 ENTTH/1-221
tr|AOA2STRN44 |AOA2STRN44 ENTMU/1-221
tr|AOALV2UE92 |AOALV2UE92 ENTMU/1-221
tr|V5XKN7 |V5XKN7 ENTMU/1-221

tr|AOA2TS5DF36 |AOA2T5DF36 ENTMU/1-221
tr|AOAL132P760|A0AL132P760 ENTFC/1-221
tr|Q3Y2T0|Q3Y2T0 ENTFD/1-221

tr|AOATV8CT7I6|AOATVE8CTI6 ENTFC/1-221
tr|AOA828QCF7|AOA828QCF7 ENTFC/1-221
tr|AOA2GOEE36 |AOA2GOEE36 ENTFC/1-221
tr|AOA3N3LORI |AOA3N3LOR1 ENTFC/1-221
tr|AOATY6QES3 |AOATY6QES3 ENTFC/1-221
tr|AOA6N2ZU38 |AOA6N2ZU38 ENTFC/1-221
tr|AOABE2CCGL |AOABE2CCGL 9ENTE/1-221
tr|AOA8HIBFW2 | AOABHIBFW2 ENTFC/1-221
tr|AOA133MW26 |AOAL33MW26 ENTFC/1-221
tr|AOA8X8GSW4 |AOABX8GSW4 9ENTE/1-221
tr|AOA242BCB4 |A0OA242BCB4 ENTFC/1-221
tr|AOA4Y3JT47 |AO0A4Y3JT47 9ENTE/1-221
tr|AOATW2AL47 |AOATW2AL47 9ENTE/1-221
tr|AOA4U4EIHL |AOA4U4EIH1 9ENTE/1-221
tr|AOASNOYY33|AOASNOYY33 9ENTE/1-221
tr|AOA377L238 |AOA377L238 9ENTE/1-221
tr|AOA3F3NK74 |AOA3F3NK74 ENTFC/1-221
tr|AOA7U6DSS4 |AOATU6DSS4 9ENTE/1-221
tr|AOA921KDM8 |A0A921KDM8 SPOPS/1-221
tr|AO0A2DOBY13|AOA2DOBY13 ENTFC/1-221
tr|AOA713XYK4 |AOA713XYK4 SALTM/1-221
tr |AOABX8GV29|AOABX8GV29 9ENTE/1-221
tr|AOA2V2L4B4 |AOA2V2L4B4 ENTFC/1-221
tr |AOA2S7MDOO0 |AOA2S7MDO0_ENTFC/1-221
tr|AOA377KL22 |AOA377KL22 9ENTE/1-221
tr|AOA511J203|A0A511J2Q3 9ENTE/1-221
tr|AOA3D5CSWY |AOA3D5CSWY ENTSX/1-221
tr|AOALV8BVG55|AOALVE8VG55 ENTHR/1-221



tr|AOA83827I4|A0A83827I4 ENTHR/1-221
tr |AOA9D9XJ16 |A0AIDIXIL6 ENTSX/1-220
tr|AOA9E3ZVG2 |AOA9E3ZVG2 9ENTE/1-220
tr |AOA345FPL8 |AOA345FPL8 9ENTE/1-219
tr|AOA553S8V3|A0A553S8V3 ENTAV/1-219
tr |AOA2N8PX59 | AOA2NBPX59 ENTAV/1-219
tr|AOA6I727G7|AO0A6I727G7 9ENTE/1-219
tr|A0A437UQQ8 |A0A437UQQ8 ENTAV/1-219
tr|AOA4P8KFL4 |AOA4P8KFL4 ENTAV/1-219
tr |AOA3DSALU4 |AOA3DIALU4 9ENTE/1-222
tr|AOATU6QX42 | A0ATU6QX42 ENTAV/1-219
tr |AOA842GKZ3|A0A842GKZ3 9LIST/1-220
tr|AOA842BAJ4 |A0A842BAJ4 9LIST/1-220
tr |AOA842GEK2 |AOA842GEK2 9LIST/1-220
tr|AOA841YJ57|A0A841YJ57 9LIST/1-220
tr |AOA842AES9 |AOA842AE59 9LIST/1-220
tr|AOA841XUJ1|AO0A841XUJ1 9LIST/1-220
tr |AOA7X0YX05|A0A7X0YX05 9LIST/1-220
tr|AOATX1D823|A0ATX1D823 9LIST/1-220
tr |AOA842EMB4 |AOA842EMB4 9LIST/1-220
tr|AOATXOXPF3|AOATX0XPF3 9LIST/1-220
tr |AOA842FIX4 |AOA842FIX4 9LIST/1-220
tr|AOA842EN69|AOA842EN69 9LIST/1-220
tr |AOA842BGJ2 |A0A842BGJ2 9LIST/1-220
tr|AOATXOXXR5|AOATX0XXR5 9LIST/1-220
tr|AOA841X481|A0A841X481 9LIST/1-220
tr|AOA842C5K4 |A0A842C5K4 9LIST/1-220
tr|AOA842EDR8 |AOA842EDR8 9LIST/1-220
tr|AOA841XX51|A0A841XX51 9LIST/1-220
tr|AOA841XH92 |AOA841XH92 9LIST/1-220
tr |AOA7X1CE47 |A0ATX1CE47 9LIST/1-220
tr|AOATXOWCWS | AOA7TXOWCWS8 9LIST/1-220
tr|AOA842E831|A0A842E831 9LIST/1-220
tr|AOATXOXFR8|AOATX0XFR8 9LIST/1-220
tr|AOA842FVF9|AOA842FVF9 9LIST/1-220
tr|AOA842AYD3|AOA842AYD3 9LIST/1-220
tr|AOA842A5T2 |AO0AB42A5T2 9LIST/1-220
tr|AOA841W8GY|AOA841W8GY 9LIST/1-220
tr|AOATX1ATR2 |AOATX1ATR2 9LIST/1-220
tr|AOA842D6D8|A0A842D6D8 9LIST/1-220
tr|AOATX1CZK3|AOATX1CZK3 9LIST/1-220

