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solvent content of the crystals, reducing the mosaicity and therefore increasing the 

diffraction quality of the crystals.  

Four different dehydration methods were performed on the crystals using the 

same crystallization condition that resulted in the 3.9 Å structure (PEG 3350 and Na 

Malonate)105. Crystals from each method were screened on the home source. Method 

four, serial transfer of the cover slip, had the greatest increase in resolution in addition 

to being the easiest and most gentle method. Crystals were generated using this 

method with varying concentrations of precipitant in the reservoir (5-25%). Nine pucks 

containing 16 crystals in each puck were screened at the synchrotron at GM/CA 

Argonne. Only one crystal, the same crystal that was generated in the first attempt of 

this method, diffracted to a resolution of 2.69 Å. Dehydration resulted in a 14% 

decrease in the unit cell size (7,315,088Å3 to 66,312,048 Å3) resulting in an increase in 

resolution increasing the number of unique reflections 2.5 fold (33,660 to 87,354).  
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Figure 3.5 Initial crystals of PLPS/H169NT/R5P/Gln diffracted to 4 Å, density for the 
C-terminal tail (yellow sticks) was present for the backbone to residue 290 (2Fo-Fc 
omit density contoured at 1 σ; blue, Fo-Fc omit density contoured at 3 σ; green).  
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Table 3:6 Data collection statistics for the 3.9 Å structure of 
PLPS/H169NT/R5P/Gln.  

 

Structure of PLPS with amino ketone and γ-glutamyl thioester covalent adducts 

I obtained a crystal structure of intact PLPS (PdxS12PdxT12) with two covalent 

intermediates, the glutamate thioester of Cys78 in the glutaminase subunit (PdxT) and 

the R5P adduct at Lys81 in the synthase subunit (PdxS).  The crystal structure of the 

double covalent intermediate trapped PdxS in a closed conformation and is highly 

informative about conformational changes that occur during the catalytic cycle (Fig. 3.6).   

 The glutamate thioester intermediate at the nucleophilic Cys78 was stabilized by 

creating a PdxT variant in which Asn was substituted for His169 in the catalytic triad 

(Fig. 3.7)9.  The thioester appears at full occupancy all six PdxT subunits in the 

crystallographic asymmetric unit, as does the intermediate at PdxS Lys81 through the 

R5P C1 atom (Fig. 3.8).  Thus, the synthase active site is poised to receive ammonia.  

Formation of this synthase state apparently required both the glutaminase subunit 

Diffraction data
X-ray Source APS 23ID-D
wavelength 1.033
space group C2221

unit cell parameters (Å) 152.8, 255.5, 187.3
α, β, γ (°) 90, 90, 90
asymmetric unit 6 PdxS, 6 PdxT H169N
resolution limit (Å) 3.9 (4.04-3.9)
measured reflections 1424607
unique reflections 33660
avg. I/σI 22.9(4.37)
avg. redundancy 7.2(7.4)
completeness (%) 99.8(99.6)
Rsym 0.104(0.517)

PLPS/H169NT/R5P/Gln
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(PdxT) and also catalysis in its active site, i.e. formation of the glutamate thioester 

intermediate.  PdxS structural differences relative to the G. stearothermophilus PdxS-

only structures48 (Chapter 2), a B. subtilis intact PLPS structure9 and a T. maritima 

intact PLPS49 are limited to the synthase active site; there appear to be no changes in 

subunit contacts.  Similarly, the glutaminase active site and subunit exhibit no changes 

relative to the B. subtilis PLPS structure with the glutamate thioester intermediate9. 

Interaction of PdxT with PdxS sequesters the glutaminase active site from bulk solvent, 

in a manner that would slow the loss of labile ammonia generated in the glutaminase 

reaction.  The ammonia generation site faces the entrance to the PdxS β8/α8 barrel at 

the opposite end from the synthase active site.  The hydrophobic barrel interior is suited 

to diffusion of uncharged ammonia to the synthase active site.  
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Figure 3.6 PLPS overall architecture. A. The 24-subunit complex of PLPS (12 
PdxS (red and dark pink) and 12 PdxT (light gray and dark gray)). The catalytic 
triad of PdxT is shown in yellow ball-and-sticks. Glutamine is show in green ball-
and-sticks. The Lys81/R5P adduct shown in gray ball-and-sticks. The ordered C-
terminal tail of PdxS is shown in yellow sticks. B. A close up of the catalytic 
protomer of PLPS (1 PdxS (red): 1 PdxT (gray)). The β-strands of PdxS are shown 
in light pink.  

 
	
  

 

90°
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B. 
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Figure 3.7 The mutated form of PdxT (H169N) traps the glutamyl-thioester 
intermediate. Continuous density (green; Fo-Fc omit density contoured at 2.5 σ) is 
present for the covalent bond between glutamine (green, ball-and-sticks) and the 
nucleophilic cysteine (yellow, ball-and-sticks). 
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Figure 3.8 Double covalent intermediate orders the C-terminal tail. The C-terminal 
tail (yellow; Fo-Fc omit density contoured at 3 σ, blue; 2Fo-Fc omit density 
contoured at 1 σ ) of PdxS is ordered with the exception of the last four residues. 
The amino ketone adduct between Lys81 and R5P (blue; Fo-Fc omit density 
contoured at 2.5 σ).  

 

In contrast to the glutaminase active site, the synthase active site of the PLPS 

double covalent intermediate reflects a remarkable set of conformational changes 

relative to previous structures of G. stearothermophilus PdxS.  These changes 
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sequester the site from bulk solvent and provide more specific contacts with the R5P 

covalent intermediate (Fig. 3.9).  Three elements of the synthase structure are changed.  

Most dramatically, the C-terminal tail is ordered from residue 272-290, leaving only 

residues 291-294 without electron density.  Second, an internal peptide (residues 49-

56) becomes ordered and forms a short helix (α2a, residues 48-54) over the active site.  

Finally, helix α8' (236-240) shifts 3 Å towards the phosphate group of the covalent 

intermediate.  These structural elements meet at the synthase active site and interact 

with one another. 
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Figure 3.9 PdxS is in a closed conformation. Conserved structural elements bury 
the amino ketone intermediate into the core of PdxS (helices α2a and α8ʹ; green, 
KGEPG; purple/sticks, C-terminal tail; yellow/sticks).  

 

The shift of helix α8' brings backbone amides at its N-terminus (Gly235 and 

Ser236) within hydrogen bonding distance of the phosphate of the covalent intermediate.  

The phosphate is thus enclosed by α8' and the loops containing Gly153 and Gly214, 

which also form hydrogen bonds with phosphate oxygens.  An additional hydrogen bond 
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is formed with the Ser236 side chain.  The shifted position of helix α8' is stabilized by 

the formation of helix α2a, which delivers the invariant Arg53 side chain to the active 

site where it stabilizes the phosphate enclosure through hydrogen bonds with the 

Glu151 side chain and the Pro152 backbone carbonyl group (Fig. 3.9).  The conserved 

“KGEPG” loop (residues Lys149 - Gly153) is central to this closure of the active site 

through interactions with phosphate and with Arg53. The KEGPG loop is the only 

structural element that interacts directly with the covalent intermediate, helix α2a and 

the C-terminal tail. Substitutions were made to disrupt the interaction between helix α2a 

(Arg53) and the KGEPG loop (Glu151) (Table 3.7). The initial velocity of chromophore 

formation decreased significantly in comparison to the initial velocity of PLP synthesis. 

However, glutaminase activity was not significantly affected (Fig. 3.10).  
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Table 3:7 Initial velocity as percent wild type for PdxS variants.  

 

 

	
  

Figure 3.10 Glutaminase activity for PdxS R53 and E151 substitutions.  

 

PdxS Variant

Chromophore 
Formation (initial 
velocity as % WT)

PLP Synthesis 
(initial velocity as 

% WT) 
R53E 33 ± 0.4 29 ± 0.6
R53K 10 ± 0.7 41 ± 2.6
R53Q 1 ± 0.4 8 ± 1.6
R53A 3 ± 0.3 16 ± 1

E151Q 6 ± 0.6 36 ± 2.8
E151S 8 ± 1.3 51 ± 1.8
E151A 15 ± 0.2 55 ± 1.6
E291D 80 ± 3 85 ± 3.8
E291Q 69 ± 1.7 64 ± 2
E291A 72 ± 2 61 ± 5.6
R292K 23 ± 1.4 48 ± 1.2
R292E 4 ± 0.9 10 ± 0.5
R292Q 5 ± 1 17 ± 0.7
R292A 7 ± 0.4 23 ± 1.8
Δ271-294 0.4 ± 0.7 0.9 ± 0.1
Δ279-294 1 ± 0.6 5. ± 0.2
Δ287-294 7 ± 1.9 14 ± 1
Δ291-294 7 ± 1 15 ± 0.7
Δ294 20 ± 2.7 47 ± 2
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The C-terminal tail serves as a lid that covers helices α2a and α8' and the 

KGEPG loop, but does not directly contact the covalent intermediate. The tail is not fully 

ordered, but combination of densities from the six independent subunits in the 

crystallographic asymmetric unit permitted all but the last four amino acids to be built 

into electron density (Fig. 3.8).  Tail residues Pro285, Glu286, and His287 contact 

Arg53 and the KGEPG loop.  The C-terminal tail interacts with the PdxS core in a 

zippered network of hydrogen bonds alternating between side chain and backbone 

atoms.  For example, the His287 side chain (tail) forms a hydrogen bond with the 

Gly150 carbonyl (core, KGEPG).  The Gln290 side chain (tail) forms a hydrogen bond to 

the Glu112 backbone carbonyl (core) while the His115 side chain (core) forms a 

hydrogen bond to the Gly290 backbone amide. In all six monomers, density for the tail 

ends at Gln290 (Fig. 3.8). Interestingly, density for the tail ends near Arg137 (core) at 

precisely the binding site for phosphate in the R5P adduct at Lys149, for at Gln290 (Fig. 

3.8). The Gln290 backbone carbonyl forms a hydrogen bond to Arg137 (core) at 

precisely the secondary phosphate site for the phosphate in the R5P adduct at Lys149 

(Fig. 3.11), for phosphate in the PdxS free enzyme48, and for PLP phosphate in the 

yeast synthase structure50. Thus the ordered C-terminal tail is incompatible with 

phosphate-containing ligands in this site. Interestingly, the Lys149 side chain is outside 

the active site pointed towards the secondary phosphate site, unlike its position in the 

PdxS/R5P/NH3 structure.   
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Figure 3.11 C-terminal tail overlaps secondary phosphate binding site. The last 
observable residue (Gln290) of the C-terminal tail (yellow sticks) in the structure 
of PLPS/H169NT/Gln/R5P (red/gray sticks) binds to the same site as the second 
adduct phosphate (gray sticks) in the PdxS/R5P structure (magenta/cyan sticks). 

 

The entire length of the C-terminal tail is essential to chromophore formation. I 

made several C-terminal truncations (PdxSΔ271-294, PdxSΔ279-294, PdxSΔ287-294, 

PdxSΔ291-294 and PdxSΔ294) to evaluate whether the entire tail is essential to 

catalysis (Table 3.7). As expected, the tail truncations had no effect on the PdxT 

glutaminase activity (Fig. 3.12). All truncated variants had decreased chromophore 

formation and PLP synthesis, with a greater effect on chromophore formation. The 

reduction in activity was correlated with the size of the truncation, but removal of even 

one amino acid (Δ294) reduced activity five fold for chromophore formation and two fold 

for PLP synthesis (Table 3.7). The four residues not observed in this structure were 

Lys149-5RP

Gln290
C-terminal Tail
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Glu291-Arg292-Gly293-Trp294. Trp294 and Arg292 are the only conserved residues 

among these four. Substitutions at conserved Arg292 had a greater effect on both 

chromophore and PLP formation compared to substitutions at the non-conserved 

Glu291. Retaining the positive charge at position 293 (R292K) was least deleterious.  

	
  

Figure 3.12 Glutaminase activity for tail truncation variants.  

 

Discussion 

 Our studies present the first structure of intact PLPS with more than one 

substrate and an ordered C-terminal tail. Covalently trapping the amino ketone 

intermediate in PdxS and the γ-glutamyl thioester intermediate in PdxT was sufficient to 

promote a “closed” conformation of PdxS. The closed state results from multiple 

structural elements layered over the synthase active site protecting the R5P active site 
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by burying R5P in a solvent-inaccessible cavity within the core of PdxS. The structural 

elements responsible for this protection include helices α2a and α8ʹ, the KGEPG loop 

and the C-terminal tail. In addition to aiding in the closing of R5P active site, the C-

terminal tail hydrogen bonds to core residues residing on the adjacent subunit (Fig. 

3.13). Hydrogen bonds are formed between the carbonyl of Met275 (C-terminal tail) and 

the side chain of Arg60 (helix α2a in adjacent subunit), the carbonyl of Arg276 (C-

terminal tail) and the amide nitrogen of Val58 (neighboring of helix α2a), and the 

carbonyl of Gly155 (KGEPG loop) and the side chain of Arg60. Cooperativity was not 

observed in the activity of PLPS but these interactions connect adjacent subunits 

around the structural elements that facilitate the closing of PdxS. Consistent with the 

lack of cooperativity, the orientation of each subunit relative to its neighbors is 

unchanged by active site closure. These movements taken together reveal the 

mechanism for creating a protective cavity where the conversion of the amino ketone 

intermediate to the chromophore intermediate can take place. Perturbations of specific 

residues forming the interactions necessary to create the solvent inaccessible R5P 

cavity significantly decrease the ability of PdxS to generate the chromophore, 

suspending the remaining steps of catalysis.  
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Figure 3.13 Contacts between adjacent subunits. Residues on the C-terminal tail 
(yellow) of the PdxS red subunit form hydrogen bonds with core residues on the 
adjacent gray subunit.  

