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Abstract

Amino acid biosynthesis is an essential procesd$iving organisms.
Certain amino acids can be synthesized by somenisrga but not by others.
L-Lysine is one of the essential amino acids thattéria can synthesize but
humans cannot. This is somewhat inconvenient fondns as much of their
L-lysine must come from their diet. However, theklaf the lysine biosynthetic
pathway in humans makes the bacterial enzymes witie pathway attractive
drug targets. Recently, a novel lysine biosyntheathway was discovered in
plants, Chlamydi® and some archaea. It is called the “diaminopiteela
aminotransferase (DAP-AT) pathway”. In this pathwialy-DAP-AT plays a key
role by directly converting L-tetrahydrodipicolimato LL-DAP in a single step.
This is a quite interesting characteristic of LL-BMAT as the above conversion
takes three sequential enzymatic steps in the quslyi known lysine biosynthetic
pathways. Due to its absence in humans, LL-DAP-Auld be an attractive
target for the development of novel antibioticsofder to understand the catalytic
mechanism and substrate recognition of LL-DAP-AThe t structural
characterization of LL-DAP-AT is of paramount impaice. In this thesis, the
overall architecture of LL-DAP-AT and its substratecognition mechanism
revealed by the crystal structures of LL-DAP-ATrfrd\rabidopsis thalianaand
Chlamydia trachomatisvill be discussed.

The crystal structure of the native LL-DAP-AT fromA. thaliana
(AtDAP-AT) presented in this thesis is the firstusture of LL-DAP-AT to be

determined. This structure revealed that LL-DAP-ABrms a functional



homodimer and belongs to the type | fold family &LP dependent
aminotransferases. The subsequent determinationthef substrate-bound
AtDAP-AT structure showed how the two substratdd,-DAP and L-Glu)
significantly different in size, are recognized twzg same set of residues without
significant conformational changes in the backbstracture. In addition, the
LL-DAP-bound AtDAP-AT structure shows that thé-&mino group of LL-DAP
is recognized stereospecifically by the active sft@dues that are unique to the
family of LL-DAP-AT enzymes.

Lastly, the chlamydial LL-DAP-AT presented in thigesis shows a new
“open” conformation for LL-DAP-AT. The implicationsf the conformational
flexibility of CtDAP-AT on the differences in sulvate specificities among

LL-DAP-AT are discussed.
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Chapter 1: Introduction

1.1 Historical perspectives and biological diversity of PLP dependent
enzymes
Discovery of pyridoxal-5’-phosphate (PLP)

The discoveries of vitamins are surely one of theatgst findings in
science. Currently, thirteen distinct vitamins hden identified, each necessary
for the growth and development of living organisidsficiencies or overdoses of
vitamins can cause a wide variety of diseases imams such as nyctalopia
(Vitamin A deficiency) or rickets (Vitamin D defiency). With important roles in
many metabolic processes, vitamins are of greatest to researchers studying
the biochemistry of biological pathways.

Vitamin Bg is one of the thirteen vitamins currently idemiifi It was
discovered by Paul Gyorgy in 1938.At that time, he was working on a new
substance called “pellagra-preventive factor” toectats affected by acrodynia, a
dermatological problerh. Based on his experiments, he believed that the
pellagra-preventive factor would represent a nepe tgf vitamin, and tentatively
named that substance vitamin.'BAfter acquiring the capacity to synthesize
vitamin Bs, the chemical structure of the synthetic vitaminvigas determined.
The structure of synthetic vitamingBvas shown to be closely related to that of
the pyridine molecul&.Due to the similarity of their structures, the hetic
vitamin Bs molecule was named “pyridoxine” (Figure 1-1), aneathat was
synonymous to vitamin &or several years after its initial discoveéry.