tr|AOA841ZWD3 |A0OA841ZWD3 9LIST/1-220
tr|AOA7X0ZMZ8 |AOA7X0ZMZ8 9LIST/1-220
tr|AOA841VWES |AOA841VWES 9LIST/1-220
tr|AOA842GH32 |AOA842GH32 9LIST/1-219
tr|AOA842E823 |A0A842E823 9LIST/1-219
tr|AOA842DGD2 |AOA842DGD2 9LIST/1-219
tr|AOA8412Z13|A0A841ZZ13 9LIST/1-219
tr|AOA842DYY8 |AOA842DYY8 9LIST/1-220
tr|AOA841VW89|AOA841VW89 9LIST/1-220
tr|AOA841XCZ6|AOAB41XCZ6 9LIST/1-220
tr|AOA7X1DQGS5 |AOA7X1DQG5 OLIST/1-220
tr|AOATX0XQI9|AOAT7X0XQI9 9LIST/1-220
tr|AOA842BFT4 |AOA842BFT4 OLIST/1-220
tr|AOA842GJ35|A0A842GJI35 9LIST/1-219
tr|AOA842FSZ0|AOA842FSZ0_OLIST/1-219
tr|AOA842B1S5|A0A842B1S5 9LIST/1-219
tr|AOA841YLI1|AOA841YLI1 SLIST/1-219
tr|AOA841Y1J6|AO0A841Y1J6 9LIST/1-219
tr|AOA841XMM5 |AOA841XMM5 OLIST/1-219
tr|AOA7X1COUS5|AOAT7X1COUS5 9LIST/1-219
tr|AOATX0YNY6 |AOA7XO0YNY6 OLIST/1-219
tr|AOA7X1D5Z5|A0AT7X1D5Z5 9LIST/1-219
tr|AOATX0Y2NS5 |AOA7X0Y2N5 9LIST/1-219
tr|AOA841Z2W8 |AOA841Z2W8 9LIST/1-220
tr|AOATWIT534 |AOATW1T534 OLIST/1-220
tr|AOA3NOUDRS |AOA3N9UDR8 9LIST/1-219
tr|AOA841Yz04 |AOAB41YZ04 9LIST/1-219
tr|AQOA5C5UPD7 |AOASC5UPD7 9BACL/1-224
tr|AOA2N5G9J5 |AOA2NS5G9J5 9BACI/1-223
tr|AOA3E2JCE2 |AOA3E2JCE2 9BACI/1-225
tr|AOA2A8FPVO |AOA2A8FPVO_ 9BACI/1-225
tr|AOA2MONPU6 | AOAZMINPU6 9BACI/1-234
tr|AOA417YY53|A0A417YY53 9BACI/1-224
tr|AOA4Q2I2X6|A0A4Q2I2X6 9BACI/1-228
tr|AOA268JB33 |A0A268JB33 9BACI/1-222
tr|AOAG6HINYS3 |AOAGHINYS3 PRIMG/1-227
tr |AOA2C2UUA4 |[AOA2C2UUA4 9BACI/1-227
tr|AOA841YCT4 |AOA841YCT4 9LIST/1-221
tr |AOA7X0X4U3 |AOA7X0X4U3 9LIST/1-220
tr|AOA7TX0X391 |AOAT7X0X391 LISSE/1-220
tr|AOATX0T3V9 |AOATX0T3VY LISWE/1-220