 I propose a model for the dynamic role structure plays in the catalytic mechanism 

of PLPS. This model is supported by the structure and is consistent with my and others’ 

biochemical data. The closed structure is a snapshot of PLPS in anticipation of 

converting the amino ketone intermediate to the chromophore intermediate. PdxS has a 

highly ordered catalytic mechanism in which structural changes ensure that each 

substrate is at the correct position at the correct step in catalysis. I propose that the 

closed state of PdxS is essential to the formation of the chromophore and is activated 

by the presence of covalent intermediates in both the glutaminase and synthase active 

sites. The solvent-inaccessible R5P active site allows for a safe incorporation of reactive 
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ammonia into the amino ketone intermediate. The effectiveness of the substrate cavity 

is dependent on tight regulation. 

The first step in preparation for chromophore formation is the formation of the 

solvent-inaccessible cavity. Changes in proteolytic susceptibility and tryptophan 

fluorescence demonstrated that the C-terminal tail changes conformation in the 

presence of substrates6. The closed structure confirms that the C-terminal tail acts as a 

lid induced by both the γ-glutamyl thioester and amino ketone covalent intermediates. I 

propose that the structural movements observed among the G. stearothermophilus 

structures are dependent on both covalent adducts and that PdxS closure occurs before 

the ammonia channel from PdxT to PdxS opens. Structures of PLPS from B. subtilis 

and T. maritima each contain one covalent modification (either the γ-glutamyl thioester 

intermediate or the amino ketone intermediate) and either one alone was not sufficient 

to order the C-terminal tail of the synthase subunit. Consistent with this hypothesis, both 

of the synthase structures reported in Chapter 2 are in an open conformation (Fig. 3.14). 

This suggests that the simultaneous closing of PdxS and the ordering of the C-terminal 

tail are only induced in preparation for ammonia incorporation into the amino ketone 

intermediate.  
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Figure 3.14 Comparison of PLPS/H169NT/R5P/Gln and PdxS/R5P/NH3. 
PLPS/H169NT/R5P/Gln (red) is in a closed conformation in comparison to other G. 
stearothermophilus structures (PdxS/R5P/NH3; teal).  

To protect the labile ammonia, the timing of ammonia release into the R5P active 

site requires regulation.  This regulation would prevent ammonia from entering into the 

cavity until the R5P active site is closed. One defining characteristic of GATs is the 

ammonia channel that transfers the ammonia generated in the glutaminase domain to 

the synthase domain5. The structure reported here supports the hypothesis that the 

R5P active site closes before the channel from PdxT to PdxS opens, due to a lack of an 

unobstructed tunnel between the two subunits. The proposed PdxS methionine-rich 

tunnel (residues 13,79,145 and 43) is closed in this structure with all residues in the 
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same positions as in previous structures of intact PLPS9,49. These observations support 

my hypothesis that the closed structure is a snapshot of PLPS before the channel 

between the two active sites opens.  

In addition to sequestering ammonia generated by PdxT and ensuring its safe 

incorporation into the amino ketone, the cavity would also protect the intermediate 

during a proposed C-N bond shift56. It has been proposed that the amino ketone 

intermediate experiences a C-N bond shift that switches the Lys81 attachment from C1 

to C5 upon chromophore formation56,57. Therefore, the solvent-inaccessible cavity 

serves dual purposes of protecting and incorporating ammonia and sequestering the 

intermediate during conversion from C1 attachment at Lys81 to C5 attachment. 

 PLPS differs from other GATs in the regulation of glutamine hydrolysis. The 

paradigm for GATs is that glutamine hydrolysis is prevented or diminished in the 

absence of the acceptor substrates, ensuring that the glutaminase and synthase active 

sites are coupled1. PLPS is the only known GAT in which the glutaminase activity does 

not depend on, nor is accelerated by, the synthase substrates8. In fact, glutamine 

hydrolysis is dependent only on the formation of the intact PLPS8.	
  One explanation for 

the unique PLPS behavior is that unlike other GATs all three substrates (glutamine, 

R5P and G3P) are readily available. The estimated intracellular concentrations of the 

substrates in bacterial cells are: DHAP (the isomer of G3P, which can also be used in 

the place of G3P40) 0.37 mM110, R5P 0.15 mM111 and glutamine 3.8 mM110. The Km 

values for the three substrates are drastically different (glutamine, R5P and G3P are 

600 ± 70 µM, 10 ± 2 µM and 1600 ± 400 µM). The Km for G3P is higher than the other 

two substrates suggesting that DHAP/G3P is the limiting substrate. I propose that once 
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the chromophore is formed, addition of G3P is solely based on the proper orientation 

with respect to the chromophore without the use of catalytic residues from the PdxS. 

R5P does not appear to be limiting, but the efficacy of chromophore occupancy when 

glutamine is the nitrogen source in comparison to ammonia adds a component of 

coupled activity54. The use of common metabolites as substrates to generate PLP, an 

essential co-factor, is the brilliance behind PLPS. Up to 1.5% of prokaryotic genes 

encode for PLP dependent enzymes, therefore, the demand for PLP as a cofactor is 

immense25. In combination with readily available substrates (glutamine, R5P and G3P) 

suggests that regulation of PLPS at the protein level is unnecessary and accounts for 

why the two active sites are uncoupled. Corynebacterium glutamicum ATCC 13032 

contains a gene, PdxR, which encodes a regulatory protein that controls the 

biosynthesis of PLP112. Therefore regulation of PLPS may be facilitated through another 

protein and not by the structure of PLPS.  
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Chapter 4  

CTPS: Probing the binding site of the allosteric effector GTP 

Summary 
Cytidine triphosphate synthetase (CTPS) is the sole biosynthetic route to CTP in 

prokaryotes and eukaryotes, and occurs through activated amination of UTP. The 

reaction is dependent on ammonia (obtained through glutamine hydrolysis), ATP and 

Mg+2. In addition to its substrates, CTPS activity is tightly regulated by the 

concentrations of CTP and GTP. CTP is an inhibitor and GTP is an allosteric activator. 

The activity of CTPS from the bacterium Aquifex aeolicus (Aa) is enhanced 3-4 fold in 

the presence of GTP with a Kact value of 1 µM77. In comparison to CTPS from other 

organisms, this is the lowest reported Kact. The current hypothesis is that GTP enhances 

the ability of CTPS to form the glutamyl thioester intermediate by facilitating a large 

conformational change that enhances glutaminase activity. Many biochemical methods 

have been used to probe the mechanism of GTP activation, resulting in the current 

hypothesis but no structural data are available to address the mechanism. I attempt to 

directly test the current hypothesis of GTP activation through structural biology. Using a 

glutamine analog (6-diazo-5-oxo-L-norleucine, DON) to mimic the glutamyl thioester 

intermediate, I co-crystallized Aa CTPS with UTP and GTP. In addition to X-ray 

crystallography, negative stain electron microscopy and thermal stability binding 

experiments were used to monitor structural changes brought about by GTP binding. 
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Introduction  
 Cytosine triphosphate synthetase (CTPS) is responsible for the conversion of 

UTP to CTP. In A. aeolicus, CTPS consists of a single polypeptide that includes an N-

terminal synthetase domain (266aa), an inter domain linker (18aa) and a C-terminal 

glutaminase domain (244aa)77. CTPS oligomerizes to form a homo-tetramer with D2 

symmetry to form an overall cross shape (Figure 4.1)87. The glutaminase domain of 

CTPS is classified as a Triad glutamine amidotransferase (GAT) that uses a Cys-His-

Glu catalytic triad to generate ammonia through glutamine hydrolysis. The ammonia is 

channeled to the synthetase domain where UTP is activated through phosphorylation by 

ATP7. Nucleophilic attack by ammonia displaces phosphate converting UTP to CTP7. 

Glutaminase and synthetase activities are tightly coupled, and the glutaminase activity 

is dependent on the presence of the acceptor substrate UTP77. Nucleotide levels tightly 

regulate CTP formation. In addition to binding the substrates UTP and ATP, the product 

CTP is a potent inhibitor and GTP is an allosteric activator67-70.  

The mechanism of GTP activation has remained a mystery. Structures of CTPS 

from several biological sources have been determined with various combinations of 

substrates80,87,113,114. In all of the structures the glutaminase active site is open to 

solvent and remote from the synthetase active site. It is unknown how CTPS sequesters 

labile ammonia and channels it to the acceptor substrate. Kinetics, thiol reactivity 

experiments, mutagenesis and activity assays support a hypothesis for GTP activation 

in which GTP facilitates a conformational change that enhances the ability of CTPS to 

form the glutamyl thioester intermediate and also an ammonia channel between the 

glutaminase and synthetase active sites71,78,115,116. Using the knowledge gained from 
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biochemical assays I attempted to answer two important questions: where is the GTP 

binding site and how is the ammonia channel formed?  

	
  

Figure 4.1 CTPS homo-tetramer. Each monomer consists of two domains, a 
glutaminase domain (purple) and a synthetase domain (teal). The domains are 
separated by an interdomain linker (orange)77.  

 

 Like most amidotransferases, CTPS can use either glutamine or ammonia as a 

nitrogen source. GTP increases the rate of CTP synthesis when glutamine is the 

nitrogen source while having no effect when NH3 is the nitrogen source	
  suggesting that 

GTP has no effect on steps subsequent to glutamine hydrolysis71. The rate-limiting step 

for glutamine hydrolysis is the formation of the glutamyl thioester intermediate. GTP 

both decreases the Km for glutamine and increases the kcat for glutaminase activity71.  
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Biochemical experiments with glutamine analog inhibitors revealed that GTP activation 

was abolished when the glutamylation step was interfered with, that GTP increases the 

rate of modification of the nucleophilic cysteine 8-fold, and that GTP decreases the Ki 

10-fold71,78,115. CTPS activation does not consume GTP76. Tests with analogs 

demonstrated that the sugar, base and triphosphates are all required for activation and 

binding 117. GTP specificity was demonstrated as a requirement for the 2-amino 

substituent on the guanine base68,117.  

Two regions of CTPS have been implicated in GTP activation and proposed as 

binding sites (Fig. 4.2). Sequence alignments identified a region on the glutaminase 

domain (residues 438-444) where substitutions decreased GTP activation87,118,119. 

Scanning alanine mutagenesis identified a region on the synthetase domain (residues 

111-130) where substitutions impaired GTP activation and glutamine-dependent CTP 

synthesis87,116. The distance between the two sites is 25 Å within one subunit and 15 Å 

between adjacent subunits (Fig. 4.2)87. If GTP bridges the sites, a large conformational 

change would be needed to bring the sites in proximity.  

Additionally, temperature factor analysis of crystal structures revealed that the 

domain interface is flexible, suggesting that the glutaminase domain may move closer to 

the synthetase domain during catalysis87. A series of CTPS structures from Thermus 

thermophilus revealed a hinge motion of 25° between the domains in nonphysiological 

conditions and a minimum distance between the two active sites of 7 Å87. Other 

evidence of large-scale flexibility includes an ATP/UTP-induced change in the tetramer 

hydrodynamic radius observed by dynamic light scattering87. The best example of 

changes to the overall shape of the homo-tetramer induced by substrate/product 
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binding is that of Aa CTPS. Crystal structures of product-inhibited and substrate bound 

CTPS differ by a 3.6° rotation between the synthetase domains, supporting the ability of 

CTPS to rearrange the interfaces between adjacent subunits77.  

	
  

Figure 4.2: Proposed GTP binding sites. Two regions have been proposed as 
potential GTP binding sites (green), one on the glutaminase domain (purple) and 
one on the synthetase domain (teal). These regions are located 15-25 Å apart. 
Glutaminase catalytic triad; yellow spheres, UTP binding site; gray spheres.   

Structural studies of CTPS treated with DON suggest that the glutamyl thioester 

intermediate in the presence of GTP induces conformational changes within CTPS, as 

the cysteine thiol groups of CTPS are less reactive when CTPS is treated with DON 
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verses glutamine115. All GATs must sequester labile ammonia and channel it to the 

synthetase active site. An ammonia channel within CTPS has not been visualized77,87. 

CTP is produced in a one to one ratio with UTP, ATP and glutamine/NH3 consumption76
. 

Glutaminase activity is inhibited by ammonia supporting one pathway/site for ammonia76. 

The conformational change induced by the formation of the glutamyl-intermediate 

and/or GTP binding may also form the ammonia channel.  

The objective was to use structural and binding experiments to elucidate the GTP 

binding site of CTPS from the bacterium Aquifex aeolicus. CTPS was co-crystallized in 

the presence of DON in an attempt to observe the conformation of CTPS as the 

glutamyl intermediate and to provoke the binding of GTP. The resulting structure was 

not significantly different than other structures, no ammonia channel formed, and a 

novel nucleotide-binding site was not identified. Mutagenesis was used in an attempt to 

escape the predominant crystal form. Unfortunately the familiar CTPS tetramer and 

crystal form occurred with the variant. Binding experiments were conducted on an 

excised glutaminase domain and the full length Aa CTPS in order to distinguish whether 

GTP binds solely to the glutaminase domain or to both domains. GTP had no stabilizing 

effect on either protein. A construct of the excised synthetase domain was unsuccessful 

due to folding and solubility problems.  

 

Experimental Procedures  

Cloning of A. aeolicus CTPS 

The plasmid pET28a-CTPS77 was used for all mutagenesis and sub-cloning. 

Substitutions were generated by site directed mutagenesis (QuikChange by Strategene). 
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The glutaminase domain of CTPS was generated by sub-cloning a construct encoding 

amino acids 273-531. Primers are listed in Table 4.1/4.2.  

Table 4:1 Primers used for SDM. 