While pyridoxine cured the skin disease in Gyorggss, the effect of
pyridoxine on prokaryotic organisms was not wellokm at that time. Early
research had suggested that pyridoxine was reqdimedhe growth of some

bacteri§d However, a few years later, Sneilal showed that pyridoxine itself can



Figurel1l-1 The chemical structures of various forms of vitans;. The

precursors are shown on the left, and the phosfatedyactive forms are shown

on the right.
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3
not support growth in those bactefid.In other words, he implied that another

active compound, related to pyridoxine, was suppgmrgrowth in those bacterfa.
Shortly after, the other forms of vitamin¢B *° including the
physiologically active forms of vitamin ¢8* were discovered. Currently, six
forms of vitamin B exit in nature (Figure 1-1). In order for vitamByg to
participate in biological reactions, the three preors (pyridoxal, pyridoxine, and
pyridoxamine) of vitamin B shown in Figure 1-1 must be converted into the
phosphorylated active forms called “pyridoxine Hegphate”, “pyridoxal

5’-phosphate” (PLP) and pyridoxamine 5’-phosph&#IP), respectively.

PLP as a cofactor of biological enzymes

The elucidation of PLP’s role in biological systedid not take too long
after its discovery. Well before the discovery afPPthe existence of enzymatic
transamination was discovered through the bioch&nmmvestigations of pigeon
muscle extracts by Braunstein and Kritzmann inlabe 193052

A year later PLP was determined as the active compioof Vitamin B,
Snell reported the mechanism of the reversible Bependent non-enzymatic

transamination using amino acids aneketo acids as shown below?®

Glutamate  + Pyridoxal ——= oa-ketoglutarate +  Pyridoxamine

Pyruvate +  Pyridoxamine Alanine + Pyridoxal

In the same literature, Snell had somewhat intelifivmentioned that the above
reaction scheme may exist in biological systéfrBubsequently, this hypothesis
was proven correct, as the activity of aminotrarasfes was shown to be well
correlated with the presence of PLB? Several other experiments were
performed to support the above hypothé$fS. Through accumulation of many
years of research, PLP became known as the cofaft@everal biological

enzymes.



Distributions of PLP dependent aminotransferasesiahogical systems

Over the course of half a century, the number afvkm PLP dependent
enzymes has increased significantly. Currently, enitran 140 distinctive PLP
dependent enzymes with nine different reaction gyffégure 1-2) have been
identified in living organismé&® ?’ The function of PLP in biological processes is
broad. One example is the involvement of transas@®ain amino acid
biosynthesis. Transaminases are ubiquitously foar@nino acid metabolism due
to its frequent use for the addition or eliminatiohamino group$® Another
important example of PLP activity in humans is ihet production of
neurotransmitters. Neurotransmitters such as his@mserotonin, andy-
aminobutyric acid (GABA) are produced from aminoidac through PLP
dependent catalysf8. The above neurotransmitters are the result of
decarboxylation of histidine, tryptophan, and ghoéde respectively by distinctive
PLP dependent enzym&ln addition to transamination and decarboxylation,
PLP dependent enzymes are known to catalyze tleeniaation of amino acids.,,

B, y-replacement, and, B, y-elimination reactions (Figure 1-3).t should be also
noted that because PLP’s activity is so widely agrever many aspects of
biological systems, an imbalance of vitamig Bvel can cause a variety of
illnesses such as dermatitis or neuropathy.

As described above, the involvement of PLP depenéezymes in
biological systems is extremely versatile. At thdiscovery 70 years ago, no one
would have expected PLP to play a role in so mamymatic reactions. Yet,
despite all that is known, there are still uncheeazed PLP dependent enzymes
in nature. As the imbalance of vitamirg Bvels can cause a variety of illnesses,
much research has been carried out to identifyemterstand the mechanism of

PLP dependent enzymes.