174

tr|AOATX1A1Z1 |AOATX1AL1Z1 9LIST/1-220
tr|AOAL1ETETM6 | AOAIETE7M6 LISMN/1-220
tr |AOA842BP50 |AOA842BP50 LISIO/1-220
tr|AOA823HUWS | AOA823HUWS LISMN/1-220
tr |AOATXO0ZDL5 | AOA7X0ZDL5 9LIST/1-220
tr|AOA842CQD7 |A0A842CQD7_9LIST/1-220
tr | AOATXOWKE6 | AOA7XOWKE6 LISIO/1-220
tr|AOA3T2AHNO | AOA3T2AHNO LISMN/1-220
tr |AOA459ZHEL |AOA459ZHEL LISMN/1-220
tr |AOA7X1DEM7 | AOATX1DEM7 9LIST/1-220
tr |AOA823IQR2 |AOA823IQR2 LISMN/1-220
tr|AOA608I6J4|A0A608I16J4 LISMN/1-220
tr|AOA4BIHTOL |[AOA4BIHTO1l LISMN/1-220
tr |AOASKIRME4 | AOASKIRME4 LISMN/1-220
tr |AOA5YIDN63 |AOA5YIDN63 LISMN/1-220
tr|AOA2Z5C3H3 |A0A2Z5C3H3 LISMN/1-220
tr |AOA660JIE3 |AOA660JIE3 LISIO/1-220
tr|AOA464T1T7 |AOA464T1T7 LISMN/1-220
tr |A0A940P7D9|AOA940P7D9 9ENTE/1-218
tr|AOAGILFA20 |AOA6ILFA20 9BACI/1-219
tr|AOATYOPP82 |AOATYOPP82 9BACI/1-219
tr|AOA941GKE7 |AOA941GKE7 NIACI/1-219
tr |AOA268FFD3 |AOA268FFD3 NIACI/1-219
tr |AOA3Q9BLGS | AOA3Q9BLG5 9LACT/1-220
tr |AOA6GTKB78 | AOA6GTKB78 9LACT/1-220
tr | AOA6GTWKI8 | AOA6GTWKI8 9LACT/1-223
tr |AOA847BBKY |AOA847BBK9 9LACT/1-223
tr |A0A940P492 |A0A940P492 9ENTE/1-220
tr |AOA956NVCY |AOAI56NVCY 9LACT/1-219
tr |AOAOR2J741|AOAOR2J741 CARML/1-219
tr |AOA2N5JHU6 | AOA2N5JHU6 CARML/1-219
tr |AOA8BS5W6F 9 |AOASBSW6F9 9LACT/1-219
tr |AOA4VIENSS |AOA4VIENS5 ENTAV/1-215
tr |AOR6I7ZGT6 |AOAGITZGT6 9ENTE/1-215
tr|AOASB5VUS2 |AOA8B5VUS2_ENTAV/1-215
tr |AOATHOFNPO | AOATHOFNPO ENTFL/1-216
tr|AOA4U3MF36|A0A4U3MF36_ENTFL/1-216
tr|AOA855UHG4 |AOA855UHG4_ENTFL/1-216
tr|AOA828QM83 |A0A828QM83 ENTFL/1-216
tr|E2Z0N3|E2Z0N3_ENTFL/1-216

tr |AOASB3RWLS |AOASB3RWL5 ENTFL/1-216



tr |AOALGL1SAAY |AOALGLISAAY9 ENTFL/1-216
tr|AOA6I4XUIO|AOA6I4XUIO ENTFL/1-216
tr |AOA9DIRQOL |AOA9DIRQOL 9FUSO/1-214
tr|AOA3GS5FBH3 |AOA3G5FBH3 9ENTE/1-216
tr |AOA3GS5F7I1|AOA3GS5F7I1 9ENTE/1-216
tr|AOA2H6CCD8 |AOA2H6CCD8 TETHA/1-216
tr |AOA3G5FG75|AOA3G5FG75 TETHA/1-216
tr|AOA829UCWY |AOA829UCW9 TETHA/1-216
tr |AOA6ISYDB2 |AOA6ISYDB2 TETHA/1-216
tr|AOA2H6DD88 |AOA2H6DD88 TETHA/1-216
tr|AOA851HWJI3 |AOA851HWI3 TETHA/1-216
tr|AOA2H6CYH3 |AOA2H6CYH3 TETHA/1-216
tr|AOA2W3Z0J1 |A0A2W3Z0J1 9ENTE/1-216
tr|D7UWF4 |D7UWF4 LISGR/1-216

