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ABSTRACT

The Structure and Mechanism of Bacterial Dihydroorotase. (December 2004)
Tamiko Neal Porter, B.S., Michigan State University

Chair Advisory Committee: Dr. Frank Raushel

Dihydroorotase (DHO) is a zinc metallo-enzyme that functions in the pathway
for the biosynthesis of pyrimidine nucleotides by catalyzing the reversible
interconversion of carbamoyl aspartate and dihydroorotate. The X-ray crystal structure
of the enzyme was obtained at a resolution of 1.7 A. The pH-rate profiles for the
hydrolysis of dihydroorotate or thio-dihydroorotate demonstrated that a single group of
DHO must be unprotonated for maximal catalytic activity. The pH-rate profiles for the
condensation of carbamoyl aspartate to dihydroorotate showed that a single group from
the enzyme must be protonated for maximal catalytic activity. The native zinc ions
within the active site of DHO were substituted with cobalt or CADmium by
reconstitution of the apo-enzyme with divalent cations. The ionizations observed in the
pH-rate profiles were dependent on the specific metal ion bound to the active site.
Mutation of Asp-250 resulted in the loss of catalytic activity. These results are
consistent with the formation of a hydroxide bridge between the two divalent cations that
functions as the nucleophile during the hydrolysis of dihydroorotate. In addition, Asp-
250 is postulated to shuttle the proton from the bridging hydroxide to the leaving group
amide during dihydroorotate hydrolysis. The X-ray crystal structure of DHO showed
that the side-chain carboxylate of dihydroorotate is electrostatically interacting with Arg-
20, Asn-44 and His-254. Mutation of these residues resulted in the loss of catalytic

activity, indicating that these residues are critical for substrate recognition. The thio-
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analog of dihydroorotate, (TDO) was found to be a substrate of DHO. A comprehensive
chemical mechanism for DHO was proposed based on the experimental data presented
in this dissertation. Armed with this understanding of the structure-function relationship
of DHO, a rational approach was used to alter the substrate specificity of the enzyme.
The R20/N44/H254 mutant of DHO was obtained and found to have increased activity
on dihydrouracil compared to the wild-type enzyme. The sequence of the gene PA5541
from Pseudomonas aeruginosa has a glutamine at a position where most active DHO
proteins have a histidine residue. Results from the characterization of PA5541 indicate

that it is a functional DHO.
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CHAPTER 1

INTRODUCTION

In protein science the term “superfamily” has been invoked to describe a group
of enzymes that have conserved tertiary structure but have varying catalytic activities
due to divergent or convergent evolution. A specific example of an enzyme superfamily
is the amidohydrolase group of metalloproteins. The enzymes of the amidohydrolase
superfamily adopt the (B/0)s-barrel fold. The superfamily was first described by Holm
and Sander based on structural alignments of three enzymes, adenosine deaminase,
phosphotriesterase and urease (/). The superfamily was expanded based on amino acid
sequence identity using database searches. With a few exceptions, members of the
amidohydrolase superfamily conserve five active-site residues found at the C-terminal
end of the B-strands. These residues are four histidines and an aspartic acid. Members
of the superfamily bind either one or two metal ions per active-site. Since the original
Holm and Sander description of the superfamily, the knowledge base has expanded as
there are to date at least eighteen additional X-ray structures of amidohydrolase
superfamily members. Analysis of the structure-function relationship of members of the
superfamily will increase our knowledge of how Nature has evolved these enzymes.

The more that is understood about how Nature has evolved protein function will better
our ability to engineer proteins to capitalize on their usefulness for biotechnology and

drug therapies.

This dissertation follows the style of Biochemistry.



Dihydroorotase (DHO) is a member of the amidohydrolase superfamily. DHO
functions in the pyrimidine biosynthesis pathway by catalyzing the reversible cyclization
of N-carbamoyl aspartate to form L-dihydroorotate and a molecule of water. The
reaction is shown in Scheme 1.1. Extensive analyses of the primary structure of DHO
clearly show that there are two classes of the enzyme (2). DHO proteins comprising
Class I are found in higher organisms and are much larger than their Class II
counterparts that are found in many bacteria and fungi. A Class I DHO is expressed in
CAD, a multi-functional enzyme complex found in mammals, insects and molds, that
consists of the first three enzymes of the pyrimidine biosynthesis pathway, carbamoyl
phospate synthetase (CPS), aspartate transcarbamoylase (ATC) and DHO (3, 4).
Monofunctional Class I DHO enzymes are also found in gram-positive bacterial strains.
Class II enzymes consist of monofunctional proteins from gram-negative bacteria and
yeast. Table 1.1 shows which class the known DHO sequences fall into. Class I
proteins typically have subunit molecular weights of ~45 kDa compared to ~38 kDa for

the Class II proteins.
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Scheme 1.1

Within each class, the primary sequence identity is quite high (>40%), but poor
sequence identity (<20%) is seen when one compares proteins between classes. An

alignment of the human and E. coli proteins is shown in Figure 1.1. The two proteins



Table 1.1: DHO Classification®

Class I g1 Class II g1

number number
Agquifex aeolicus 3914514 Agrobacterium tumefaciens 15887748
Archaeoglobus fulgidus 3914507 Arabidopsis thaliana 15235865
Bacillus anthracis 21401873 Azotobacter vinelandii 23103669
Bacillus caldolyticus 1172784 Beta vulgaris 17977977
Bacillus halodurans 10175158 Bordetella pertussis 33566830
Bacillus subtilis 2633923 Bordetella bronchioseptica 33603376
Bifidobacterium longum 23465368 Buchnera aphidicola 15616940
Caenorhabditidis elegans 17532699 Burkholderia fungorum 22988480
Chlorobium tepidum 21673868 Campylobacter jejuni 15791630
Clostridium acetobuytlicum 23821990 Chloroflexus aurantiacus 22971316
Corynebacterium glutamicum 19552823 Emericella nidulans 1870226
Deinococcus radiodurans 9087183 Escherichia coli 16129025
Desulfovibrio desulfuricans 23473834 Helicobacter pylori 15645206
Dictyostelium discoideum 400909 Microbulbifer degradans 23026307
Drosophila melanogaster 391583 Neisseria meningitidis 15676580
Enterococcus faecalis 22992871 Nitrosomonas europaea 22954697
Fusobacterium nucleatum 19703762 Novosphingobium aromaticivoans 23107613
Homo sapiens 33989959 Oryza sativa 14209529
Lactobacillus leichmannii 1346930 Plasmodium falciparum 23509919
Lactobacillus gasseri 23002207 Plasmodium yoelii yoelii 23479248
Leuconostoc mesenteroides 23024490 Pseudomonas fluorescens 23063090
Listeria innocua 21542203 Pseudomonas syringae pv. 23471210
Listeria monocytogenes 21542200 Pseudomonas aeruginosa 15598723
Mesocricetus auratus 131696 Ralstonia solanacearum 17545206
Methanococcus jannaschii 3122658 Ralstonia metallidurans 22978905
Mycobacterium bovis 31792575 Rhodobacter sphaeroides 22957385
Mycobacterium leprae 21542206 Saccharomyces cerevisiae 6323452
Mycobacterium tuberculosis 9087175 Salmonella typhimurium 16764519
Oceanobacillus iheyensis 23098944 Salmonella enterica 16760039
Oenococcus oeni 23037312 Schizosaccharomyces pombe 19115483
Pyrococcus abyssi 9087185 Shewanella oneidensis 24375192
Pyrococcus horikoshii 3914511 Shigella flexneri 24112473
Rattus rattus 2506025 Sinorhizobium meliloti 15964233
Squalus acanthias 3024509 Synechocystis sp. 16329543
Staphylococcus aureus 21204251 Toxoplasma gondii 21309874

Streptococcus mutans 24379638 Ustilago maydis 400913
Streptococcus pneumoniae 15901032 Vibrio cholerae 21542209
Streptococcus pyogenes 15674928 Wigglesworthia brevipalpis 24323648
Streptomyces coelicor 21219987 Yersinia pestis 16121855

Sulfolobus acidocaldaricus 34978387



Table 1.1: continued

Class I g.1. Class I g.1.
number number
Thermatoga maritime 9087186
Thermoanaerobacter 20807969
tengcongensis

Thermobifida fusca 23017985
Thermus aquaticus 3122654
Thermus thermophilus 46198734
Trypanosoma cruzi 7494090

“The sequences were all obtained from the database at NCBI (http://www.ncbi.nih.gov)




HUMAN - - TSQKLVRLPGLI  VVEL[FEPGGTHKEDFASGTAAALAGGE TWCAY, TRPPI | DGPALALAQKLA
E. coli MIAPSQVLKI RRPD WL L D-----GDVMLKTWPYTSEl - YGRAIV  LAPPVTTVEAAVAYRQRI

HUVAN  EAGARCDFAL- FLGASSE- - - - - - NAGTLGTVAGSAACLNL YLNETFSELRL- DSWQAVEHFETWPSH
E. coli LDAVPAGHDFTPLMICYLTDSLDPNELERGFNEGVFTAARNL YPANATTNSSHGVTSI DAl MPVLERVEK

HUVAN  --LPIV, QUTVAAVLWAQLTQ ------------- RSVHI ARKEEI LLI KAAKARGLPVTCE
E. coli |GWLLVgGEVTHAD DI FDREARFI ESVVEPLRQRLTALKVVFEgl TTKDAADYVRDGN- - - ERLAAT

HUVAN  VAPHgL FL SHDDLERL GP- GKGEVREEL GSRQDVEALVEEDVA- - - VI DCFASD TLEELPLNCGSR
E. coli | TPQgLM-NRNHM.VGGVRPHLYCL[gl LKRNI HQQALRELVASGFNRVFL A HR- - - [NESSC

HUVAN  PPPG FPGLETM.LTAVSEGRL SL DDLL QRLHHNPRRI FHLPPCEDT YVEVDL EHEWIT PSHVPFSKAH
E. coli GCAGCFNAPTALGSYATVFEEMNAL QHFEAFCSVNGPQFYGLPVNDTFI ELVREEQQVAESI ALTDDTL

HUVAN  WIPFEGQKVKGT VRRVVL
E. coli VPFLAGETVRWSVKK

Figure 1.1: Alignment of human and E. col/i DHO sequences. The shaded residues are
those that are conserved among an alignment of DHO sequences from over 30

organisms.



have a 17 % sequence identity. An alignment of DHO sequences from 39 bacterial
sources is provided in Appendix I. Each class is represented in this master alignment.
There are 17 conserved residues among DHO sequences and these are listed in Table
1.2. Generally, the conserved metal-binding HXH motif of the amidohydrolase
superfamily is found in an DXHXHXR (residues 14-20 in E. coli) sequence. There are
several bacterial organisms that contain sequences where the HXH motif is replaced by
QXH (2). It is not known whether these enzymes are active. Among DHO proteins,
there are also three additional conserved histidine residues (residues His-77, His-139 and
His-254 in E. coli), the first two corresponding to the third and fourth conserved residues
of the amidohydrolase superfamily. The conserved aspartate residue of the
amidohydrolase superfamily is found in all DHO proteins. This aspartate (Asp-250) is
found in a DXAPH motif.

In several organisms there are multiple DHO sequences. There are three
situations where this is observed: organisms have an inactive DHO domain associated
with a CAD-like multi-functional protein; organisms have an inactive DHO domain
associated with ATC; or in addition to an active DHO with a HXH motif, the organism
contains a DHO with a QXH motif. In Saccharomyces cerevisiae (yeast) and
Neurospora crassa, a psuedo-CAD is found. While the enzyme has functional CPS and
ATC domains, the DHO domain (encoded by ura2) is inactive (5). The sequence of the
defective ura2 gene product contains several mutations of residues that are now known
to be important for metal binding. The functional DHO protein in yeast is a Class I
protein, is monofunctional and encoded by the gene ura4 (6). Shown in Figure 1.2 is a
representation of the various forms of DHO.

Similar to DHO, there is more than one class of prokaryotic ATC proteins (7). In

Class A, the catalytic subunit, pyrB, of ATC is associated with an active (pyrC) or



H. sapiens .:.:.:.:.:_-

CPS DHO ATC

Ura 2 Ura 4

S. cerevisiae ::::::Z:Z:j

CPS  pDHO ATC DHO

PyrC’ PyrB PyrC

Poaerugioss . NN_| [l

pDHO ATC DHO

PyrA PyrC PyrB

E. coli RIS -

CPS DHO ATC

Figure 1.2: Organization of the genes for CPS, DHO and ATC in various organisms.



Table 1.2: Conserved Residues of DHO®.

Residue Probable Role
Asp-14 Hydrogen bonds to H17
His-16 Metal ligand
His-18 Metal ligand
Arg-20 Substrate-binding
Met-42 Unclear
Pro-43 Structural
Asn-44 Substrate-binding
Lys-102 Metal ligand
His-139 Metal ligand
His-177 Metal ligand
His-202 Unclear
Pro-223 Structural
Asp-250 Metal ligand and catalysis
Ala-252 Unclear
Pro-253 Structural
His-254 Substrate-binding
Lys-259 Unclear

*The numbers presented are those for the E. coli enzyme.




inactive (pyrC’) regulatory domain (8, 9). The DHO domain, pyrC- or pyrC’-encoded,
is believed to be required for assembly of the pyrB gene product into a stable
dodecameric holoenzyme (8, 10). Class B ATC enzymes are associated with
pyrlregulatory subunits. In this class, the holoenzyme is a dodecamer formed from two
catalytic trimers and three dimers of pyrl-encoded regulatory subunits. The third class
of ATC enzymes, Class C, consists of proteins that are trimers of only the catalytic
domain (/7).

Pseudomonas aeruginosa and Pseudomonas flourescens contain three DHO-like
sequences: an inactive DHO, a functional enzyme and an uncharacterized protein (2, 12).
The inactive 45 kDa DHO protein of P. aeruginosa is associated with a 36 kDa ATC,
which forms a dodecameric complex with a molecular weight of 486 kDa. The
holoenzyme consists of six ATC catalytic chains (a dimer of trimers) and six pseudo-
DHO (pDHO) chains (a trimer of dimers) (/2). The ATC is encoded by pyrB while the
gene pyrC codes for pDHO. Vickrey et al. reported that plasmids containing only the
gene for the ATC catalytic subunit did not complement E. coli strains deficient in ATC.
The expressed protein was not soluble and was found in inclusion bodies. This
suggested that pDHO is required for correct folding of the catalytic ATC domains.
Similar ATC complexes are found in P. putida, P. flourescens and Helicobacter pylori
(8, 13). In these systems, the inactive proteins are Class I proteins. In Streptomyces
griseus, however, the ATC is associated with an active DHO (9). The functional DHO
proteins of P. aeruginosa and P. flourescens are Class 11 proteins and are encoded by the
gene pyrC.

In several organisms, including P. aeruginosa, P. flourescens, and Xylella
fastidiosa, there is an uncharacterized protein that appears to be a Class I DHO that is 60

amino acids longer than sequences from organisms such as E. coli. These sequences all
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contain the unusual QXH motif discussed above but contain all of the perceived residue
requirements for DHO activity. This is in contrast to URA2 of yeast or the previously

described pDHO, which do not have the necessary conserved residues.

2 ADP, P; L-ASP P;
HCO;” + 2 ATP + L-GLN L-AP Carbamoyl phosphateLA» Carbamoyl aspartate=<s==—== Dihydroorotate
CPS ATCase DHO
Scheme 1.2

The regions of the gene encoding CAD are organized in the following order:
pyrl (CPS), pyr3 (DHO) and pyr 2 (ATC). The gene from humans is very large, with
over 6,679 base pairs (4). The trifunctional enzyme consists of 2,225 amino acids and is
243 kDa. The reactions catalyzed by this enzyme are shown in Scheme 1.2. The CPS
domain of CAD is the rate-limiting step in the pyrimidine synthesis pathway (3, 74).
CPS is allosterically activated by adenine triphosphate (ATP) or 5-phosphoribosyl-1-
pyrophosphate (PRPP) and is feedback inhibited by uridine and cytidine nucleotides. It
has been shown in Drosophila melanogaster that mutation in the CPS domain of CAD
results in loss of feedback inhibition and thus an accumulation of large amounts of
uridine triphosphate (UTP) (/5). CAD is also regulated by Myc-dependent
transcriptional changes, phosphorylation and caspase-mediated degradation. Myc is a
family of transcriptional regulators involved in regulation of cell proliferation. Myc
expression peaks in dividing cells and is suppressed as cells differentiate or exit the cell
cycle. Myc has been shown to have oncogenic potential and is overexpressed in many
human tumors (/6, /7). In human and hamster CAD it was demonstrated that Myc
binds to the E-box region of the CAD promoter increasing CAD transcription, which led
to cell proliferation (/8). When Myc was mutated, growth-factor stimulated increases of

CAD promoter activity was blocked. Thus CAD expression is dependent on Myc and
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intact E-box sequences (/9, 20). Myc-dependent increase in CAD expression is one
mechanism that activity of this enzyme is increased in tumor cells. CAD is also
regulated by reversible phosphorylation by mitogen-activated protein kinase (MAPK) in
response to growth factors. When CPS is treated with MAPK, a loss of feedback
inhibition by UTP and a gain of allosteric activation by PRPP is seen (27). CAD is also
phosphorylated by cyclic AMP-dependent protein kinase (PKA)(22). Unlike what is
found in mammalian CAD, there are no phosphroylation sites in ura2 (23). This
suggests that CAD and ura2 regulation is different. Caspases, proteases that are
activated during apoptosis, have been shown to target CAD (24). CAD is rapidly
degraded in the early onset of apoptosis. Two caspase-3 sites have been located in CAD.

Cleavage at these sites results in the loss of CPS activity and PRPP activation.

(6]
So 0 c@
o) (0]
O PALA
Scheme 1.3

An inhibitor of CAD is N-(phosphononacetyl)-L-aspartic acid (PALA). PALA,
shown in Scheme 1.3, is a transition state analog inhibitor of ATC with a K; of 27 nM
(25). PALA was found to block the proliferation of mammalian cells in culture and thus

1s studied in clinical trials of various cancers alone or in combination with other

compounds (26, 27). The effect of PALA on CAD is diminished as carbamoyl
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phosphate accumulates in the reaction mixture (28). The effect of PALA is also
prevented if sufficient uridine is present (27).

Substrate channeling in CAD has been observed (28-30). For the hamster
enzyme, experiments were conducted using '“C-labeled HCOj5 to initiate the reaction
and allow for the determination of the concentration of the intermediates (28, 29). When
dihydroorotate dehydrogenase was used to trap dihydroorotate as orotate, there was no
carbamoyl phosphate accumulation in the assay mixture and carbamoyl aspartate was
found at a concentration that was 12% of the value expected if the enzymatic activities
were unlinked (29). The rate of dihydroorotate formation was 4 times the rate that
would be attained from an unlinked system. Simply stated, the carbamoyl phosphate
produced from the CPS reaction is channeled directly to the ATC active site where it is
used as a substrate followed by the partial channeling of carbamoyl aspartate to the
active site of DHO.

Early mechanistic studies of DHO were done on the hamster enzyme. The gene
was first isolated from hamster by Kelly in 1986 (37). Unfortunately, the 46 kDa gene
product did not have DHO activity. Later, other researchers found that there were
additional residues at the C-terminal end required for activity (32-34). This discovery
allowed for the successful subcloning of DHO into a cloning vector for expression in £.
coli. An early study was the demonstration of inactivation of the enzyme by treatment
with diethylpyrocarbonate (DEPC). This implicated one or more histidine residues in
catalysis. The metal dependence of DHO was reported to be a single zinc ion. Using
site-directed mutagenesis and ®*Zn*"-binding studies, Christopherson proposed that DHO
had the same metal coordination geometry as carbonic anhydrase (CA). In CA, the
single active site zinc ion adopts a tetrahedral geometry (Kannan, 1984). From the X-

ray crystal structure of CA, the metal ligands have been determined to be three histidine
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residues and a hydroxide (35). The model proposed by Christopherson for DHO had
three histidine residues assigned as metal ligands, His-16, His-18, and His-177 (numbers
given are those that correspond to the E. coli enzyme) (36). A fourth active site histidine
(His-139) played a role in catalysis. Mutation of the histidine residues to alanine,
glycine or asparagine resulted in inactive enzymes. In CA, when the active-site metal is
varied, the pK, of the attacking hydroxide is altered (37). If a water molecule or a
hydroxide were the ionizing group, one would expect that the acidity of this group would
vary as the metal involved is altered. Christopherson did not find this when he
substituted the native zinc for other divalent cations and determined the apparent pK,
values (38). The activity trend reported for the metal-substituted enzymes was
Co*">Zn*">Mn*">Cd*". From the pH rate profile for the hydrolytic activity of the wild-
type enzyme, he obtained an apparent kinetic pK, on ke, of 6.6 for the ionizable group
involved in catalysis (39). Christopherson found that the apparent pK, was relatively
unchanged (6.6-6.9) when the active site metal was substituted. Also, in contradiction to
what is found in CA, the visible absorption spectrum of the Co* -incorporated hamster
DHO was consistent with penta-coordination (38). These findings indicated that CA
may not be the appropriate model system for DHO.

Several inhibitors of the mammalian enzyme have been described including
cysteine and orotate analogs(28, 36, 40-43). Scheme 1.4 shows the most potent
inhibitors with their K; values for the hamster enzyme. These inhibitors were designed
for possible anti-tumor or anti-malarial uses although none are used clinically. Two
potent transition-state analogues of mammalian DHO have also been described,
borocarbmoylethyl aspartate (K; = 5 UM, pH 6) and cis-4-carboxy-6-(mercaptomethyl)-
3.,4,5,6-tetrahydropyrimidine-2(1H)-one (K;= 140 nM, pH 7.4, 8.5) (44, 45). None of

the inhibitors described for the hamster enzyme inhibited the bacterial enzyme (36, 41).
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The explanation for this is unclear, although one would suppose that the difference is
due to subtle perturbations in the active site or in how the substrate is recognized for
binding.

DHO has been implicated in the hydrolysis of the cardioprotective drug
dexrazoxane [ICRF-187; (+)-1,2-bis(3,5-dioxopiperazin-1-yl)propane] (46). Cleaveage
of dexrazoxane results in an active metal-binding compound ADR-925 [N,N’-[1S)-1-
methyl-1,2-ethanediyl]bis| N-(2-amino-2-oxoethyl)glycine]. Scheme 1.5 illustrates how
DHO, in conjunction with dihydropyrimidinase, cleaves dexrazoxane. ADR-925
reduces the cardiotoxicity of the anticancer drug doxrubicin by preventing oxygen
radical formation by binding free iron or removing iron from the iron-doxrubicin
complex (47). After dihydropyrimdinase acts on dexrazoxane to produce the two single
ring containing metabolites B and C, DHO cleaves them to produce ADR-925 with a
Vmax that is 11- and 27- fold greater than that for the hydrolysis of dihydroorotate (46).
The K, values are 240- and 550- fold higher than that for dihydroorotate.

The DHO isolated from E. coli is homodimeric with a molecular weight of 76
kDa. It was also thought to bind a single molecule of zinc (48). It was reported by
Collins that the cation could be substituted with cobalt to yield a more active enzyme
(48). As found for the hamster enzyme, the Co” -substituted enzyme was more active
than the native enzyme. Characterization of the enzyme was complicated by the fact that
the enzyme was very unstable due to air oxidation (49, 50). Collins chemically modified
the cysteines in the enzyme to conduct the experiments. A mass spectrometry and
chemical derivatization experiment by Daniel proposed that two of the six cysteines,
(C221 and C265), in the enzyme were responsible for the air oxidation (57).

Two weak noncompetitive inhibitors have been described for the bacterial

enzyme, 4-chlorobenzenesulfonamide (K; = 200 uM) and 4-nitrobenzenesulfonamide
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(Ki=1.1 mM) (52). In the study where dexrazoxane was reported as a substrate for
DHO, 4-chlorobenzesulfonamide was reported to not inhibit the mammalian enzyme
(46). However, furosemide, a sulfonamide derivative with a carboxylate group, did
inhibit the mammalian enzyme by 80 %.

In this dissertation a detailed study of the structure and mechanism of the E. coli
DHO is presented. The X-ray crystal structure of the enzyme was determined. The
structure allowed for the proposal of a novel mechanism for DHO. The mechanism of
action and role of individual amino acids in binding and/or catalysis and the rate-limiting
steps in substrate turnover were probed using mutagenesis and kinetic experiments. The
roles of the metal ions in catalysis were studied by substituting the active site zinc for

other divalent cations.
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CHAPTERII

THE X-RAY CRYSTAL STRUCTURE OF DIHYDROOROTASE FROM
ESCHERICHIA COLI

Dihydroorotase (DHO) catalyzes the reversible cyclization of N-carbamoyl-L-
aspartate to form L-dihydroorotate in the de novo pyrimidine biosynthetic pathway. In
bacteria and fungi, DHO is a monofunctional enzyme (2, 49, 53). In most eukaryotes,
DHO is found in a multi-functional protein (CAD) that is composed of the first three
enzymes of the de novo pyrimidine biosynthesis pathway (3, 33). CAD consists of
carbamoyl phosphate synthetase (CPS), aspartate transcarbamoylase (ATC) and
dihydroorotase (DHO). DHO from E. coli is a monofunctional, homodimeric zinc-
containing metalloenzyme with a subunit molecular weight of 38,300 Daltons (49).