 

 

Table 4:2 Primers used to generate excised glutaminase domain. 

 

Expression and Purification of CTPS. 

The growth conditions for each protein and protocols for purification are listed in Table 

4.3. Cells of E. coli strain BL21 pRARE(DE3) were transformed with the appropriate 

expression plasmid, grown at either 25°C or 37°C in Luria-Bertani (LB) or Terrific Broth 

(TB) medium containing 50 mg/mL kanamycin and spectinomycin for approximately 20 

hr without induction or until OD600 reached 1. Once the OD600 reached 1 the 

temperature was reduced to 20°C for 1 hr, expression was induced with 100 µM IPTG, 

and cultures were incubated 12-16 hr. Cells from a 1 L culture were harvested by 

centrifugation, re-suspended in 40 mL lysis buffer (20 mM MOPS pH 7.5, 50 mM NaCl, 

2 mM MgCl2), lysed by sonication, and centrifuged at 18,000 x g. CTPS from the 

hyperthermophile A. aeolicus was purified from E. coli proteins by heat treatment. The 

supernatant was heated 10 min at 80°C, centrifuged 20 min at 18,000 x g. The 

Plasmid Name Mutation Expression Vector Direction Primer
pCTPSH502N H502N pET28a Forward 5ʹ-CTTGAACTCGGGGTTGAACTGACATCCCA-3ʹ

Forward 5ʹ-GAACGTTCTCGGATTTAGTAGCGCAAACTCAACGGA-3ʹ
Forward 5ʹ-GGAGTTCGACCCCCATACACCGTTCCC-3ʹ
Forward 5ʹ-CTCGAAGAAATGGGCTACGAGGTTACCCTCCAGAAGCT-3ʹ
Forward 5ʹ-AAGACTGAACCTTGAACACGAGGAAGTTAACCTCGGGAAG-3ʹ
Forward 5ʹ-ACCTCGGGAAGTGGAAGGAGATAGTAAACGTCCTA-3ʹ
Forward 5ʹ-CGCAAGGAACGTTCTCGGATTTAGTGACGCAAACTCAAC-3ʹ
Forward 5ʹ-GGAGTTCGACCCCCATACACCGTTCCC-3ʹ

Primers for SDM

pCTPSXtal_1 N395S/D404H pET28a

R34E/R268E/K277E/
N395D/D404HpCTPSXtal_2 pET28a

Forward 5ʹ-GCGCCATGGGGAAGTGGAAGAAGATAG- 3ʹ
Reverse 5ʹ-GCGAAGCTTCTACGTAACTTTCTCTT-3ʹ

Forward GCGCCATGGCTAAATACATCTTCATC
pCTPS_Synw/Linker 1 285 Reverse GCGAAGCTTCTACGGGTTTCTTAGGACG
pCTPS_Synw/oLinker 1 Reverse GCGAAGCTTCTACCCGAGGTTAACTTCCC

start GCGCCATGGCTAAATACATCTTCATC
stop GCGAAGCTTCTACGTAACTTTCTCTT

Primers for Sub-Cloning

Expression Vector Direction PrimerPlasmid Name Start End

CTPS_Start

273 531pCTPS_Gln pET28a
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supernatant was re-heated and centrifuged in the same manner. The supernatant was 

incubated 2 hr with 90U/mL of Benzoase Nuclease (Sigma-Aldrich) at 37°C. CTPS was 

then purified on an S200 column (HiLoadTM 16/60 SuperdexTM S-200 HR, GE 

Healthcare) using 20 mM Tris pH 8.5, 50 mM NaCl, 5% glycerol. The excised 

glutaminase domain was not stable to heat purification. After lysis and centrifugation, 

the supernatant from cells bearing pCTPS_Gln was filtered and loaded onto an ion 

exchange column (HiTrapTM FF, GE Healthcare). Bound protein was eluted with a linear 

gradient of 0.05-1 M NaCl in lysis buffer. Pooled fractions containing the glutaminase 

domain were further purified on the S200 column using 20 mM Tris pH 7.9, 500 mM 

NaCl, 2 mM MgCl2,
 5% glycerol. Gel filtration fractions were monitored by A280, A260 and 

SDS-PAGE (Fig. 4.3).  Purified proteins were concentrated to ~10 mg/mL and stored at 

-80°C.  
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Figure 4.3 SDS PAGE of Full length CTPS and the excised glutaminase domain. A. 
Each full-length monomer of CTPS has a molecular weight of 60.3 kDa. B.  The 
excised glutaminase domain has a molecular weight of 29.9 KDa. CL: crude 
lysate, SF: Soluble fraction, PF: pellet fraction, H1: Post heat treatment 1, H2: 
Post heat treatment 2.  
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Table 4:3 Growth specifics for each construct. 

 

DON inactivation 

Inactivation reactions were carried out at 75°C in a reaction mix containing 20 µM CTPS, 

50 mM MOPS pH 7.9, 20 mM MgCl2, 5 mM KCl, 5 mM ATP, 0.5 mM UTP, 5 mM GTP, 

50 mM glutamine and 0-250 µM DON. DON inactivation was monitored by assaying 

residual glutaminase activity using a coupled reaction with glutamate dehydrogenase 

(GDH)8. Aliquots (40 µL) were removed at 5-20 min and quenched with 10 µL 200 mM 

ethylenediaminetetraacetic acid (EDTA) to remove all nucleotides from the enzyme. 

GDH reactions were carried out at 37°C in a total reaction volume of 200 µL containing 

40 µL of the quenched DON reaction, 100 mM Tris-HCl pH 8.5, 50 mM KCl, 0.375 mM 

3-acetylpyridine adenine dinucleotide (APAD+) and 1.8 µM GDH (Sigma). Glutamate 

formation was monitored by GDH reduction of APAD+ to APADH detected at 363 nm 

using a SpectraMax M5 Multi-Mode Microplate Reader (Molecular Devices).    

Crystallization 

Wild type CTPS/DON/GTP/UTP was crystallized at 4°C via hanging drop vapor diffusion 

using 1 µL protein solution (7 mg/mL CTPS, 20 mM Tris-HCl pH 8.5, 50 mM NaCl, 5% 

(v/v) glycerol, 20 mM GTP, 5 mM UTP and 360 µM DON) and 1 µL reservoir solution 

(31% (w/v) PEG 3350, 250 mM Na citrate). CTPS was pre-incubated with DON before 

Plasmid Media Purification

pCTPS LB Heat/S200
pCTPSH502N LB Heat/S200
pCTPSXtal_1 LB Heat/S200
pCTPSXtal_2 TB Heat/S200
pCTPS_Gln TB Ion Exchange/S200
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the addition of the other substrates. Crystals appeared within 2 days, grew over 14 days, 

and were cryo-protected with 20% ethylene glycol in reservoir solutions and flash-

cooled in liquid nitrogen.  

CTPS N395S/D404H was crystallized at 20°C via hanging drop vapor diffusion using 1 

µL protein solution (6 mg/mL CTPS, 20 mM Tris-HCl pH 8.5, 50 mM NaCl, 5% glycerol, 

20 mM GTP, 5 mM UTP and 200 µM DON) and 1 µL reservoir solution (1.55 M Na 

citrate). CTPS was pre-incubated with DON before the addition of the other substrates. 

Crystals appeared within 2 days, grew over 14 days, and were cryo-protected with 15% 

ethylene glycol in reservoir solutions and flash-cooled in liquid nitrogen.  

Wild type CTPS/DON/GTP was crystallized at 4°C via hanging drop vapor diffusion 

using 1 µL protein solution (7 mg/mL CTPS, 20 mM Tris-HCl pH 8.5, 50 mM NaCl, 5% 

(v/v) glycerol, 20 mM GTP and 360 µM DON) and 1 µL reservoir solution (2.1 M DL-

Malic acid pH 7.0). CTPS was pre-incubated with DON before the addition of GTP. 

Crystals appeared within 2 days, grew over 14 days, and were cryo-protected with 15% 

(v/v) ethylene glycol in reservoir solutions and flash-cooled in liquid nitrogen.  

X-ray Data Collection and Processing:  

Data were collected at the Advance Photon Source (APS) at the GM/CA facility. Data 

were processed with MOSFLM120 and HKL2000 (Table 4.4/4.5)91. Data were scaled and 

merged with SCALA121 in the CCP4 suite95. Initial phases for each structure were 

determined by molecular replacement using the program phaser93. The structure of 

CTPS/UTP/ANP77 was used to solve both the wild type structures 

(CTPS/UTP/GTP/DON and CTPS/GTP/DON) while, the structure of CTPS/CTP/ADP77 

was used to solve the CTPS/N395S/D404H/GTP/UTP/DON structure. Iterative model 
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building was done in COOT94 and refinement was carried out with REFMAC95. Link 

records for the covalent modification of Cys376 with DON were generated using the 

coordinates for CYD from the structure of the human CTPS 2 glutaminase domain in 

complex with DON (PDB 2V4U). The library file for CYD was generated using 

PRODRG99. The final model was validated with MolProbity (Table 4.5 and Fig. 4.4)101.  

Table 4:4 Scaling statistics for CTPS/DON/UTP/GTP and CTPS 
N395S/D404H/DON/UTP/GTP. 

	
  
 

	
  

Overall InnerShell OuterShell
Low resolution limit 59.91 59.91 2.00
High resoultion limit 1.90 6.01 1.90

Rmerge 0.055 0.031 0.609
Rmerg in top intensity bin 0.039

Rmeas 0.06 0.034 0.757
Rpim 0.023 0.013 0.431

Total number of observations 352269 12803 18299
Total number of unique 56162 1934 5940

Mean ((I)/sd(I)) 16 35.6 1.9
Completeness 92.6 94.5 68.2

Multiplicity 6.3 6.6 3.1

Overall InnerShell OuterShell
Low resolution limit 59.45 59.45 3.16
High resoultion limit 3.00 9.49 3.00

Rmerge 0.217 0.144 0.453
Rmerg in top intensity bin 0.18

Rmeas 0.262 0.175 0.545
Rpim 0.144 0.098 0.299

Total number of observations 136049 4244 19857
Total number of unique 46521 1425 6948

Mean ((I)/sd(I)) 3.8 6.4 1.7
Completeness 87.8 82 90.2

Multiplicity 2.9 3 2.9

CTPS/DON/UTP/GTP

CTPS/N395S/D404H/DON/UTP/GTP
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Table 4:5 Crystallographic data and refinements statistics for 
CTPS/DON/UTP/GTP, CTPS N395SD404H/DON/UTP/GTP and CTPS/DON/GTP. 

 

CTPS/DON/UTP/GTP
CTPS 

N395S/D404H/DON/UTP
/GTP

CTPS/DON/GTP

Diffraction data
X-ray Source APS 23ID-D APS 23ID-B APS 23ID-D
wavelength 1.033 1.033 1.033
space group I222 P21 I222
unit cell parameters (Å) 89.3, 119.8, 143.2 105.1, 117.0, 111.2 89.6, 119.5, 142.6
α, β, γ (°) 90, 90, 90 90, 100, 90 90, 90, 90
asymmetric unit 1 4 1
resolution limit (Å) 1.9 (2.0-1.9) 3.0 (3.16-3.00) 2.48 (2.54-2.48)
unique reflections 53182 46521 27326
avg. I/σI 16 (1.9) 3.8 (1.7) 25.5 (3.7)
avg. redundancy 6.3 (3.1) 2.9 (2.9) 7.4(7.4)
completeness (%) 92.6 (68.2) 90.2 (87.8) 99.7 (100)
Rsym 0.06 (0.61) 0.22 (0.45) 0.06 (0.60)
Refinement 
data range (Å) 59.9-1.9 59.5-3.0 50.0-2.48
Reflections 53265 44005 25852
R/Rfree (%) 21.2/24.6 28.8/36.9 22.4/29.1
RMS deviations
bonds lengths (Å) 0.006 0.014 0.014
bond angles (deg) 1.050 1.663 1.840
average B factors (Å2)
protein 42.8 44 N/A
water 54.1 N/A N/A
ligands 50.5 N/A N/A
Ramachandran
Favored (%) 97.9 N/A N/A
Allowed(%) 1.5 N/A N/A
Outlier (%) 0.6 N/A N/A
Number of Atoms
Protein 4221 16736 N/A
Water 224 N/A N/A
Ligands 58 N/A N/A
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Figure 4.4 Ramachandran plot for CTPS/DON/UTP/GTP. Ramachandran plots for 
CTPS/DON/UTP/GTP indicate that 97.9% of all residues were in favored regions 
and 99.4% of all residues were in allowed regions. Plots were generated using 
Molprobity101. 
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Electron Microscopy  

Purified Aa CTPS (5 µL of 2 mg/mL) was incubated at 75°C for 5 min in 15 µL of activity 

buffer (50 mM Tris 8.5, 10 mM MgCl2, 1 mM UTP, 1 mM ATP, ± 0.2 mM GTP, ± 10 mM 

Gln, ± 0.4 mM DON). Based on test images the sample was diluted to a protein 

concentration of 0.03 mg/mL, applied to a carbon-coated grid, and stained with 0.75% 

uranyl formate using standard protocols122. A Morgagni 286(D) transmission electron 

microscope equipped with a mounted Orius SC200W CCD camera was used for 

imaging.  