tr|AOA940SYA9 |AOAS40SYA9 9ENTE/1-216
tr|AOA1Y3UQ19|AOALY3UQ19 9ENTE/1-216
tr|AOA9D2QNY7 |AOASD2QNY7 9ENTE/1-216
tr|AOATXINLV5 |AOATXINLVS 9ENTE/1-216
tr|AOA413AKU4 |A0A413AKU4 9ENTE/1-216
tr|AOAOH2Q4T5 |AOAOH204T5 9ENTE/1-216
tr|AOA9D2TUNO |AOASD2TUNO 9ENTE/1-216
tr|AOA9D2PGW7 | AOASD2PGW7_ 9FIRM/1-216
tr|AOA9D2F7P3 |AQOASD2F7P3 9ENTE/1-216
tr|AOA970FAW4 |AOAS70FAWA ENTSX/1-216
trlAOA3D1J8R6|AOA3D1J8R6_ENTSX/1—216
tr|AOA1V8Z0OI3 |AOALV8Z0I3 ENTGA/1-216
tr|AOATU6DUP4 |AOA7U6DUP4 9ENTE/1-216
tr|AOA376H0I4 |AOA376H0I4 ENTGA/1-216
tr|AOA415EPS8 |AOA415EPS8 ENTCA/1-216
tr|AOATT4GD50 |AOATT4GD50 ENTCA/1-216
tr|AOA8G1IWPT8 |AOASBGIWPT8 ENTCA/1-216
tr|AOA494SJC1 |AO0A494SIC1 ENTCA/1-216
tr|AOA505INMI |AOAS05INM1 9ENTE/1-216
tr |FOEFQ2 |FOEFQ2 ENTCA/1-216

tr |AOAL09Y4W3 |AOAL09Y4W3 ENTGA/1-216
tr|AOA291DM58 |A0A291DM58 9ENTE/1-216
tr |AOA939CBC2 |A0A939CBC2 ENTSX/1-150
tr|AOA2ATWPM4 |AOA2ATWPM4 9BACI/1-218
trlAOAZCOZTlO|AOA2COZT1079BACI/1—22O
tr|AOA4ROZFU9 |AOA4ROZFU9 9BACL/1-216
tr |AOA8B4X3V4 |AOA8B4X3V4 9BACL/1-216

tr|AOA248L9G7|AO0A248L9G7 9BACL/1-220
tr|AOA369KH43 |AOA369KH43 9BACL/1-220
tr|AOATHOV8I8|AOATHOV8I8 9BACL/1-220
tr|AOA419DMF6 |AOA419DMF6_9BACL/1-220
tr|AOATLSZWY8 |AOATL5ZWY8 9RHOB/1-221
tr|AOA4V2NPWS | AOA4V2NPWS_9BACL/1-221
tr|AOA4V2NNL4 |AOA4V2NNL4 9BACL/1-221
tr|AOABB4X8H9 |AOABB4X8H9 9BACL/1-221
tr|AOA4R0Z8M4 |AOA4R0Z8M4 9BACL/1-221
tr|AOA4ROZUNIL |AOA4ROZUNI_9BACL/1-221
tr|AOA559K782 |AOAS59K782 9BACL/1-222
tr|AOA2ATWNR3 |AOA2ATWNR3_9BACI/1-223
tr|AOA2C0ZWG1 |AOA2CO0ZWG1 9BACI/1-223
tr|AOA3RIN8S7 |AOA3RIN8ST 9BACI/1-223
tr|AOA940IK21|AO0A940IK21 9BACI/1-224
tr|AOA2G5RUS4 |AOA2G5RUS4_9BACI/1-229
tr|AO0A4S3L4M3 |AOA4S3L4M3 9BACI/1-229
tr|AOASESRVTS5 |AOASESRVTS 9BACI/1-222
tr|AOA9ESRY60|AOAOESRY60 9BACI/1-222
tr|C6J6W3|C6J6W3_9BACL/1-228