The amidohydrolase superfamily consists of metalloenzymes that all adopt a
“TIM” barrel fold (/). Members of this superfamily generally catalyze hydrolysis
reactions at a carbon or phosphorus center. An additional characteristic shared by most
members of the amidohydrolase superfamily is that there are five conserved residues
found at the C-terminus of 3-strands 1, 5, 6, and 8. These residues include four
histidines and an aspartic acid. The first two histidines are found in a metal-binding
HxH motif. The members of the amidohydrolase superfamily are organized into two
subgroups according to the number of metal ions that each enzyme coordinates per
subunit. Phosphotriesterase (PTE) and urease (URE) contain two molecules of zinc and
nickel respectively (54, 55). Most members of this subgroup contain a conserved
carboxylated lysine residue that bridges the two metal ions found at the C-terminus of 3-

strand 4. A few enzymes, like the bacterial PTE homology protein, contain a glutamate
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residue at this position instead (56). The five conserved residues of the amidohydrolase
superfamily are all metal ligands in this subgroup. A key representative of the subgroup
of enzymes coordinating a single metal ion is adenosine deaminase (ADA) (/, 55). In
adenosine deaminase, three of the histidines coordinate to the zinc ion, while the fourth
conserved histidine serves as a general base in the active site.

Holm and Sander placed DHO in the adenosine deaminase subfamily based on
previous assertions that DHO bound only a single zinc ion (/). Metal reconstitution
experiments in the hamster and E. coli enzymes supported this belief (36, 38, 48).

Also, the carboxylated lysine residue was not identified in primary sequence alignments.
Here, the X-ray crystal structure of DHO is presented. Surprisingly, there was a
binuclear metal center in the active site with a caboxylated lysine bridging the two zinc
cations. Additionally, dihydroorotate was bound in one subunit of the crystallized
dimer, while carbamoyl aspartate was bound in the other subunit. This discovery

allowed for the proposal of a novel mechanism for the enzyme.

Materials and Methods

The gene for DHO, pyrC, was cloned from E. coli and ligated into the pBS"
expression vector from Stratagene. The recombinant protein was expressed in E. coli.
DHO was purified using a modified procedure adapted from Collins (49). The seleno-
methionine derivative of DHO was also prepared. The seleno-methionine was
incorporated using a method that inhibits the pathway used by cells to produce
methionine (57, 58). This method requires that the cells are grown in minimal media.
MALDI mass spectra of the native and derivative proteins were obtained to confirm the

incorporation of the seleno-methionine. The mass spectroscopy was done by the
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Laboratory for Biological Mass Spectrometry at Texas A & M University. The crystal

structure was solved by our collaborators from the University of Wisconsin (59).

Results

Structure of DHO. The X-ray crystal structure of native DHO isolated from E.
coli was obtained at a resolution of 1.7 A. Contrary to expectations, each subunit of the
dimer coordinated two ions of zinc. The overall dimensions for the dimer are 73 A x 77
A x 80 A and it is shown in Figure 2.1. The two active sites are 25 A apart. Each

subunit of the dimer contains the conserved “TIM” barrel motif of the amidohydrolase

superfamily. The eight -strands of the “TIM” barrel are composed of residues Asp14 —
His-18, Arg-38 — Val-41, Thr-73 — Leu-80, Phe-98 — Leu-130, Leu-136 — His-139, Lys-
172 — Phe-175, Ala-195 —Ile-198 and Val-245 — Leu-247. In addition to a “TIM” barrel
motif, each subunit of the dimer contains five extra (3-strands, three a-helices and
various type I, IT and III turns. The dimensions of each subunit are 51 A x 51 A x 54 A.
The monomer is shown in Figure 2.2.

Subunit Interface. Three loop regions, His-144 — Arg-152, Arg-207 — Arg-227
and Asp-260 — Gly-264, define the interface between the two subunits. The surface lost
by dimerization is approximately 2,300 A” and the two subunits overlay with a root
mean square deviation of 0.22 A. The overlay of the a-carbons of each subunit is shown

in Figure 2.3. The only movement seen is in loop 4, which is defined by residues Pro-
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Figure 2.1: Ribbon representation showing the distribution of secondary elements in the
DHO dimer (PDB 1J79). The strands are shown in yellow and the helices are in red.
The overall dimensions of the dimer are 73 A x 77 A x 80 A. The active sites are 25 A

apart.
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Figure 2.2: Representation of the TIM-barrel of the DHO monomer (PDB 1J79). In
addition to the core TIM barrel, there are five additional [3-strands and three a-helices.
The binuclear metal center and the ligands His-16, His-18, Lys-102, His-139, His-177
and Asp-250 are highlighted.
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Dimer
Interface

Loop 4:
P105 -T117 >

Figure 2.3: Overlay of the a-carbon backbone of the two subunits of DHO (PDB 1J79).
Subunit I coordinating dihydroorotate is shown in blue while Subunit IT with bound
carbamoyl aspartate is shown in red/pink. The only movement between the two subunits

appears to be in loop 4.
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105 — Thr-117. The subunit interface is stabilized by two salt bridges between Asp-148
(subunit I) and Arg-207 (subunit IT) and between Asp-151 (subunit 1) and Arg-227
(subunit II). Hydrogen bonds are also formed between the side chain carboxamide
group of Asn-208 (subunit II) and the backbone carbonyl oxygen of Ile-147 (subunit I)
and the peptidic nitrogen of Ile-149 (subunit I).

Active Site of DHO. The crystallized dimer of DHO contained bound substrate
and product. The overlay of the active sites of the two subunits is shown in Figure 2.4.
In the active site of subunit I, dihydroorotate is bound as shown in Figure 2.5A. The
location of the active site residues in the secondary structure is highlighted in Figure 2.6.
The two metal ions are separated by 3.5 A and are bridged by the carboxylated Lys-102
and a solvent molecule (believed to be a hydroxide ion). The more buried a-metal ion is
coordinated to His-16, His-18, Lys-102, Asp-250 and the bridging solvent molecule.
The a-metal ion is in a distorted trigonal bipyrimidal coordination sphere. The more
solvent-exposed [3-metal ion is distorted tetrahedrally and is coordinated by Lys-102,
His-139, His-177 and the bridging solvent molecule. The carbonyl oxygen (O4) of
dihydroorotate of the formed amide is coordinated to the 3-metal ion at a distance of 2.9
A and is 2.7 A from the solvent molecule. N3 of dihydroorotate is 3.1 A from the
backbone carbonyl oxygen of Leu-222 and 2.9 A from the bridging solvent molecule.
02 of dihydroorotate is coordinated to the backbone amide of Leu-222 with a distance of
2.7 A, while N1 of dihydroorotate is 3.0 A from the backbone carbonyl group of Ala-
266. The carboxylate side chain of C6 appears to be stabilized by interactions with Arg-
20, Asn-44 and His-254. Additionally, there are seven water molecules within 4.5 A of
the bound dihydroorotate. The active site of subunit II of DHO contained bound

carbamoyl aspartate as shown in Figure 2.5B. The bridging active site water has been
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His-139

His-177

Figure 2.4: Overlay of the active sites of the two subunits of DHO (PDB 1J79). Subunit
I coordinating dihydroorotate is shown in blue while Subunit II with bound carbamoyl

aspartate is shown in red/pink.
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Figure 2.5: The active sites of DHO with bound carbamoyl aspartate (A) and

dihydroorotate (B). The distances reported are in A.
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Figure 2.6: Alignment of DHO sequences from human and E. coli. The conserved
residues of DHO proteins are highlighted in purple. The residues composing the 3-
strands are highlighted in black, while those forming the a-helices are in grey. The
secondary structure elements are numbered according to those that constitute the core

TIM-barrel. The underlined residues are those comprising the subunit interface.
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displaced by the side chain carboxylate group of carbamoyl aspartate. The backbone
NH and CO groups of Leu-222, at 2.7 A away, are within hydrogen bonding distance of
the carbamoyl moiety of carbamoyl aspartate. N3 of the substrate is 3.0 A from the
carboxylate group of Asp-250. The a-carboxylate group of carbamoyl aspartate is
stabilized by electrostatic interactions with Arg-20, Asn-44 and His-254. The two metal
ions are separated by 3.7 A.

Seleno-methionine DHO. The seleno-methionine derivative of DHO was
successfully prepared. The MALDI mass spectra confirming the incorporation of the
unnatural amino acid is shown in Figure 2.7. The mass of the native protein is 38,941
Daltons while the seleno-methionine derivative has a molecular weight of 39,408
Daltons. The mass difference between the two enzymes is 467 Da, which is consistent

with the substitution of all 10 methionine residues with seleno-methionine.

Discussion

Comparison with Other Amidohydrolase Superfamily Members. The active sites of
DHO, PTE and urease overlay very well as shown in Figure 2.8 (59-617). The root-
mean-square deviation of DHO and urease is 1.24 A (between the backbone of 56
residues of the 8 B-strands), while for PTE and DHO it is 2.9 A (between 72 structurally

equilavent a-carbons) (59, 62). The four histidine residues, the aspartic acid and the
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Figure 2.7: Mass spectra of native DHO (A) and the seleno-methionine derivative
of DHO (B). The mass difference of 467 Daltons is representative of the incorporation

of 10 seleno-methionine residues.



29

carboxylated lysine of all three enzymes align nicely. It is interesting that although the
primary sequence identity is rather low (less than 20 %) for the three proteins, the active
sites are so highly conserved.

Since the Holm and Sander paper there have been many additional X-ray crystal
structures added to the amidohydrolase superfamily. Some of the structures fit nicely in
the mold of the superfamily in that they have the requisite residues at the appropriate
positions. Examples are the E. coli proteins isoaspartyl dipeptidase (IAD) and cytosine
deaminase (CDA) (63, 64). Like DHO, IAD contains a binuclear zinc center (63). The
structure has bound product, aspartate, in the active site. This enzyme is interesting as it
1s an octamer that is formed from a tetramer of dimers. Each subunit has two domains,
the N-terminal region contains eight strands of [3-sheet and the C-terminal region
consisting of the TIM barrel. The active site of CDA is reminiscent of the active site of
murine ADA as several substrate binding residues are conserved (55). The substrates of
the two enzymes are bound in a similar orientation and position. CDA coordinates a
single atom of iron, unlike the zinc-binding ADA. It is important to note that only the
bacterial CDA proteins are members of the amidohydrolase superfamily. The fungal
counterpart has a different fold that is similar to the one adopted by the bacterial cytidine
deaminase (65, 66). The active sites of human renal dipeptidase and uronate isomerase
differ from the other enzymes of the amidohydrolase superfamily (67, 68). In renal
dipeptidase there is an HxD motif instead of the HxH from strand 1. Also, as seen in the
PTE homology protein, there is a glutamate residue bridging the two metal ions in lieu

of the carboxylated lysine at strand 4 (56). There also is the absence of an aspartate
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Figure 2.8: Overlay of the active sites of DHO (blue), PTE (green) and Urease (red).
The structures were reported in Thoden et al. (59), Benning et al. (60) and Jabri et al.

(61). The coordinates were obtained from the PDB (1J79, 1HZY, 2KAU).
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residue bound to the a-metal ion as seen in DHO, PTE and urease. Uronate isomerase
(UAI) is an unusual member in that it does not catalyze a hydrolysis reaction. The
structure of the Thermotoga maritima enzyme revealed that there is a tryptophan residue
from strand 7. There are two domains of UAI (A and B) and only domain A contains
the TIM barrel domain. The role of the helical domain B is unclear as the active site of
the enzyme is found in domain A. The crystallographers saw electron density consistent
with a metal ion. As they were unclear on the identity of the metal ion, they
conservatively modeled a water molecule into the active site. Our unpublished data on
the E. coli UAI indicates that the enzyme coordinates a single zinc ion. As more
structures of amidohydrolase superfamily members are added, it will be interesting to
see if these examples are outliers or more the norm than might be expected.

Cyclic Amidases. The enzymes of the amidohydrolase superfamily with the
highest primary sequence similarity to DHO are other cyclic amidases catalyzing the
hydrolysis of five or six-membered rings (/, 69). Scheme 2.2 shows the reactions of
dihydropyrimidinase (DHP), hydantoinase and allantoinase. DHP functions in the
second step of pyrimidine degradation. The enzyme catalyzes the reversible hydrolysis
of 5,6-dihydrouracil (DHU) or 5,6-dihydrothymine (DHT) to form N-carbamoy]l-[3-
alanine (NCBA) or N-cabamoyl-f3-aminoisobutyrate respectively. DHP also hydrolyzes
various 5’-mono-substituted hydantoins to 3-ureido acids (70). Hydantoinase is the
microbial counterpart to DHP. Substrates for these enzymes are D- or L- isomers or

racemic mixtures. The X-ray crystal structure for the mammalian DHP has not been
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obtained yet, but as will be discussed later, researchers have developed a structural
model of the enzyme. The structure of three hydantoinases has been determined, D-
hydantoinase from Thermus sp., L-hydantoinase from Arthobacter aurescens and D-
hydantoinase from Bacillus stearothermophilus (71-73).

Proposed Catalytic Mechanism. The proposed mechanism suggested by the
crystal structure of DHO is illustrated in Scheme 2.3. In the direction of dihydroorotate
hydrolysis, Asp-250 initiates the reaction by activating the bridging hydroxide ion to
attack at C-4 of the substrate. The 3-metal ion polarizes the carbonyl group of the
substrate making it more susceptible to attack. The ensuing tetrahedral intermediate
collapses to form the product. In the biosynthesis of dihydroorotate, Asp-250 initiates
the reaction by deprotonating the amide nitrogen of carbamoyl aspartate. The amide
nitrogen attacks the carboxylate of carbamoyl aspartate to form the tetrahedral adduct.
The intermediate collapses upon protonation of the amide nitrogen to produce

dihydroorotate.
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Comparison to Dihydropyrimidinase. DHP is another enzyme previously
thought to have one active site metal ion, a zinc ion. Gojkonvic et al. were the first to
present experimental data showing that DHP proteins, specifically those from
Saccharomyces kluyveri and Dictyostelium discoideum, contained two ions of zinc per
subunit (74). Additionally, Gojkonvic et al. modeled the human DHP sequence onto the
DHO structure. The active site of DHP overlays with the DHO active site very well.
Consequently, the mechanism proposed for DHP is highly reminiscent of that for DHO.

Subunit Interface. The observation of bound substrate and product in the
crystallized dimer poses the question: Do the two subunits communicate with each other
during catalysis? Or was the presence of both carbamoyl aspartate and dihydroorotate a
fortunate coincidence? The topic of subunit communication has been studied before in
the E. coli protein biotin carboxylase (75). Responsible for catalyzing the ATP-
dependent carboxylation of the vitamin biotin, biotin carboxylase is a component of
acetyl-CoA carboxylase. The multi-functional enzyme complex acetyl-CoA carboxylase
is involved in fatty acid biosynthesis and is composed of biotin carboxylase, biotin
carboxyl carrier protein and carboxyltransferase. As is the case with DHO, the enzyme
is a homodimer with each subunit containing a complete active site.

Janiyani et al. used N-terminal tags to determine the significance of each subunit
to the catalytic activity of biotin carboxylase (75). Hybrid molecules of the enzyme
were formed in which one subunit of the dimer was wild-type and the other subunit a
variant with active site mutations. To do this, the gene encoding for the wild-type

(accC) or mutant enzyme was manipulated to incorporate a poly-histidine or FLAG tag.
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The genes were ligated into expression vectors. The plasmids were used to coexpress
the differently tagged subunits. Three types of dimers could form: one with two His-
tagged subunits (HH); a dimer that contained two FLAG-tagged subunits (FF); or one
that was composed of a subunit with the His-tag and one with the FLAG-tag (HF).
Affinity chromatography was used to purify the hybrids. The FF could be separated
from the HH and HF dimers by running the sample through an immobilized nickel
affinity column. Then the HF could be isolated by running an anti-FLAG affinity
column. N-terminal protein sequencing results confirmed that the purified protein was
indeed the HF hybrid as both tag sequences were observed. Four different HF biotin
carboxylase hybrid dimers were used in kinetic analyses. In the hybrid dimers, one
subunit was wild-type while the other contained one of four mutations to an active site
residue (R292A, N290A, K238Q or E288K). The kinetic parameters of these hybrids
were compared to the HF dimer in which both subunits were wild-type. Biotin
carboxylase activity was greatly reduced in all mutant differentially tagged biotin
carboxylases. The Vi, of the R292A/WT HF hybrid was 2.54 min™' compared to a
value 0f 99.8 min™ for the WT/WT HF hybrid. The values for Vi, were 3.6, 1.06 and
0.35 min™ for the N290A/WT, K238Q/WT and WT/E288K hybrid proteins respectively.
These results suggest that two active subunits are required for maximum catalytic
function.

Crystallization of Other DHO Proteins. Two papers have been published that
report on the crystallization of DHO. Purcarea et al. crystallized the enzyme from the

hyperthermophilic bacterium Aquifex aeolicus (76). The crystallization of the hamster
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enzyme was reported by Maher et al. (77). The X-ray crystal structure has not been
published for either enzyme. The authors of the hamster enzyme paper report the
formation of crystals containing a tetrameric form of DHO (77). The tetramer is
believed to be linked through disulfide bonds. This was tested by reacting the dimer and
tetramer with DTNB. The dimeric form of the enzyme gives an absorbance change at
412 nm that is consistent with one cysteine residue per monomer. No absorbance
change is seen with the tetramer indicating that there are no free surface cysteines. Thus,
the tetramer is formed from two disulfide linkages between two DHO dimers. The
significance of this tetrameric species is unclear as the authors report that the activity is

similar to that of the native form.
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CHAPTER III

MECHANISM OF THE DIHYDROOROTASE REACTION

Dihydroorotase (DHO) functions in the biosynthesis of pyrimidine nucleotides
by catalyzing the reversible cyclization of N-carbamoyl L-aspartate to L-dihydroorotate
as shown in Scheme 3.1. An analysis of the amino acid sequences of DHO from
multiple species reveals that there are two general classes of this enzyme (2). Members
of Class I are found in higher organisms and are larger than their Class II counterparts
that are found in many bacteria and fungi. Examples of the Class I form of DHO are
exemplified by CAD, a multi-functional enzyme found in mammals, insects and molds.
The CAD protein consists of the first three enzymes of the pyrimidine biosynthetic
pathway - carbamoyl phosphate synthetase (CPS), aspartate transcarbamoylase (ATC)
and DHO (3, 4). Monofunctional examples of Class I DHO are found in gram-positive
bacterial strains including Bacillus subtilis, Lactobacillus plantarum, Enterococcus
faecalis, Clostridium acetobutylicum and Streptococcus aureus. The Class Il enzymes
are all monofunctional proteins from gram-negative bacteria and yeast. Class I proteins
have typical subunit molecular weights of ~45 kDa compared to ~38 kDa for the Class 11
proteins. Within each class of enzymes, the amino acid sequence identity is quite high
(>40%), but poor sequence identity (<20%) is observed in a comparison of proteins
between these two classes. For example, the sequence identity between the human
(Class I) and E. coli (Class II) forms of DHO is only 17%. There are approximately 17
residues that are fully conserved within the DHO enzymes sequenced to date in both

classes of enzyme.
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Scheme 3.1

The DHO from hamster was initially reported to contain a single zinc ion that
could be replaced by Co®", Mn®", or Cd*" with retention of catalytic activity (38).
However, the X-ray crystal structure of the E. coli enzyme demonstrated that the
bacterial DHO contains two zinc ions per active site (59). The high resolution structure
also confirmed the assignment of DHO as a member of the amidohydrolase superfamily
with a (Ba)s-barrel protein fold and whose binuclear metal center was identical to that
previously observed for phosphotriesterase and urease (/, 59). The amidohydrolase
superfamily of metalloenzymes functions primarily, but not exclusively, as catalysts for
hydrolytic reactions at carbon and phosphorus centers. A representation of the binuclear
metal center in DHO is presented in Figure 3.1. The six conserved residues found at the
C-terminus of the central [3-strands are His-16, His-18, Lys-102, His-139, His-177, and
Asp-250. The two zinc ions are bridged by a carbamate functional group formed from
the post-translational carboxylation of Lys-102 with CO; and a molecule from solvent
that is most likely hydroxide.

The reversible reaction catalyzed by DHO is pH-dependent and the equilibrium
constant of the overall reaction as written in Scheme 3.1 is 1.5 x 10° M (39). At pH
6.2, the equilibrium between carbamoyl aspartate and dihydroorotate is unity. At lower
pH values the formation of dihydroorotate is favored. Conversely, at higher pH values
the formation of carbamoyl aspartate is dominant. DHO was first crystallized at a pH

where the equilibrium constant for the interconversion between substrate and product
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Figure 3.1: Representation of the binuclear metal center within the active site of DHO.
The structure was obtained by Thoden et al. (59) and the coordinates obtained from the
PDB (1J79).
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was approximately one (59). This fortuitous event enabled the structural elucidation of
the specific molecular interactions between substrate/product and the metal center in
individual subunits to be unveiled within the same dimer of DHO in the crystalline state.
In one subunit of the dimer, dihydroorotate was bound to the active site while in the
adjacent subunit, carbamoyl aspartate was bound. Carbamoyl aspartate coordinates to
the binuclear metal center via a bridging interaction through the side chain carboxylate
of the substrate. In contrast, the amide carbonyl group of dihydroorotate interacts with
the binuclear metal center by direct coordination to the B-metal ion. The bridging
hydroxide is more closely associated with the a-metal ion. Electrostatic interactions
with the backbone atoms of Leu-222, Ala-266 and Gly-267 stabilize the binding of the
substrate and product in the active site of DHO. The most specific contacts between
protein and substrate originate from the side chains of Arg-20, Asn-44 and His-254 via
the formation of electrostatic interactions with the free a-carboxylate group of
dihydroorotate and carbamoyl aspartate.

Here, we provide direct biochemical support for the chemical mechanism first
suggested by the molecular contacts observed in the X-ray crystal structure of DHO.
The role of Asp-250 in proton transfer reactions is assessed via mutation of the side
chain carboxylate of this residue to functional groups that are unable to serve this
function. Mutagenesis of specific residues was implemented to probe the functional
requirement for the electrostatic interactions between the side chains of Arg-20, Asn-44
and His-254 with the a-carboxylate of dihydroorotate and carbamoyl aspartate. Metal-
substituted variants of DHO were prepared to elucidate the roles of the metals in
catalysis and to identify the role the bridging hydroxide plays in catalysis. The sulfur

analog of dihydroorotate was analyzed as a substrate for DHO and used to probe the
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interactions between the amide bond that is formed and broken with the binuclear metal

center of DHO.

Materials and Methods

Materials. N-Carbamoyl aspartate was purchased from Research Organics.
Deuterium oxide was obtained from Cambridge Isotope Laboratories. Platinum pfx
DNA polymerase was acquired from Invitrogen, while the remainder of the molecular
biology products were from Promega or Stratagene. The buffers, substrates and other
chemicals were acquired from Sigma-Aldrich. The Gene Technology Laboratory of
Texas A&M University performed the DNA sequencing reactions and oligonucleotide
synthesis. Thio-dihydroorotate (TDO) was synthesized using a protocol adapted from
Christopherson (42).

Site-Directed Mutagenesis. The DHO used as the wild-type enzyme in these
experiments was altered from the native pyrC gene isolated from E. coli. Four cysteine
residues that are thought to cause sensitivity to oxidation were substituted for serine
residues with no loss of activity or change in any other enzymatic property (50, 51).
These residues are Cys-63, Cys-65, Cys-121 and Cys-179. The single point-mutations at
any one of these sites did not consistently produce protein that was stable with maximum
catalytic activity for an extended period of time. The quadruple mutant
(C63S/C65S/C121S/C179S) was stable and had kinetic parameters consistent with
previously reported values (49, 50). The DNA template for the mutagenesis experiments
described in this paper utilized the altered sequence with the mutation of four cysteine
residues to serine and designated as the QM protein.

The mutagenesis protocol was PCR-based and involved the use of four primers

that produced two over-lapping fragments (78). The cloning vector in all cases was



42

pBS" from Stratagene. A typical reaction contained 2 ng of template DNA, 4 uM of
each primer, 1X pfx buffer, 2.0 mM dNTP mix and 5 units of platinum pfx DNA
polymerase. The PCR protocol was used as follows: 2 minutes at 95 °C, 25 cycles of 1
minute at 95 °C, 1 minute at 50 °C, and 4 minutes at 68 °C, followed by 1 cycle of 10
minutes at 68 °C. The PCR products were digested with EcoRI and HindlII for two
hours at 37 °C, purified and then ligated with similarly digested pBS". XL1 Blue cells
were transformed with the ligation reactions. Cells containing plasmid were selected on
LB plates containing ampicillin. Individual colonies were used to inoculate 5 mL LB
cultures, which were grown overnight at 37 °C. The plasmids were isolated from the
overnight cultures using the Wizard Mini-Prep SV kit (Promega). The desired mutations
were confirmed by sequencing of the isolated DNA.