Stability Experiments 

The stability of full length CTPS or the excised glutaminase domain was assayed by 

fluorescence-based thermal shift using a ThermoFluor® 384 system. Denaturation was 

carried out in a total volume of 7 µL containing 5 µM protein in storage buffer (gel 

filtration buffer for either the full-length CTPS or the glutaminase domain), 0.2 mM 8-

anilino-1-naphthalenesulfonic acid ammonium salt (ANS; Sigma-Aldrich) and 2 µL 100% 

silicone oil. ANS fluorescence was measured in 1°C increments from 37°C-95°C (30 

sec incubation at the test temperature followed by 30 sec incubation at 37°C). In order 

for the full length CTPS to melt at a temperature within the range of the instrument, the 

test solution contained 1.0 M guanidinium chloride. Substrate effects on melting 

temperature were determined with 2.5 mM glutamine, 30 µM GTP, and 2.5 mM UTP.  
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Results 

CTPS with DON modified nucleophilic cysteine.   

 I determined the structure of CTPS modified with DON and co-crystallized with 

UTP and GTP in an attempt to elucidate the GTP binding site. The concentration of 

DON to ensure 100% occupancy was assayed before co-crystallization (Fig 4.5), and a 

DON concentration twice the CTPS concentration was used for crystallization. The 

homotetramer is similar in overall structure to the free enzyme and nucleotide 

complexes of Aa CTPS77. Crystals were isomorphous with the crystals of Aa CTPS 

nucleotide complexes (I222) with one monomer in the asymmetric unit. There is clear 

evidence of covalent modification of the nucleophilic Cys376 with DON (Fig. 4.6B). DON 

forms many interactions with the protein, including hydrogen bond of the C2 ketone with 

the amide nitrogen of Gly349, the Cα amino group with the carbonyl of Gly349 and the 

side chain of Glu400, and the Cα carboxylate with the side chain of Gln380 and the 

amide nitrogens of Tyr458 and Arg457 (Fig. 4.6A).  

 

	
  

Figure 4.5 DON inactivation of Aa CTPS glutaminase. Glutaminase activity was 
assayed in the presence of varying concentrations of DON in order to determine 
the concentration (20 µM CTPS) needed to modify 100% of the glutaminase active 
sites in the crystal. 
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Figure 4.6 Nucleophilic Cys376 modified with DON. A. DON (gray sticks) 
interacts with many conserved residues (cyan sticks). B. Strong density (green; 
Fo – Fc, omit density contoured at 3 σ,) is present for the covalent modification 
of Cys376 (gray sticks) of the catalytic triad (gray sticks). 

	
  

In the synthetase domain the known UTP site has strong density for triphosphate, 

but no density for ribose or uracil (Fig. 4.7A). The triphosphate group forms hydrogen 

bonds with the side chains of Lys186, Thr187, Gln191 and Lys222 and the amide 

nitrogen of Thr187 of the adjacent monomer (Fig. 4.7C). Intriguingly, UTP also binds to 

the ATP site (Fig. 4.7B/4.8). The triphosphate group forms hydrogen bonds with the 
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side chains of Lys17, Lys 301 and Ser14 and the amide nitrogens of Gly18, Lys17, Gly 

16 and Leu15. The 5-oxolane on the sugar forms a hydrogen bond to the side chain of 

Arg 210. The uracil base forms hydrogen bonds with the carbonyl of Pro238 and the 

amide nitrogen of Leu240. Many of these residues interact with ATP in the nucleotide 

complexes of Aa CTPS77.  
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Figure 4.7 Nucleotide binding. A. Triphosphate and UTP density (green; 
Fo- Fc; omit density contoured at 3 σ). The triphosphate is in the UTP site, 
and UTP (gray sticks) is in the ATP site. B. UTP interactions (stereo). C. 
Triphosphate interactions (stereo). 
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Figure 4.8 Superposition of CTPS/DON/UTP/GTP (red) with the CTPS/UTP/ANP 
structure (blue) show that UTP binds exactly where ANP (yellow) is bound and 
the triphosphate group binds exactly where the triphosphate group of UTP 
(green) binds77. 

 

Disrupting the I222 crystal contacts. 

 All structures of A. aeolicus CTPS are from crystals of the same space group 

I222 (Fig. 4.9A). If the hypothesis is correct that GTP induces a large CTPS 

conformational change, then the conformation favored by crystal packing may prevent 

observation of other CTPS conformations. To overcome this, site directed mutagenesis 

was conducted on non-conserved residues participating in the sole tetramer-tetramer 
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crystal contact in order to prevent this interaction. These residues reside on a non-

conserved loop in the glutaminase domain (residues 392-407) that is in the same 

orientation in all known Aa CTPS structures. I attempted to disrupt a salt bridge 

between Asp404 and a Lys277 and a hydrogen bond between Asn395 and the 

backbone carbonyl of Glu29 (Fig. 4.9B). Asn395 was substituted with serine and 

Asp404 with histidine. Diffraction quality crystals were obtained with this variant and a 

structure was determined at 3 Å in a new space group P21. Unfortunately, after 

molecular replacement and comparison with previous Aa CTPS structures, the overall 

organization was exactly the same and GTP binding was not observed. Other attempts 

to crystallize Aa CTPS with GTP included inactivating the glutaminase domain through 

substitution of the catalytic histidine with asparagine to prevent the release of glutamate 

in order to trap the natural glutamyl thioester. Diffraction quality crystals were obtained 

and structures were determined but none contained either GTP or the thioester 

intermediate in the glutaminase active site. A second variant of Aa CTPS was 

generated with more substitutions at the crystal contact either on the loop previously 

identified or in the synthetase domain on the opposite side of the crystal contact (R34E, 

R268E, K277E, N395D and D404H) (Fig. 4.9C). Crystals obtained with this variant were 

not of diffraction quality.  
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Figure 4.9 Disrupting the crystal contacts of Aa CTPS. A. Crystal packing in the 
predominant I222 crystal form. Only one synthetase-glutaminase contact between 
tetramers is needed to build the lattice (cyan). B. Crystal contact of Asn395 and 
Asp404 (purple) on the non-conserved glutaminase loop (cyan). CTPS 
N395S/D404H was constructed. C. Non-conserved synthetase loops in crystal 
contact. CTPS/N395S/D404H crystallized isomorphously with wild type so Arg34, 
Arg268 and Asp404 (orange) at this contact were substituted. 

Effect of GTP on the thermal stability of CTPS. 

  Based on sequence alignments, scanning alanine mutagenesis and limited 

proteolysis, two different regions on CTPS are implicated as the GTP binding 

site116,118,119. I considered two possibilities for GTP binding: either GTP binds to a single 

domain or a conformational shift brings the two regions together into a single GTP 
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binding site. In order to distinguish between these hypotheses, I tested the effect of 

individual substrates and combinations of substrates on the thermostability of the 

excised glutaminase domain and the full length CTPS. Constructs encoding an excised 

synthetase domain were also generated but the excised domain was insoluble. Full 

length CTPS unfolded outside the range of the instrument, so guanidinium chloride was 

used to shift the melting temperature (Tm) within the instrument range (Fig. 4.10A). All 

substrates and GTP had a stabilizing effect on CTPS, with UTP having the largest effect 

(Fig. 4.10B/C). Observed effects on the full-length protein are expected to be larger in 

the absence of a denaturing agent. Glutamine and GTP had little effect separately or 

together on the excised glutaminase domain (Fig. 4.10D/E). The effects of glutamine 

and GTP on the full-length protein, in contrast to their effects on the excised 

glutaminase domain, suggest that the glutaminase domain does not experience normal 

binding without the synthetase domain. These results do not eliminate the possibility 

that GTP binds solely to the glutaminase domain.  
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Figure 4.10 Effect of substrates and GTP on the thermal stability of Aa CTPS and 
the excised glutaminase domain. A. Effect of GuCl on CTPS Tm. 1.0 M GuCl was 
chosen to place the thermal transition within the operating range of the 
instrument. B. Melting curves for CTPS with substrates and GTP. C. Effect of 
substrates and GTP on CTPS Tm. D. Melting curves for the glutaminase domain 
with glutamine and GTP. E. Effect of glutamine or GTP on glutaminase domain Tm.  

Solution structure studies on the effect of substrates on the CTPS tetramer.  

 In Caulobacter crescentus and E. coli cells CTPS was reported to form structural 

filaments123. Filament formation could be reconstituted in vitro, and was dependent on 

glutaminase activity and disrupted by DON123. The published experiments were 
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conducted in the presence GTP, glutamine, ATP, Mg+2 and UTP. Based on the reported 

dependence of the filament phenotype on glutaminase activity and the GTP 

enhancement of glutaminase activity, I hypothesized that understanding the filament 

structure may provide clues about the GTP binding site. I also wanted to test whether 

filament formation is dependent on GTP. With help from Dr. Georgios Skiniotis, we 

tested for filament formation using negative stain EM. However, under the published 

conditions filament formation for Aa CTPS was not observed. At this resolution I did not 

observe any large-scale conformational changes in the absence or presence of GTP or 

when DON was used instead of glutamine (Fig. 4.11).  

	
  

Figure 4.11 Negative stain EM images of Aa CTPS in the presence of various 
substrates. 

Discussion  
 Despite the significant efforts to obtain the structure of a CTPS complex with 

GTP, I was unsuccessful.  Previous workers proposed that GTP enhances the ability of 

CTPS to form the glutamyl thioester intermediate and I proposed that GTP does this by 

facilitating a large conformational change. The structural studies are not consistent with 

the interpretations of some biochemical results that DON occupies half of the 
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glutaminase active sites115. Based on the structure and biochemical analysis it is clear 

that DON can occupy all four sites simultaneously. The residues that interact with the 

Cys376-DON are similar to the interactions observed for glutamine in the Thermus 

thermophiles HB8 (PDB: 1VCO) CTPS structure and for DON in the glutaminase 

domain of human CTPS2 structure (PDB: 2V4U)87. Based on these interactions it 

appears that the structure of CTPS with DON is a state that mimics some aspects of the 

glutamyl thioester intermediate. The CTPS/DON/UTP/GTP tetramer differs slightly from 

the substrate-bound and product-bound tetramers. Superposition of the A-subunits of 

the substrate-bound and product-bound structures results in an observed subunit 

displacement of 3.6°77. Including the structure of CTPS/DON/UTP/GTP in the 

superposition reveals an intermediate displacement (Fig. 4.12). This structural change 

does not account for the formation of an ammonia channel or explain where GTP binds 

or how GTP enhances the glutaminase activity.  
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Figure 4.12 Comparison of the homotetramers of Aa CTPS nucleotide complexes. 
Alignment of chain A reveals that the overall tetramer changes depending on 
substrates bound (CTPS/UTP/ANP substrate complex (blue), CTPS/CTP/ADP 
product complex (gray) and CTPS/DON/UTP (red)). 

 

The triphosphate density in the CTPS/DON/UTP/GTP map is that of GTP. The 

CTP and UTP binding sites overlap with respect to the triphosphate group (Fig. 4.13). 

The flexibility of this site to accommodate rotation of the ribose-base relative to the 

triphosphate would allow the GTP triphosphate to bind with the ribose and guanine 

disordered. If the triphosphate group were from UTP, the uracil and ribose density 

should be present in the identified UTP site. Additionally, a structure of CTPS modified 

with DON and co-crystallized with GTP was determined in order to eliminate the 

possibility that the triphosphate was that of UTP (Table 4.5). Density was present for a 

triphosphate group in both the previously identified ATP and UTP/CTP triphosphate 

sites. GTP was the only nucleotide present, supporting that GTP can bind to the other 

nucleotide binding sites (Fig. 4.14). The GTP concentration for activation is very narrow. 
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Concentrations greater than 0.15 mM slightly inhibit CTP synthesis without affecting 

glutamine hydrolysis, suggesting that GTP can bind to nucleotide sites other than its 

activating site79. Crystallization of substrate/effector complexes usually requires 

saturating concentrations. In this case this may have backfired. Although I was aware of 

this possibility, I was optimistic that GTP would bind in its native site in addition to 

potentially binding to other sites.  

	
  

Figure 4.13 Overlapping UTP and CTP binding sites. UTP (Aa CTPS/UTP/ANP; 
blue, UTP; green sticks) binds in an orientation that points O4 towards ATP in 
preparation for activation. CTP (Aa CTPS/CTP/ADP; gray, CTP; cyan sticks) binds 
with the sugar and base away from the site of catalysis. 

All structures of wild type Aa CTPS crystallize in the same space group 

regardless of the various combinations of substrates, co-factor and product. If the 

favorable crystal contacts are incompatible with a conformation with bound GTP, then 

disrupting the crystal contacts should escape the hurdle induced by crystallization. 

UTP

ATP

CTP
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Analysis of Aa CTPS in solution through transmission EM did not reveal any noticeable 

conformational changes. Although class averages were not obtained for the negative 

stain EM images, the overall cross shape of the homo-tetramer can be seen regardless 

of the substrates present. Furthermore, I observed very little thermal stabilization by 

GTP with either the full-length protein or the excised glutaminase domain. The results 

from my attempts suggest that the binding of GTP is neither strong nor induces a large 

conformation change to the overall architecture of CTPS.  
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Figure 4.14 The GTP triphosphate binds to the identified ATP and UTP/CTP 
triphosphate sites. A. Triphosphate density is present in both the ATP and 
UTP/CTP triphosphate sites (green; Fo- Fc; omit density contoured at 3 σ). B. 
Superposition of CTPS/DON/GTP (teal) with the CTPS/UTP/ANP structure (blue) 
shows that triphosphate groups bind where the triphosphate group of ANP 
(yellow) is bound and a where the triphosphate group of UTP (green) is bound77. 
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Chapter 5  

Conclusions and Future Directions 

 
This thesis concerns the structure-based mechanism of glutamine 

amidotransferases (GATs), which catalyze multi-step reactions. GATs are responsible 

for the coupled reaction of glutamine hydrolysis and amide transfer. The hydrolysis of 

glutamine to ammonia and glutamic acid occurs in the glutaminase active site. 