tr|AOA3P3TW86 |AOA3P3TW86 9BACL/1-225
tr|AOA090ZEJ6 |AOAO90ZEJ6_PAEMA/1-221
tr|AOAGNSEZLS |AOA6NSEZLS PAEMA/1-225
tr|AOA934J769|A0A934J769 9BACL/1-223
tr|AOA378XCLY|AOA378XCLY_PANTH/1-223
tr|AOA3A3GNAS5 | AOA3A3GNAS_PANTH/1-223
tr|AOA2WAGKDIL | AOA2W4GKD1_9BACL/1-223
tr|AO0A4V3B4R4 |A0OA4V3B4R4 9BACL/1-223
tr|AOA268EYUL |AOA268EYUL 9BACL/1-225
tr|AO0A269W238 |A0OA269W238 9BACL/1-225
tr|AOA328W8WO |AOA328W8WO_ PAELA/1-227
tr|AOA2A5LJIV2 |AOA2A5LJV2 PAELA/1-224
tr|AOA385TV84 |AOA385TV84 PAELA/1-224
tr|F3MDU9 |F3MDU9 9BACL/1-224

tr |AOA5C6VWCS | AOASC6VWCS5_9BACI/1-222
tr|AOA2C1K6Q4 |AOA2CIK6Q4 9BACI/1-221
tr|AOA941FT46 |AOA941FT46 O9BACI/1-221
tr|AO0A2STN226 |AOA2STN226 9BACI/1-221
tr|AOA5J6XUF3|AOA5J6XUF3_9BACI/1-222
tr|AOA2WIL5AT7 |AOA2WILSAT7 9BACL/1-223
tr|AOA2N5G3S9|AOA2N5G3S9_9BACI/1-224

175

tr |AOA3ROMIKS |AOA3RIMIKS 9BACI/1-224
tr|AOA2N5GSU3 | AOA2N5GSU3 9BACI/1-224
tr|AOA2T6G7D7 |AOA2T6G7D7 9BACL/1-221
tr|AOABJ3AQN2 | AOABJ3AQN2 9BACI/1-224
tr|AOA2NSGZT7|AOA2N5GZT7 9BACI/1-222
tr|AOA3C2CUI5|AOA3C2CUI5 BACSP/1-222
tr |AOA3ROE6G6 |AOA3RIE6G6 9BACI/1-222
tr|AOAB46TCF8|AOAB46TCF8 9BACI/1-222
tr|AOA944GX86|A0A944GX86 9BACI/1-222
tr|AOA4RSHFES | AOA4RSHFES 9ALTE/1-218
tr|AOA2S2E5N7 |AOA2S2E5N7 9ALTE/1-218
tr|AOA356BHN5 |AOA356BHN5 9GAMM/1-215
tr|AOA2G4YVPS5|AOA2G4YVP5 9PROT/1-215
tr|AOA972FR59|AOA972FR59 9GAMM/1-223
tr|AOA4R5VY47|AOA4R5VY47 9BURK/1-217
tr|AOA317IG90|A0A317IG90 9BACT/1-217
tr |AOA7X3G5A5|A0ATX3G5A5 9BURK/1-214
tr|AOASE3JSB1 |AOA9E3JSBl 9BURK/1-214
tr|AOA4Y9ST60|AO0A4YIST60 9BURK/1-213
tr|AOA7Y2JW57 |AOATY2JW57 9BURK/1-213
tr|AOA924AX92|A0A924AX92 9BURK/1-214
tr|AOA7G52JC5|AOA7G52JC5 9BURK/1-213
tr|AOATLOU7Z4 |AOATLI9U7Z4 9BURK/1-213
tr|AOA430HPBS |AOA430HPBS 9BURK/1-213
tr|AOA2D2DF33|A0A2D2DF33 9BURK/1-214
tr|AOA418XG46|A0A418XG46 9BURK/1-213
tr|AOAB48HEI4 |AOAB48HEI4 9BURK/1-213
tr |AOAGL6QPO0 |AOAGL6QPO0 9BURK/1-223
tr|AOA6L6QIVO |AOA6L6QIVO 9BURK/1-218
tr|AOATX2IJB6|AOATX2IJB6 9BURK/1-217
tr|WOV9S6|WOVIS6 9BURK/1-216

tr |AOAGATNOZO|AOAGATNOZO 9BURK/1-213
tr|AOAB43SDE2 |AOA843SDE2 9BURK/1-213
tr |AOAB45GN86|A0AB45GN86 9BURK/1-213
tr|AOA845G2E3|AO0A845G2E3 9BURK/1-213
tr|AOA845HIW2 |AOAB45HIW2 9BURK/1-213
tr|AO0A4YSSJ79|A0A4YISTT79 9BURK/1-213
tr|AOA6L6PIS1 |AOAGL6PIS] 9BURK/1-213
tr|AOATX4GTIC5|AOATX4GTC5 9BURK/1-213
tr|AOAGL8KXG3 |AOA6GL8KXG3 9BURK/1-213
tr|AOA6L5QCK2 |AOA6L5QCK2 9BURK/1-213