Protein Purification. The wild type and mutant forms of DHO were all purified
in the same manner. The E. coli strain, X7014a, that lacks a functional gene for
dihydroorotase was obtained from the Yale E. coli Genetic Stock Center and
transformed with the pBS" plasmids containing the gene for DHO. For each preparation,
large cultures were incubated at 37 °C until they reached mid-log phase at which point
IPTG was added to a concentration of 1.0 mM. After overnight incubation, the cells
were collected by centrifugation and resuspended in 50 mM Tris-phosphate, pH 7.0, 100
uM ZnCl, and 5.0 mM carbamoyl aspartate. The cells were lysed by sonication and the
nucleic acids precipitated by the addition of a 2.0% proteamine sulfate solution. After
centrifugation, the cell extract was saturated to 60% in ammonium sulfate. After
centrifugation, the pellet was resuspended in a minimal amount of buffer and then
chromatographed with the aid of an AKTA Purifier (Pharmacia) using a Superdex-200
26/60 column. The buffer used for the gel filtration column was 50 mM bis-tris propane,

pH 7.0, containing 5.0 mM carbamoyl aspartate. The flow rate was 1.0 mL/min with 1.5
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mL fractions being collected. The fractions containing DHO activity were pooled and
loaded onto a Resource-Q anion exchange column with the AKTA system. Buffer A
was 20 mM bis-tris propane, pH 7.0, while Buffer B was the same buffer with 1.0 M
NaCl. The protein was eluted from the column by the use of a salt gradient (0-30%
buffer B in 30 column volumes). The flow rate was 4.0 mL/minute with 1.0 mL fractions
being collected. Fractions were assayed for activity and those containing DHO were
pooled. The purified enzyme was typically stored at —80 °C in 20 mM bis-tris propane,
pH 7.0, with 20% glycerol, 100 uM ZnCl, and 5.0 mM carbamoyl aspartate.
Preparation and Reconstitution of Apo-enzyme. Chelex 100 (BioRad) was used
to remove contaminating metals from buffers. The buffers were degassed with argon
prior to the addition of enzyme. The apo-enzyme was prepared by incubating DHO at a
concentration of 1.5 mg/mL for 24 hours with 25 mM dipicolinate in 50 mM sodium
acetate, pH 5.5, containing 50 mM sodium sulfate, 2.0 mM sodium hydrosulfite and
30% glycerol. The dipicolinate was removed by dialysis using three changes, 24 hours
each, of 20 mM sodium acetate, pH 5.8, containing 2.0 mM sodium hydrosulfite and
20% glycerol. To reconstitute the apo-enzyme, the protein solution was made 100 mM
in Hepes, pH 8.0, 2.0 mM sodium hydrosulfite and 100 mM potassium bicarbonate.
Typical protein concentrations were 0.5-1.0 mg/mL. Excess divalent metal chloride
salts at concentrations of 26-130 uM were added to the apo-enzyme for reconstitution of
catalytic activity. Maximum recovery of activity required three days of incubation at 4
°C. Atomic absorption (AA) spectroscopy was used to measure the concentration of
each cation in the protein samples. Prior to performing AA analysis, the protein solution
was passed through a PD10 column (Pharamacia) equilibrated with metal-free buffer to

remove excess metal ions.
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Enzyme Assays. DHO activity was determined by a direct spectrophotometric
assay at 230 nm (/3). The assays were performed in a 96-well plate using a
SPECTRAmax-340 (Molecular Devices) plate reader. Dihydroorotate absorbs at 230
nm with an extinction coefficient of 1.17 mM™ cm™ (74). TDO absorbs at 280 nm with
an extinction coefficient of 17 mM'cm™. The assay volume was 250 uL which
corresponds to a path length of 0.69 cm. The buffers for the pH-rate profiles were the
potassium salts of MES from pH 5-6.75, HEPES from 6.75-8.5 and TABS from 8.5-9.5.
The buffer concentration in each assay was 50 mM and the pH was varied in 0.25 unit
increments. The pH was measured at the completion of the enzymatic reaction. For the
variation of carbamoyl aspartate, the concentration range was 0.05-20 mM. A range of
0.025-1.75 mM was used for the variation of dihydroorotate and TDHO. For
measurement of the solvent isotope effects, the same reaction conditions were used
except that the buffers were prepared in D>O. Enzyme dilutions were performed in 20
mM Hepes, pH 7.0, prepared with D,O. The pD of each reaction was measured after
completion of the assay by adding 0.4 to the pH electrode reading (79). The solvent
deuterium isotope effects were determined over the pH range of 5.5-7.0 for the synthesis
reaction and 8.0-9.8 for the hydrolysis reaction.

Data Analysis. The kinetic parameters, kcar and kca/Km, from the initial velocity
experiments were determined from a fit of the data to equation 1, where v is the initial
velocity, ke 1s the turnover number, E; is the enzyme concentration, A is the substrate
concentration and K, is the Michaelis constant. For the pH-rate profiles, the effect of
pH on ke, and kea/ Ky was determined for each substrate by a fit of the data to equations
2 and 3 using the computer programs of Cleland (16). Equation 2 was used to fit the
data when the activity diminished at low pH whereas equation 3 was used when the

activity was lost at high pH. In these equations, y is the value of kcat O kcat/Kim, ¢ is the
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pH-independent value of y, H is the hydrogen ion concentration and K, is the

dissociation constant of the ionizable group.

VIE = keatA/(Kint A) (1)
logy = log[c/(1 + H/K,)] 2)
logy = log[c/(1 + Ky/H)] 3)

Results

Kinetic Parameters. The ke, K and ke/ K kinetic constants for the
biosynthesis and hydrolysis of dihydroorotate by the zinc-substituted form of DHO are
presented in Table 3.1. Consistent with previously reported data with the DHO from E.
coli, the maximal rate of formation for the synthesis of dihydroorotate from carbamoyl
aspartate is slightly faster than the rate of the hydrolysis reaction (49). However, the Ky,
value for dihydroorotate is about 10-fold lower than that of carbamoyl aspartate and thus
keat/ K for dihydroorotate is about an order of magnitude higher than it is for carbamoyl
aspartate. Although the thio-substituted form of dihydroorotate has been reported to be a
potent inhibitor of the eukaryotic DHO from hamster, this compound was found to be a
reasonably good substrate for the bacterial enzyme (42). Shown in Figure 3.2 are the
time courses for the changes in absorbance after the addition of DHO to a solution of

TDO. There is a disappearance of the absorbance at 280 nm that is coupled with the
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Table 3.1: Kinetic Parameters for Metal-Substituted Forms of Dihydroorotase®.

Enzyme Substrate Feat K e/ Ko
(s (mM) (M's™)
Zn/Zn-DHO Carbamoyl Aspartate 160 + 8 1.70 + 0.2 1.0 (0.1) x 10°
Dihydroorotate 100 + 1.6 0.080 + 1.2 (0.1)x 10°
0.001
Thiodihydroorotate 4.4+0.2 0.030 + 1.5(0.3)x 10°
0.001
Co/Co-DHO Carbamoyl Aspartate 25+1.4 15+0.2 1.6 (0.2) x 10
Dihydrorotate 15+1.4 0.70+0.03 2.1(0.2)x 10*
Cd/Cd-DHO Carbamoyl Aspartate 82+0.2 4.0+0.9 43 (0.1)x 10°
Dihydrorotate 1.9+0.3 0.23+0.06 8.3(0.1)x 10°
Thiodihydroorotate 042 + 0.009 + 4.8 (0.9)x 10*
0.01 0.001

“These data were collected at pH 5.8 with carbamoyl aspartate as the substrate and at pH

8.0 with dihydroorotate or thiodihydroorotate as the substrate.
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Figure 3.2: Time course for the hydrolysis of TDO at pH 8.0. TDO absorbs with a pH-
maximum at 280 nm. After the addition of 0.2 uM DHO, spectra were recorded at 2, 4,
and 12 minutes. The absorbance maximum at 280 nm diminishes with time and is

replaced by an absorbance maximum at 250 nm that is consistent with the formation of

the thio-acid analog of carbamoyl aspartic acid.
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appearance of a new species that absorbs at ~250 nm. This observation is consistent with
the formation of the thioacid analog of carbamoyl aspartate since the absorbance
maximum of thioglycine is reported to be 247 nm (80). At pH 8.0, TDO is hydrolyzed
at a rate that is 23-fold less than the rate of dihydroorotate hydrolysis and the kinetic
constants are presented in Table 3.1. The equilibrium constant for the hydrolysis of
TDO was determined by measuring the relative magnitude of the absorbances at 280 and
250 nm as a function of pH from 6.0 to 8.0. The data were fit to a modified form of
equation 2 and the equilibrium constant was found to be 1.2 x 10° M™ . During these
experiments there was no indication for the formation of bisulfide. In addition,
incubation of the enzyme with bisulfide (SH') and either carbamoyl aspartate or
dihydroorotate did not generate a species that absorbs at either 280 nm or 250 nm at pH
6.0 or 8.0. Therefore, once the thioamide bond of TDO is hydrolyzed the reverse
reaction does not form dihydroorotate with the liberation of bisulfide as illustrated in

Scheme 3.2.

Y
HN -— ::\(\’(
K o)

Scheme 3.2
Metal Substitution. The functional role of the two divalent metal ions within the

binuclear metal center of DHO was probed via metal substitution experiments. The zinc

ions of the native protein were removed by chelation with dipicolinate at pH 5.8 to make
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the inactive apo-enzyme. The binuclear metal center was reconstituted at pH 8.0 by the
addition of 2-5 equivalents of Zn**, Co*", or Cd*". The metal substituted variants of
DHO were catalytically active according to the following trend: Zn*"> Co*"> Cd*". The
values for ke, K and kea/ K of the reconstituted Zn**, Co®" and Cd** enzymes are
shown in Table 3.1. The Cd-substituted DHO was also utilized as a catalyst for the
hydrolysis of TDO and the kinetic constants are presented in Table 3.1. With Cd-DHO
the Ky, for TDO is significantly lower than it is for the hydrolysis of dihydroorotate. In
addition, the value of ../ K for the hydrolysis of TDO is 5-fold higher than it is for the
hydrolysis of dihydroorotate.

pH-Rate Profiles. lonizations within the active site of DHO that are critical for
the maintenance of catalytic activity were identified by measuring the kinetic constants
in both the forward and reverse directions as a function of pH. The pH-profiles showing
the dependence of the kinetic parameters, kcar and kca/ K, were determined for all three
substrates and the plots are presented in Figure 3.3. The log k..t and log kca/ K Versus
pH profiles (Figures 3.3A and 3.33B) with carbamoyl aspartate as the substrate shows
that a single group must be profonated for optimal activity. The pH-rate profiles for the
hydrolysis of either dihydroorotate or TDO indicates that a single group that must be
unprotonated for activity is critical for catalytic activity (Figures 3.3C, 3.3D, 3.3E and
3.3F). The pH-rate profiles for the hydrolysis and synthesis of dihydroorotate was
measure for the Co/Co-substituted enzyme and the results are also presented in Table
3.2. For the hydrolysis of dihydroorotate, the kinetic pK, values observed for the effect
of pH on ke and kea/ K are shifted to higher values relative to the pK, values

determined with the Zn/Zn-substituted enzyme.
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Solvent Deuterium Isotope Effects. The pH-rate profiles for the Zn-substituted
enzyme for the hydrolysis and synthesis of dihydroorotate were measured in the
presence of D,O and the kinetic pK, values are presented in Table 3.2. In general, the
kinetic pK, values are shifted to slightly higher values relative to the values obtained for
the same parameter measured in H,O. Similar trends are observed for the hydrolysis of
TDO. The pH-dependent equilibrium constant for the interconversion of carbamoyl
aspartate and dihydroorotate precluded the accurate measurement of the kinetic
constants for formation of dihydroorotate at pH values greater than 8.2 in D,O. The
solvent deuterium isotope effects were measured for all three substrates in the pH-
independent region of the pH-rate profiles and the results are presented in Table 3.2. A
solvent deuterium isotope effect of ~2.1 was obtained on k., for all three substrates. The
largest effect was found on the k., for the hydrolysis of dihydroorotate and somewhat
smaller effects were obtained for carbamoyl aspartate and TDO. The solvent isotope
effects were slightly smaller on kc./ K With values ranging of 1.1 to 1.7.

Site-Directed Mutagenesis. The role of specific amino acids in the binding and
catalytic interconversion of substrates in DHO was addressed by site-directed
mutagenesis. The X-ray structure of DHO shows that the a-carboxylate group of
dihydroorotate is coordinated to the active site via multiple electrostatic interactions to
Arg-20 Asn-44 and His-254 as illustrated in Figure 3.4. Mutation of the substrate-
binding residues Arg-20, Asn-44 and His-254 had a significant affect on catalytic
activity and the kinetic constants are presented in Table 3.3. The H254N variant had less
than 1% of the activity possessed by the wild-type enzyme. A similar reduction in
catalytic activity was obtained with the N44A mutant enzyme. The R20M mutant was

inactive but the R20K variant retained significant activity, with a ke, value of 15 ™,
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Arg-20

His-254

Figure 3.4: Representation of the electrostatic interactions between the a-carboxylate of
dihydroorotate and the side chains of Arg-20, Asn-44, and His-254. The coordinates
were taken from Thoden et al. (59) and obtained from the PDB (1J79).
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Table 3.3: Kinetic Parameters for Mutants of Dihydroorotase®.

DHO Variant Keat K Keat/ Kin
(s (mM) (M's™)
Wild-type 160 + 8 1.7+0.2 1.5(0.2)x 10°
ASP-250A <0.01° nd® nd®
ASP-250E 12+1 1.9+03 6.3 (0.3) x 10°
ASP-250H <0.01° nd® nd®
ASP-250N <0.01° nd® nd®
ASP-250S 0.022 + 0.002 0.51+0.1 4.3 (0.1)x 10"
ARG-20Q <0.01° nd” nd”
ARG-20K 15+1 0.9+0.1 1.7 (0.1) x 10°*
ARG-20M <0.01° nd® nd®
ASN-44A <0.01° nd® nd®
HIS-254N <0.01° nd®? nd®

“The kinetic constants reported here are for the cyclization of carbamoyl aspartate.

®Not determined because of the detection limit of the assay. These experiments

were conducted at a carbamoyl aspartate concentration of 10 mM.
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It has been postulated that the side chain carboxylate of Asp-250 shuttles the proton
from the bridging hydroxide to the leaving group amide of carbamoyl aspartate during
the interconversion of substrate and product (59). Five variations of the residue at
position 250 of DHO were constructed and characterized using carbamoyl aspartate as
the substrate. The conservative replacement in the D250E mutant had the highest
activity with a ke of 6 87, relative to a turnover number of 160 s for the wild-type
enzyme. The catalytic activity of the D250S mutant was diminished by a factor of 4000
in comparison with the wild type enzyme. The turnover numbers for D250A, D250H,
and D250N were reduced by more than four orders of magnitude relative to the wild
type enzyme. The kinetic constants are presented in Table 3.3. The pH-rate profile for
the D250S mutant was measured using carbamoyl aspartate as the substrate. The kinetic

pK, for the group that must be protonated for activity was found to be 7.0 + 0.1.

Discussion

The three-dimensional X-ray structure of DHO has provided a unique view of the
active site of this enzyme and the manner in which dihydroorotate and carbamoyl
aspartate are associated with the binuclear metal center (5). The trapping of the substrate
and product within a single protein crystal has enabled a relatively rare glimpse of the
molecular interactions of the two reactants in an enzymatic transformation immediately
before and after the bond-making and bond-breaking events. This image of the active
site has laid the groundwork for the proposed reaction mechanism and subsequent
biochemical verification. The reversible hydrolysis of dihydroorotate likely requires
three modes of catalysis by DHO: (7) the hydrolytic water molecule must be activated for
nucleophilic attack, (if) the amide bond of the substrate must be made more electrophilic

by polarization of the carbonyl-oxygen bond, and (iii) the leaving group nitrogen must
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be protonated as the carbon-nitrogen bond is cleaved. The catalytic properties of the
wild type enzyme and selected mutants of DHO are consistent with a chemical
mechanism that incorporates all three forms of substrate activation.

Activation of Solvent Water. The X-ray structure of DHO in the presence of
bound dihydroorotate reveals that there is a single solvent molecule associated with the
binuclear metal center. The lone molecule from solvent is found bridging the two
divalent cations as illustrated in Figure 3.1. The pH-rate profile for the enzymatic
hydrolysis of dihydroorotate shows that a single group associated with the protein must
be unprotonated for catalytic activity. The loss of catalytic functionality as the pH is
lowered is consistent with the protonation of the hydroxide that is proposed to bridge the
two divalent cations within the active site of DHO. In the direction of dihydroorotate
hydrolysis, the kinetic pK, for the Zn-substituted DHO is ~6.1 for k¢ and kca/ Km and is
elevated to 6.9 and 7.6 for ke, and kca/ K, respectively, for the Co-substituted DHO.
Therefore, the specific metal ion associated with the binuclear metal center dictates the
pK, for the bridging hydroxide. These results differ from what was found with the
hamster enzyme as it was reported that the kinetic pK, in the direction of dihydroorotate
hydrolysis did not change significantly as the divalent cation was substituted with other
metal ions (38).

The pH-rate profile is different in the direction for the synthesis of
dihydroorotate from carbamoyl aspartate. Activity is lost as some group within the
active site loses a proton. Microscopic reversibility dictates that this is the same group
that must be unprotonated for catalytic activity during the hydrolysis reaction.
Optimization of the biosynthetic reaction would require the protonation of the bridging
hydroxide followed by dissociation of the resulting water molecule upon the binding of

carbamoyl aspartate. This conclusion is supported by the X-ray structure of DHO in the
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presence of carbamoyl aspartate (59). In this enzyme-substrate complex the carboxylate
group of carbamoyl aspartate was found bridging the two divalent cations. There was no
other water molecule coordinated to either metal ion. The kinetic pK, values measured
for kca/ Km With the Zn-substituted DHO in the two directions are not the same and thus
the apparent ionization constant for the bridging water/hydroxide must be influenced by
the stickiness of one or both of the substrates (/8).

Polarization of the Substrate. The activation of dihydroorotate as an electrophile
is expected to be enhanced through polarization of the carbonyl group of the substrate.
Complexation of dihydroorotate in the active site of DHO via a direct interaction of the
carbonyl oxygen with the metal center would diminish the electron density at the carbon
center and facilitate nucleophilic attack by the bridging hydroxide. This type of
substrate activation is observed in the crystal structure of dihydroorotate bound to the
Zn-substituted DHO. In this structure the carbonyl oxygen is 2.9 A from the p-metal
ion. The direct interaction of the metal center with the carbonyl oxygen of the amide
bond to be cleaved is also supported by the kinetic properties of DHO upon substitution
of sulfur for oxygen in the substrate using TDO. The more easily polarized sulfur is
expected to complex better with the softer CADmium than with the harder zinc. In the
CADmium-substituted enzyme the kc./Km for TDO is 5-fold higher than with the Zn-
substituted DHO, whereas with the Zn-substituted DHO, the k../Ky, for dihydroorotate is
an order of magnitude higher than it is for TDO.

Protonation of the Leaving Group. During the hydrolysis of dihydroorotate the
amide nitrogen must be protonated. Conversely, during the synthesis of dihydroorotate a
proton must be abstracted from the attacking amide nitrogen. In the X-ray structure of
DHO there are no acid/base groups that can facilitate this proton transfer except for Asp-

250 from strand 8 that is also ligated to the a-metal ion. This residue has been proposed
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Dihydroorotate
Asp-250

Figure 3.5: Relative orientation of Asp-250 and the hydroxide that bridges the two
divalent cations within the active site of dihydroorotase (PDB 1J79). The proposed

orientation of the hydrogen is shown for discussion purposes only.



59

as the group that shuttles the proton from the bridging hydroxide to and from the
substrate and product during the course of the reaction (5). Shown in Figure 3.5 is a
representation of the active site of DHO showing the relative positions of dihydroorotate,
Asp-250, the two divalent cations, and the bridging hydroxide. In this structure the
hydroxide that bridges the two divalent cations is poised to attack the carbonyl carbon of
the bound dihydroorotate. If one positions the hydroxide bound hydrogen and the
remaining lone pair attached to the oxygen in a tetrahedral arrangement with regard to
the ligation to the two divalent cations, then the hydrogen is logically placed in a
hydrogen bonding interaction with the carboxylate from Asp-250 and the lone pair is
orientated directly toward the carbonyl carbon of dihydroorotate. The essential nature of
Asp-250 for proton transfer reactions was addressed via site-directed mutagenesis. This
residue was substituted with alanine, glutamate, histidine, asparagine and serine. Of
these residues, the substitution by glutamate was the only perturbation that was tolerated
at this position with any significant catalytic activity. In the hamster enzyme, mutation
of the homologous aspartate residue to glutamate resulted in an enzyme that had a ke,
that was less than 10% of wild-type enzyme and had a 14-fold increase in Ky, (36). The
aspartate from strand 8 that resides in the active site of the related enzyme
phosphotriesterase has also been demonstrated to be involved in proton transfer reactions
with the bridging hydroxide (20). The solvent isotope effects measured for the
formation and hydrolysis of dihydroorotate are modest. At this point it is not possible to
determine if this reflects the effect of deuterium on the proton transfer during substrate
attack or whether this is a reflection of the recharging of the binuclear metal center from
water after each turnover of the substrate.

Substrate Binding Interactions. The exocyclic a-carboxylate group of

dihydroorotate is bound to the protein via electrostatic interactions with the side chains
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of Arg-20, Asn-44, and His-254. Mutation of any one of these residues abolishes the
ability to cyclize carbamoyl aspartate to dihydroorotate with the single exception of the
replacement of Arg-20 with lysine. Loss of enzymatic activity was also seen when the
homologous residues were mutated in the hamster enzyme (36, 87). It is clear from this
result that the active site of DHO has a rather stringent requirement for substrate binding.
In this regard we have attempted to hydrolyze dihydropyrimidine with the wild type
DHO without success.

Mechanism of Action. The characterization of the catalytic properties of the wild
type and mutated forms of DHO coupled with the high resolution X-ray crystal structure
has provided sufficient insights to assemble a self consistent chemical mechanism for the
interconversion of substrate and products within the active site of this enzyme. The
reaction mechanism is presented in Scheme 3.3. For the hydrolysis of dihydroorotate the
active form of the enzyme is one in which a hydroxide is bridging the two divalent
cations within the enzyme active site. Dihydroorotate binds to the binuclear metal center
where the carbonyl oxygen is ligated to the B-metal which polarizes the carbonyl group.
This orientation is supported by the X-ray structure of the bound dihydroorotate and the
relative kinetic properties of the thio-substituted dihydroorotate (5). Nucleophilic attack
by the bridging hydroxide is facilitated by the transfer of the proton from the hydroxide
to the carboxylate coordinated to the a-metal ion. A tetrahedral adduct is formed that
bridges the two divalent cations. Collapse of the tetrahedral adduct occurs with
protonation of the amide nitrogen and cleavage of the carbon-nitrogen bond. The
resulting carbamoyl aspartate is coordinated to the binuclear metal center via the newly
formed carboxylate group. This structure is supported by the X-ray structure of the
bound carbamoyl aspartate (5). The product is released and the binuclear metal center is

recharged with hydroxide via a process that has not been addressed by the experiments



presented in this paper. In the reverse direction, the carbamoyl aspartate binds to the

protonated form of the enzyme with the release of a bound water molecule. In this
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direction the reaction is initiated by the abstraction of a proton from the amide nitrogen

by the carboxylate of Asp-250 concomitant with nucleophilic attack of the amide

nitrogen on the carboxylate of carbamoyl aspartate that is bridging the binuclear metal

center.
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CHAPTER IV

THE ISOLATION OF A PROBABLE DIHYDROOROTASE FROM
PSEUDOMONAS AERUGINOSA AND THE EVOLUTION OF
DIHYDROOROTASE INTO A DIHYDROPYRIMIDINASE

Involved in the de novo biosynthesis of pyrimidines, dihydroorotase (DHO), is
an essential enzyme to the viability of microbial organisms. Unlike mammalian systems
where there is a salvage pathway, there are no other pathways for the synthesis of uracil,
cytosine and thymine nucleotides in pyrimidines. The full alignment of DHO proteins
from 71 bacterial organisms is shown in Appendix I. There are six regions that are
highly conserved. Due to the X-ray crystal structure of the E. coli enzyme, it is
understood that these regions are important in delivering the active site residues (59).
Four histidines, a lysine and an aspartic acid coordinate the binuclear zinc center of
DHO in E. coli. Two of the histidines are found in an HXH motif. In some organisms
including Trichodesmium erythraeum, Nostoc punctiforme, Thermosynecoccus
elongatus, Rhodopseudomonas palustris, Brucella suis, Rhodospirillum rubrum,
Magnetospirillum magnetotacticum, Ralstonia metallidurans, Xanthomonas axonopodis,
Xyllela fastidiosa, Pseudomonas fluorescens, Pseudomonas aeruginosa and Cytophaga
hutchinsonii this motif is replaced by a QXH motif, however, the four other active site
residues are present. It is unclear whether these proteins are active because in some
organisms there is only the one DHO sequence with the QXH motif. However, in P.
fluorescens and P. aeruginosa, representatives of both sequences, QXH and HXH are

present.
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The bacterium P. aeruginosa is a pathogen that is a leading cause of human
infections. Due to its resistance to antibiotics and disinfectants, P. aeruginosa infections
are impossible to eradicate and cause heart failure and death (82). Due
to its clinical significance, there is great interest in understanding the biochemistry of the
organism. To that end, the genome of P. aeruginosa PAO1 has recently been sequenced
(83). As annotated by the institute for genomic research (TIGR) the P. aeruginosa has
three DHO sequences: the inactive pyrC’ (PA0401), a probable DHO (PA5541), and
pyrC (PA3527) which encodes for the active enzyme. PA0401 has been shown to be
associated with aspartate transcarbamoylase (ATC) (/2). Without complexation with
pyrC’, ATC is inactive and insoluble. Thus, it appears that the inactive dihydroorotase
assists in the folding of ATC. The probable DHO contains the QXH motif in lieu of the
more typical HXH. It is known that the histidines of the HXH bind the a-metal ion in E.
coli, or more buried zinc of DHO. Replacement of the first histidine with a glutamine
could have an effect on metal-binding. PA5541 is a larger protein than the pyrC gene
product with a molecular weight of 49,295 Da compared to 38,406 Da. Figure 4.1
shows the alignment between the proteins and highlights the shared residues. The
sequence identity between PA5541 and PA3257 is 21 %. As previously mentioned, all
the other residues that are known to be involved in binding the metal and substrate, as
well as those involved in catalysis, are conserved between the two proteins. To further
understand the function/structure relationship of DHO, the isolation and characterization
of PA5541 was attempted. The goal is to determine whether it is an active DHO and if
s0, try to draw some conclusions on why the organism would have two active enzymes.
That would answer why some organisms are viable even though they only have the

QXH containing sequence.
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gray highlighted residues are the conserved residues of over 60 bacterial DHO proteins.