Ammonia is then transferred to the synthase active site without release to the bulk 

solvent. Although all GATs share the ability to hydrolyze glutamine and transfer the 

ammonia to a second active site located within the same protein/complex, their 

mechanisms and final products are diverse. The interest behind these enzymes lies in 

understanding how the two active sites are coordinated and how substrate binding 

influences mechanism.  

Characterization of each known GAT further exemplifies the diversity of this 

group of enzymes. The differences between substrates, products and oligomeric state 

for each GAT trickle down into the differences between their mechanisms. Each GAT 

has a unique method to use glutamine and to synchronize bi-catalytic activity. The sole 

connection among the enzymes lies in the ability to hydrolyze glutamine. Understanding 

one GAT does not pave the way for understanding the entire group but does provide 

enlightenment on the many ways nature has evolved to utilize an efficient method for 

obtaining nitrogen, balancing metabolism and generating necessary small molecules.  
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PLPS 

Conclusions 

PLP synthase (PLPS) is a single enzyme biosynthetic pathway for PLP from 

common metabolites. PLPS has separate glutaminase (PdxT) and synthase (PdxS) 

subunits that associate as a 24-mer (PdxS12PdxT12). Chapters 2 and 3 describe studies 

to understand details of the synthase catalytic activity. To investigate the mechanism of 

the synthase subunit and the role of the C-terminal tail of PdxS, I obtained three crystal 

structures of the synthase subunit alone (PdxS/R5P and PdxS/R5P/NH3 complexes) or 

of the intact enzyme (PLPS/R5P/Gln). The structures provide snapshots of PdxS at 

distinct steps in its catalytic cycle and provide insights into the mechanism and 

structural elements that drive the conversion of the first amino ketone intermediate to 

the second chromophore intermediate. PdxS is highly dynamic, alternating between 

open and closed conformations depending on the presence of PdxT and substrates.  

The complex of PLPS with its substrates, glutamine and R5P, is the first structure 

of intact PLPS with multiple substrates and visualization of the C-terminal tail. The C-

terminal tail interacts with the body of the synthase subunit, acting as a lid over the R5P 

active site in the closed state of the synthase subunit. In absence of PdxT, formation of 

the amino ketone intermediate from R5P is not sufficient to close the PdxS active site in 

a manner similar to the intact PLPS structure with covalent adducts. Perturbations made 

to the closed conformation of PdxS affected chromophore formation. These results 

suggest that the closed conformation is necessary for chromophore formation.  

The structure of PdxS with R5P unexpectedly contained a covalent modification 

at Lys149 with the phosphate group of 5RP bound to a secondary site outside the active 
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site. The attachment of 5RP C2 to Lys149 differs from the attachment of R5P C1 to 

Lys81, suggesting that the secondary phosphate site may be the site of G3P binding. 

Substitutions to residues that interact with the modified Lys149 affected either the two 

synthase activities chromophore formation and PLP synthesis or PLP synthesis alone. 

Substitutions to Lys149 also affected both synthase activities, suggesting that this 

residue plays a role in chromophore formation. The effect of Lys149 on chromophore 

formation contradicts the hypothesis that Lys149 and the secondary phosphate binding 

site are implicated in G3P binding. In the PLPS structure, the last ordered residue of the 

C-terminal tail (Gln290) binds to the secondary phosphate site. Therefore the C-terminal 

tail may not be able to bind to the PdxS core if this site were altered explaining why 

some substitutions around the secondary phosphate site affect chromophore formation. 

On the other hand, substitutions to either Glu103 or His115 solely affect PLP synthesis, 

suggesting that the secondary phosphate site also plays a role in G3P binding. The 

conformation of Lys149 appears to change in the presence of ammonia. In the 

PdxS/R5P/NH3 structure Lys149 interacts with the chromophore inside the R5P active 

site, while in all other structures Lys149 resides outside of the active site. The flexibility 

of Lys149 and the dual role of the secondary phosphate-binding site supports a role in 

both chromophore formation and PLP synthesis.  

The structure of PdxS with R5P in the presence of NH3 captures three distinct 

states in the 12 active sites of the crystallographic asymmetric unit, providing snapshots 

of PdxS from amino ketone intermediate to chromophore intermediate. In all active sites 

a phosphate ion remains bound to the residues shared by the phosphate group of the 

amino ketone. Although helix α8ʹ is 3 Å away from the R5P active site, an ordered water 
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molecule bridges the phosphate ion to this helix. Based on these results I propose a 

second potential binding site for G3P utilizing the same phosphate-binding site as R5P 

and the amino ketone intermediate. This hypothesis would suggest that the 

incorporation of G3P does not rely on catalytic assistance and therefore explains the 

lack of residues that are essential for PLP synthesis but not for chromophore formation.   

Taken together the structures suggest that PdxS is dynamic, opening and closing 

depending on substrates bound and the association of subunits. I propose that PdxS is 

open before amino ketone formation and after chromophore formation. In the presence 

of PdxT, PdxS closes during the conversion of amino ketone to chromophore in 

anticipation of ammonia. Post chromophore formation, PdxS opens again in anticipation 

of G3P binding. The incorporation of G3P requires little or no catalytic assistance. I 

propose that Lys149 is the only residue that may play a role in G3P incorporation. 

Additionally, I propose that Lys149 plays a role in chromophore formation through 

interactions with the chromophore when inside the R5P active site. The secondary 

phosphate site is the region of PdxS where the C-terminal tail interacts with the core 

which is essential to chromophore formation and I propose that this site has a role in 

G3P binding. Overall, my studies have answered many questions while revealing many 

more.  

Future Directions 

Trapping G3P: 

Based on my results, PdxS dynamics play a role in ensuring that the substrates 

bind in the right order. My hypothesis is that G3P binds only after the chromophore is 

formed and PdxS is in an open conformation. At this step, the presence of G3P would 
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lead to the formation of PLP. Crystallization of the synthase domain with bound G3P in 

the presence of the chromophore intermediate was not possible because I was unable 

to identify mutations that maintain chromophore formation while abolishing PLP 

synthesis. Additionally, chromophore instability also made it difficult to obtain a structure 

of the synthase subunit fully occupied with chromophore such that the G3P binding site 

might be identified. Based on the knowledge that I gained from the structures reported 

in Chapters 2 and 3, a stable unreactive chromophore mimic would be a great tool for 

trapping G3P. Incorporation of an unnatural amino acid that mimics the chromophore 

without facilitating turnover may allow for G3P to bind in crystals124. Additionally, the 

incorporation of an unnatural amino acid would generate a homogenous sample for 

crystallization mimicking the covalent complex. The covalent modification of the active 

site Lys81 with the chromophore makes using an unnatural amino acid a great tool. 

Although the structure of the chromophore is uncertain, an array of modified lysines are 

available in an unnatural amino acid library125.  

Characterization of the Lys149 adduct 

Characterization of the synthase covalent intermediates (amino ketone and 

chromophore) has played a large role in understanding the mechanism of the synthase 

subunit of PLPS56,57. NMR experiments in combination with trapping reactions were 

used to identify the structure of both the amino ketone intermediate and the 

chromophore intermediate on Lys8156,57. Based on these structures, aspects of the 

mechanism were revealed and specific residues were probed around the active site as 

identified by crystal structures. NMR studies on the first covalent adduct revealed that it 

was an amino ketone and not a Schiff base as originally proposed56. This difference 
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explained the site of ammonia incorporation and, together with the structures described 

in the previous chapters, explained why Asp24 is critical to amino ketone formation.  

Unexpectedly I also observed a covalent adduct at Lys149. Although it is unlikely 

that this covalent adduct participates in the catalytic pathway, determining the chemical 

structure of this adduct may shed light on this site’s role. Based on the stability of the 

Lys149 adduct, I proposed that this adduct is not a Schiff base but an isoform of an 

initial C2 Schiff base. Refinement tests revealed that the 2-amino, 3-keto isomer at C2 

(1-hydroxyl, 2-amino, 3-keto) was a better fit to the density on Lys149 than the 

alternative amino-ketone at C2 (1-al, 2-amino, 3-hydroxyl). Based on the chemical 

environment around the C3 ketone, the latter isoform is more likely than the former. 

Such would be consistent with the structure of G3P (C2 hydroxyl). If it is the amino 

ketone, this would be consistent with a possibility of G3P binding.  

CTPS  

Conclusions  

CTP synthetase (CTPS) binds all four nucleotides: ATP and UTP substrates, 

CTP product, and GTP allosteric activator (UTP + ATP → CTP + ADP + Pi). Substrate 

binding is well established, as is the mechanism of product inhibition by CTP. I sought 

to understand allosteric activation by GTP, which may be involved with closing the gap 

between the glutaminase and synthetase active sites. Many methods were used in an 

attempt to capture a structure of CTPS with GTP. Based on previously published 

biochemical experiments, DON was used to mimic the glutamyl intermediate, 

mutagenesis was used to prevent predominant crystal contacts, domain excision was 

used to find the GTP binding site, and negative stain EM was used to observe the 
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protein in solution. Notably, the crystallization trials used saturating concentrations of 

GTP. Surprisingly, the triphosphate of GTP binds to the UTP/CTP and ATP 

triphosphate-binding sites but GTP is not observed elsewhere. This observation is 

consistent with studies that have shown that high GTP concentrations led to CTPS 

inhibition through the synthetase domain79.  

The results suggest that each nucleotide-binding site is not as discriminatory as 

expected based on the mechanism and kinetics of CTPS. The structure of 

CTPS/DON/UTP/GTP revealed that UTP could bind in the ATP binding site while the 

triphosphate group of GTP occupies the CTP/UTP site. The observation of density for a 

triphosphate group without density for either the ribose or guanine base is consistent 

with the density observed in the CTPS/DON/GTP structure that contained density for a 

triphosphate group in both the ATP triphosphate site and the UTP/CTP triphosphate site. 

Although, each nucleotide site excludes the ability of the ribose and guanine base to 

bind it does not exclude the ability for the triphosphate group to bind. This differs for 

UTP, which can bind to the ATP binding site. Overall the results are paradoxical to the 

importance of CTPS to regulate the balance of nucleotide levels in the cell. 

 

Future Directions: 

Characterizing the binding site of GTP 

 Many biochemical studies support the possibility of a large conformational 

change induced by the binding of GTP and the glutamyl intermediate. Although I did not 

observe these changes in solution or in crystal structures, without identifying the binding 

site of GTP the possibility cannot be ruled out. The structural requirements for activation 
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and binding for GTP have been tested using GTP analogs117. The results suggested 

that specific groups including those on the sugar, base and triphosphate group are 

critical for both binding and activation. Based on these results it is hypothesized that the 

entire molecule of GTP interacts with CTPS.  

NMR would be a useful tool to test this interpretation. Labeled GTP is readily 

available commercially and can be used to measure the binding of GTP to CTPS 

through a handful of different NMR techniques (C13, N15, relaxation experiments, 

diffusion experiments, nuclear Overhauser effects)126. Preforming any or all of these 

experiments may reveal the change in environment that GTP experiences in the 

presence of CTPS and provide insights to the GTP binding site. 

 

Solution structure analysis of CTPS in the presence of GTP 

Although I did not observe a large conformational change for CTPS in the 

presence of various substrate combinations, GTP activation could occur through 

conformational changes that either bring the glutaminase domain closer to the 

synthetase domain and/or promotes the formation of the ammonia channel. The overall 

cross shape of CTPS may also allow for the glutaminase domain from one monomer to 

transfer its ammonia to the synthetase domain on another subunit, therefore the 

changes may not be as dramatic as I hypothesized. The rotational changes observed 

with different substrate combinations or crystallization conditions provide evidence that 

the domain interfaces are flexible77,87. Obtaining class averages for CTPS using either 

negative stain EM or cryo EM could provide insights into the conformational changes 

upon GTP binding.   
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Appendix I.  