tr|AOA844D529|A0A844D529 9BURK/1-213
tr|AOATX4GZGT7 |AOATX4GZGT7 9BURK/1-213
tr|AOATX4KQV1 |AOATX4KQV1 9BURK/1-212
tr|AOAG6I3SWV3|AOAGI3SWV3 9BURK/1-215
tr|AOA4P7BJE3|AOA4PTBJE3 9BURK/1-214
tr|AOATUSY1Y7|AOATUSY1Y7 9BURK/1-214
tr|AOA2R4CH24 |AOA2R4CH24 9BURK/1-214
tr|AOATY6QK23|AOATY6QK23 9BURK/1-213
tr|AOA562PPF3|AOA562PPF3 9BURK/1-214
tr|AOA411X8D8|A0A411X8D8 9BURK/1-240
tr|AOA4V0Z4K1|AOA4V0Z4K1 9BURK/1-211
tr|AOAGI3XFES |AOAGI3XFES 9BURK/1-211
tr|AO0A919Y327 |A0A919Y327 9BACL/1-222
tr|AOA920CFR8|AOA920CFR8 9BACL/1-222
tr|AOA3P3U8Y7|AOA3P3U8Y7 9BACL/1-223
tr|AOA5SDOCY64 |AOASDOCY64 9BACL/1-223
tr|AOA3M7TQ88 |AOA3MTTQ88 9BACI/1-221
tr|AOATG5C485|A0A7G5C485 9BACL/1-223
tr|AOA916W6Y2 |AOA916W6Y2 9BACI/1-230
tr|AOA495A103|A0A495A103 9BACI/1-222
tr|AOAODOEPC3|AOAODOEPC3 9BACI/1-223
tr|AOA090J2K9|A0A090J2K9 9BACI/1-223
tr|AOA267TNJ7 |AOA267TNJI7_9BACI/1-223
tr|AOAGNSFN11|AOAGNSFN11 9BACI/1-224
tr |AOA365KWNY |[AOA365KWNY 9BACL/1-225
tr|AOATZ2NGU6 |AOATZ2NGU6 9BACL/1-225
tr|AOA5C5SZX3|AOA5C5SZX3 9BACL/1-227
tr |AOAS5C5TMX1 |AOA5C5TMX1 9BACL/1-227
tr|AOAST4FXA4 |AOABT4AFXA4 9ARCH/1-214
tr |AOA385NJIN7 [AOA385NINT 9BACI/1-226
tr|AOASBOWHOS5 | AOASBOWH95 9BACL/1-230
tr|AOASROFYI8|AOASRIFYI8 9BACL/1-226
tr|AO0A9J62922|A0A9J62922 9BACL/1-225
tr |AOABJ8SFC7|A0A8J8SFCT 9FIRM/1-216
tr|AOA841YEW2 |AOAB41YEW2 9LIST/1-214
tr|AOA841ZAG7|AO0A841ZAGT7 9LIST/1-219
tr|AOA4UOFD26|AO0A4UOFD26 9BACL/1-221
tr|AOAL174GVY9|AOAL174GVY9 9CLOT/1-220
tr|AOA3E3DMT7|AOA3E3DMT7 9CLOT/1-220
tr |AOA3A9SVS55|A0A3A9SV55 9FIRM/1-218
tr|AOA355SIP2|AOA355SIP2 9CLOT/1-214

tr |AOATC6KWV4 |AOATC6KWV4 THESZ/1-219
tr|A0A231VMQS5 |AOA231VMQ5 THETR/1-219
tr|AOA6IS5A6G2 |AOA6ISA6G2 9BACI/1-219
tr|AO0A4U2PZ95|A0A4U2PZ95 9BACL/1-218
tr|AOATHOYIN3 |AOATHOYIN3 9BACL/1-221
tr|AOA2K1EKK7 |AOA2K1EKK7 9BACL/1-221
tr|AOA8I1LRVI1|AOABI1LRV1 PAEPO/1-221
tr|AOA2N9Z7W2 |AOA2NIZTW2 PAEPO/1-219
tr |AOA2S6NXQ1 |AOA2S6NXQ1 9BACL/1-219
tr|AOA3G8R3M7|AOA3G8R3M7 9BACL/1-221
tr |E3ECE7 |E3ECE7_PAEPS/1-221