The red highlighting is used to point out the His for Gln substitution in PA5541.
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Scheme 4.1

Dihydropyrimidinase catalyzes the reversible hydrolysis of dihydrouracil or
dihydrothymine to form N-carbamoyl-f3-alanine or N-carbamoyl-[3-aminoisobutyrate.
Both dihydropyrimidinase and DHO are members of the amidohydrolase superfamily
and conserve their overall structural TIM-barrel fold and active site residues. Like
DHO, dihydropyrimidinase coordinates two molecules of zinc per active site (74). Due
to the lack of an X-ray structure of the enzyme, dihydropyrimidinase was modeled onto
the structure of DHO. The active site residues of the two enzymes overlayed very well.
The model allowed for the proposal of the mechanism for dihydropyrmidinase, shown in
Scheme 4.1, which is identical to that proposed for DHO (Sheme 2.3) in which an
aspartate residue and a catalytic water mediate catalysis. The only difference between
the structures of the substrates for the two enzymes, dihydrouracil and dihydroorotate, is
that the latter has a side-chain carboxylate at C-6. The X-ray crystal structure of DHO
provided details on how dihydroorotate is bound in the active site of the enzyme (59).
As shown in Figure 2.5, each heteroatom of the substrate is coordinated by a group from
the enzyme. The peptidic groups of Leu-222 and Ala-266 contribute electrostatic

interactions with dihydroorotate. Arg-20, Asn-44 and His-254 are the only DHO



66

residues with side-chain interactions with the bound substrate. The three residues appear
to anchor dihydroorotate in the active site by forming hydrogen bonds with the
carboxylate group at C-6. Gojkovic et al. aligned the primary sequences of several
dihydropyrimidinases and the E. coli DHO (74). There is divergence, as expected, at the
positions of Arg-20, Asn-44 and His-254 of DHO. At these positions, the
dihydropyrimidinases conserve glutamine, aspartate and lysine residues, respectively.

To further explore the evolution of the enzymes within the amidohydolase superfamily,
the task of altering the substrate specificity of DHO is undertaken using a rational
approach. The R20Q/N44D/H254K triple mutant of DHO was constructed and

characterized to determine if dihydropyrimidinase functionality is gained.

Materials and Methods

Materials. The P. aeruginosa DNA was purchased from ATCC. Platinum pfx
DNA polymerase was purchased from Invitrogen. All other molecular biology materials
were purchased from Promega or Stratagene, while all chemicals were from Sigma.
DNA sequencing and oligonucleotide synthesis was performed by the Gene
Technologies Lab at Texas A & M University.

Amplification of PA5541 from P. aeruginosa. The sequence for the PA5541
gene (PA5541) was obtained from the TIGR website. The PA5541 gene was PCR-
amplified using pfx polymerase. The gene-specific primers contained engineered
restriction sites at the appropriate ends. At the 5’end of the gene, there was an Ndel site,
while at the 3” end an EcoRI site was placed. The gene was digested and then ligated
into similarly digested pet28 or pet30 vectors (Novagen). The pet28 construct produces

the His-tagged protein.
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Purification of His-tagged Protein. BL21 DE3 cells were transformed with the
pet28 vector containing the PA5541 gene. Large cultures of the cells were incubated at
30 °C and induced with IPTG upon reaching mid-log phase. The cells were collected by
centrifugation after overnight incubation and suspended in 20 mM Tris, pH 7.9
containing 500 mM NaCl and 5 mM imidazole (Buffer A). The resuspended cells were
lysed by sonication. After centrifugation, the cell extract was run on the AKTA Purifier
(Pharmacia) using a 5 mL Hi-Trap Chelating Sepharose Column (Pharmacia). The
column was loaded with Co>" and equilibrated with buffer A. The column was washed
with 2 column volumes of Buffer A followed by an additional wash of 5 column
volumes of Buffer A with a 5 % step gradient of 20 mM Tris, pH 7.9 containing 500
mM NaCl and 250 mM imidazole (Buffer B). Elution of the protein was by a 5 — 100 %

gradient of Buffer B in 5 column volumes.

Site-Directed Mutagenesis of DHO. The DHO used as the wild-type enzyme
was the quadruple mutant (C63S/C65S/C121S/C179S). The four cysteine residues are
believed to be responsible for the sensitivity to oxidation seen in the native enzyme(50,
51). The quadruple mutant was stable and had kinetic parameters consistent with
previously reported values (49, 50). In the mutagenesis experiments, the DNA template
is this altered gene. The protocol for mutagenesis was the overlap extension method
previously described (78). The single mutations, R20Q, N44D and H254K were
completed first using the QM-DHO (C65S/C68S/C121S/C1798S) in the PBS” vector
from Stratagene as wild type. The R20Q mutant was used as the template for the
production of the double mutants R20Q/N44D and R20Q/H254K. The latter was used
as the template for the triple mutant, R20Q/N44D/H254K. The mutant genes were
digested with HindIII and EcoRlI restriction enzymes and then ligated into similarly

digested PBS" plasmid.
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Preparation of Crude Extracts. The E. coli cell strains BL21 or the DHO
X7014a (Yale E. coli Genetic Stock Center) was transformed with the plasmid
containing the DHO gene. Small 45 mL cultures were grown in LB at 37 °C to mid-log
phase and then induced with IPTG (final concentration of 1.0 mM). After incubation
overnight, the cells were collected by centrifugation and then resuspended in 50 mM bis-
tris propane, pH 7.0 containing 2 % (v/v) of Bugbuster (Novagen).

Purification of R20Q/N44D/H254K Mutant. Large cultures were grown and
induced in the same manner as previously described. The cells were collected by
centrifugation, resuspended in 50 mM bis-tris propane, pH 7.0 with 100 uM ZnCl, and
10 mM N-carbamoyl-f3-alanine. The cells were lysed by sonication and the nucleic
acids precipitated by addition of a 2.0% proteamine sulfate solution. After
centrifugation, the cell extract was made 60% in ammonium sulfate. After
centrifugation, the pellet was resuspended in a minimal amount of buffer and then run on
the AKTA Purifier (Pharmacia) using a Superdex 200 26/60 column. The buffer used
for the gel filtration column was 50 mM bis-tris propane, pH 7.0 containing 10 mM N-
carbamoyl-f-alanine. The flow rate used was 1.0 mL/min with 1.5 ml fractions being
collected. The fractions containing DHO activity were pooled and loaded unto the
Resource-Q anion exchange column on the AKTA system. Buffer A was 20 mM bis-
tris propane, pH 7.0, while Buffer B was the same buffer with IM NaCl. The protein
was eluted from the column by the use of a salt gradient (0 - 30% B in 30 column
volumes). The flow rate used was 4.0 mL/min with 1.0 mL fractions being collected.
Fractions were assayed for activity and those containing DHO were pooled. Purified
enzyme was typically stored at —80 °C in 20 mM bis-tris propane, pH 7.0 with 20%

glycerol, 100 mM ZnCl, and 10 mM N-carbamoyl-[3-alanine.
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Kinetics. The direct spectrophotometric assay for DHO is measured at 230 nm
for the native reaction and 225 nm for the dihydropyrimidinase activity (74, §4). To
measure thiodihydroortate hydrolysis, 280 nm is used. The extinction coefficients are
1.17 mM"'em™ for dihydroorotate, 1.3 mM™cm™ for dihydrouracil and 17 mM™cm™ for
thiodihydroorotate (74, 85). Using a SPECTAmax plate reader from Molecular Devices,
the assays were performed in a 96-well plate. For the synthetic activities, the standard
assay contained 10 mM carbamoyl aspartate or N-carbamoyl-3-alanine in 100 mM
potassium phosphate, pH 6.0. The standard assays to monitor the hydrolysis reactions
contained 1.0 mM dihydroorotate, 1.0 mM dihydrouracil or 60 UM thiodihydroorotate in
50 mM potassium phosphate, pH 8.0. The reaction mix was added to an aliquot of the
enzyme to initiate the reaction.

For the substrate saturation curves, the substrate range was 0.24-10 mM for
carbamoyl aspartate and 0.024-1.0 mM for dihydroorotate. When thiodihydroortate was
the substrate, the concentration range was 4.4-53 UM. To determine the kinetic
parameters, kerand ke./Kin, the initial velocities were fit to equation 1, where v is the
initial velocity, ke, i the turnover number, E; is the enzyme concentration, A is the

substrate concentration and K, is the Michaelis constant.

V/Et = keatA/(Kin + A) (1)
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Results and Discussion

Isolation and Characterization of PA5541. The agarose gel showing the
successful amplification of the PA5541 gene from P. aeruginosa is shown in Figure 4.3.
The fragment obtained was consistent with the expected size of 1338 base pairs and
sequencing confirmed that the desired gene was obtained. The resultant recombinant
plasmids, pet28/PA5541 (produces His-tagged protein) and pet30/PA5541, exhibited
overexpression in BL21 DE3 cells. The SDS-PAGE gel of the overexpression is shown
in Figure 4.2. The His-tagged protein was purified and assayed for DHO activity. The
kinetic parameters kea, Kin and ke./Ky, for the synthesis and hydrolysis reactions are
provided in Table 4.1. The values obtained for the activity of PA5541 are much lower
than those for the E. coli DHO enzyme. The values obtained for ke, for the synthesis
and hydrolysis of dihydroorotate were 0.66 s and 0.57 s™' respectively. These values
are 240-fold and 2000-fold less than the values for the E. coli enzyme. Shown in Figure
4.5 and Figure 4.6 are the substrate saturation curves for PA5541 with dihydroorotate or
carbamoyl aspartate as the substrate. PA5541 also hydrolyzes thiodihydroorotate as
illustrated in the UV scans shown in Figure 4.4. At pH 8.0, thiodihydroorotate absorbs
at 280 nm. Upon the addition of PA5541, the absorbance at 280 nm is absent while a
species absorbing at 250 nm is present. This species is the product, the thio-analog of
carbamoyl aspartate. Thiodihydroorotate hydrolysis by PA5541 is slower than the
cleavage of dihydroorotoate. This trend is also seen in the E. coli enzyme. However,
the value of ke, for the E. coli enzyme (4.4 s™), is more than 80 times greater than that of
PA5541 (0.048 s™). The K, values for each substrate obtained from PA5541 are much
closer to those for the E. coli enzyme than the ke, values. With carbamoyl aspartate,

dihydroorotate and thiodihydroorotate as the substrate, the K., values are 1.2, 0.5 and
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Figure 4.2: 1.0 % Agarose gel demonstrating the amplification of PA5541. The gene,
PA 5541, is 1338 bp and is shown in Lane 1. The marker is the 1 kbp molecular weight

ladder (Promega).
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Figure 4.3: SDS-Page gel of the overexpression of PA5541. To prepare the samples for
the gel, a small amount of culture was centrifuged, and the pellet was resuspended in
sample buffer. In lane 1 is the marker protein, uronate isomerase, which has a MW of
53,000 Da. Lane 2-4 are the cell extracts of BL21/pet 28/PA5541, while lanes 5-7 show
the extracts of BL21/pet 30/PA5541. Lanes 4 and 5 are from uninduced cultures while
IPTG was added to the cultures that the remainder samples were made from. PA5541
has an expected MW of 49,295 Da. The His-tagged protein from BL21/pet28/PA5541
has a MW o0f 51,459 Da.



Table 4.1: Kinetic Parameters for PA5541%.

Substrate Keat (s™) K (mM) Keat/Kin (M's™)

Carbamoyl Aspartate 0.66 + 0.056 1.2 +0.33 5.7(1.3)x 10°
Dihydroorotate 0.57 +0.060 0.47+0.11 1.2 (0.16) x 10°
Thiodihydroorotate 0.048 +0.013 0.099 +0.037 4.8 (0.053) x 10°

*The synthesis of dihydroorotate was measured at pH 6.0 while the hydrolysis

reactions were measured at pH 8.0.
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Figure 4.4: UV scan of the hydrolysis of thiodihydroorotate by PA5541. The
absorbance versus wavelength was measured for: (1) 80 UM substrate, (2) the product
formed from incubation of 80 UM substrate with 4.0 UM enzyme for 3 hours and (3) 4.0
MM enzyme only. Determined at pH 8.0, the scans clearly show the decrease in the
absorbance of thiodihydroorotate at 280 nm and the appearance of product which

absorbs at 250 nm.
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Figure 4.5: Substrate saturation curve for the hydrolysis of dihydroorotate by PA5541.

The reaction was monitored at pH 8.0 with 0.02 UM enzyme in the assay.
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Figure 4.6: Substrate saturation curve for the synthesis of dihydroorotate by PA5541.

The reaction was monitored at pH 6.0 with 0.02 UM enzyme in the assay.
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0.099 mM respectively. These compare with values of 1.7, 0.08 and 0.03 mM for the E.
coli enzyme.

His-tags, at the N-terminus in this case, can possibly affect protein folding and
thus activity. This does not appear to be the case here as the activities obtained from
crude extracts containing the tagged and untagged protein are within 5 % of each other.
In the E. coli enzyme, when the metal is removed by the addition of a chelator, activity
is lost. Both metal ions of the binuclear zinc center appear to be essential for activity.
Thus, the low activity levels of PA5541 might be due to the lack of complete metal
occupation of the active site. A decrease in the affinity for metal may be a consequence
of the QXH for HXH substitution. It doesn’t appear that any differences in activity
between PA5541 and HXH containing enzymes are due to differences in substrate
binding. The experiment to determine the metal concentration of PA5541 has yet to be
completed but would be imperative in understanding why the protein has the level of
activity seen.

Evolutionary Implications of PA5541. Comparison of PA5541 to the DHO of P.
aeruginosa that has the HXH motif, PA3527, is also important in delineating the role of
the protein in the organism. Though not characterized, PA3527 should have two metal
ions per active site. All other active site residues are conserved between the proteins.
Thus, comparison of the metal content of the two P. aeruginosa DHO enzymes is critical
in understanding the role of PA5541.

It is unclear why there would be two functional DHO proteins in the same
organism. The QXH motif of PA5541 is approximately 60 amino acids into the
sequence, much later than the HXH motif appears in the sequence of PA3527 or the E.
coli enzyme. This trend is also seen in the sequences of the other organisms that have

the QXH motif. In fact, in many gram-positive bacteria and higher organisms with the
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HXH motif, it appears later in the sequence and is a larger protein as in PA5541. These
sequences form Class I of DHO proteins, while the enzymes of gram-negative bacteria
and fungus form Class II. The possibility then arises that PA5541 evolved divergently
from its PA3527 relative. At any rate, it would appear that PA5541 is not just an
evolutionary artifact as the homologous protein in Xyllela fastidiosa and several other
organisms is the only DHO sequence in the organism.

Evolution of DHO into a Dihydropyrmidinase. The PBS" plasmid containing the
DHO triple mutant R20Q/N44D/H254K was successfully constructed as confirmed by
sequencing. The protein was overexpressed in X7014a and BL21 as seen in the SDS-
PAGE gel shown in Figure 4.4. Cell lysis was more efficient when BL21 cells were
used as compared to X7014a, so only that strain was used. The values obtained from the
crude assay of the triple mutant and wild type protein are in Table 4.1. The triple
mutant is 5 times more active against N-carbamoyl--alanine than wild-type. For
dihydrouracil, the mutant is about twice as active as the wild-type enzyme. The
background rates obtained from the BL21 cell extracts are due to the contribution of the
chromosomally derived DHO. Sensitivity is a problem in assays utilizing dihydroorotate
and dihydrouracil because of the intrinsic complexity of monitoring a reaction in the
225-230 nm region. There are many other things that absorb in a crude assay. This is
quite limiting as dihydroorotate and dihydrouracil absorb with extinction coefficients
greater than 1. The amount of extract has to be maintained at a level that keeps the
absorbance value of the reaction mix in a readable range for the spectrophotomer. Even
after attempts to optimize the assay, the value for the rate of dihydrouracil hydrolysis by
the triple mutant is only twice that of background. A method of minimizing the
background would be to increase the quantity of the overexpressed protein in the cell.

This could be accomplished by subcloning the gene into a different expression vector.
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Figure 4.7: 12 % SDS-Page gel of the purification of the DHO mutant protein
R20Q/N44D/H254Q. Lane 1 contains the cell extract of X7014a/pBS’/WT DHO, while
in lane 2 is extract containing the mutant construct. Lanes 3 and 4 show the purified

WT and mutant proteins respectively. The MW of DHO is approximately 38,000 Da.
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Table 4.2: Rates Obtained from Crude Assay of Cell Extracts®

Substrate

Cell strain/DHO
(Mmol/min/mg protein)
BL21 BL21/WT BL21/ R20Q/N44D/H254K

Carbamoyl aspartate
Dihydroorotate
N-carbamoyl-p-alanine

Dihydrouracil

0.21 24 0.84

1.2 24 1.9
0.035 0.085 0.43
0.036 0.055 0.13

*The assays were performed at pH 6.0 when carbamoyl aspartate and N-carbamoyl-3-

alanine were the substrates, and at pH 8.0 to monitor the hydrolysis of dihydroorotate

and dihydrouracil.
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PBS" is not the optimal vector for overexpression and other expression systems, such as
the pet system (Novagen), are frequently referenced more in recent literature. Another
solution may be to switch back to the DHO strain but use sonication to lyse the cells.

The triple mutant was purified to further characterize its activity. Unfortunately,
the protein appears to be unstable. In a typical purification, the activity of the mutant
would consistently decrease after each purification step. The protein was purified in the
presence of 10 mM N-carbamoyl-3-alanine which appeared to stabilize the protein. No
activity was seen in the purified protein prior to the addition of N-carbamoyl-3-alanine
to the buffers. Although activity is seen, the numbers are much lower than the crude
data would suggest. For N-carbamoyl-f3-alanine turnover, the rate determined using 10
mM of substrate at pH 6.0 was 0.028 pmol/min/mg protein. This is only 1/15 of the
activity seen in the crude assay. The instability could be due to the number of mutations
in the protein from the native DHO.

The crude triple mutant data definitely suggest that it is possible to make DHO
more promiscuous in its preference for substrate. A next step may be to backtrack and
characterize the single point mutations, R20Q, N44D and H254K, or the double mutants
to determine if fewer steps could be taken to reach the same goal. Fewer mutations may
result in a more stable protein. Of particular interest would be to further develop the
crude assay and apply it to screen potential substrate analogues or inhibitors. The
combinatorial screen would be used to assay DHO and its mutants against compounds of
interest.

Two approaches can be used to develop DHO variants for screening. A rational
approach manipulates the knowledge of the structure-function relationship of DHO to
alter substrate specificity. This method was utilized in the R20K/N44D/H254K mutant

to gain dihydropyrimidinase activity. An additional way to produce variants with
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desired activities is through directed evolution techniques. Directed evolution involves
using mutagenesis and/or recombination of one or more parent sequence to introduce
genetic diversity (86). One method of directed evolution is to undergo several
generations of single amino acid substitutions, selecting genes with the desired
phenotype as the template for the next generation (87, 88). Another strategy is to use a
gene shuffling technique (89). Here, structurally related genes are used in recombination

events to produce a chimeric gene library for evolution of desired characteristics.

o o
Dihydropyrmidine Dihydropyrmidinase O B Ureidopropionase
dehydrogenase
F F
HN ‘ NADP* HN
—_— .
)\ NADPH + H" )\ )\ NH3 + C02
(0] N
N o
S-fluorouracil fluoro-5,6-dihydrouracil ﬂuoro—B—ureldoproplonate fluoro-f-alanine

Scheme 4.2

Dihydropyrimidinase is a good target for directed evolution shuftling
experiments due to its structural and mechanistic similarity to DHO. Also,
dihydropyrimidinase has clinical significance. In addition to its role in the breakdown of
dihydrouracil and dihydrothymine, dihydropyrimidinase is involved in the degradation
of the chemotherapeutic agent 5-flourouracil. The catabolic pathway of 5-flourouracil is
shown in Scheme 4.2. Deficiency in dihydropyrimidinase leads to severe 5-flourouracil
toxicity which can cause death (90).

Dihydrouracil and 5-flourouracil are just two of the compounds that could be
used in DHO directed evolution experiments. A series of dihydroorotate analogs with

substituents at C-5 and C-6 could be synthesized or purchased and screened. A
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collaboration with Dr. Gary Sulikowski of Texas A & M University has already
produced two compounds. Dihydroorotate analogs with a phenyl- or a methyl- group
have been synthesized.

A success story of manipulating an enzyme to introduce a new reactivity is seen
in the work reported by Schmidt et al. (97). In this work, proteins of the enolase
superfamily were altered to introduce new activities. L-Ala-D/L-epimerase (AEE) from
E. coli and muconate lactonizing enzyme II (MLE II) from Pseudomonas sp. were
mutated to gain the functionality of o-succinylbenzoate synthase (OSBS). OSBS, AEE
and MLE II are members of the same subgroup of the enolase superamily of TIM-barrel
proteins. The enzymes also share similar active site geometries with OSBS. However,
the three enzymes all perform different reactions and do not share substrates or products.
Native AEE and MLE II do not catalyze the OSBS reaction. A rational approach was
used to change AEE into an OSBS. The crystal structures of the two enzymes were
superimposed. Asp-297 was targeted because in the superimposition, the residue was
positioned where the succinyl moiety of o-succinylbenzoate was bound in the OSBS
structure. The homologus residue to Asp-297 in OSBS is Gly-288. The D297G mutant
indeed had OSBS activity. While WT-AEE had unmeasurable OSBS activity, a ka
value of 0.0025 was obtained for the mutant. The value of ke, for the wild-type OSBS
was reported to be 24 s”. However, the mutation did result in loss of AEE activity, a
decrease in keq to 0.043 s from 10 s for wild-type. Random mutagenesis was
implemented to alter the specificity of MLE II. With a ke, value of 1.5 s, the E323G
mutant was capable of catalyzing the OSBS reaction. In these experiments, the known
structure-function relationships were manipulated to alter substrate specificity of
structurally but mechanistically diverse enzymes. This work and the direction that the

studies of DHO are leading utilizes the ability of the TIM-barrel fold to bring the active-
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site residues to an optimal position. This allows for the ability to change reactivities of

enzymes with very few mutations.
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CHAPTER V

SUMMARY AND CONCLUSIONS

Dihydroorotase (DHO) from Escherichia coli catalyzes the interconversion of N-
carbamoyl aspartate to dihydroorotate with a loss of a molecule of water. The enzyme is
a member of the amidohydrolase superfamily of metalloproteins. The X-ray crystal
structure of DHO, obtained at 1.7 A resolution, ascertained that the enzyme is indeed a
member of the superfamily as it has the requisite core TIM-barrel domain (/, 59). In
addition, the five conserved active site residues of the amidohydrolase superfamily are
found at the C-terminus of the [3-strands 1, 5, 6 and 8 as is seen in other members like
phosphotriesterase, adenosine deaminase and urease. The conserved residues are four
histidines and an aspartic acid. Contrary to previous assertions, the enzyme has a
binuclear zinc center. This aligned the enzyme with phosphotriesterase and urease,
proteins that form a subgroup of the amidohydrolase superfamily that coordinate two
metal ions per subunit. Members of this subgroup generally conserve a carboxylated
lysine residue that bridges the two metal ions. An exception is the bacterial PTE
homology protein which has a bridging glutamate. Adenosine deaminase exists in a
second subgroup where only a single catalytic metal ion is present. As new X-ray
crystal structures have been solved in recent years, the general theme of the
amidohydrolase superfamily has been expanded slightly. While most members catalyze
a hydrolysis reaction at a carbon or phosphorus center, not all do. This is the case in

uronate isomerase which catalyzes the isomerization of glucuronate to fructuronate.

The X-ray crystal structure of DHO provided was solved to a resolution of 1.7 A.