Sequence alignment of PdxS and 75 homologous sequences. 
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AD EH FH I N KH A F E V P F VCG A KN LG E A LRR I G EGC AMVR T KG E PG TGN V V E A VRHMR L I T S E I R K LQN L P K E E LMT A A KN I G A P YD L VC T V A E SGR L P V VN F A AGG I A T P
AD EMYH I N KWE F K I P F VCG ARN LG E A LRR I G EG A SM I R T KG E AG TGN V V E A VRHMR TMMSE I RR LQNMRDD E LMA A A K EMQ A P Y E L V K Y V AQNGR L P V VN F A AGG I A T P
ADD A YH I N KHD F K V P F VCGCRN LG E A LRR I G EG A AM I R T KG E PG TGN V I E A VRHMR T VMS E I R A L T LMP K E E LMS A A KNMG A P YD L V L Y V A EHG K L P V VN F A AGG I A T P
AD E THH I N KH A YR V P F VCG ARN LG E A LRR I S EG A AM I R T KG E PG TGN V V E A ARHMRMVMG E I RR VQH L P K E E LMS A A K EMG A P YD L L AQ V A EMGR L P V VN F A AGG I A T P
ADD L FH I N K FN Y E V P F VCG ARN LG E A LRR I G EG A AM I R T KG E PG TGN V V E A VRHMR T V SG E I R K L A A L P K E E LMT A A K EMG A P YD L V VD V A ENGR L P V VN F A AGG I A T P
AD Y KNH I D K FQ F T V P F VCG A TN LG E A LRR I N EG A AM I R S KG E AG TGD V SN A V THMR T I R A E I NR L S SMA ED E L Y V A A K E LG A P Y A L VR E V A ENG K L P V V L F T AGG I A T P
AD Y ANH I D KWN F T V P F VCG A TN LG E A LRR I T EG A AM I R S KG E AG TGD V SN A T THMR K I GG E I RR L T SMS PD E L F V A A K E LQ A P Y E L V T E I AR AG K L P V V L F T AGG I A T P
AD Y TNH I D KWK F T V P F VCG A TN LG E A LRR L T EG A AM I R S KG E AG TGD V SN A TMHMR K I GG E I RR LQ S L S ED E L F V A A K E LQ A P Y E L V K E V A E SG K L P V V L F T AGG I A T P
AD EHNH I N KHD F K V P F VCGCRN LG E A LRR I G EG A AM I R T KG E AG TGD V V E A VRH AR S VMG E I RR L T TMR TD EMMAY A K E I G A P Y E L VR E T A E LGR L P V VN F A AGG V A T P
ADD L YH I D KH A F A V P F VCG ARN LG E A LRR I G EG A AM I R T KG E PG TGN I V E A VRHMR T VQ S E I RR L K TMP K E E LMT A A K EMG A P YN L V L S V A ENG K L P V VN F A AGG I A T P
AD Y I NH I D KWN F T V P F VCG A TN LG E A LRR I N EG A AM I R S KG E AG TGD V SN A TGHMR K I R S E I A K L A A L P ED E L Y V A A K E LQ A P Y E L V K E V A A TG K L P V V L F T AGG I A T P
AD EQHH I D KH A F K V P F VCG ARN LG E A LRR I A EG A AM I R T KG E PG TGN V V E A VRHMRMVMSE I RR LQNMPR E E LMA A A K EMG A P YD L V L Y V A ENGR L P V VN F A AGG I A T P
AD E EHH I D KWA F T V P F VCG A TN LG E A LRR I A EG A AM I R S KG E AG TGN V V E A TRHMR S I R T E I RR L T T LD E T E L F V A A KN LQ A P Y E L V K E V AQ LG K L P V V L F T AGG I A T P
AD Y AHH I D KWA F T V P F VCG A TN LG E A LRR I T EG A AM I R S KG E AG TGD V SN A T THMR T LRD E I RR L T S L P ED E L Y L A A K E LQ A P Y E L V K E V A T AG K L P V V L F T AGG I A T P
AD E EHH I N KH K F T T P F VCG ARD LG E A LRR I A EG A AM I R T KG E AG TGN I V E A VRH AR A VNG A I RR LR SMD ED E L F A Y A K E I R A P Y S L V K L T A E LGR L P V VN F A AGG V A T P
ADD L YH I D K SQ F T V P F VCG ARD LG E A LRR I G EG A SM I R T KG E PG TGN I V E A VRHMRMMQ SQ I R K V K SMSRD E LMA E A KQ LG A P F E L L LQ I H E TGR L P V VN F A AGG V A T P
ADD E YH VN KWD FD V P F VCG ARN LG E A LRR I A EG A AM I R T KG E PG TGN V V E A VRHMR T V T TD I AR I KG LRD EQ L F T A A KD LQ A P Y E L V KWVA EHGC L P V VN F S AGG I A T P
AD EQHH I N KHQ F K V P F VCGC KN LG E A LRR I S EG A AM I R T KG E AG TGN V V E A VRH ERQ LMAD I R K A A SME E E E L Y A F A KD LQ A P YH L L K E T AR L KR L P V VN F A AGG L A T P
AD EMYH I N KWD F K I P F VCG ARN LG E A LRR I G EG A SM I R T KG E AG TGN V V E A VRHMR T VMD E I R K LQGMPK E E LMS A A K EMQ A P YD L V V Y V A EHGR L P V VN F A AGG V A T P
ADD K YH I D KHQ F K V P F VCG A KN LG E A LRR I G EG A AM I R T KG E PG TGN V V E A V KH I RMVMS E I RQ LQN L PN E E V A A F A KN I A A P L E L VME V K K LGR L P V VN F A AGG I A T P
ADD E FH I N KHD F T V P F VCG ARN LG E A LRR I G EG A AM I R T KG E PG TGN V V E A VRHMRMMM I E I R K L I N T PDD E LMT F A KN I A A P Y E L VRQ I K E LGR L P V VN F A AGG I A T P
AD E AHH I D KWA F T V P F VCG A TN LG E A LRR L A EG A AM I R S KG E AG TGN V I E A TRHMRQ LR S E I RR L T T LG E E E L F A A A K E LR A P YD L V K E V AQ AG K L P V V L F T AGG I A T P
AD EQHH I N KH A F K V P F VCGCRN LG E A LRR I S EG A A F I R T KG E AG TGN V V E A VRH ER A VMSD I R K A S AMN E E E L Y A F A KD I G A P FH L L K E T AR L KR L P V VN F A AGG I A T P
ADD KHH I L K S E F P I P F VCG ARN LG E A LRR I N EG A SM I R T KG E AG TGN V I E A VRH SRQ I N A E I KQ VQNMD E V E L F T F A K E I Q A P FH L I KQ V K E LGR L P V VN F A AGG I A T P
ADD I NH I E K S K F T V P F VCG SRN LG E A LRR I S EG A AM I R T KG E AG TGD V V E A VRH TRQMQG E LRR V K SMS PD E L Y T Y A K E I A A P I D L V K EC AQ LGR L P V VN F A AGG V A T P
AD Y ANH I D KWQ F T V P F VCG A TN LG E A LRR I T EG A AM I R S KG E AG TGD V SN A T THMR K I RD E I R K L T S L P KD E L Y V A A K E LQ A P Y E L V A E V A E AG K L P V T L F T AGG I A T P
AD Y AHH I D KWN F T V P F VCG A TN LG E A LRR I T EG A AM I R S KG E AG TGD V SN A T THMRQ I RD E I RH L T S L P ED E L Y V A A K E LQ A P Y E L V A E V AR EGR L P V V L F T AGG I A T P
AD E E YH L L K SN F T V P F VCGCRD LG E A LRR I G EG A AMLR T KG E PG TGN I V E A VRHMRR VN SQ I SQ I KGMNND E LMT A A KN LG A P Y E L I K E I K T LG K L P V VN F A AGG V A T P
ADD AHH I N KHN FR V P F VCGCRD LG E A LRR I R EG A AM I R T KG E AG TGN I V E A VRH VR S VMGD I R S LRNMDDD E V F T F A KR T A A P YD L VMQ T KQ LGR L P V VH F A AGG I A T P
AD E EHH TN KHN F K V P F VCG ARN LG E A LRR I T EG A AM I R T KG E AG TGN V V E A VRH AR TMF A E I RR LQ T LD PD E L F V A A KN LQ A P Y E L V KQ I A E LGR L P V VN F A AGG I A T P
AD Y SNH I D K FD F T V P F VCG A TN LG E A LRR I N EG A AM I R S KG E AG TGD V SN A V THMR T I R A S I N K L K SMA PD E L Y V A A K E LQ A P Y E L VR E V A ERG S L P V V L F T AGG I A T P
ADD K FH VN KH E F K V P F VCG A KN LG E A LRR I G EG A AM I R T KG E PG TGD V V E A VRHMR T VMG E I RR LQN L P E E E LMT A A K EMG A P YD L V V E V A K TGR L P V VN F A AGG I A T P
AD Y ENH I D KWP F T V P F VCG A TN LG E A LRR I N EG A AM I R S KG E AG TGD V SN A TGHMR K I R A E I A K L S A L P ED E L Y V A A K E LQ A P Y E L V K E I AH TG K L P V V L F T AGG I A T P
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233
220
229
226
219
219
219
232
228
219
219
223
222
228
219
218
244
230
243
213
219
232
217
225
222
214
219
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225
248
226
242
226
214
219
234
216
229
219
211
219
219
219
224
241
224
217
220
226
219
227
233
232
220
220
215
211
217
220
233
241
224
220
251
227
228
241
216
234
219
224

294
306
294
294
308
295
304
301
294
294
294
307
303
294
294
298
297
303
294
293
319
305
313
288
294
307
292
300
297
289
294
303
300
323
301
317
301
289
294
309
291
304
294
286
294
294
294
299
316
299
292
295
301
294
302
308
307
295
295
290
286
292
295
308
316
299
295
326
302
303
314
291
309
294
299