tr|AOA544WX53 |A0A544WX53 9BACL/1-221
tr|AOATX5N9Z2 |AOATX5N9Z2 PAEPO/1-221
tr|AOA5B8J215|A0ASB8J215 PAEPO/1-221
tr|AOATY8V6GY |AOATY8VEGY BACSP/1-227
tr|AOA5J4J9N0 |A0A5J4J9N0 9BACI/1-227
tr|AOA4V2WNT3 |AOA4V2WNT3 9BACL/1-211
tr|AOATX8IA92 |AOATX8IA92 9FIRM/1-214
tr|AOA7C6RPRY |AOATC6RPRY 9FIRM/1-215
tr|AOA7C8LG40|AOA7C8LG40 9FIRM/1-215
tr|AOATX8JQG6 |AOATX8JQG6 9FIRM/1-223
tr|AOA8J8MAD4 |AOA8J8MAD4 9FIRM/1-217
tr|AOA2N2AZ87 |AOA2N2AZ87 9FIRM/1-218
tr|AOA2N2EJW4 |AOA2N2EJW4 9FIRM/1-218
tr|AOATY8V382|AOATY8V382 BACSP/1-222
tr|AOA415J3V6|A0A415J3V6 BACLI/1-226
tr|AOATGTUV25 |AOATGTUV25 9BACI/1-226
tr|AOA6GT7JIAML |AOA6GTJIAMI 9BACI/1-226
tr|AOAGH3BAIZ2 |AOAGH3BAI2 9BACI/1-229
tr|AOA8BS5NLO4 |AOA8B5NLO4 BACIU/1-224
tr|AOAGHOH7B8 |AOAGHOH7B8 BACIU/1-226
tr |AOA6M3ZJJ7 |AOA6M3ZJJ7_BACSU/1-226
tr|AOABEOST7V4 |AOABE0STV4 9BACI/1-224
tr|AOA8I1IWC61|AOABIIWC61 BACIU/1-224
tr|AOAGA8FQCO|AOA6A8FQCO_BACIU/1-224
tr|AOAB09FTG2 |AOAB0IFTG2 BACIU/1-224
tr |AOA6HOWLV2 |[AOA6HOWLV2 9BACI/1-223
tr|AOA5D4NSX7 |AOASD4NS8XT7 BACIU/1-226
tr|G4P132|G4P132 BACS4/1-224

tr|AO0A2M8SV51 |A0OA2M8SV51 9BACI/1-224
tr |AOA3A5I083|A0A3A5I083 BACIU/1-224
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tr |AOAOJ6HAZT |AOAOJ6HAZT 9BACI/1-228
tr|AOA1C3S9Q2 |A0ALC3S9Q2 9BACI/1-227
tr |AOAS5MBRHD3 |AOASMBRHD3 9BACI/1-229
tr|AOA6ITFGWL |AOA6I7FGW1 9BACI/1-221
tr |AOA410DAM6 |A0A410DAM6 9BACL/1-220
tr|AOA4Q4IGM8 |A0A4Q4IGM8 9BACL/1-220
tr |A0A4Z0GJVO |A0A4Z0GIVO 9BACL/1-219
tr|AOA511ASB5|A0AS511ASB5 9LACT/1-220
tr |AOA5R9C516 |A0ASRIC516 9LACT/1-220
tr|AOA511HIT7 |AOAS11HIT7 9LACT/1-220
tr|AO0A4YSJ5L2 |AOA4Y9JI5L2 9LACT/1-217
tr|AOA6MOLALL |AOA6MOLALL 9LACT/1-219
tr |AOA7D7G6A6 |AOATD7G6A6 9LACT/1-219
tr|AOA5J6SMNO | AOASJ6SMNO 9BACI/1-227
tr |AOA7HBQFA3 |AOATHBQFA3 9BACL/1-231
tr|AOA3EOKORY |AOA3EOKORY9 9BACI/1-229
tr |AOA953HZB8 |AOA953HZB8 9BACI/1-229
tr|AOA494YTP8|AOA494YTP8 9BACI/1-224
tr|AO0A511W697 |AOA511W697 9BACI/1-229
tr|AOA7X9KYH6 | AOATX9KYH6 9FIRM/1-225
tr |AOA5C5E644 |AOASC5E644 9LACT/1-221
tr|AOASC5E5M3 | AOASCSESM3 9LACT/1-224
tr |AOA847D8P3|A0AB47D8P3 9LACT/1-221
tr|AOA6MOYJI3 |AOAGMOYJI3 CLOBO/1-215
tr|AOA1Z1SZP3|AOA1Z1SZP3 PROMI/1-214
tr|B4EUM4 |B4EUM4 PROMH/1-214