Views of the active sites with bound substrate or product were important in identifying
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the residues and/or groups involved in catalysis. In subunit I of the homodimer,
carbamoyl aspartate was bound, while subunit II coordinated dihydroorotate. In subunit
I, the carboxylate group of carbamoyl aspartate coordinates and bridges the two metal
ions. Electrostatic interactions with the backbone atoms of Leu-222, Ala-266 and Gly-
267 stabilize the substrate in the active site. Three side chains, from Arg-20, Asn-44 and
His-254, form hydrogen bonds to the carboxylate group at C-6 of the substrate. In
subunit II, the carbonyl oxygen, O4, of dihydroorotate is coordinated to the 3 or more

solvent exposed metal ion.

The pH rate profile obtained for the hydrolysis of dihydroorotate by DHO shows
that a single group must be unprotonated for catalytic activity. The group with a kinetic
pKa of 6.1 for keye and ke K was assigned to the bridging hydroxide. Supporting data
includes the increase in the pKa values when the active site zinc center is substituted for
cobalt. In the direction of dihydroorotate synthesis, the pH rate profile shows that
catalytic activity is lost as a single group, the hydroxide ion, on the enzyme is
deprotonated. The synthetic reaction is dependent on the protonation of the bridging
hydroxide and the subsequent dissociation of water. The kinetic pK, values of the two
reactions are not equal suggesting that the ionization constant is affected by substrate
stickiness.

The sulfur analog of dihydroorotate, thiodihydroorotate (TDO), was found to be
a substrate for the enzyme. At pH 8.0, the rate of TDO hydrolysis is 23-fold less than
that of dihydroorotate hydrolysis. The TDO reaction appeared to be irreversible. In the
zinc-substituted DHO, the value of ke./Ky, for TDO was significantly lower than with
CADmium-substituted enzyme. This was expected as both sulfur and CADmium are

softer than the zinc. Zinc is better suited for harder ligands such as oxygen. This is seen



87

in the higher value of k¢./Ki for dihydroorotate than that of TDO in the zinc-substituted
enzyme.

Site-directed mutagenesis experiments confirmed the roles of Asp-250, Arg-20,
Asn-44 and His-254 in catalysis and substrate binding. Mutation of Asp-250 was
generally not tolerated by the enzyme. The data and the X-ray crystal structure support
the involvement of Asp-250 in proton transfer events in the catalytic mechanism of
DHO. The mutagenesis of Arg-20, Asn-44 and His-254 to residues that cannot form
hydrogen bonds with the carboxylate side chain of the substrate abolishes activity. Thus,
interactions provided by the functional groups of these residues are required for substrate
recognition and binding.

The X-ray crystal structure and the biochemical data provided insight into the
catalytic mechanism of DHO. This is insight that could be applied to less understood
members of the superfamily. For the hydrolysis of dihydroorotate, nucleophilic attack by
the bridging hydroxide is facilitated by the transfer of the proton from the hydroxide to
Asp-250. A tetrahedral intermediate is formed that bridges the two divalent cations and
collapses with protonation of the amide nitrogen and cleavage of the carbon-nitrogen
bond to form carbamoyl aspartate. In the reverse direction, the reaction is initiated by
the abstraction of a proton from the amide nitrogen of the substrate by Asp-250. The
deprotonated amide nitrogen nucleophilically attacks the carboxylate of carbamoyl
aspartate forming a tetrahedral adduct that collapses to form the product.

The active site residues of DHO are generally conserved among active DHO
proteins. An exception is seen in a few organisms where the first conserved histidine is
replaced by a glutamine. The DHO sequence with this substitution from Pseudomonas
aeruginosa was isolated. The protein is able to catalyze the reactions of DHO. Future

work will need to determine the metal content of the protein. Additionally, the P.
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aeruginosa DHO sequence that contains the conserved histidine residue needs to be
isolated and characterized for comparison. A rational design method was implemented
in altering the substrate specificity of DHO. A gain in dihydropyrimidinase activity was
seen in the crude lysates of cells overexpressing the R20Q/N44K/H254K DHO mutant.
Future directions include screening the single and double mutants at these positions for
the ability to catalyze the interconversion of N-carbmoyl-f3-alanine to dihydrouracil.
Also, the optimization of the crude assay would allow for the development of a
combinatorial screen. Libraries of compounds of clinical or biotechnological
significance could be screened against libraries of DHO proteins. Directed evolution
techniques would be an efficient way of producing enzyme libraries for the

combinatorial screens.
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APPENDIX

MASTER ALIGNMENT OF DHO SEQUENCES

List of Organisms in Alignment

Trichodesmiumerythraeum
Nostoc punctiforme
Thermosynecoccuselongatus
Rhodopseudomonas palustris
Brucella suis
Rhodospirillum rubrum
Magnetospirillum magnetotacticum
Ralstonia metallidurans
Xanthomonas axonopodis
Xyllela fastidiosa
Pseudomonas flourescens
Cytophaga hutchinsonii
Saccharomyces cerevisiae
Schizosaccharomyces pombe
Ustilago maydis
Helicobacter pylori
Chloroflexus aurantiacus
Neisseria meningitidis

Beta vulgaris

Arabidopsis thaliana

Oryza sativa

Vibrio cholerae

Shewanella oneidensis
Microbulbifer degradans
Pseudomonas flourescens
Pseudomonas syringae
Pseudomonas aeruginosa
Azotobacterium vinelandii
Ralstonia solanacearum
Burkholderia fungorum
Agrobacterium tumefaciens
Sinorhizobium meliloti
Rhodobacter sphaeroides
Escherichia coli

Shigella flexneri
Salmonella typhimurium
Salmonella enterica
Yersinia pestis
Novosphingobium aromaticivoans
Buchnera aphidicola
Wigglesworthia brevipalpis
Plasmodium falciparum
Plasmodium yoelii
Toxoplasma gondii
Sulfolobus tokodaii
Streptococcus mutans
Geobacter

Clostridium acetobuytlicum
Thermoanaerobacter
Magnetococcus
Thermobifida fusca
Streptomyces coelicor
Corynebacterium glutamicum
Desulfovibrio desulfuricans
Bifidobacterium longum
Chlorobium tepidum
Thermus aquaticus
Bacillus caldolyticus
Enterococcus faecalis
Oceanobacillus iheyensis
Fusobacterium nucleatum
Lactobacillus leichmannii
Oenococcus oeni
Leuconostoc mesenteroides
Clostridium acetobuytlicum
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Clustal W Protein Alignment

Trichodesmium ---------- ---------o oo oo MAPI  SS--LLI RRA
L] o e MSSP Q - - LLI RRA
Ther NDSYNECOCCUS  --=--==-== === --m-moe mmmmmoooe oo MA- - | Al QNA
RNodOPSeudonDdNas — ------==== ----sssoo- —oooaooooo oo MIGT FD- - Tl LKGG
Brucella ~ -----o-eoe eoeieioooo cooiieien ool MAAT FD- - TI LKGA
Rhodospirillum —  -----emmmn cmmmiiie e e - MERRDVAQS YD- - LI LKGG
Magnetospirillum  ------mmme cimi s S GSFAVFMAPV YEGWALYLKSG
Ralstonia ~ ---cooooos cooooooios ooooooooos -~~~ MBVAPT LHAATRNRGG
Xant homonas = c---oses meeeeeooe oo oo - MBRTVI VNA
Xyllela M/SSTSAGTL PSVATGWPRP GTRQHOHTGQ SPFSSLYRTP PMNPTLI VNA
P. flOruescens - ------ommm mmmomo e oo oo - MBSVLI RNA
Cytophaga ~ @ mmeeeeee ee e e oo - MGSI KI SNA
SacChar OmMyCes m - - mmmmm e e e oo oo
Schi zosSacCh. - c e e e oo oo
Ustilago MAaydi §  ------cmme mmmmomee e e e el oo
Hel i cobact eF = cccemiiiin hiiiiiiiis hiisssssas smssssssas smmaaaaaaa
Chl Or of | 8XUS = oo e e e e oo e e e oot ee oo e
Nei SSeria = = == ccccmmiiin ciiiiiiins mmssssssss ssssssssas ssssssaaas
Beta vul garis = =---mmmmm e e e ool oo
Arabi dopsi S = s e e el e oo
(O 8 - B e R
VibBrio = s hiiiiiiiis messssssas smsssssaas mmmasaaaaa
Shewanel | a = s-cceeaaaan meiiiiiiiL Lhhiiiiiis aeaaaaaaas sasaaaaaas
M crobul bi fer oo e i oo e
P. flOUr@SCENS m-mmmmmmm oo oot oo e eeeeee oo
P. syringae = = s-cccocien meeieies ceeeeiiiis seiieeoes eeaaeeees
P. aerugi nosa = --------ee ceoieicoon ceceeiiiis ceceoa ceeeaeeees
Azotobact eri UM = --cemmiiin hiiiiiis hiiiiissss smsssssaas mmmssaaaaa
Ral sStoni@a = = = ccccmmciis ciiiiiinns mmssssssss ssssssssas ssssssaaas
Burkhol deria = =  ccccmmmmnn miiiiiiiis siiiiiioss mmssssssas smmmmaaaas
A tUMBFACi BNS --cciiiin hiiiiiiis hiiiiiiiss mmsssssaas mmmssaaaaa
Si norhi zobi UM - - oo e e oo e eiiee oo
Rhodobact er SP. m-- - s e e e e e ol oo
E. coli = ceeiiiiiis iiiiiiiias mmssssssas ssssssssas ssssssaaas
Shigella s e e oo oo
S, typhimurium —  ccmm e i o e oo e oo
S - 11 - o T X - O O
Yersini@ = = = 0 eeeecceiaii meeiiiiiii seesasaias smssssssas sessaaaaa-
Novosphi NQobi UM - - - - oo oo o o o
Buchnera = = ccciiiiiin tiiiiiiins mimsssssss smssssssas smsasaaaaa
W ggl eSWOrthi @ --cm-mmmme oo el o oo
Pl. falciparum = --cccecnon cmmmiiiin ciiiiiie ciiiiieies ceeiieee
Pl. yoelii = seeececmee cemiiiiie et eeeiieies ceeiiee
Toxopl asma gondi i --------mm s e e oo
Sul fol obus = seeeeeeeee heeeaaiiiL Lhiiiiiiis Meaaaaaaas sasaaaaaas
Strept 0COCCUS ---------m mmmmmeoo oooooo oo ---MLI KNG
Geobacter e e e oo oo M N---LLI QGG
Costridium = ceeeeee e e o oo M R- - - VLI KGG
Ther npanaerobacter ---------- -cocmmnan oo o M R- - - |1 VI KNG
Magnet 0COCCUS - --------- -----mmmom ooooooo- oo MM RTESLFI RGA
Thernobifida ~ @ -----cmmme mmme i e oo MI TTTRYLI RNA
StreptonyCes ~  s-mmeemmm mmmemeoe el ool - MBKTLI RGA
Corynebacterium — ---------n oo --- MWDSNTQ YPETGALAPA PADSLLI SNV
Desul fovibrio ~  ---cemmmmn e e o MSDH | SGTLFVSGA
Bi fi dODACL €F 1 UM = - mccmmmmm mmmmmmcic e dieie oo - MBI TLRNI
Chl orobi Um = s e e e e el ool oo ~ MBTLFLN- A
Thernus aquati CUS -----=----= =-cmmmmon commooon oo ---M LI RNV
Baci I lus s eeeeeeee eeeeeeeen e oo - - - MNYLFKN
ENt €r 0COCCUS = ---mmmmmm mmmmmmooo aeooao oo - - - MKTLI KN
Qceanobaci | | US = -memcmmmm mmmmmmmmm e e O MKTILLN
Fusobacteri um = ----coooo oo ool oo oo M_LK
Lactobaci | lus - --cccmmme ceieiiein e oo - - - MATVI KN
OBNOCOCCUS mmmmmmmmmm e e e et e eieaie deeooo. - - MNSTLI KN

Clostridium e e e et e et e eeemiee eeeeeaooo -~ WMNLLI KN
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Tri chodesm um
Nost oc

Ther nbsynecoccus
Rhodopseudononas
Brucel |l a
Rhodospi rillum
Magnet ospirillum
Ral st oni a

Xant hononas
Xyllela

P. flourescens
Cyt ophaga
Sacchar omyces
Schi zosacch.
Ustil ago maydi s
Hel i cobact er

Chl or of | exus

Nei sseri a

Beta vul garis

Ar abi dopsi s
Oyza

Vi brio

Shewanel | a

M cr obul bi f er

P. flourescens
P. syringae

P. aerugi nosa
Azot obact eri um
Ral st oni a

Bur khol deri a

A. tunefaciens
Si nor hi zobi um
Rhodobact er sp.
E. coli

Shigell a

S. typhimurium
S. enterica
Yersinia
Novosphi ngobi um
Buchner a

W ggl esworthia
Pl . falciparum
Pl . yoelii
Toxopl asma gondi i
Sul f ol obus
Strept ococcus
Geobact er
Clostridium
Ther nopanaer obact er
Magnet ococcus
Ther nobi fi da
Streptomyces
Corynebact eri um
Desul fovi brio

Bi fi dobact eri um
Chl or obi um

Ther mus aquati cus
Baci |l | us

Ent er ococcus
Cceanobaci | | us
Fusobact eri um
Lact obaci | | us
Cenococcus
Clostridium

RI LLPDG - -
Cl VLPNG - -
VI CTPEG- - -
TI VNQDG- - -
TI VNHDG - -
TAVLPG - - -
NSSLSGG FP
HSVTDGTVPG
RLVNEGK- - -
RLVNEGR- - -
RLVNEGR- - -
NI VNEGQ- - -

RVLDPKSGLD
RVI DPSQG D
HVVDPKTNTN
| VI DG FGGE
RVVDPANERD
RLG----G
KULG ----G
LVYGE----G

RLLNPAENLD
RLVDANMGERG
GRYMNEEGKI
GQl NTRKNMT
ANRLLPSNEL
NCKI LKNTKF
GTVYQN- GRL
AQ LVGENSF
VNLI DESNNF

----- TFLI G DVQTQGR- -~ ~=-----=-- -----El Il QV
----- EMM G DVLTRDR- - = --=------- -----Q VEV
----- ELRQQ QVRLEGD- -+ ---------- -----RI AEV
------ EGVG DI G KDG -~ ---------- -----RIAAL
------ [GR DIG RNG -~ ---------- -----RIAAl
----- RTMRA DI AVCGG - - ------=--= ----- KWRV
F- LGPRLLSS AAGEAGPTPF SVL------- ----- RPFRF
VGLPSARRHA DLLVI GGALV TPNGVERADV ACAAGRI VAL
------ EFDA DLLIEGG -- ---------- -----RIAKl
------ EFDS DLRIENG -- ---------- -----RI ARl
------ EFDA DLLVSHG -- ---------- -----RIVKI
------ |FQA DIWEEG -~ -------=-- -----LIKQ

RVLDVLLDG&K
EVLDI LVENG
G MDI LVEDG
EKADI LI NYG
El ADI LI VDG
EPTDLLLAHG
EPQDVLI DGT
EPTNVFVKDG
RTVDVTVSGG
LVVPGTAAAY
- TVGSI KI GD
- - PLDVLI GE
VATDLLVQDG
TPAEI W EDG
EKVEVLI EDN
EKVDI LI RDN
I KADVLI EGK
LKRDLFI EKG
FG DI YI EKG

KVVKI A- - - -
AVKELG - - -
INTEIG ---
1 KA D----
VIREI G ---
RI DAl - - ---
VVEAV- - - - -
VI AAl - - - - -
Rl AAVS- - - -
FADTSV- - - -
DGLI EA- - - -
-CRILS----
Kl AKVA- - - -
RI KAI G - - -
KI'KIA----
KI EKI &- - - -
KI KAl G - - -
KISAI G ---
VI KELG - - -
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Tri chodesm um
Nost oc

Ther nbsynecoccus
Rhodopseudononas
Brucel |l a
Rhodospi rillum
Ral st oni a

Xant hononas
Xyllela

P. flourescens
Cyt ophaga
Sacchar omyces
Schi zosacch.
Ustil ago maydi s
Hel i cobact er

Chl or of | exus

Nei sseri a

Beta vulgaris

Ar abi dopsi s
Oyza

Vi brio

Shewanel | a

M cr obul bi f er

P. flourescens
P. syringae

P. aerugi nosa
Azot obact eri um
Ral st oni a

Bur khol deri a

A. tunefaciens
Si nor hi zobi um
Rhodobact er sp.
E. coli

Shigell a

S. typhimurium
S. enterica
Yersinia
Novosphi ngobi um
Buchner a

W ggl esworthia
Pl . falci parum
Pl . yoelii
Toxopl asma gondi i
Strept ococcus
Geobact er
Clostridium
Ther nopanaer obact er
Magnet ococcus
Ther nobi fi da
Streptomyces
Corynebact eri um
Desul fovi brio

Bi fi dobact eri um
Chl or obi um

Ther mus aquati cus
Baci | | us

Ent er ococcus
Cceanobaci | | us
Fusobact eri um
Lact obaci | | us
Cenococcus
Clostridium

APE| SSSEAP

AETVTVN- PS

DTGLSA- @SK

G KITA- 1 A-

KLKFDRSSEK
------- MAA

KAPSGT- - - -
El SNG- - - - -
DVSDA- - - - -
DAPAHV- - - -
LPADGA- - - -
LSAEGA- - - -

EKI | DAEGLT LLPGVI DPQV HFREPGLEHK
APEI SQT- AV VTEI DAEGLT LLPGVI DPQV HFREPGLEHK
DTVI DATGT LLPGVI DPQV HFREPGLEHK
G SLGA- EKA GETI DCRGLH VLPGVI DTQV HFREPGA.THK
G SLAG NSA GEVI DCTGLH | LPGYWDSQV HFREPGLEHK
G FLDA- GSA RQTI DCAGLH VLPGVI DTQV HFREPGLEHK
G DLQCSWIA DATLDAKGLH VLPGVI DSQV HFREPGA.THK
DSKI VP- APG DTVVDAAGRW VLPGM DDQV HFREPGLTHK
DI VI DAAGRR LLPGM DDQV HFREPGLTHK
AGS| EG ENA TREI DATGQW LLPGM DDQV HFREPGAPAK

VKTRAVRVMEL
SPSPPPLQEL

----- MSDRL

----- MTQSL
- - MTAPSQUL
- - MTAPSQUL
- - MTAPSQUL
- - MTAPSQUL
- - MTAQPQTL
----- MTETL
- - MBKFVKKI

CCGQARAKPL
AQVI DAEGLV
- ETI DASGLI
- DI | YAEGKL
-1 VI DAEGKY
- PVI EADGLI
- EVVDAAGAI
- EVWEADGKV
- RTI DGNGGV
- ETVEAAGKI
- ADI DATGLT
DNVI DLAGKV
KQVVDGTGCF
AEVI DVNGKL
DEVFDAKGQL
ENYI DI EGKL
ENI | DI KNRF
- KI | DAQGML
DFI VDAKGAL
CETLDGKGLV

LFPGVI DDQV
DLGLTCDMHV

PG - LADVHV
TI PAPGDFHV
TLFDPI DAHL
TLFAPLDVHL
TI | RPDDVHL
TLTRPDDWHL
TI TQPDDWHL
TI TRPDDWHL
TI TRPDDVHV
TI TRPDDWHI
TLTAPDDWHI
TLLRPDDWHI
TLLRPDDWHI
TLLRPDDWHI
| LLRPDDWHI
TI VRPDDWHL
TLARPDDWHL
TLRRPDDWHL
VI RRPDDWHL
TLRRPDDWHL
Kl RRPDDWHL
Kl RRPDDWHL
Kl RRPDDVWHV
Kl RRPDDVWHV
Kl RRPDDVHI
TI RRPDDVHV
Kl I KPDDWHV
Kl I KPDDFHI
YI PI ADDMVHC
S| PLADDMHC
VMPLI SDVHT
VAPGLVDVHV
VTPGLI DVHV
VLPGLVDAHC
VLPGFVDVHT
AAPGLVDVHV
ALPGLVDLHT
LLPGLVDLHT
LLPGFVDVHV
LFPSFI DCHV
VAPGFEDPHV
LAPGLFDVHC
LAPGFLDLHA
| APGLVDVHV
| TPGLVDVHV
LLPGLI DVHI
VTAGFI DVHV
VSPGLVDVHV
LLPGLI DVHV
LMPAFI DTHA

HFREPGLTHK
HVREGAMCEL
HL RQDNMLKA
HL RQGKMSEL
HVRENAL LKA
HLREGAMLRL
HLRDGDAL KA
HLRDGDLLAA
HLRDGDLLHA
HLREGDVLAA
HLRDGDVLAD
HLRDGAQLTD
HLRDGDALAY
HLRDGAVLTN
HLRDGAVL PH
HLRDGAALAN
HLRDGAALSR
HLRDGDALAD
HVRDGAMLAA
HLRDGAMLEG
HLRDGGMLRG
HLRDGAMLEG
HLRDGDMLKT
HLRDGDMLKT
HLRDGDMLKT
HLRDGDMLKT
HLRDDEMLST
HLRDRDVLRG

EDLFTASRAC
EDLFTASCAC
EDLFTASCAC
EDLETGSRSA
EDLETGSLAA
EDLESGTRAA
ETLEAGTRGA
GDI ATESGAA
GDI VSESAAA
GSVHTESRAA
ATI YTEAKAA
VTPKI RDGGV
WPTVAEGGY
VTPHVAEGGY
VLGYSSEP- F
VAPFSAAQ F
VAPYTARQ M
VAPHSARH- F
VWPHSASN- F
VLPHSAMH- F
TVRDI SRY- N
TVRDI SRY- M
TVSDAARN- F
TVADVART- F
TVADVART- F
TVGDAART- F
TVTDAART- F
WGDTARQ F
VLPDTARQ F
VI GDTSRH- F
VI ADTSRH- F
VLPETTRH- F
WWPYTSEI - Y
VWPYTSEI - Y
WPYTSEI - Y
WPYTSEI - Y
VLPYTSEV- F
WPYTARQ F

HLRDNEI LNQ VI KYTGKF-Y

HLREKEI LKK
HLRQGDM.DF
HL RQDEMLKF
HL RQDEVAEF
HFREPGQTHK
HLRDPGHEYK
HLRDPGFEYK
HLRQPGFEEK
HLREPGYEYK
HLREPGREDA
HLREPCGREDS
HLREPGREDT
HLREPGFEYK
HFRDPGQT YK
HFREPGQEYK
HLREPCGEEVK
HLREPGGEHK
HLREPGFTYK
HLREPGGEHK
HWREPGFSKK
HYRDPGQT YK
HFREPGFPEK
HFRDPGFEYK

I LPYTSQF- F
TVNSI RRGCC
TVPAI KKGGC
VTPM KKGGC
EDI HTGALAA
EDI VSGTKAA
EDI ETGTM5A
ETI RTGTESA
ETI AGGTRAA
ETVATGSRAA
ETVLTGIRAA
ETI ATGSAAA
EDI ASGLAAA
ESMVSCGCRAS
ETLETGSAAA
EDLFSGLLAA
ETI ETGTLAA
ETI EAGTRSA
ETI KTGTMAA
ETVYTASRAA
EDI KTGSEAA
ETI ASGSKVA
EDI ESGSKAA
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Tri chodesm um
Nost oc

Ther nbsynecoccus
Rhodopseudononas
Brucel |l a
Rhodospi rillum
Magnet ospirillum
Ral st oni a

Xant hononas
Xyllela

P. flourescens
Cyt ophaga
Sacchar omyces
Schi zosacch.
Ustil ago maydi s
Hel i cobact er

Chl or of | exus

Nei sseri a

Beta vul garis

Ar abi dopsi s
Oyza

Vi brio

Shewanel | a

M cr obul bi f er

P. flourescens
P. syringae

P. aerugi nosa
Azot obact eri um
Ral st oni a

Bur khol deri a

A. tunefaciens
Si nor hi zobi um
R. sphaeroi des
E. coli

Shigell a

S. typhimurium
S. enterica
Yersinia
Novosphi ngobi um
Buchner a

W ggl esworthia
Pl . falci parum
Pl . yoelii
Toxopl asma gondi i
St rept ococcus
Geobact er
Clostridium
Ther nopanaer obact er
Magnet ococcus
Ther nobi fi da
Strept omyces
Corynebact eri um
Desul fovi brio

Bi fi dobact eri um
Chl or obi um

Ther mus aquati cus
Baci | | us

Ent er ococcus
Cceanobaci | | us
Fusobact eri um
Lact obaci | | us
Cenococcus
Clostridium

VKGGVTSFLE
AKGGVTSFLE
AKGGVTSFLE
VMGGVTAVFE
VLGGVTAVFE
VLGGVTGVFE
AQAGWVAI FE
ALGGVTAVFE
VAGGLTSFMD
VAGGLTSFNMD
VAGG TSFMD
VAGGVTSYME

AAGGFTTVAC
AAGGVTSVAA
AMGGYTAVFA
ASGGYTNVFA
AKGGFTAVFT
AHGGFGAVLP
ASGGYTNVLI
VAGGFTGVAL
VRGGYTDLVS
AKGGFTTI CA
ARGGFTTVCA
ARGGYTTVCA
ARGGFTTVMI
ARGGFTTVGA
ARGGFTTVFA
VRGGYTTVTL

MPNTKPLTT-
MPNTRPLTT-
MPNTRPLTI -
MPNTNPLTI -
MPNTKPLTT-
MPNTAPATD-
MPNTKPSTT-
MPNTQPLTL-
MPNTNPPTL-
MPNTNPPTL-
MPNTHPATL-
MPNTKPAAV-