AD A A LMMH LG ADG V F VG SG I F K S EN P E K Y AR A I V E A T TH Y ED Y E L I AH L S KG LGG AMRG I D I A T L L P EHRMQ ERGW
AD A AMMMQ LGCDG V F VG SG V F K SGD P ARR AR A I VQ A V TH Y TD P E V L A E V SCG LG E AMVG I N LND PN V ER I FR - - - -
AD A A LMMQ LGCDG I F VG SG I F K SDN P A VR A K A I V A A T TH YND P K I L AD I SRD LG E AMPG L E I S S I T P EQRMQDRGW
AD A A LMMQ LGCDG I F VG SG I F K SN E P A KR A K A I V T A T TH FND PQ I L AQ I SRD LG E AMPG L E I S S I E ENQRMQ ERGW
AD A AMMMQ LGCDG V F VG SG I F K SGD P A KR A K A I VQ A V TH FDD P K I L A E V S ED LGD AMVG I N I D T L SDDQ L L S KRGW
AD A A LMMQ LG ADG I F VG SG I F K S SD PR KR AR A I V A A T TH FR E P E V L A E V SRD LG E AMPG I E I A T I K P E ERMQ ERGW
AD A A LMMQ LGCDG V F VG SG I F K SGN P A KR A K A I VQ A V TH YND P K V L A E V S ED LG E A I VG I N LDQ L SDN E K Y A KRGW
AD A AMMMQ LG ADG V F VG SG I F K SGD P VRR A E A I V K A T T F YDD PD V I A K V SRG LG E AMVG I N VD T L S ER ER L ANRGW
AD A A LMMQ LGCDG I F VG SG I F K SND P V SR A K A I V A A T TH YND P K I L A E I S KD LG E AMPGME I S S I P T EHRMQ ERGW
AD A A LMMQ LGCDG V F VG SG I F K SQD PMAR A K A I V A A T TH FNDRD V L AQ V S KD LG E AMPG L E I SN L PQN ERMS ERGW
AD A A LMMQ LG VDG V F VG SG I F K SGD P I RR A K A I V A A T TH YND P K V I A E V S KD LG E PMVG I E I P T I P A EQRMQ ERGW
AD A A LMMQ LG ADG V F VG SG I F K SGD P A KR A A A I V K A T T F YDD PD V L A K V SRG LG E PMVG I S A E S L P A ERR L AGRGW
AD A AMMMQ LG ADG V F VG SG I F K SGD P A KR A A A I V K A V T Y YDD PD V I A K V SRG LG E AMVG I N V S E I P A SHR L A ERGW
AD A A LMMQ LGCDG I F VG SG I F K S SN P E AR AR A I V A A T TH YND PQ I L AD I SRD LG E AMKG L E I S T I P EH ERMQ ERGW
AD A A LMMQ LG ADG I F VG SG I F K S KD P V KR AR A I V E A T TH YNN P E I L AR V S EG LG E AMKG I E I S K I E EH ERMQDRGW
AD A A LMMQ LG VDG I F VG SG I F K S SD P Y KR A K A I V E A T TH YND P E V L VR V S KG LG E AMHG I D I R T L SQ E E LMA PRGW
AD A A LMMQ LGCDG V F VG SG I F L SGN P E KR AR A I VR A V TH YND P K A L A E V S EN LG P AMVG I S V K S L AD KD K L A TRGW
AD A A LMMQ LGCDG V F VG SG I F K SGD P A KR A K A I VQ A V TH F KD P K V L A E V S ED LG E AMVG I N LD E L S EDQ K Y A KRGW
AD A A LMMQ LG VDG V F VG SG I F K SGD PMKR A K A I V A A T T Y YND PQ V L A E V S KD LG E PMVG I E I HN I K A E ERMQDRGW
AD A A LMMQ LGCDG V F VG SG I F K S AD P A KR AR A I V L A T TH Y KD A AML A E L S ED LG E AMPG L E I S T I SD S ERMQ ERGW
AD A A LMMQ LGCDG V F VG SG I FH SGD P A KR AR A I VQ A V TH YNN P K L L A E V S ED LG P AMVG L T I SDD I KGG KMAGRGW
AD A AMMMQ LG ADG V F VG SG I F K SGN P AQR AQ A I V K A T T F FDD PD V I AN V SRG LG E AMVG I N V E E I P E PHR L A ERGW
AD A A LMMQ LGCDG V F VG SG I FH SGD P A KR AR A I VQ A V TH YNN P K I L S E I S ED LGD AMVG L T I VN SDR KNNM - - - - -
AD A A LMMQ LGCDG V F VG SG I F K SGN A A VR AR A I VQ A V TH YND P K V L A E V SCD LG E AMVG LN VD T L P E SQ K L A KRGW
AD A A LMMQ LG VDG I F VG SG I F K SGD P V KR A K A I V L A T TN YND PQML A E I S KD LG E AMSG I E I S T L K E S ERMQ ERGW
AD A A LMMQ LG VDG V F VG SG I F K SGD P A KR AR A I VQ A V TH YND P S V I A S V S EN LG E AMVG I NCD T L P ADQ K F A ARGW
AD A A LMMQ LG ADG I F VG SG I F K S KD P I KR AR A I V A A T T Y YDD PQ V L A E I SRD LG E PMPG I D T T S L L PHQR LQ ERGW
AD A A LMMQ LGCDG V F VG SG I F K SGD P L KR A K A I VQ A V TH FND P K V L AD V SCN LG E AMVG LN V E K L T P EQ K L AGRGW
AD A A LMMQ LGCDG I F VG SG I F K SND PQ SR A K A I V A A T TH YND P K I L A E I SRD LG E AMPG L E I S T I A P EQRMQDRGW
AD A A LMMQ LGMDG V F VG SG I F K SGD P V KR AR A I V E A T TH YND P K I I A E V S KG LG E AMVG I N I SD I P EH E L L A TRGW
AD A A LMMQ LG ADG V F VG SG I F K S AD P P KR A K A I V A A V TH YRD PQ V L A E V SRG LG E AMRG L E L S A I A P E ER L ADRGW
AD A AMMMQ LG A EG V F VG SG I F K SGN P A ER A A A I V K A T T FHDD P E V L A K V SRG LG E AMVG I N VDQ I PQ SDR L A ERG -
AD A AMMMQ LG A EG V F VG SG I F K SGN P S ER A K A I V K A T T FHDD P EML AN I SRG LG E AMVG I N VDD I P E PHR L A ERGW
AD A A LMMQ LGCDG V F VG SG I F K SGD A A KR A K A I VQ A V TH FRD P K V L A E V SMD LG E AMVG I NCG TMD E K ER L A KRGW
AD A A LMMQ LGCDG V F VG SG I FH SGD P A KR AR A I VQ S V TH YNN P K I L A E I SDN LG A AMVG L T I D SN L KGGRMAGRGW
AD A A LMMQ LGCDG V F VG SG I F K SGD P A KR A K A I VQ A V TH YNN P K V L A E I SGD LG E AMVG LN I E PDMKGGRMANRGW
AD A A LMMQMGCDG V F VG SG I F K SGD A A KR A K A I VQ A T TH YND P K V L A E V S SG LG E AMVG I NCD K L P E TQ K L A TRGW
AD A A L LMQ LG VDG I F VG SG I F K SGD P V KR AR A I V E A T TH YND P E I I A E V S KG LG E AMVG I N I DQ I P ADQ LMARRGW
AD A A LMMQ LG ADGN F VG SG I F K S KD PMKR AR A I V A A T T Y YDD P Y V L A E V S KD LG E AMPG I E I RN I A P E ERMQ ERGW
AD A AMMMQ LG A EG V F VG SG I F K SGN P EQR A A A I VQ A T T FHDD PD V L A K V SRG LG E AMVG I N V E E I PQ PHR L A ERGW
AD A A LMMQ LG ADG V F VG SG I F K SGD P E KR A K S I V E A T LN YDN YD V L AD V S SG LG E AMVG I N V SD L E EQ ERMQNRGW
AD A AMMRQ LG A EG V F VG SG I F K SGN P A ER A A A I V K A T T F FDD PD T I AD V SRG LG E AMVG I N VDD I P V PHR L A ERGW
AD A A LMMQ LGCDG V F VG SG I F K SDN P E VR A K A I V A A T TH YND A K I L A E V S KD LG E AMPG L E I AN L P P T SRMA ERGW
AD A A LMMQ LG ADG V F VG SG I F K S SN P E KR A A A I V K A T T Y YND P K V L A E V S ED LG E PMEG I D I S K I D K ED L Y AQRGW
AD A A LMMQ LG VDG I F VG SG I F K SGD P K AR A K A I V L A T TH Y KD A K L L A E I S KD LG E PMSG I E I S T L T E SQRMQ ERGW
AD A A FMMQ LGCDG I F VG SG I F K SNN P T AR A K A I V A A T TH YND PQ I L T E V S KD LG E AMPG L E I A T I L P EQRMQDRGW
AD A A LMMQ LG VDG V F VG SG I F K S AD PQ AR A K A I V L A T TN YND P K L L A E V SRD LG E AMPG L E I S A I AQN ERMQ ERGW
AD A AMMMQ LG A EG V F VG SG I F K SGD P E KR A K A I VQ A TQN YDD PD T I AQ V SR S LG E AMVG I N VDD L P KDHR L ADRGW
AD A AMMMQ LG A EG V F VG SG I F K SGN P EQR A E A I V K A T T F YDD PD V L A K V SRG LG E AMVG I N V ED I PQ PHR L A ERGW
AD A AMMMQ LG A EG V F VG SG I F K SGN P SQR A A A I VQ A T T F FDD PD V I A K V SRG LG E AMVG I N VDD I P E PHR L ADRGW
AD A A LMMQ LG VDG V F VG SG I F K SGN P P LR A K A I VQ S V TH YND P K I L A E I S KG LG E PMVG I G V T T L P E E AR L A TRGW
AD A A LMMQ LG VDG I F VG SG I F K S SN PRNR A K A I V L A T THHN E P E A L A E I SRN LG E AMPG L E I S T I S V S ERMQ ERGW
AD A AMMMQ LG ADG V F VG SG I F K SGN P A ER A A A V V K A T T FHDD PD V I A K V SRG LG E AMVG I N VDD I PQ PHR L A ERGW
AD A A LMMQ LGCDG I F VG SG I F K S KD P A AR A K A I V A A T TH YND P K I L A E V S KG LG E AMPG I E I A S I A P ENRMQ ERGW
AD A AMMMQ LG A EG V F VG SG I F K SGD P A KR A E A I V K A T T FHDD PD V I A K V SRG LG E AMVG LN VD T L P VDQ K Y ANRGW
AD A AMMMQ LG A EG V F VG SG I F K SGN P A ER A A A I V K A T T F FDD PD V I A K V SRG LG E AMVG I N VDD V P V PHR L A ERGW
AD A A LMMQ LGMDG V F VG SG I F K SGN P E KR AR A I VMA V TH YND PQ I L A E V S ED LG E PMVG I N LD T L S E AD KMA VRGW
AD A A LMMQ LG ADG V F VG SG I F K S EN P E K Y A K A I VQ A T TH Y ED F E L I A E V S KG LG E PMTG L E I S K L S A A ERMQ ERGW
AD A A LMMQ LGCDG V F VG SG I F K SGD P A KR AR A I V E A T TN YDD PD T I AR V SRD LG E AMVG I E I SD I P EN E LMAGRGW
AD A AMMMQ LGCDG V F VG SG I F K SGD P L KR A K A I VQ A T TH YQN P K I L AQ V S EG LG E AMVG LN VD KN L KGGQ F AQRGW
AD A A LMMQ LG ADG V F VG SG I F K S AN P A KR A E A I V K A V T Y YND P K V L A E V S ED LG E AMPG L E I SQ I E A AQRMAERGW
AD A A LMMH LGCDG I F VG SG V F K SGD P V KR A K A I V A A T T Y YND P K I L A E V SRD LG E AMVG I E I S T L P EH ERMQ ERGW
AD A A LMMQ LGCDG I F VG SG I F K S TD PQGR A K A I VD A A LH YDD P K L L AD V SRG LG E AMPG L E I SG I R P E ERMQ ERGW
AD A AMMMQ LG A EG V F VG SG I F K SGD P A KR A A A I V K A T T FHDD PD V I A K V SRG LG E AMVG I N V S E L P E S AR L A TRGW
AD A A LMMQ LGCDG V F VG SG I F K SGD P A KR AR A I VQ A V TH YNN P K I L AD I SCD LG E AMVG L T I D KD I KGGRMASRGW
AD A A LMMQ LGCDG V F VG SG I F K SGD P A KR AR A I VQ A T TH FRN A K I L A E V S EN LG E PMVG I N I D T L P EG EQ Y A KRGW
AD A A LMMQ LGCDG V F VG SG I F L SGD P A KR AR A I VR A V TH YND P K I L A E V S EN LG A AMVGR S V S S L E E K E K L A TRGW
AD A AMMMQ LG A EG V F VG SG I F K SGN P AQR A A A I VQ A T T FHDD PD V L A K V SRG LG E AMVG I N VD E I PQ PHR L A ERGW
AD A AMMMQ LG A EG V F VG SG I F K SGD P A KR A A A I V K A T T F YDD P A V I AD V SRG LG E AMVG I N VDD I P VDHR L A ERGW
AD A A LMME LG ADG V F VG SG I F K SDN P A K F AN A I VQ A T T Y YDD Y E L I GN L S K E LG A AMKG I E I SH L S P E ERMQ ERGW
AD A A LMMQ LGCDG V F I G SG I F K SGD P PRR AR A I VQ A I TH Y SD PD I L A E V SCG LG E AMVG I N LNGD A K V EWF A AR - -
AD A A LMMQ LG VDG V F VG SG I F K SGN P A KR A K A I V E A T TH FRD A K L L A E I SRN LG E AMVG I N I D T I P EN E L L A KRGW
AD A AMMMQ LG A EG V F VG SG I F K SGD P EHR AR A I VQ A TQN YDD P E T I VN V SRG LG E AMVG I N VD E I P K PHR L A ERGW
AD A A LMMQ LGCDG I F VG SG I F K SGD P A AR A K A I V A A T TH YND P K I L A E I SRD LG E PMVG I N I S T L P E I ERMQ ERGW
AD A AMMMQ LG ADG V F VG SG I F K SGN P VQR A E A I V K A T T F FDN PD E L A K I SRG LG E AMVG I N V AD V P V PHR L S ERGW
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Alignment was generated using Consurf127-129. The search algorithm was CS-Blast 
and limited to 75 sequences. The color scheme is Clustal X130,131.   

Geobacillus_stearothermophilus/1-294
Linum_usitatissimum/18-306

Desulfotomaculum_acetoxidans/1-294
Desulfitibacter_alkalitolerans/1-294

Rhizophagus/15-308
Moorella_thermoacetica/2-295

Rhizopus_delemar/11-304
Thermomonospora_curvata/8-301

Clostridia/1-294
Desulfosporosinus/1-294

Heliobacterium_modesticaldum/1-294
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AD EQHH I N KH A F K V P F VCGCRN LG E A LRR I S EG A A F I R T KG E AG TGN V V E A VRH ER A VMSD I R K A S AMN E E E L Y A F A KD I G A P FH L L K E T AR L KR L P V VN F A AGG I A T P
ADD KHH I L K S E F P I P F VCG ARN LG E A LRR I N EG A SM I R T KG E AG TGN V I E A VRH SRQ I N A E I KQ VQNMD E V E L F T F A K E I Q A P FH L I KQ V K E LGR L P V VN F A AGG I A T P
ADD I NH I E K S K F T V P F VCG SRN LG E A LRR I S EG A AM I R T KG E AG TGD V V E A VRH TRQMQG E LRR V K SMS PD E L Y T Y A K E I A A P I D L V K EC AQ LGR L P V VN F A AGG V A T P
AD Y ANH I D KWQ F T V P F VCG A TN LG E A LRR I T EG A AM I R S KG E AG TGD V SN A T THMR K I RD E I R K L T S L P KD E L Y V A A K E LQ A P Y E L V A E V A E AG K L P V T L F T AGG I A T P
AD Y AHH I D KWN F T V P F VCG A TN LG E A LRR I T EG A AM I R S KG E AG TGD V SN A T THMRQ I RD E I RH L T S L P ED E L Y V A A K E LQ A P Y E L V A E V AR EGR L P V V L F T AGG I A T P
AD E E YH L L K SN F T V P F VCGCRD LG E A LRR I G EG A AMLR T KG E PG TGN I V E A VRHMRR VN SQ I SQ I KGMNND E LMT A A KN LG A P Y E L I K E I K T LG K L P V VN F A AGG V A T P
ADD AHH I N KHN FR V P F VCGCRD LG E A LRR I R EG A AM I R T KG E AG TGN I V E A VRH VR S VMGD I R S LRNMDDD E V F T F A KR T A A P YD L VMQ T KQ LGR L P V VH F A AGG I A T P
AD E EHH TN KHN F K V P F VCG ARN LG E A LRR I T EG A AM I R T KG E AG TGN V V E A VRH AR TMF A E I RR LQ T LD PD E L F V A A KN LQ A P Y E L V KQ I A E LGR L P V VN F A AGG I A T P
AD Y SNH I D K FD F T V P F VCG A TN LG E A LRR I N EG A AM I R S KG E AG TGD V SN A V THMR T I R A S I N K L K SMA PD E L Y V A A K E LQ A P Y E L VR E V A ERG S L P V V L F T AGG I A T P
ADD K FH VN KH E F K V P F VCG A KN LG E A LRR I G EG A AM I R T KG E PG TGD V V E A VRHMR T VMG E I RR LQN L P E E E LMT A A K EMG A P YD L V V E V A K TGR L P V VN F A AGG I A T P
AD Y ENH I D KWP F T V P F VCG A TN LG E A LRR I N EG A AM I R S KG E AG TGD V SN A TGHMR K I R A E I A K L S A L P ED E L Y V A A K E LQ A P Y E L V K E I AH TG K L P V V L F T AGG I A T P

219
235
219
219
233
220
229
226
219
219
219
232
228
219
219
223
222
228
219
218
244
230
243
213
219
232
217
225
222
214
219
229
225
248
226
242
226
214
219
234
216
229
219
211
219
219
219
224
241
224
217
220
226
219
227
233
232
220
220
215
211
217
220
233
241
224
220
251
227
228
241
216
234
219
224

294
306
294
294
308
295
304
301
294
294
294
307
303
294
294
298
297
303
294
293
319
305
313
288
294
307
292
300
297
289
294
303
300
323
301
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301
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294
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291
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294
294
294
299
316
299
292
295
301
294
302
308
307
295
295
290
286
292
295
308
316
299
295
326
302
303
314
291
309
294
299