tr|AOAGNSHKD6 | AOAGNSHKD6 9BACI/1-223
tr|A0A371J5L0|A0A371J5L0 9FIRM/1-222
tr|AOAO31WIDS |AOAO31WIDS CLODI/1-226
tr|AOA125V6Y2|AO0AL25V6Y2 CLODI/1-226
trQ185x7|Q185X7 CLOD6/1-226

tr |AOAOH3N4MO |AOAOH3N4MO CLODC/1-226
tr|AOA921SZH2 |AOA921SZH2 9FIRM/1-219
tr |AOA943AQN6 |A0A943AQN6 9FIRM/1-219
tr |AOA090Y774 |AOA090Y774 PAEMA/1-224
tr|AOA3P3U240 |A0A3P3U240 9BACL/1-221
tr |AOA3S9V3A1|AOA3S9V3AL 9BACL/1-220
tr|AOAB50EMZ4 |AOAB50EMZ4 9BACL/1-222
tr |AOA1S2LIJ3|AOAIS2LIJ3 9BACI/1-223
tr|AOA417YILO|AOA417YILO 9BACI/1-226
tr|AOA6FIXTC2 |AOA6FIXTC2 9LACO/1-223



tr|AOA6FI9XNZO |AOA6FIXNZO 9LACO/1-223
tr |AOA226RGF0 |AOA226RGFO_9LACO/1-223
tr|AOA222W1X5|A0A222W1X5 9LACO/1-223
tr|AOA956SN91 |AOA956SN91 9LACT/1-223
tr|AOA1D2L6G6 |AOALID2L6G6 BROTH/1-222
tr |AOA2R8A497 |AOA2R8A497 CARDV/1-223
tr |AOASFOMG50 | AOASFOMG50 CARDV/1-223
tr |AOA7Z8CZFO|AOAT7Z8CZFO_CARDV/1-223
tr|AOASFOMN92 | AOASFOMN92 CARDV/1-223
tr |AOA7TIOFF23|AOATIOFF23 CARDV/1-223
tr |[AOA3COSN96 |AOA3COSN96 CLOSP/1-217
tr|EOE247|EOE247 9FIRM/1-213

tr |AOA929VNH4 |AOA929VNH4 SFIRM/1-213

tr|AOA135YWA8 |AOAL135YWAS8 9FIRM/1-213
tr|D3MS55|D3MS55 9FIRM/1-213

tr|AOA943ICM4 |AOA943ICM4 9FIRM/1-213
tr|AOA6NT7XHWS | AOAGN7XHWS 9FIRM/1-213
tr|AOA3Q9I7Q4 |AOA3Q9I7Q4 9BACL/1-225
tr|AOATX2Z4TI0|A0ATX2Z4I0 9BACL/1-222
tr|AOA544VH15|A0A544VHIS5 9BACL/1-227
tr|AOA974PI66|AOA974PI66 9BACL/1-218
tr|AOA358GQ99|A0A358GQ99 PAESP/1-232
tr|AOATM2ADR2 |AOA7TM2ADR2 9BACL/1-233
tr|AOA329QHP7 |AOA329QHP7 9BACL/1-229
tr|AOA2GT7LRA7 |AOA2G7LRA7_9BACL/1-225
tr|AOA510TT71|AOA510TT71 SLACO/1-223
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tr|AOA351DMZ3 |AOA351DMZ3 9LACO/1-223
tr|AOA5P8Q6V6 |AOASP8Q6VE 9LACO/1-223
tr|AOA419AYN]1 |AOA419AYN]1 PECCA/1-223
tr|AOAL25W3B5 |AOA125W3B5 ENTFL/1-216
tr|A0A42927Z7|A0A429Z727 9ENTE/1-215
tr|AOA2N2BKX0 |AOA2N2BKX0 9FIRM/1-224
tr|AOA925LG24 |A0OA925LG24 9FIRM/1-218
tr|D5Q3A9|D5Q3A9 CLODI/1-218

tr|AO0A371J728|A0A371J728 9FIRM/1-224
tr|AOATX8HVI5 |AOATX8HVI5 9FIRM/1-216
tr |AOASE3VRQ7|AOABE3VRQ7 9GAMM/1-215
tr|AOA2X2BX19|A0A2X2BX19 PROMI/1-106



7.13 Y19 sidechain morph animation
Movie S1 — Animation showing domain reorientation and burial of Y19. A morph (generated in
PyMOL) between the average coordinates from the ff15ipg-spceb-ecc-2whe simulation (2-3 ps) and
the NAC | complex (PDB: 2WF9). The protein surface is shown in grey. A cavity forms in the hinge

as the domain rotates, resulting from the displacement of Y19.
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