MPNLQPPI TTLDRV-
MPNLI PPl TTVDAC-
MPNLVPPI TSTQQA-
MPNLSKPL| DTPTT-
MPNLV PPVDNADRL-
MPNLK PPVVSVADA-
MPNLR PPVTTTGAA-
MPNLK PPVTSTAAA-
MPNLK PPVTTTARA-
MPNTV PPVTTTEMA-
MPNLV PPAI DTETA-
MPNLV PPVLNAKQA-
MPNLV PPVRNAAEA-
MPNLV PPVRNAQQA-
MPNLV PPVRNAAEA-
MPNLV PPVRNASEA-
MPNLK PPVTTTAQA-
MPNLK PPVTTTAMA-
MPNLV PPVWTTADA-
MPNLV PPVWTSADA-
MPNLV PPWWTAAEA-
MPNLA PPVTTVEAA-
MPNLA PPVTTVEAA-
MPNLA SPI TTVDAA-
MPNLA SPI TTVDAA-
MPNLA QPI TTVASA-
MPNLS PPMTDVAGV-
MPNLN SPI TSCLKS-
MPNLN QP! | NSHFA-
MPNTH Pl | STCSDA-

MPNTT Pl | SSCEEA- - - - - KKYRDE LI KYDN---S | EY-
MPNTI PPVTTCAQA- - --- AAYRER LVRI DP---N VDY-
MANTTPTI S- - - - - DVATLT EVLESAAKEN - | H-------
MPNTKPVND- - - - - NKAVTS Yl | AKAKAEG SVN- - - - - - -
MPNTDPVCD- - - - - NKAWK Y1 | NKAKQDG YVN- - - - - - -
MPNTNPPI D- - - - - SEVWWE YVKAVAQREG WK- - - - - - -
MPNTKPVND- - - - - DPSVTG YM.DKARVAG FAN- - - - - - -
MANTDPVAD- - - - - TAGWE QWRLGRDAG YCD- - - - - - -
MANTFPVAD- - - - - TAGWE QWRLGQESG YCD- - - - - - -
MANTTPVMD- - - - - QPVI AE SVWFKGONI G LCD- - - - - - -
MANTSPYND- - - - - QGSVTE LM.ERARKAW PHGP- - - - - -
MPNTLPALDG QTVSGPEATG AKEVLDAGFD NVI DFLQQYD
MPNTRPVI D- - - - - SPLGVA Yl RHHSAGL- - ---------
MPNTNPPVD- - - - - TPEAVR ALKEKAKALG - ---------
MPNTRPVPD- - - - - CREHVE DLQNRI KEKA HVN- - - - - - -
MPNLNPVPD- - - - - TAEKLR QVYDI | RKDA WK- - - - - - -
MPNTNPVPD- - - - - HPEALT SLLSKI ADDA HI R-------
MPNLNPVPD- - - - - SVETLN KQLEI | KKDS VIR-------
MPNVTPVPN- - - - - TPELMK KMVEENKHKG WH - - - - - -
MPNLNPVI D- - - - - NVEVFK QVQALNQQDG | | K------ -
MPNTKPVCS- - - - - SKEI LD YWNKGKEVG LVD- - - - - - -

----TQGALD
----TQRALD

----DQASLE
----TEETFT

----SAEMLE
----SPEALE
----TADAI L
----RAEDLR
----DAAALQ
----GAAALQ
----TLEALA
----TQELLE

----11YRKF

----LAYRER

----LDYKAR

DKLRRAEQKC VAN-
DKLERASQKS LVN-
NKLARAAAKC VVN-
DKVKRAEHRM HCD-
DKI RRGRHRM HCD-
EKLTRAQGRT WCD-
DKLARAKGRA W/D-
AKLDAAQGRA WCD-
AKYDAAAGRA WAN-
AKYDAARGRA WGN-
DKKRRAAI NS VAN-
KYElI AAKTS LAN-

--- -1 EYKKT LQKLAP---K TTF--
----LQYKKE | EQLDS---K TTY--
----MEYLER LAAVAP---Q TMF--
----LEYEEE | LNHSS--- N FKP- -

---- ARYHEE | RAAVDP- YP

----LAYKAR | MAALPEGSA FEP-

----1 AYRKS | MEVLPDDSD FNP-
| MKALPSESS FDP-
----LEYREE | LRALPPGSN FVP-
| MMAQPQ- AH FEP-
----LAYYDR | KARVPAGSQ FEP-
| LAHAPEDAD FTP-
----DGYRQR | LAARPAGSR FEP-
----DAYRQR | LAARPATSR FEP-

FLP-

---- GAYRQR
----RAYRER
---- QAYRER
---- SAYRER
---- AAYRER
---- QAYRAR
---- VAYRQR
---- VAYRQR
----1 AYRQR
----1 AYRQR

---- DAYRQR | LAARPAASR FEP-

| QAARPADSR  FEP-
| LAALPAGTR FEP-
I VTAI PEGAK FEP-
| LKAl PEGDR FEP-
I LAAI PAGDR FEP-
| LRALPEGAR FEP-
| LDAVPAGHD FTP-
| LDAVPAGHD FTP-
| LDAGPAGHD FTP-
| LDAVPAGHD FTP-

----1AYRER | LAAVPAGHK FTP-
----AAYRDR | LAALPQGSA FTP-
----1 AYRNR | LKSMHLNYK FKP-
- ---SVYKKE | CSFI PKLHK FNP-
----KYLYQ LKSRDD---D | EY-
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Tri chodesmium ---------- - FGFFI GATA
Nostoc ~  ---------- - YGFFI GATA
Ther nbsynecoccus  ---------- - YGFFI GATK
Rhodopseudomonas  ---------- - FAFFI GGTR
Brucella = ---------- - FAFWGGTR
Rhodospirillum  ---------- - HAFFLGASA
Magnetospirillum  ---------- - HAFFI GAAS
Ral stonia = ---------- - HAFYI GGSS
Xant hombnas ~ ---------- - YGFYMGASN
Xyllela —  ---------- - YGFYLGASN
P. flourescens  ---------- - YGFHFGVSH
Cytophaga = ---------- - YSFFMGTTN
Saccharomyces @ ---------- - LMSFYLSKD
Shi zosaccharonyces ---------- - LMSLYLSPE
Ustilago maydis ~ ---------- - VGTLYLSPD
Hel i cobacter ~  ---------- - LMSLYFNDG
Chl orofl exus ~ ---------- - LMTLFFRP-
Nei sseria  ---------- - LMTLYLTDN
Beta vulgaris ~  ---------- - LMTLYLTDT
Arabi dopsis = ---------- - LMTLYLTDK
Oyza 0 e - LMTLYLTDN
Vibrio  a--------- - LMALYLTDN
Shewanella ~  ---------- - LMVLYLTDK
M crobul bifer  ---------- - LMVLYLTEK
P. flourescens ~ ---------- - LMVLYLTDR
P. syringae = ---------- - LMVLYLTDQ
P. aeruginosa @ ---------- - LMVLYLTDR
Azot obacterium  ---------- - LMTLYLTDK
Ral stonia  ---------- - LMTLYLTDN
Bur khol deria - --------- - LMTLYLTDN
A. tumefaciens ~  ---------- - LMTLYLTED
Si nor hi zobium ---------- - LMTLYLTEG
Rhodobacter sp.  ---------- - LMVLYLTET
E. coli ce-------- - LMICYLTDS
Shigella  ---------- - LMICYLTDS
S. typhimurium  ---------- - LMTCYLTDS
S. enterica = ---------- - LMTCYLTDS
Yersinia 0 o---------- - LMTCYLTNS
Novosphi ngobi um  ---------- - LMTLYLTDS
Buchnera = ---------- - LMTCYLTNS
W ggl esworthia W ---------- - LMTLYLTEN
PI. falciparum — ---------- - LMTLYLNKN
Pl. yoelii  ---------- - LMTLYLNKK
Toxopl asma gondii  ---------- MMTLFLSPEV
Sul fol obus  ---------- -1 GLI | DMPN
Streptococcus 0 ---------- VFPVGSI TQG
Costridium —  ---------- VYPI GAI SKG
Ther rbanaer obacter ---------- VLPI GAMTKG
Magnet ococcus ~ ---------- LFPI GAVSKG
Thermobifida ~  ---------- VHPVGAVTVG
Streptonmyces @ ---------- VQPI GAVTVG
Corynebacterium  ---------- VHPVGSI TKG
Desul fovibrio ~  --------- R VHPVGAATKG

Bi fi dobact erium
Chl or obi um

TAHDVQLPVR YDLCVCASKD
Pl D LEVI GAMIVE

Thermus aquaticus ------- LAR LHPAAALTEK
Bacillus = ---------- VLPYGAI TVR
Ent erococcus = ---------- VLQYAPI TEN
Cceanobacillus ---------- VLPYASI TKS
Fusobacterium ---------- Al PYGAI TKE
Lactobacillus ~  ---------- | FQYGPI TND
Cenococcus 0 ---------- | KQYAAI STG

Clostridium

LYQTIVSI TKN

ENLPDLLTAN
ENLPDLLLAK
DNLAVLNTVH
DNVEELPKLE
DNAKDVAELE
ANAAAL GBAE
DNVDHLAQUE
VNAEHLEYLE
DNLAHI QSLD
DNLAAI QALD
DNLDTVAALN
SNI NELLKTN
LTPDLI HEAA
TTPEVI YEAA
LTPAEI AEGA
LTLEELQCAK
YDAQTLQALR
ATPELVREAK
TSPNEI KLAR
TLPEEI RLAR
TSPEEI KLAK
TSPEEI RKAK
TSPDEI RKAK
TSPADI AEAA
TQPEEI REAK
TTPDDI RTAK
TSTEEI RTAK
TSPEDI RTAK
TTPEEVRAAR
TPPDEI RRAR
TVADDVEEGK
TDPGDVEAGF
TDPADVRAAA
LDPNELERGF
LDPNELERGF
L DADELERGF
L DADELERGF
LDAKELTTGF
TDI EEVARGF
TSPKELEFGF
CDKKM_VDGF
TDENDI LSNY
TDENDI LNNY
SADDLRQNAK
TLPPVNTYER
SKGELLSEMG
QKGEELSEI G
MKGEE! TEMA
LQGKEI TEMG
L--
LEGAKLAELG
LEGKELTEFG

RAGHEASDVA
SRGEALAPYG
EG
QAGSEMIDFE
LRSE-- - - - -

EYGRELSDVE
ETTDI | PDYA

LSGEElI NHLR
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P---TPG - -
P---TPG - -
P---VCG - -
RARGOCG - -

QNGVRG -~ --cmmeoe
EH -1 FA- -« cecmemmn-

ASGKWA: - -
ASGKVFA. - -
AKG- | VA- - -
ASGFVHA. - -
ASGFVYA- - -
ASGFVHA: - -
AQGFVHA. - -
ASGFVHG- - -
ESGFVHG- - -
KSGLI TA- - -
RSGLVKA- - -
ASGLVTA- - -
NEGVFTA- - -
NEAVFTA- - -
HEGVFTA- - -
HEGVFTA- - -
EQGVFTA- - -
AEGVFVA- - -
SKKI FVA- - -
LNKI FI A- - -
YKCNLQG - -
KECNLQG- - -
MCHVTGFENY SRTDFG YSG
VI ERI RE- - -

AVHESAAGVT VFSDDG - - -
MVARSEAKVR MFSDDG- - - -



Tri chodesm um - -1 KI FMGSM
Nost oc - -1 KI FMGSM
Ther nbsynecoccus - -1 KI FMGSM
Rhodopseudononas - - VKVFI GSS
Brucel |l a - - | KVFMGSS
Rhodospi rillum - - VKI FMGSS
Magnetospirillum  --1 KVFMGSS
Ral st oni a - - VKI FMGSS
Xant hononas - - | KVFMGAS
Xyllela - - | KVFMGAS
P. flourescens - - VKVFMGAS
Cyt ophaga - -1 KI FMGSS
Sacchar omyces - - VKCYPAGVY
Schi zosacch. - - VKSYPKGA
Ustil ago maydi s - - VKSYPRGV
Hel i cobact er - - LKLYPKGM
Chl or of | exus - -1 KLYPEGVY
Nei sseri a - - FKLYPAGA
Beta vul garis - - VKLYPAGA
Ar abi dopsi s - - VKLYPAGA
Ovyza - - VKLYPSGA
Vi brio - - AKLYPAGA
Shewanel | a - - AKLYPAGA
M cr obul bi f er - - CKLYPAGA
P. flourescens - - AKLYPAGA
P. syringae v. - - AKLYPAGA
P. aerugi nosa - - AKLYPAGA
Azot obact eri um - - AKLYPAGA
Ral st oni a - - VKLYPAGA
Bur khol deri a - - VKLYPAGA
A. tunefaciens - - VKLYPAGA
Si nor hi zobi um - - VKLYPAGA
Rhodobact er sp. - - VKLYPAGA
E. coli - - AKLYPANA
Shigell a - - AKLYPANA
S. typhimurium - - AKLYPANA
S. enterica - - AKLYPANA
Yersinia - - AKLYPANA
Novosphi ngobi um - - AKLYPAHA
Buchner a - - AKFYPNGC
W ggl esworthia - - AKMYI SNT
Pl . falci parum - - VKI YPSNV
Pl . yoelii - -1 KI YPSNV
Toxopl asnma gondii - -1 KSYPKGV
Sul f ol obus - VTKEI EKI D
Strept ococcus - - - KAGAVGF
Geobact er - - - KESGCVA
Clostridium - - - KFAGAVA
Ther noanaer obact er - -- KAGVYWAL
Magnet ococcus - - - KCVAFSD
Ther nobi fi da - - - KGERLAE
Streptonmyces - - - KCVHDAV
Corynebact eri um - - - KCVDDPQ
Desul fovi brio - - - KGEELAP
Bi fi dobact eri um - - - KTPAMLT
Chl or obi um - - VKAVSDDG
Thermus aquaticus ---KTLTPAG
Baci | | us - - - KELGAFA
Ent er ococcus - - - KLVDQEA
Cceanobaci | | us - - - KGEEERTD
Fusobact eri um - - - KAGVFAF
Lact obaci | | us - - - KAFALSN
Cenococcus ---KI DNI PA
Clostridium - - VKAl TDDG

HGPLLVDTEE KLEPI FARGK
HGQLLVDGET TLETI FAKGD
HGPLLVDEEP | LDRI FSEGK

RLI AVHAENQ ARI DE- - --R
RLI AVHAEDQ ARI NQ- - --R
RLI AVHAEDQ GRI RA----R

TGSLLVEDDP SLKRI LSVI Q RRAAFHAEDE YRLND- - --R
TCGDLLVEDDD GVRSI LRNTR RRAAFHSEDE FRLKE- - --R
TGSLLVDQDE Al ARVLAGGF RRVAVHCEDE ARLKE----R
TGNLLVADDE ---------- ----TLGRVL AQGFRRVAVH
FGDLLADDDE ---------- ----VLCRI L AHGRRRVAVH
TGNMLVDNPE - --------- ----TLDAI F RDAPTPI | TH
TGNMLVDNET ---------- ----TLEG F RHAPTPI | TH
TGNMLVDDPH - --------- ----TLERLF AEVPTI LLAH
TGDMLVDNSA ---------- ----MDEl F SQVKM.I Al H
TTNSAAGVDP - ----- ND- F SAFYPI FKAM QEENLVLNLH
TTNSESGVES --------- Y EPFYPTFAAM QETGM LN H
TINSDSG ED --------- Y ETYYPI FEEM QKHDWLNLH
TTNAONGTISD ------ LLG EKTLEVLENA CKLGFI LCI H
TTNSAGGVSD - ----- LTAl EPTLAMME-- -ELG PLLVH
TTNSDSGVTD - ----- LF-- -KLI PVLEEM AKQGQ LFLVH
TTNSQDGVTID ------ LLG - KCLPVLEEM AEQDVPLLVH
TTNSQDGVTID ------ LFG - KCLPVLEEM VKONVPLLVH
TTNSQDGVTID ------ | FG - KCLPVLEEM ARQEMPLLVH
TTNSDSGVTS ------ AK-- - N YPVLQAM QEVGMLLLVH
TTNSDSGVTD - ----- LK-- - N YPALEAM QEVGWLFLVH
TTNSDSGVTD - ----- | K-- - NCYDALAAM QEHNI KLLVH
TTNSDSGVTS ------ I D-- -KI FPVLEAM AEAGVPLLI H
TTNSDSGVTS ------ I D-- - KI FPALEAM ADVGMLLLVH
TTNSDSGVIR - ----- I D-- - N FEALEAM AEVGVPLLVH
TTNSDAGVIR ------ I D-- -N FPI LEAM AEAGLPLLVH
TTNSDAGVTD - ----- LR-- - RCAKTLEAM QDVGVPLLVH
TTNSDAGVTD - ----- I M- - KCAKTLEVM QELGVPLLVH
TTNSHGGVRD - - - - - - FN-- - KAMPVLERM AKI GLPLCVH
TTNSSSGVRD - - - - - - | D-- - KAMPVLERM AEI GLPLCVH
TTNSASGVRD - - ---- FD-- - RVRGVLETM AEI GLPLCVH
TTNSSHGVTS ------ | D-- - Al MPVLERM EKI GVPLLVH
TTNSSHGVTS ------ | D-- - Al MPVLERM EKI GVPLLVH
TTNSSHGVTS ------ VD-- - Al MPVLERM EKLG PLLVH
TTNSSHGVTS ------ VD- - - Al MPVLERM EKLGWPLLVH
TTNSTHGVSD - ----- I P-- -Al' YPLFEQM CKI GVPLLI H
TTGSAHGVTD ------ I R-- - NI YPVLEKM QElI GVPLLI H
TTNSKTAE KK - ----- I'S-- - DI TPVLECM EKI GVPLLI H
TTNSEKGE KN - - - - - - FE-- -N FH LEI M QKI GM LSVH
TINSSDA TS ------ LEP- --YYKVFHAL EKLNKSI H H
TTNSNDGVSN - - - - - - LEP- --YYKI FSTL EKI NKSLH H
TTNSDQGVES - ----- YEQ --YYA FEAM QELGLTLHLH
TLPI AGYKI'Y PEDLDRTETK VLLE------ --------- H
SDDA PLTSS KVWWKEALDLA ---------- KKNDTFI SLH
VSDDGHPVTN SELMRRALEY --------- A KGME WI SH
| SDDGKPVKS SSLMKRALEY --------- S SMFDI AVl SH
SDDGFPI MSA G MKRVMTYG ---------- KMYDLLM TH
DGLPI MNSGL MRRALDYSRA FG- ------- ----GITCQH
LGAMADSPAV RVFSDDGMCV SDAQLMRRAL EYVKAFDAQH
I MRRALEYVK AFN------- ----mmmmm- ---- GWAH
VMRRALEYAK GVD------- ---------- ----VLI AQH
MGELAAAGCY AFSNDGLPVG GAEMFRRCME YAADKI VI DH
HPI TAI SDDG SAVTPEI LDQ VLENVKASD- ----LYLI EH
TAI @GSSQ MR LAl EYAANFD ---------- ----LLLICH
LLQEAGAVLL TDDGRTNEDA GVLAAGLLMA APLGLPVAVH
FTDDGVGVQD ASMMLAAMKR - -------- A AKLNVAVVAH
LI EEGAFAFT NDGVGVQTAG —TMYLAMKEA AKNNKALVAH
| QSLI DAGAF AFTDDGVGA Q TADOWQAMK ARHNTTI VAH
TDDGRGVQSA NVMY EAMLM - - - - - - - - - G AKLNKAI VAH
DGHGVQTAQT MYLAMXAKE ---------- --NNLI | ATH
LSALGAI AFT NDGKGVQTAD —TMYQAMLAA KAAGKVLVAH
KGVSDSKI MM EAMKI AKENN - - - - - - - - - - ----W VMSH
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Tri chodesm um
Nost oc

Ther nbsynecoccus
Rhodopseudononas
Brucel |l a
Rhodospi rillum
Magnet ospirillum
Ral st oni a

Xant hononas
Xyllela

P. flourescens
Cyt ophaga
Saccharonyces
Schi zosacch.
Ustil ago maydi s
Hel i cobact er

Chl or of | exus

Nei sseri a

Beta vul garis

Ar abi dopsi s
Oyza

Vi brio

Shewanel | a

M cr obul bi f er

P. flourescens
P. syringae

P. aerugi nosa
Azot obact eri um
Ral st oni a

Bur khol deri a

A. Tunefaci ens
Si nor hi zobi um
Rhodobact er sp.
E. coli

Shigell a

S. typhinmurium
S. enterica
Yersinia
Novosphi ngobi um
Buchner a

W ggl eswort hi a
Pl . falciparum
Pl . yoelii
Toxopl asma gondi i
Sul f ol obus
Strept ococcus
Geobact er
Clostridium
Ther nopanaer obact er
Magnet ococcus
Ther nobi fi da
Streptonyces
Corynebact eri um
Desul fovi brio

Bi fi dobact eri um
Chl or obi um

Ther mus aquati cus
Baci | | us

Ent er ococcus
Cceanobaci | | us
Fusobact eri um
Lact obaci | | us
Cenococcus
Clostridium

KKQFAG SDP
RQEFANI HDP
REQFAG TDV
KGERI EGD- P
EGLRVEGD- P
KALVADGASV
KHVAEEGAHP
RI | AESSGDV
KEKYGDALTP
HSRYGNTLSA
RERYGNQLPP
KAL YGDKLNA
GEKPSVHDGD
GEVPPSKDN-

GELPSNADAG
AE------ ar
GE------ SH
GE------ VT
GE------ VT
GE------ VT
GE------ VT
GE------ VT
GE------ VT
GE------ VT
GE------ VT
GE------ VT
GE------ VT
GE------ VT
GE------ VT
GE------ VT
GE------ VT
GE------ VT
GE------ VT
GE------ VT
GE------ VT
GE------ VT
GE------ VT
GE------ VT
GE------ VT
GE------ El

GE------ I's
CE--nmnnmn-

CE--nmnmn-

GE---mmn-

KSKKLKVLHP
KiA----- KE
GFV----- ST
GYW----ST
Gl----- AT
GEV----- AT
GW-- - - - SD
GW-- - - - SA
GEN-----AA
GVT----- SG
GPV----- SR
GAV- - - - - SA
GPL----- AD
GKF-- - - - SE
GKK- - - - - AE
GEV----- SE
KR-- - - - SA
GVA-- - - - AK
QA ---- SK

Al HSQ QDNE

AALLATKVAL

AVHSQ QDNQ AALLATQLVL

Al HSQI QDEI
RSHPVWRDDV

SSHPVVRDEI

ALHPEVWRDVE
RVHHLWRDEE
RQHPVWRDAR

AALNATQLAV
AALQATQRLV
AALQCTQRLV
TALAATRRLL
TALMASKRLI

SALLATQRI V

EVMHPDI RSRQ ACLKSSQLAV
EQHPDI RSRQ ACLKSSQLAV

DAHAQ RNAD
THHHLI RSEE
KEPI HVLNAE
----TVFTAE
---1 CVLNAE
G - - FCLDKE
G - - FVLDRE
DPEI DI FDRE
DPDVDI FDRE
DPSI DVFDRE
DQHVDTFDRE
THEVDI FDRE
DSSI DI FDRE
DADI DI FDRE
RGDVDVFDRE
RGEl DVFDRE
RAEVDVFDRE
HSEVDVFDRE
DPTVDI FDRE
DASI DLFDRE
TPDVDI FDRE
TAEVDI FDRE
DPAVDI FDRE
HADI DI FDRE
HADI DI FDRE
HADVDI FDRE
HADVDI FDRE
DAAVDI FDRE
DSHVDI FDRE
NONI DI YDRE
DEKTDI FDRE
EPNI NPLYAE
EPNI NPVYAE
VPGVAPLDAE
El PLALKVPR
HFKI CGATGV
ELGLKG PWA
VMGLKG PSA
M.GLKG PRE
RLGLSG CNA
RLGLAGAPAV
EL GLGGAPAV
RLGLRGAPRV
RLGVKGQSW
ELGVPA PED
ML.GLKG PEV
LLGLPGNPPE
KHGLNG PSV
ELGLPA LSV
RLSLPG PSL
ELG KA PSI
KLDLPPVTEL
NL GFPGAKKL

SCFRSSSLAV
ACYASSSKAV
EAFLP- ALKK
PKFLP- TLLD
EKFLT- HLFK
FLCHS- VLET
AEFLP- VYER
AAFI GRVVKP
KVFI ESVLRP
KI FI ETVLQP
KVFI EKI LAP
KTFLDTVLAP
RVFI ENI LSK
ATFLSRTMEQ
KI FI DEHVRR
KVFI DEHLRR
KQFI DEHLRR
KRFI DENLVR
AVFI DTVMP
KVFI DRVMTP
KAFI DTVLEP
AVFI ETVLDP
AVFLDRVLDP
ARFI ESVMEP
ARFI ESVMEP
ARFI DTVMVEP
ARFI DTVMEP
ARFI DQ LEP
AVFI ERTLTR
AKFI EKTLDP
AKFI EKVM P
EKYLP- Hl HD
KEYLQ HI HD
EAFI P- FFEQ
KLR- NI WWEI