AD A A LMMH LG ADG V F VG SG I F K S EN P E K Y AR A I V E A T TH Y ED Y E L I AH L S KG LGG AMRG I D I A T L L P EHRMQ ERGW
AD A AMMMQ LGCDG V F VG SG V F K SGD P ARR AR A I VQ A V TH Y TD P E V L A E V SCG LG E AMVG I N LND PN V ER I FR - - - -
AD A A LMMQ LGCDG I F VG SG I F K SDN P A VR A K A I V A A T TH YND P K I L AD I SRD LG E AMPG L E I S S I T P EQRMQDRGW
AD A A LMMQ LGCDG I F VG SG I F K SN E P A KR A K A I V T A T TH FND PQ I L AQ I SRD LG E AMPG L E I S S I E ENQRMQ ERGW
AD A AMMMQ LGCDG V F VG SG I F K SGD P A KR A K A I VQ A V TH FDD P K I L A E V S ED LGD AMVG I N I D T L SDDQ L L S KRGW
AD A A LMMQ LG ADG I F VG SG I F K S SD PR KR AR A I V A A T TH FR E P E V L A E V SRD LG E AMPG I E I A T I K P E ERMQ ERGW
AD A A LMMQ LGCDG V F VG SG I F K SGN P A KR A K A I VQ A V TH YND P K V L A E V S ED LG E A I VG I N LDQ L SDN E K Y A KRGW
AD A AMMMQ LG ADG V F VG SG I F K SGD P VRR A E A I V K A T T F YDD PD V I A K V SRG LG E AMVG I N VD T L S ER ER L ANRGW
AD A A LMMQ LGCDG I F VG SG I F K SND P V SR A K A I V A A T TH YND P K I L A E I S KD LG E AMPGME I S S I P T EHRMQ ERGW
AD A A LMMQ LGCDG V F VG SG I F K SQD PMAR A K A I V A A T TH FNDRD V L AQ V S KD LG E AMPG L E I SN L PQN ERMSERGW
AD A A LMMQ LG VDG V F VG SG I F K SGD P I RR A K A I V A A T TH YND P K V I A E V S KD LG E PMVG I E I P T I P A EQRMQ ERGW
AD A A LMMQ LG ADG V F VG SG I F K SGD P A KR A A A I V K A T T F YDD PD V L A K V SRG LG E PMVG I S A E S L P A ERR L AGRGW
AD A AMMMQ LG ADG V F VG SG I F K SGD P A KR A A A I V K A V T Y YDD PD V I A K V SRG LG E AMVG I N V S E I P A SHR L A ERGW
AD A A LMMQ LGCDG I F VG SG I F K S SN P E AR AR A I V A A T TH YND PQ I L AD I SRD LG E AMKG L E I S T I P EH ERMQ ERGW
AD A A LMMQ LG ADG I F VG SG I F K S KD P V KR AR A I V E A T TH YNN P E I L AR V S EG LG E AMKG I E I S K I E EH ERMQDRGW
AD A A LMMQ LG VDG I F VG SG I F K S SD P Y KR A K A I V E A T TH YND P E V L VR V S KG LG E AMHG I D I R T L SQ E E LMA PRGW
AD A A LMMQ LGCDG V F VG SG I F L SGN P E KR AR A I VR A V TH YND P K A L A E V S EN LG P AMVG I S V K S L AD KD K L A TRGW
AD A A LMMQ LGCDG V F VG SG I F K SGD P A KR A K A I VQ A V TH F KD P K V L A E V S ED LG E AMVG I N LD E L S EDQ K Y A KRGW
AD A A LMMQ LG VDG V F VG SG I F K SGD PMKR A K A I V A A T T Y YND PQ V L A E V S KD LG E PMVG I E I HN I K A E ERMQDRGW
AD A A LMMQ LGCDG V F VG SG I F K S AD P A KR AR A I V L A T TH Y KD A AML A E L S ED LG E AMPG L E I S T I SD S ERMQ ERGW
AD A A LMMQ LGCDG V F VG SG I FH SGD P A KR AR A I VQ A V TH YNN P K L L A E V S ED LG P AMVG L T I SDD I KGG KMAGRGW
AD A AMMMQ LG ADG V F VG SG I F K SGN P AQR AQ A I V K A T T F FDD PD V I AN V SRG LG E AMVG I N V E E I P E PHR L A ERGW
AD A A LMMQ LGCDG V F VG SG I FH SGD P A KR AR A I VQ A V TH YNN P K I L S E I S ED LGD AMVG L T I VN SDR KNNM - - - - -
AD A A LMMQ LGCDG V F VG SG I F K SGN A A VR AR A I VQ A V TH YND P K V L A E V SCD LG E AMVG LN VD T L P E SQ K L A KRGW
AD A A LMMQ LG VDG I F VG SG I F K SGD P V KR A K A I V L A T TN YND PQML A E I S KD LG E AMSG I E I S T L K E S ERMQ ERGW
AD A A LMMQ LG VDG V F VG SG I F K SGD P A KR AR A I VQ A V TH YND P S V I A S V S EN LG E AMVG I NCD T L P ADQ K F A ARGW
AD A A LMMQ LG ADG I F VG SG I F K S KD P I KR AR A I V A A T T Y YDD PQ V L A E I SRD LG E PMPG I D T T S L L PHQR LQ ERGW
AD A A LMMQ LGCDG V F VG SG I F K SGD P L KR A K A I VQ A V TH FND P K V L AD V SCN LG E AMVG LN V E K L T P EQ K L AGRGW
AD A A LMMQ LGCDG I F VG SG I F K SND PQ SR A K A I V A A T TH YND P K I L A E I SRD LG E AMPG L E I S T I A P EQRMQDRGW
AD A A LMMQ LGMDG V F VG SG I F K SGD P V KR AR A I V E A T TH YND P K I I A E V S KG LG E AMVG I N I SD I P EH E L L A TRGW
AD A A LMMQ LG ADG V F VG SG I F K S AD P P KR A K A I V A A V TH YRD PQ V L A E V SRG LG E AMRG L E L S A I A P E ER L ADRGW
AD A AMMMQ LG A EG V F VG SG I F K SGN P A ER A A A I V K A T T FHDD P E V L A K V SRG LG E AMVG I N VDQ I PQ SDR L A ERG -
AD A AMMMQ LG A EG V F VG SG I F K SGN P S ER A K A I V K A T T FHDD P EML AN I SRG LG E AMVG I N VDD I P E PHR L A ERGW
AD A A LMMQ LGCDG V F VG SG I F K SGD A A KR A K A I VQ A V TH FRD P K V L A E V SMD LG E AMVG I NCG TMD E K ER L A KRGW
AD A A LMMQ LGCDG V F VG SG I FH SGD P A KR AR A I VQ S V TH YNN P K I L A E I SDN LG A AMVG L T I D SN L KGGRMAGRGW
AD A A LMMQ LGCDG V F VG SG I F K SGD P A KR A K A I VQ A V TH YNN P K V L A E I SGD LG E AMVG LN I E PDMKGGRMANRGW
AD A A LMMQMGCDG V F VG SG I F K SGD A A KR A K A I VQ A T TH YND P K V L A E V S SG LG E AMVG I NCD K L P E TQ K L A TRGW
AD A A L LMQ LG VDG I F VG SG I F K SGD P V KR AR A I V E A T TH YND P E I I A E V S KG LG E AMVG I N I DQ I P ADQ LMARRGW
AD A A LMMQ LG ADGN F VG SG I F K S KD PMKR AR A I V A A T T Y YDD P Y V L A E V S KD LG E AMPG I E I RN I A P E ERMQ ERGW
AD A AMMMQ LG A EG V F VG SG I F K SGN P EQR A A A I VQ A T T FHDD PD V L A K V SRG LG E AMVG I N V E E I PQ PHR L A ERGW
AD A A LMMQ LG ADG V F VG SG I F K SGD P E KR A K S I V E A T LN YDN YD V L AD V S SG LG E AMVG I N V SD L E EQ ERMQNRGW
AD A AMMRQ LG A EG V F VG SG I F K SGN P A ER A A A I V K A T T F FDD PD T I AD V SRG LG E AMVG I N VDD I P V PHR L A ERGW
AD A A LMMQ LGCDG V F VG SG I F K SDN P E VR A K A I V A A T TH YND A K I L A E V S KD LG E AMPG L E I AN L P P T SRMA ERGW
AD A A LMMQ LG ADG V F VG SG I F K S SN P E KR A A A I V K A T T Y YND P K V L A E V S ED LG E PMEG I D I S K I D K ED L Y AQRGW
AD A A LMMQ LG VDG I F VG SG I F K SGD P K AR A K A I V L A T TH Y KD A K L L A E I S KD LG E PMSG I E I S T L T E SQRMQ ERGW
AD A A FMMQ LGCDG I F VG SG I F K SNN P T AR A K A I V A A T TH YND PQ I L T E V S KD LG E AMPG L E I A T I L P EQRMQDRGW
AD A A LMMQ LG VDG V F VG SG I F K S AD PQ AR A K A I V L A T TN YND P K L L A E V SRD LG E AMPG L E I S A I AQN ERMQ ERGW
AD A AMMMQ LG A EG V F VG SG I F K SGD P E KR A K A I VQ A TQN YDD PD T I AQ V SR S LG E AMVG I N VDD L P KDHR L ADRGW
AD A AMMMQ LG A EG V F VG SG I F K SGN P EQR A E A I V K A T T F YDD PD V L A K V SRG LG E AMVG I N V ED I PQ PHR L A ERGW
AD A AMMMQ LG A EG V F VG SG I F K SGN P SQR A A A I VQ A T T F FDD PD V I A K V SRG LG E AMVG I N VDD I P E PHR L ADRGW
AD A A LMMQ LG VDG V F VG SG I F K SGN P P LR A K A I VQ S V TH YND P K I L A E I S KG LG E PMVG I G V T T L P E E AR L A TRGW
AD A A LMMQ LG VDG I F VG SG I F K S SN PRNR A K A I V L A T THHN E P E A L A E I SRN LG E AMPG L E I S T I S V S ERMQ ERGW
AD A AMMMQ LG ADG V F VG SG I F K SGN P A ER A A A V V K A T T FHDD PD V I A K V SRG LG E AMVG I N VDD I PQ PHR L A ERGW
AD A A LMMQ LGCDG I F VG SG I F K S KD P A AR A K A I V A A T TH YND P K I L A E V S KG LG E AMPG I E I A S I A P ENRMQ ERGW
AD A AMMMQ LG A EG V F VG SG I F K SGD P A KR A E A I V K A T T FHDD PD V I A K V SRG LG E AMVG LN VD T L P VDQ K Y ANRGW
AD A AMMMQ LG A EG V F VG SG I F K SGN P A ER A A A I V K A T T F FDD PD V I A K V SRG LG E AMVG I N VDD V P V PHR L A ERGW
AD A A LMMQ LGMDG V F VG SG I F K SGN P E KR AR A I VMA V TH YND PQ I L A E V S ED LG E PMVG I N LD T L S E AD KMA VRGW
AD A A LMMQ LG ADG V F VG SG I F K S EN P E K Y A K A I VQ A T TH Y ED F E L I A E V S KG LG E PMTG L E I S K L S A A ERMQ ERGW
AD A A LMMQ LGCDG V F VG SG I F K SGD P A KR AR A I V E A T TN YDD PD T I AR V SRD LG E AMVG I E I SD I P EN E LMAGRGW
AD A AMMMQ LGCDG V F VG SG I F K SGD P L KR A K A I VQ A T TH YQN P K I L AQ V S EG LG E AMVG LN VD KN L KGGQ F AQRGW
AD A A LMMQ LG ADG V F VG SG I F K S AN P A KR A E A I V K A V T Y YND P K V L A E V S ED LG E AMPG L E I SQ I E A AQRMAERGW
AD A A LMMH LGCDG I F VG SG V F K SGD P V KR A K A I V A A T T Y YND P K I L A E V SRD LG E AMVG I E I S T L P EH ERMQ ERGW
AD A A LMMQ LGCDG I F VG SG I F K S TD PQGR A K A I VD A A LH YDD P K L L AD V SRG LG E AMPG L E I SG I R P E ERMQ ERGW
AD A AMMMQ LG A EG V F VG SG I F K SGD P A KR A A A I V K A T T FHDD PD V I A K V SRG LG E AMVG I N V S E L P E S AR L A TRGW
AD A A LMMQ LGCDG V F VG SG I F K SGD P A KR AR A I VQ A V TH YNN P K I L AD I SCD LG E AMVG L T I D KD I KGGRMASRGW
AD A A LMMQ LGCDG V F VG SG I F K SGD P A KR AR A I VQ A T TH FRN A K I L A E V S EN LG E PMVG I N I D T L P EG EQ Y A KRGW
AD A A LMMQ LGCDG V F VG SG I F L SGD P A KR AR A I VR A V TH YND P K I L A E V S EN LG A AMVGR S V S S L E E K E K L A TRGW
AD A AMMMQ LG A EG V F VG SG I F K SGN P AQR A A A I VQ A T T FHDD PD V L A K V SRG LG E AMVG I N VD E I PQ PHR L A ERGW
AD A AMMMQ LG A EG V F VG SG I F K SGD P A KR A A A I V K A T T F YDD P A V I AD V SRG LG E AMVG I N VDD I P VDHR L A ERGW
AD A A LMME LG ADG V F VG SG I F K SDN P A K F AN A I VQ A T T Y YDD Y E L I GN L S K E LG A AMKG I E I SH L S P E ERMQ ERGW
AD A A LMMQ LGCDG V F I G SG I F K SGD P PRR AR A I VQ A I TH Y SD PD I L A E V SCG LG E AMVG I N LNGD A K V EWF A AR - -
AD A A LMMQ LG VDG V F VG SG I F K SGN P A KR A K A I V E A T TH FRD A K L L A E I SRN LG E AMVG I N I D T I P EN E L L A KRGW
AD A AMMMQ LG A EG V F VG SG I F K SGD P EHR AR A I VQ A TQN YDD P E T I VN V SRG LG E AMVG I N VD E I P K PHR L A ERGW
AD A A LMMQ LGCDG I F VG SG I F K SGD P A AR A K A I V A A T TH YND P K I L A E I SRD LG E PMVG I N I S T L P E I ERMQ ERGW
AD A AMMMQ LG ADG V F VG SG I F K SGN P VQR A E A I V K A T T F FDN PD E L A K I SRG LG E AMVG I N V AD V P V PHR L S ERGW
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