AEYSM ARDV
AEDAATARDV
AEE| WARDI

AEEVMLARNI

AEDI LVERDI

AEEAI | ARDC
AEESVI ARDV
AEESI WRDA
AESVQVARDI

TELKI VARDI

AEPI M ARDL
AEAARI ARDL
CESVHI ARDI

TESSQ ARDL
SESVQ ARDV
CESTQ VRDV
AETTQ ARDL
SETSQLARDL
AENMMIVARDI

KLSKKYERR- - -------- L
KLSQKYHRR- - - ------- L
TLSRKYERR- - -------- L
Al ARETGKR- = -------- |
RI ARETGAR- - -------- |
ALARQAGRK- = -----=-- v
ALAETARRR- = ------- v
KLAGDTGRR- - -------- L
SLARKHNTR: -« ------- L
SLAKKNGTR- - - ------- L
DLAKRHGTR: - -------- L
ALAKKHGTR- = - - -« - -~ L
LHNDFPNLK- - - - ------ I
LHQRFPKLK- - - ------ I
MHGEFPKLK- - - ------- |
FALSFPKLK- - -------- |
WARTFPRLR- - -------- |
VLAQUPNLK- === ---=-- v
Ll QKLPQLK- - === -=--- v
LI QRLPQLK- - === ----- v
LVQRLPQLK- - = -=----- I
| VNDFPQLK- - - -=----- |
| VIDFPNLK- - -------- |
LVKDFPTLK- - --=----- |
VVERFPTLK- = ------- v
VVERFPSLK- - ------- v
VVERFPTLK- = ------- v
Il EHFPTLK- - -------- v
LRRDFPALK- - -------- v
LRRAFPALK- - - ------- v
LRQRLPELK- - -------- v
LRRRLPDLR- - -------- |
| RRATPGLR- - -------- v
LRQRLTALK- - =-=-=--- V 174
LRQRLTALK- == -=-=--- v
LRQRLTALK- - =-=-=--- v
LRQRLTALK- - =-=-=--- v
| RKFPELK- - - ------- |
LVADMPALR: - -------- |
LRKKFPKLK- - - -=----- |
| RKNFPKLK- - = - - - - - |
LAl KFPGLN- - - - - ---- |
| SI KFPHLK- - - ------- |
| HSRFPSLK- - - ------- |
AALHYVQGN- - - - - - -~ v
M AYDRQAH - -------- |
YLAEFTDSP- --------- L
| LSEYTKVP- - --=-n--- I
| LAKATGAK- - --=----- L
RLVELTGGR: - -------- Y
LLAEHVGSR- - -------- L
LLAEHVGSR- - -------- v
| MARDYGNR- - - - - - - - - v
LLAEYLG P- --------- v
EAARRTGVH - - ------- v
QLI AWLKKHK LNGAVAEPRY
EVLRYALRR- - - - SPATPRL
LLAEAADCH - -------- Y
LLAEATGVH - -------- Y
LLAEATGCH - -------- Y
LLAEAANCH - - ------ Y
LLAQKTGVH - -------- Y
M AKATGAQ - -------- Y
TLAKFVDCR- - -------- L
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Tri chodesm um
Nost oc

Ther nbsynecoccus
Rhodopseudononas
Brucel |l a
Rhodospi rillum
Magnet ospirillum
Ral st oni a

Xant hononas
Xyllela

P. flourescens
Cyt ophaga
Sacchar omyces
Schi zosacch.
Ustil ago maydi s
Hel i cobact er

Chl or of | exus

Nei sseri a

Beta vul garis

Ar abi dopsi s
Oyza

Vi brio

Shewanel | a

M cr obul bi f er

P. flourescens
P. syringae

P. aerugi nosa
Azot obact eri um
Ral st oni a

Bur khol deri a

A. Tunef aci ens
Si nor hi zobi um
Rhodobact er sp.
E. coli

Shigell a

S. typhimurium
S. enterica
Yersinia
Novosphi ngobi um
Buchner a

W ggl esworthia
Pl . falci parum
Pl . yoelii
Toxopl asma gondi i
Sul f ol obus

St rept ococcus
Geobact er
Clostridium
Ther npanaer obact er
Magnet ococcus
Ther nobi fi da
Streptomyces
Corynebact eri um
Desul fovi brio

Bi fi dobact eri um
Chl or obi um

Ther mus aquati cus
Baci | | us

Ent er ococcus
Cceanobaci | | us
Fusobact eri um
Lact obaci | | us
Cenococcus
Clostridium

HI LHTSTGDE
HI LHMSTAEE
H LHLSTG E
HVLHVSTRQE
HVLHI STAEE
HVLHVTTAEE
HVLHVTTAEE
HI LHVSTAEE
HVLHI STADE
HVLHI STADE
HVLHLTTARE
HI LHI STAKE
| LEHCTSESA
VLEHCTTADA
VLEHATTRKA
I I EHLSDVRS
VMVEH TTAAA
VFEH TTAEA
VMEH TTADA
VMVEH TTVDA
VMVEH TTMVDA
VLEH TTADA
VLEH TTKDA
VLEH TTEDA
VFEH TTGDA
VFEH TTGEA
VFEH TTGDA
VFEH TTRDA
VFEH TTKHA
VFEH TTKDA
TMEHI TTRDG
TMEHVTTKDG
VLEHVTTREG
VFEH TTKDA
VFEH TTKDA
VFEH TTKDA
VFEH TTKDA
VFEH TTKDA
VFEH TTEEA
VLEH TTKES
VFEHI STKI A
VLEHI SSSES
VLEH STENM
VLEHVSTAAA
HVTHI TNYET
HI QHLSKAES
HI AHVSTKGS
HI AHVSTELS
HI AHVSTKGS
HVAHI SSAGA
HVCHVSTKGS
HI CHLSTAGS
HI CHASTEGT
HLAHI SCRQS
HFQHVSTAI S
HVAHI STAES
HVQHLSTKRG
HVCHVSTKGS
HVCHVSTKES
HVCHVSTKES
HVCHI SAKES
HI CHVSTKTS
HVAHVSAAES
HVBHVSTKEA

AELLR- - - - -
ADLLR- - - - -
VDFLR- - - - -
MEFLR- - - - -
| DFLK- - - - -
MALLQ - - - -
MEFLA- - - - -
| AFLA- - - - -
LSLFEAGPLV
LRLFEAGPLV
LALFEDKPLT
LDLFTNTI PL
| KTI EDI NKN
VEAVK- - - - -
VEAVK- - - - -
| ALl EKHDN-
LDLLDRYPN-
ARLVLEAG D
VKFI ESCNGG
VNFVESCKEG
VNFVESCKEG
VTFVQQAGDN
VDFVTQASDN
VKFVLKSGPN
VQFVNEASAN
VQFVNEASAN
AQFVREAPAN
VQFVETSSSN
AEYVRDAQGP
VDYI REAGVA
VDYI KSSNAN
VDYI REHAAN
LDYVRGGGPD
ADYVRDGNER
ADYVRDGNER
AQYVRDGNDY
AQYVRDGSYN
ADYVLAGNRF
AQFVEGAGDS
VEYI KNNDVN
VEYVI SEDS-
| NVI KEFR- -
| EMVKKYP- -
| QAVKRVPA-
VKI AKELG- -
VKVWAFAQKL
LRI | RNAKAR
VELI RNAKKR
VELI RRAKEE
VASVAKAREK
VQ | RWAKSR
VEI VRWAKSR
VELLRWAKSQ
VELI AWAKQR
FEAI RRAKAE
VALVRKAKAA
LELVREAKRA
VRVI RDAKRA
VRVI RDAKKA
VRVI RDAKKA
VRAVREGKKN
VELVRLAKAR
VELI Rl AKEH
MKYI | EGKND

- - - QDKPSW/
- - - QEKPSW/
- - - EHKRPW
- - - EHK- DVA
- - - DYK- DVA
---DNR-DI A
- - - GHK- DVA
- - - DRK- DRV
DADGKLRKRI
DAAGKRRKQI
------ KR

VK- KATDVKV
----ACGESV

Nocomne- v
S e v
Hooeomno- v

TAEVTPQHLF
TAEVTPQHLV
TVEVTPQHLL
SVEVTPHHLT
TCEATPHHLT
SVEVTPQHLT
TVETTPQHLT
TVEVTPHHLT
TAET- Cl HFL
TAET- Cl HFL
TAEVCLHHLL

LN- TSAYEKI

LN- TSAYEKI

LT- TEAYAKI

LVAPDCYERL
LS- ADDYKAL
LAAPDCYEGL
LAAPECYERL
LEAPECYERL
RFDRSDYARL
HFDRVDYARL
FD- ERDYPNL

TAEACI HHLW FS- NEDYATK

AATLTAHHLF
AGTI TAHHLY
GCTI TPHHLE
YATLTLHHI S
FATVTLHHLL
AATVTPOHLL
AATVTPQHLV
GATVTPQHLL
AATVTPOHLL
AATI TAHHLL
AATI TAHHLL
AATI TAHHLL
GATI TAHHLL
AATI TAHHLL
GATI TAHHLL
GATI TAHHLL
GATI TAHHLL
GATI TAHHLL
AGS| TTHHLI

AGS| TTHHLI

--------- M AGTLTTHHLI

G----- | PI

AATI TPQHLM
AATI TPQHLM
AATI TPQHLM
AATI TPQHLM
GATVTPQHLM
AATI TPQHLH
SATI TPHHLM
GATI TPHHLM
AGS| TPHHLY
AGS| TPHHLH
AATI TPHHLM
STDI TPHHLL
TAEAAPCHFS
TCETA- PHYF
TCETC- PHYF
TAEVTPHHLT
SCEAAPHHLV
TAEVTPHHLL
TAEVTPHHLL
TAEVTPHHLT
TAETC- PHYL
TCETA- PHYL
TCEVTPHHFT
TAEATPHHLT
TAEVTPHHLV
TAEVSPHHLI

TAEVSPHHLL
TCEVTPHHLL
TCEVAPHHI L
TAEVSPHHLL
TCEl TPHHLA

LT- | DDWAG

LT- QKDWD-

LI - VDDWAG

MT- LDDLLGG
| T- LDDVAGG
LN- RNDLLVG
LN- RNSLFQG
LN- RNALFQG
LN- RNALFQG
FN- RNHMLVG
YN- RNHMLAG
YN- RNHMLAG
YN- RNHMLVG
YN- RNHMLVG
YN- RNHMLVG
YN- RNHMLVG
YN- RNALFVG
YN- RNAI FQG
I N- RNAI LVG
I N- RNAI LVG
I N- RNHI LAG
FN- RNHMLVG
FN- RNHMLVG
FN- RNDMLVG
FN- RNDMLVG
FN- RNHMLVG
I N- RNAMLVG
LN- RNDMFYG
FN- YNDMLSN
LT- 1 DDVWNM
LT-1 DDVVDI

LT- VDDVVKP
VNGERDCI TK
KT- ENLLL- -

SLT- DDAVRG
VLT- DEACKD
RT- DEAVYN-

LN- DTHVGN\-

LT- DELAES-

LT- DELVRS-

LT- DERLET-

LLDDLALEQ

ALSDEALLK-

LT- EHDLSSS
LT- EEALRT-

LC- EDDI PSA
LI - DEDI PED
LN- ETDI PDD
SC- DEDI KED
LT- DSDI PKD
LD- DSM TND
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Tri chodesm um
Nost oc

Ther nbsynecoccus
Rhodopseudononas
Brucel |l a
Rhodospi rillum
Magnet ospirillum
Ral st oni a

Xant hononas
Xyllela

P. flourescens
Cyt ophaga
Sacchar omyces
Schi zosacch.
Ustil ago maydi s
Hel i cobact er

Chl or of | exus

Nei sseri a

Beta vul garis

Ar abi dopsi s
Oyza

Vi brio

Shewanel | a

M cr obul bi f er

P. flourescens
P. syringae

P. aerugi nosa
Azot obact eri um
Ral st oni a

Bur khol deri a

A. Tunef aci ens
Si nor hi zobi um
Rhodobact er sp.
E. coli

Shigell a

S. typhimurium
S. enterica
Yersinia
Novosphi ngobi um
Buchner a

W ggl esworthia
Pl . falci parum
Pl . yoelii
Toxopl asma gondi i
Sul f ol obus

St rept ococcus
Geobact er
Clostridium
Ther npanaer obact er
Magnet ococcus
Ther nobi fi da
Streptomyces
Corynebact eri um
Desul fovi brio

Bi fi dobact eri um
Chl or obi um

Ther mus aquati cus
Baci | | us

Ent er ococcus
Cceanobaci | | us
Fusobact eri um
Lact obaci | | us
Cenococcus
Clostridium

Gommmmme e e --- TLAQWP
e --- TLAQWP
Gommmm e e -- - SLAQWNP
Gommmmmen e e - - - TKAQWNP
Gommmmmn e e ---NLI QWP
Gommmmme e e - - - TFAQWP
Gommmmmn e e - - - TYAQWP
Gommmmmen e e --- TLAQWP
Gommmmmn e e ---NLI KCNP
Gommmmmn e e ---NLI KCNP
Gommmmn e e - - - NLI KCNP
Gommmmen e e - - - NYI KWNP
------------------------------ - - NPVNFCKP
------------------------------ - - DPYCFCKP
------------------------------ - - KPLNFCKP
Sleccsomas amcaaiias siaecaaaas - - NPHCFCKP
LLevssuacs caccnauccs camcacaaas - - QPHLFCKP
GV eemomas umcaaiiss saaacaaaas - - RPHHFCLP
Gle-cseses omcaccaas saascaaaas - - QPHNYCLP
Gle-cseses omcaccaas saascaaaas - - QPHNYCLP
Gle-csesas comcaccass caaucaaaas - - QPHNYCLP
Glaccmosas camcaaiins caaacaaaas - - RPHFYCLP
L R - - RPHFYCLP
Glaccmesas camcaiiias caaacaaaas - - RPHYYCLP
Glaccmesas camcaiiias caaacaaaas - - RPHFYCLP
L R - - RPHFYCLP
Glaccmosas cumcaaiias caaacaaaas - - RPHFYCLP
L R - - RPHFYCLP
L R - - RPHYYCLP
Glaccmesas camcaiiias caaacaaaas - - RPHYYCLP
Glaccmosas camcaiiias saaaciaaas - - KPHYYCLP
Glaccmesas camcaiiias caaacaaaas - - KPHYYCLP
Glaccmesas camcaiiias caaacaaaas - - RPHYYCLP
GV eemomas amcaaiaas saaseaaaas -~ RPHLYCLP
GV eemomas umcaaians saaacaaaas --RPHLYCLP
Glaccmesas camcaiiias caaacaaaas -~ RPHLYCLP
Glaccmesas camcaiiias caaacaaaas -~ RPHLYCLP
L R --RPHLFCLP
Glaccmosas camcaiiias saaaciaaas - - RPHAFCLP
L R -~ QPYLYCLP
KIaooaoaos camiiaucis cancauaaas - - KPHLYCFP
DI YDHAI DNT Y- -« -cmme oo | EKY | KNTYHYCKP
KNYDYSFNNT D--------n ---n-- | EKY VKNVYNYCKP
DAl KRAVETA AHRGLC- - - - ------ CAEA VEKPHNFCKP
s P
------- EKG ---------- =-=------- --- ANAKM\P
------------------------------ - YDTNAKMNP
------------------------------ - FNTLAKVNP
------------------------------ - YDTNTKVFP
------------------------------ - YDTNAKMVAP
------------------------------ - YDPVYKVNP
------------------------------ - YNPVYKVNP
------------------------------ - YDAVNKVNP
------------------------------ - YSTAAKVNP
------------------------------ - YGTLAKMNP
femmoeiiis caiiiiiiin siacaiaaas - EKGNFI MKP
------------------------------ - FDPLFKVAP
Doeececics caaiiancas saacaiaaas - - - PNFKM\P
Fesooacaos caiiiiucis cancaiaaas - - - GFVKM\P
Neoooooaas caniiiucis cancainaas - - - ADVKM\P
Neoooeonas caaiiiucis cancaiaaas - - - GWIKMNP
Neoooeonas caaiiiucis cancaiaaas - - - GYFKM\P
Nooooeoaos caniiancis caacaiaaas - - - SLMKM\P
fommcaiiis caiiiiiiin siacaiiaas - - - SNYRVNP

PLKSAGDNDI
PLRSPHDNEV
PLRTAVDNKK
PVRDAWHRDG
PVRDKRHREG
Pl REARHREA
Pl RGTRHRDA
PVRERCHRNA
Al KDAEDRLA
Al KEASDREA
Al KSRSDRDA
AVKTVADREA
VAKL PNDKKA
VAKTERDRRA
VAKYPDDRQA
LI KTKKDQER
| AKRPTDRDA
VLKRETHRQA
VLKREI HRQA
VLKREI HREA
VLKRETHRQA
| LKRATHQHA
| LKRNTHQQA
| LKRSSHQQA
| LKRNTHQEA
| LKRNTHQTA
| LKRNTHQEA

I LKRRTHQEA
VLKRETHRLA

VLKRETHRVA
VAKREEHRLA
VAKREAHRLA
VAKRETHRLA
| LKRNI HQQA
| LKRNI HQQA
| LKRNI HQQA
| LKRNI HQQA

| LKRSTHQQA
VAKREKHRLA

I LKKNKHRVA
| LKKKI DQFA
LPKLLEDKI A
LPKTLDDKI A
LAKTKRDRDA
Pl RDYLTRLG
PLRLEADRLA
PLRTADDVTA
PLRTRRDVEA
PLRTREDVEA
PLRNQRDVNA
PLRTAEDVEA
PLRTERDVVA
PLRESRDAEA
PLRTPDDVAA
PLRSEADRKA
PLASVENRDA
PLRGEEDREA
PLRGKEDHEA
PLRGREDREA
PLRSTEDQQA
PLRSREDRNA
PLRNKEDQAA
PLRSPDDRAA
Pl REEEDVNF
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Tri chodesm um
Nost oc

Ther nbsynecoccus
Rhodopseudononas
Brucel |l a
Rhodospi rillum
Magnet ospirillum
Ral st oni a

Xant hononas
Xyllela

P. flourescens
Cyt ophaga
Sacchar omyces
Schi zosacch.
Ustil ago maydi s
Hel i cobact er

Chl or of | exus

Nei sseri a

Beta vul garis

Ar abi dopsi s
Oyza

Vi brio

Shewanel | a

M cr obul bi f er

P. flourescens
P. syringae

P. aerugi nosa
Azot obact eri um
Ral st oni a

Bur khol deri a

A. Tunef aci ens
Si nor hi zobi um
Rhodobact er sp.
E. coli

Shigell a

S. typhimurium
S. enterica
Yersinia
Novosphi ngobi um
Buchner a

W ggl esworthia
Pl . falci parum
Pl . yoelii
Toxopl asma gondi i
Sul f ol obus

St rept ococcus
Geobact er
Clostridium
Ther npanaer obact er
Magnet ococcus
Ther nobi fi da
Streptomyces
Corynebact eri um
Desul fovi brio

Bi fi dobact eri um
Chl or obi um

Ther mus aquati cus
Baci | | us

Ent er ococcus
Cceanobaci | | us
Fusobact eri um
Lact obaci | | us
Cenococcus
Clostridium

LVRALL- - DG
LVWQALR- - DG
LWOQGLL- - DG
| WHGLA- - QG
WKG D- - QG
LVRALE- - QG
LVKAI A- - DG
LVWQAI R- - EG
LI DALA- - ED
LI AALA- - KD
LRQALL- - SN
| WVQAVL- - DN
LVKAAV- SGK
LI EAAT- SKN
LRDVI R- QGH
LLSLAL- KAH
LLAAAL- AGH
LVAAVTGEKA
LVSAVT- SGS
| VKAVT- SGS
| VSAVT- SGS
LVAAAT- SGS
LLAAAA- SGN
LI SAAI - SGN
LLDAAT- SGS
LLDAAT- SGS
LLDAAV- SGN
LLDAAT- SGN
LVAAAT- SGH
LVEAAT- SGN
LRAAAT- SGD
LRQAAI - SGD
LRAAAT- GGE
LRELVA- SGF
LRELVA- SGF
LRELVA- SGF
LRDLVA- SGF
LRAAVA- SGS
LRKLAT- SGF
LRKAI S- NGD
LHKAI S- GNC
LQDVI K- DDF
LCNI | K- EGN
LRQVI @ DGD
LW KAL- - - F
VI EGLK- - SG
VKEALK- - DG
VI EGLK- - DG
LI EGLK- - DG
| QEALA- - RG
LREGLA- - DG
LREALA- - DG
LKKALL- - DG
MRRAVA- - DG
TI AAl A- - DG
LI EGLR- - DG
LLEGLL- - DG
LI EGLL- - DG
LI EGLL- - DG
LFDGLM - DG
LI VG L- - DG
LLVGLL- - DG
LLAGLL- - DG
LI KAl K- - MWN

VI DFI ATDHA
VI DFI ATDHA
VI DFI ATDHA
VVDVLGSDHA
| VDVLGSDHA
VVDI | GSDHA
TVDVLGSDHA
VGDVI GSDHA
VI DVLATDHA
VI DVLATDHA
RLDVI GSDHA
RI DVI ATDHA
PYFFFGSDSA
PKFFFGSDSA
PRFFLGSDSA
PKI SFGSDSA
PKLMFGSDSA
HKFFLGTDSA
KQYFLGTDSA
KKFFLGTDSA
KQYFLGTDSA
KKFFLGTDSA
KKFFLGTDSA
PKFFLGTDSA
AKFFLGTDSA
GKFFLGTDSA
PKFFLGTDSA
TKFFLGIDSA
PRFFLGTDSA
PRFFLGTDSA
ARFFLGTDSA
VRFFLGTDSA
ACFFLGTDSA
NRVFLGTDSA
NRVFLGTDSA
TRAFLGTIDSA
TRAFLGIDSA
DRFFLGTDSA
SRVFLGTDTA
KHFFLGSDTA
NRFFLGTDSA
PRVFLGSDSA
PKVFLGSDSA
THFFLGSDSA
EVDTVVSDHA
VI SVI ATDHA
TI DAl ATDHA
TI DI | ATDHA
TI DAl ATDHA
VI SVI ATDHA
TI DI VATDHA
TI DI VATDHA
TI DVWATDHA
TI DI LVTDHA
TVDLLATDHA
TI DAl ATDHA
TLDAI ATDHA
TI DM ATDHA
TI DCl ATDHA
TI DLI ATDHA
TI DI | ATDHA
TI DLI ATDHA
TI DI VATDHA
YVDCI GTDHA

PHTLAEKG- -
PHTLEEKA- -
PHTLEEKA- -
PHTLEEKA- -
PHTLEEKQ- -
PHTLKEKS- -
PHTREEKD- -
PHTPKEKS- -

PHPVQNK- - -
PHPRSSK- - -

PHPLANKYPS AVTHGAPGTK ASDSGSDHLE

PHFI SKK- - -
PHPI DRK- - -
PHAKSAK- - -
PHERRRK- - -
PHERSRK- - -
PHDKRRK- - -
PHAKGRK- - -
PHAKDRK- - -
PHAKSKK- - -
PHAQHAK- - -
PHAQHAK- - -
PHARHAK- - -
PHARHAK- - -
PHAKGLK- - -
PHPKGLK- - -
PHVDPLK- - -
PHVDPLK- - -
PHVDAAK- - -
PHARHRK- - -
PHARHRK- - -
PHSRHRK- - -
PHSRHRK- - -
PHAKHRK- - -
PHAKHLK- - -
PHL HKNK- - -
PHVLKNK- - -
PHYKVMK- - -
PHYQKFK- - -
PHPRLAK- - -
PHSKEEKN- -
PHHADEKN:- -
PHHI DEK- - -
PHHADEK- - -
PHTKDDK- - -
PHEEDSK- - -
PHPSEAK- - -
PHPHEDK- - -
PHGSEDK- - -
PHAAHEK- - -
PHTLAEK- - -
PHAKHEK- - -
PHTQAEK- - -
PHTAEEK- - -
PHGLEEK- - -
PHATEEK- - -
PHTMEEK- - -
PHAKSEK- - -
PHTKEEK- - -
PHSKEDK- - -
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Tri chodesm um
Nost oc

Ther nbsynecoccus
Rhodopseudononas
Brucel | a
Rhodospi rillum
Magnet ospirillum
Ral st oni a

Xant hononas
Xyllela

P. flourescens
Cyt ophaga
Sacchar omyces
Schi zosacch.
Ustil ago maydi s
Hel i cobact er

Chl or of | exus

Nei sseri a

Beta vul garis

Ar abi dopsi s
Oyza

Vi brio

Shewanel | a

M crobul bi fer

P. flourescens
P. syringae

P. aerugi nosa
Azot obact eri um
Ral st oni a

Bur khol deri a

A. Tumef aci ens
Si nor hi zobi um
Rhodobact er sp.
E. coli

Shigell a

S. typhimurium
S. enterica
Yersini a
Novosphi ngobi um
Buchner a

W ggl esworthia
Pl . falci parum
Pl . yoelii
Toxopl asma gondi i
Sul f ol obus

St rept ococcus
Geobact er
Clostridium

Ther npanaer obact er

Magnet ococcus
Ther nobi fi da
Streptomyces
Corynebact eri um
Desul fovi bri o

Bi fi dobact eri um
Chl or obi um

Ther mus aquati cus

Baci | | us

Ent er ococcus
Cceanobaci | | us
Fusobact eri um
Lact obaci | | us
Cenococcus
Clostridium

- - - KGYPNTP
- - - QEYPNSP
- - - QPYPQSP
- - - KTYPASP
- - - KSYPASP
- - - LPYPKSP
- - - KPYPQSP
- - - RPYPASP
- - - KPYAQAP
--- QPYAQAP
- - - QAYEQAP
---LPYI DAP
- - - ANYEGVC
- - - LKTP- PA
ATGWSCGCA
----HSANI P
--- - EAAFCA
--- - ENACGC
--- - ECSCGC
--- - ESSCGC

--- - ESGOGC
--- - ESSCGC
--- - ESSCGC
----ETSCGC
----ETRCGC

--- -1 NMLGC
- - - - ESSMGF
- - - - RKPYYK
- - - - QEPHYK
--- - ESSPPA
---LNYDLCP
- - VADVTKAP
- - DLEFNEAL
- - NVEFNLAA
- - KVPYDVAP

- - RVPFCQAA
ETEVNQAA
DCEVAAAA
- - CCEFENAK
- - DTPLDEAP
- - ELGFLEAP
- - ECPPDQAA
- - EMDLLRAP
- - AQG ERAP
- - SOSFMKSP
- - AVGFKEAP
--1 RG EKSS
- - QGGVKNAA
--ACSI LTAP
------ EKGA

SGWPGVETSL
SGWPGVETSL
SGWPGVETSL
SGMIGvQrLVv
SGMIGvQrLV
SGWGVQTLV
SGMIGvQrLVv
SGMIGvQTLV
SGLPLVQYAL
SGLPLVQYAL
SGLPLVQHAL
SGGPLVQHSL
AGVYSQSFAI

AGVFTQPFAA
AAVYTSSI LV
AG FSAPI LL
AGVFSAPVLL
AGVFSAMTAI

AG YNSPVAL
AG YSAPI AL
AG YSAPVAL
AGSYTAHAAL
AGSYTAHAAI

AGSYTAFAAL
AGCYTAYAAI

AGCYTAYAAI

AGCYSAYAAI

AGCYTAYAAI

AGCYTALHAM
AGCYTALHAL
AG YTSI NTM
AG YTSI NTL
AGCFTAPNTL
AGCFNAPTAL
AGCFNAPTAL
AGCFNAPSAL
AGCFNAPSAL
AGVFNAPAAL
AG FNAPFAL
AG FNAPSSL
AG FNSPI AL
PG YTQPFLI

PG FTOQPFLL
AGVFTQPLLL
PG AAVSFTT
SGMIGLETSL
NG VGLETSL
NGWGFETAL
FG SGLETAF
NGVVGLETLL
MGM GLETAL
MGWGLETAL
PGWL.GLETSL
NG SGLDTAV
NG | GLECAY
FG | GLETSL
FG PSLEVAF
FG TGFETAF
FG VGSETAF
FG VGLETAF
FG VGSETAF
FG TGSETAF
NGVTd ETSF
PGM G EQAF

PLM.TQAI EG
ALM_TAANEG
PLM.TQAMAG
PTM.DHVNAG
Pl MLDHVNAG
PVM_DHVNTG
PLM.DHVNQG
PVM_DHVHRG
VAALELVHEG
VAALELVHAG
PALLELVADG
VAMLEKYHQG
PYI AQVFE- E
SYLAEVFD- K
PLWPTLLE- A
PALCELFE- K
PMLVELFE- R
ELYAEVFE- K
SLYAKVFE- E
SLYAKVFD- E
SLYAKVFE- Q
EL YAEVFE- K
ELYAEAFE- S
PLYAEAFE- E
EL YAEAFE- Q
EL YAEAFE- Q
EL YAEAFE- Q
EL YAEAFE- Q
ELYAEAFE- D
ELYTEAFD- K
SCLAHVFE- D
SCLAHVFE- E
SI LAHVFE- E
GSYATVFE- E
GSYATVFE- E
GSYAAVFE- E
GSYAAVFE- E
PAYASVFE- E
ESYVTVFD- E
LSYVKVFE- E
EMYATVFD- N
NYVAHI LN- K
SYLAHI FN- K
AYLVSI FA-E
PFI YSLVFKD
SLGLTYLVEA
TLSLR- LVEE
PLAI TYLVKP
SVI NTFLI QT
Pl TLE- LVEA
SVWQHTMVDT
SWQETMVDT
Sl | VDTFVAT
ALTWR- LVQE
GVCHKVLVDG
GLTI TELVDK
PLLYTELHLK
PLLYTNLVKK
QLI YTHRVET
PLLYTHLVLK
AQLYTKFVKT
STLYTKFVKE
QLLYTHLVKP
Sl CYTKLVKE

R- - CSVAQVS
K- - CTVSQW
R- - CTVPQW
R- - LSLARFV
K- - LSLERFV
K- - LSLERFV
R - LSLERLV
Q - LSLQRFV
K--LPI TRI V
R-- LSVTEI V
V- - LPI TTLV
K--1SLERI A
Q - NALENLK
E- - GRLDALK
F- - GALDQLA
H - NALENLQ
H- - NALDRLP
A- - GALDKLE
A- - GALDKLE
A- - GALDKLE
A- - GALDKLE
E- - GKLENLE
V- - NALDKLE
A- - GALDKLE
R- - NALDKLE
R- - NALDKLE
R- - NALDKLE
R- - SALDRLE
A- - NALDKLE
A- - GALDKLE
E- - NALDKLE
E- - GALDRLE
E- - GALDRLE
M - NALQHFE
M - NALQHFE
M - NALAHFE
M - NALAHFE
L- - NALQHLE
E- - GALDRFE
M - RALKYLQ
L-- NI LNKLE
F- - DALDKME
F- - NSLDKI E
L-- GOl SKLR
L- - LNI ERAV
G HLSLMDFL
G VLTLPVLV
G HLTI SQLV
G || TMKALV
G VLPLAKAL
G LLDWAGVA
G LLDWAGVA
G LADWRFVA
G LLTEADW
G FI SDERLI

G VI TLSQAI

R- GFPLRRLV
G || TLEQLI

G RFTLEQVI

G KMILYQLV
D- | FSLEM.V
EKVLSLEQLL
G | MBLRQLL
N- H SLNKLS

NWWBTAVAKG
NWVBKNVAVA
RWVBTAVAAA
DLTSAGPARL
DLSSHGPNRI

DLTSAGPARV
DLTSAGPARI

DLTSAGPARI

QKFAHAPAQL
RKFAHAPAQL
AKTSHRVADL
EKMBHNVAKL
GFVSDFG SF
DFACI FGRKF
NYVSI NGRNF
AFI SDNAKTI

DFVSGNARRI

AFASKNGARF
AFTSFNGPDF
AFTSFNGPDF
AFTSFNGPDF
AFASFNGPDF
AFASFNGPDF
DFASHFGPDF
AFASLNGPRF
GFASLHGPAF
GFASLHGPDF
AFASHHGADF
GFASLHGPDF
GFASFFGADF
AFASLNGPAW
AFTSLNGPAW
GFVSLHGPAF
AFCSVNGPQF
AFCSVNGPQF
AFCSLNGPQF
AFCSLNGPQF
AFCALNGPRF
AFASLNGPAF
SFCSENGPKF
NFCS| NGANF
NFTSKNASLF
NFACKNAAQFE
EFADGHAAAF
NLL SKNPAKI

AKMTT NPAQL
DKMACNPAKI

EKMCVNPSKL
NYMSMNPARI

AAI SCNPARL
QRVBATPARI

DRVBFKPAKI

RVMBERPAEI

RLWCHAPGSL
EL MBVGPAEL
ELLSTNPRRI

ELFTDGPRRV
QFLTEKPADT
NVLAVKPAEI

ERMTEKPAAT
KLMBENVAKI

ALLSDKPAKV
KAMNQRPADI

QLMBGNAAKL
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Tri chodesm um
Nost oc

Ther nbsynecoccus
Rhodopseudononas
Brucel |l a
Rhodospi rillum
Magnet ospirillum
Ral st oni a

Xant hononas
Xyllela

P. flourescens
Cyt ophaga
Sacchar omyces
Schi zosacch.
Ustil ago maydi s
Hel i cobact er

Chl or of | exus

Nei sseri a

Beta vul garis
Ar abi dopsi s
Oyza

Vi brio

Shewanel | a

M cr obul bi f er

P. flourescens
P. syringae

P. aerugi nosa
Azot obact eri um
Ral st oni a

Bur khol deri a

A. Tunef aci ens
Si nor hi zobi um
Rhodobact er sp.
E. coli

Shigell a

S. typhimurium
S. enterica
Yersinia
Novosphi ngobi um
Buchner a

W ggl esworthia
Pl . falci parum
Pl . yoelii
Toxopl asma gondi i
Sul f ol obus

St rept ococcus
Geobact er
Clostridium
Ther npanaer obact er
Magnet ococcus
Ther nobi fi da
Streptomyces
Corynebact eri um
Desul fovi brio

Bi fi dobact eri um
Chl or obi um

Ther mus aquati cus
Baci | | us

Ent er ococcus
Cceanobaci | | us
Fusobact eri um
Lact obaci | | us
Cenococcus
Clostridium

e T A
L T2 N %
YEI PNKG- - = === mmmmmm mmmmmmmmoe mmemeaman oo K
FG ACKG - = == == mmmmm mmmmmmmme e oo R
FGVARKG: - - == === == mm mmmmmmmmoe mmomeaoo oo R
YDIAGKG- == = === mmmmmm mmmmmmmen e oo R
YNIAGKG - = = === mmmmmm mmmmmmmmon e oo R
Y R
FDVEERG: - - === === smmmmmmmon mmmcmeocon oo F
FDVI ERG - = == === -mmm= mmmmmmmmo mmmmmeocon oo F
FAIPDRG - - === smmmmmmmo mmmomeooon oo Y
FHD- - - - === o mmmmmmme mmmmeeee e oo
YEVKDSE- - - === == mmmmm mmmmmmmoe e oo %
e 1 = L
1 S o S Q
€ T =
T
YG PE---=- aocecicauc iiisciaas smaiiasais sassaaaaas
YGLPR: === aesacicans aiiisciaas smaiiasasa sassaaaaas
YGLPR: === aesacicans aiiisciaas smaiiasasa sassaaaaas
YGLPR- === esecicauc iiisciaas smaiiasacs sassasaaas
YGLPR- === ececicanc iiisciaas smaiiasacs sassaaaaas
T
YGLPR- === aesacicsns iiamciaas saaiiasais sassaaaaas
YGLPA- === esaiiiiis iiasciaas smaiiasass sassaaaaas
YGLPA- === esacicins iiisciaas smaiiasass sassaaaaas
YGLPR- === assaciasns iiasciais smaiiasaia sassaaaaas
YG PR--=- amsaciaiis iiisciaas smaiiasass saesaaaaas
YGLPR- === aecacicauc iiamciaas smaiiasais sassaaaaas
YGLPR-- === assecacans iiisciaas smaiiasais sassaaaaas
€ T
YGLPA- === esacicins iiisciaas smaiiasass sassaaaaas
N T

YGLPV--oae aacacicins iiasciaas smaiiasacs sassaaaaas

YGLPV--oae aucacioins iiasciais smaiiasais sassaaaaas

YGLPM --=- cosacicins iiisciaas smaiaasass sassaaaaas

YGLPV--oae ausacioius iiisciaas smaiiasass sassaaaaas

YGLPV--oae aucaiiacus iiisciaas smaiiasacs sassaaaaas

YRVPV- - - <« wmmemmen oeiiiin il oo

.

I

LNLAEK- = == =acoucascs sacicancas aasacicacs aoaacaaaas

LNLEPKS- - = ==ceucaacs cacicuccas sosacaasas aoucaasas [

FGFEAAT- - = =cceucaacs sacicucuas sosacaasas ancaaas L
LNIPYG === =cceucaacn cacicuccas aosacaasas aancaasas E
. e ----DVGY- -

IR - - - - DRGT- -

T - - - - NKGT- -

T e <---SNG - -

T ----PRGT- -

GRL-==-=ns scuesacics casisauacs sassasaaas ---- TDQGRP
GQA--=-sms siiesaiiis caaisasais saasaaaaas - - - - TGHGRP
L1 e - - - - PGQGRP
FRL- === == mmmmmmcme meeeee aeoaooo- ----PVN--R
MGHVPTDVAA LVEDYAEPAP TGDDPDGVI A GESDAQPQRE GVNRLLDLSR
S LETI L
LG -=eeses caciiiaain meiaisiias Masceaaias siaas LPPLH
FGLE---=-= =accuusaus sucaaciase aacucsacas soaaaas AGR
FGLN- == -= cacciacais sucaaciass aacicsasas soaaaas AGT
FQLP--ccos caciiisais sucaaiiass aaiacsaaas soaaas Y&K
FDLP--cccs caciiasaus sucaaciase aacucaacas soaaaas Y&K
FGIEN- -=-= caccuasaus sucaciiass aacucaacas soaaas AGV
FALKDV- = - =accaasacs sucaaciass aacucsacas soaaas ARE
LNEN- = -2 o m mmmmmmmme mioii i il KGK
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Tri chodesm um
Nost oc

Ther nbsynecoccus
Rhodopseudononas
Brucel |l a
Rhodospi rillum
Magnet ospirillum
Ral st oni a

Xant hononas
Xyllela

P. flourescens
Cyt ophaga
Sacchar omyces
Schi zosacch.
Ustil ago maydi s
Hel i cobact er

Chl or of | exus

Nei sseri a

Beta vul garis

Ar abi dopsi s
Oyza

Vi brio

Shewanel | a

M cr obul bi f er

P. flourescens
P. syringae

P. aerugi nosa
Azot obact eri um
Ral st oni a

Bur khol deri a

A. Tunef aci ens
Si nor hi zobi um
Rhodobact er sp.
E. coli

Shigell a

S. typhimurium
S. enterica
Yersinia
Novosphi ngobi um
Buchner a

W ggl eswor t hi a
Pl . falci parum
Pl . yoelii
Toxopl asma gondi i
Sul f ol obus

St rept ococcus
Geobact er
Clostridium
Ther npanaer obact er
Magnet ococcus
Ther nobi fi da
Streptomyces
Corynebact eri um
Desul fovi brio

Bi fi dobact eri um
Chl or obi um

Ther mus aquati cus
Baci | | us

Ent er ococcus
Cceanobaci | | us
Fusobact eri um
Lact obaci | | us
Cenococcus
Clostridium

| APGFDADLV
| APGYDADLV
| APGYDADLV
| AAGFDADFT
| AVGYDADLT
| AAGYDADFT
| AVGYDADFT
| ALGYDADLT
LREGYFADLV
LREGYWADLV
LREGYWADLV
ASSDKAI LFK
DFKESNI VLK
HAKHGSI KLR
- - LPSKKARL
- - PPPRTVRL
-~ NTDTI TLV
- - NTSKI KLK
-~ NSSKI TLK
-~ NTSKI VLR
-~ NQETVTLT
-~ NSDTI TLV
- - NTTKVTLT
-~ NTDRI TLV
- - NQDTI TLV
-~ NTDRI TLV
-~ NTDHI TLI

-~ NAGTLTLT
- - NEEKVTLR
-~ NDETI TLV
-~ NEETI TLR
-~ NEERI TLR
- - NDTFI ELV
- - NDTFI ELV
- - NTGAVELV
- - NTGAWVELV
- - NDDWELV
- - NEDRI VLE
--NKETI TI |

- - NKEHI TFF
KKLAKYY!I CV
ENNQNSI | Y1

EENLECAVI Q
| R GYVANFT
LAENGPADLV
LKPGSVADI T
LETGRSADI T
| RVGATADI V
LSLNAVGDW
| AVGEPANLT
VSAGEPANLT
| AEGEPANLA
FTAGDPADFF
VDDADNVDLV
FRAGRKANLT
LEEGTEASLV
LKEGRTADI T
LTVGAPADVA
LEEDSVADI T
LEENSFADI V
LEPGKNADVA
| Al GQVADLA
LQPGFLGDLV

LVDLNNY- - - - - - RPVLREE LMIKCRWSPF EGASLTGWPYV
LVDLNTY- - - ---RPVRREE LLTKCHWSPF EGWNLTGWAT
LVDLHTY- - - ---RPVRREE LLTKCGWSPF EGASLTGWPYV
WWDLKRS- - - - - - ETI TNDW VASRAGATPY DGVRVTGAPV
| VDMKRR- - - - - - ETI THEQ AGSKAGWIPY HGKTVTGWPYV
VVDMNAE- - - - - - RTI TNEW | ASKCGAWTPF HGLSVRGWPV
| VDVKAE- - - ---RI' | TNDW | ESRCGWTPF DGRKVTGWPYV
LVDLAAR- - - - - - RTI RNDW | ASVSGWITPY DG GVTGWPI

M DNTP- - - - - - - FTVKREQ VLSKCGWSPF EGTTFRSRI A
LVEDTP- - - - ---FTVKRQE | LSKCGWSPF EGTTFRSRI A
LI QPEPKG - - - - VAVSRQP VLSQCGWIPF AQRSFRHRVS
KE-------- --QVI PQVI S DGKDI SI | PF KAGDKLSWSV
KES------- - - FRVPESVA N- - - - DLVPF HPNEVLQWHC
KVRSRSCI SP AAATVPAVYV HP- EFREVPD SDRSKVQWVP
R - KPFM PTHT LCLNEKI Al L RGGETLSWAL
VE-------- - DPWQVPMR- - - - YGDWPF AAGQTLRWQV
KQ------- - SQTVPASVP YGDG- ELVPM RAGGEI GATV
KE-------- - PWKVLERI P FPSG El | PM FAGQVMLDVKP
KS-------- - PWKVPDVFN FPFG El VPM FAGETLQWQP
KS-------- - AWKVPDTYS YSSG El VPM FTGNTLEW.P
KQ------- - AWPVAESMP FGSD- | WP RAGENI EWTV
KK-------- - AWDI PASYP LGDT- NWWPI  RAGEQ DWQV
KQ------- - AWTVPSNLP FGSD- TLVPV KAGETLNWIL
RD-------- - EWTAPTSLP FGEL- TVI PL RAGEKLRWRL
RD-------- - EWTAPASLP FGEL- TVI PL RAGETLRWR-

RE-------- - EWQAPASLP FGDF- DVWWPL RAGETLRWKL
RE-------- - EWTAPACMTI FGEH- SLVPL RAGEKLRWRL
RS- ------- - QMLPAEVP FGEQ MLVPL RGGEMLRVWKT
RE-------- - EWILPAELP VGDT- PWPL RGGESI GARL
KRE------- EAVAFPEKI E TGAG PVTVF DPMFPLHVWDV
KQE------- EPVSYPARI E TEAG PVTVF DPMFPLHWAV
KG------- AALALPGKI E TGAG PVTVF DPGFPLLWHV
RE-------- - EQQVAESI A LTDD- TLVPF LAGETVRWSV
RE-------- - EQQVAESI A LTDD- TLVPF LAGETVRWSV
RD-------- - EQQ PGNI A LADD- SLVPF LAGETVRWSV
RD-------- - EQQ PENI A LADD- SLVPF LAGETVRWSV
RT-------- - PFLQPEEI P LGNE- SVI PF LAGQTLNWSV
RA-------- - PI EVPEVI D CNGT- Al VPF HAGETLGWR

KKP- - - - - - - CKI 1 KK-- I N VGRN- VI | PF LSGEI LNWSI

KET------- FYPNKKQ | K | NKNNYLSPI FFEKKLNVKI

EKHP- - - == ------ FKLP - REYNGVWWPF LAGKTLDYDI

OKKN- === oo - LTI P - NDYFGVWPF LANQTI DFTA
PTPQR- - - - - - - VPS| FKFP GQENEGWWPF MASLELPYTV
|1 SKN----- - DWKYRTKFS KVTETPLDNF PLEAKVEFTI

| FADK- - - - - - EDRLVS- NH FASKAANSPF | GETLKGQVK
VI DPK- - - - - - ATWIVDADK LASKSKNSPF LGWEVKGAAA
| VDLN- - - - - - EEFWDVNK FKSKSKNSPF HGFKLNGSVY
| VNPH- - - - - - EEYTVDKEK FKSKGKNTPY HGVKLKGVWVE
LFDPQ - --- - QSWI'VDALA LHGSSKNTAF AGRQVKGRVK
LYDPT- - - - - - ATRVI DPAT MVSKSRNTPF AGMTLPGRVL
LVDAA- - - - - - YRGQVDPAG FASRSRNTPY EGRELPGRVT
| VDPG - - -- - KTWTASGAD FASKAENTPF EGQEFSAKVT
LFDPA- - - - - - HEWTVTPEA NMHSKGKNTPF TGWKLTGKVT
VLNAA:- - - - - - EEWI'VDPEQ FHSKARNTPF GGWQVTGRPL
|1 DPD----- - CEW VSESD FGSKSRNTPF MGRKLKGRAL
LLDPK- - - - - - - ERPVDPQG FASKARFSPW TGWRLGGWPV
|1 DLE----- - QEEEI DPTT FLSKGKNTPF AGWKCQGWPV
VFDI T-- - - - - QTCTI DKED FLSKGENTPF | GWKVKGETQ
VI DLE- - - - - - KEETI HRET FYSKGKNTPF DNVKVKG PV
VI DLE- - - - - - KEI TI NPNN FLSKGKNTPY | NEKI NG PV
| FDI E- - - - - - HKNEI KEAD FKSKGVNTPF TGQKVYGETV
LFDIR----- - HLHEI KANE FASKASNSPF | GWKVYGQTE
LI DLN----- - KKRI FKEED | VSRSKNTPF NGVEFYGDWW
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Tri chodesm um
Nost oc

Ther nbsynecoccus
Rhodopseudononas
Brucel |l a
Rhodospi rillum
Magnet ospirillum
Ral st oni a

Xant hononas
Xyllela

P. flourescens
Cyt ophaga
Saccharonyces
Schi zosacch.
Ustil ago maydi s
Hel i cobact er

Chl or of | exus

Nei sseri a

Beta vul garis

Ar abi dopsi s
Oyza

Vi brio

Shewanel | a

M cr obul bi f er

P. flourescens
P. syringae

P. aerugi nosa
Azot obact eri um
Ral st oni a

Bur khol deri a

A. Tunefaci ens
Si nor hi zobi um
Rhodobacter sp.
E. coli

Shigell a

S. typhimurium
S. enterica
Yersinia
Novosphi ngobi um
Buchner a

W ggl esworthia
Pl . falciparum
Pl. yoelii
Toxopl asma gondi i
Sul f ol obus

St rept ococcus
Geobact er
Clostridium
Ther nopanaer obact er
Magnet ococcus
Ther nobi fi da
Streptonyces
Corynebact eri um
Desul fovi brio

Bi fi dobact eri um
Chl or obi um

Ther mus aquati cus
Baci | | us

Ent er ococcus
Cceanobaci | | us
Fusobact eri um
Lact obaci | | us
Cenococcus
Clostridium

VTl VGGEVAF NRGEFN- SEV
TTI VGGEI VY DKGQVN- TQV
YTFVNGEVF SQGRVN- TSV
GTFVRGAKVM WQGELT- TPS
GTFVRG KVM WEAEI V- NPH
MT1 | RGAI VM RDGALQ- GRP
ATl VRGSTVM RDGQLL- GQA
HTVVRCGHI VW RDEALVGITP
ATWNGQQVW DGEQLV- GSA
STW/NGNHVW DGNRLV- GVP
TTI VSGQ AW HDHRI H- DSC

SDQLEE- - -~ - <-cnnmnnn
Kemmmmmm e e

HYVSKF---- -----nn---
SYKYDW- - - -----mmmmn
EVRRFSPSLL KECDEI - - - -
VQGKI AFDGK NVLPI RGVNA
YTICSGEVI Y QA--------
FTI VGCKWY KR--------
YTLVNGNVVWV REKVLL- - - -

RGRALI FSEl A--------- _
RGQALTFL- - - ----=--- _
RGRALKFGLG - --------- _
RGEPVRFLET LKP------- _
KGEPVEFLEA LPRR: - - - - - _
LGAPVRFHPL PPLTKESAVL R
SGEPVRFQEC P--------- _
LGRPLRFLEA PPRVPAGV- - -

AGQRLTFDR- = --------- _

NGQRLEFDR- -~ -------- .
QGLPLRFMR- - --------- .

FDKSSRYPV- - --------- -

YTI VEGQ RY QKNKKFEKVE | - - ---ccn cceeooone .

YTI LAGRI VH QEA-------
ATFLRGVPTV LDXKI Q- - - -
HTW.RGKATL VDGKLT- - - -
HTVLRCGKVTC ADGVAQNA- -
SHWCGHRI A ----------
ATl | GSQLMF SRL-------
G YHNSKLIM R---------
LTLVECGRI VH EALE------
MT1 VGCKI AW QKESAL V- - -
MILSTENLCG RRENKSMERL
LTMWNGVWY EEAKQHEEA-
LTI SNGKI AY | DKEEI NL- -
MILVDGEWY QRGTK- - - - -
RTWNGQQVY AKGDEK- - - -
VTI KNGKI VY NCEF- - - - - -

LI LEDGTVFE CKAFGA---- -
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