Figure1-2 Various types of chemical reaction catalyzed by Rlependent

enzymes. This figure is adopted from Ellatal. (2004).Annu. Rev. Biocheni3,
383 - 415
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12 Classification of PL P dependent enzymes
Early structural studies of PLP dependent enzymes

In the last few years, the increase of structurBdrmation available on
protein molecules has been remarkable. Currenthgr @00 PLP associated
structures have been deposited into the Proteira Ogdnk (PDB). X-ray
crystallography has been one of the most poweduohriiques to understand
protein functions. In fact, it has been critical tile understanding of PLP
dependent enzymes.

The first crystal structure of the PLP dependentinatransferases
determined was the mitochondrial aspartate aminsteaase (MASpPAT) in
1980%° Prior to that, there were many mechanisms propése®LP dependent
aminotransferases based on over 40 years of bidcakstudies’®” However, it
was not until the first crystal structure of mAsp#iat the uncertainties at that
time around the catalytic mechanisms of the amimstierases were answer&d.

The crystal structure of mAspAT revealed severaue features of
aspartate aminotransferases (AspAT) (Figure 1-FgpAT consists of a
homodimer where PLP is found on each subtinEach subunit contains large
(“PLP binding domain”) and small domains. PLP i&dhe the active site through
a number of non-covalent interactions with the @umding residues and a
covalent linkage with the active site lysine siaghbn thesi face of PLP (Figure
1-3b). On there face, two arginine residues are located for thedibg of
dicarboxylic substrates. Including those arginiresidues, the active site is
composed of a mixture of residues from both sulufihis structure showed the
importance of the enzyme being a homodimer. Earlictiral information helped
to answer many important aspects of aminotranserasatalytic mechanism such

as how PLP and substrates are accommodated ictilae site.



Figure1-3 Stereo diagrams of the AspAT structure (7ART)a). The
homodimeric structure of AspAT. Each subunit camtaiwo domains. The large
domain is coloured in yellow, and the small domaioloured in green. b). The
active site of AspAT. PLP binding residues are shmaw stick format. Two
arginine residues (Arg292 and Arg386) that are irtgmd for the substrate binding

are also shown in stick format.

b).




Classification of PLP dependent enzymes

As the structural information for PLP dependentyemzs increased, a
variation of the tertiary structures within PLP dadent enzymes became
apparent. Currently, PLP dependent enzymes areifotak into five different
superfamilies according to their tertiary structur@able 1-1F" “° *! This
classification scheme does not correlate with ype tof reactions the enzymes
catalyze as each group contains enzymes from eliffeneaction types (i.e. both
transamination and decarboxylation are found i tiyfold type).

The type | fold family is called the aspartate aotiansferase family
(Figure 1-4a). Although this group is mainly remeted by AspAT, many other
enzymes are also members of this family as showhabie 1-1. As described
previously, the characteristics of AspAT are thatsia homodimer with each
subunit containing two distinctive domaifis*? The large domain (PLP binding
domain) adopts the-p-a sandwich, and the small domain folds into th@
complex. In some cases, a significant domain mowmseobserved upon binding
of substrate&” This family is the most well studied and the stmally best
characterized family.

The type Il fold family is the tryptophan synthdstamily (Figure 1-4b).
This family includes three different enzymes, togdtan synthase, threonine
deaminase, an®-acetylserine sulfhydrylase. The main differenaarfrthe type |
fold family is that in the type Il fold family, thactive site is composed entirely
from one subunit. Nevertheless, the enzymes inféimisly still generally function
as a homodimers. In some cases, higher oligomtiesshave been obsend.
In addition to the main catalytic scaffold, somezygnes in this family have a
regulatory domain that is regulated allosteric&H§>

The type lll fold family is the alanine racemasenily (Figure 1-4c). In

this family, the amino acid residues stabilizing thyridine ring of PLP are



Table1-1 Fold type classification of PLP dependent enzymes
Subclass Enzyme
Fold type | ) Aspartate aminotransferase
Aminotransferase i ) )
Aromatic acid aminotransferase
subclass | ) i
Tyrosine aminotransferase
Dialkylglycine decarboxylase
Glutamate-1-semialdehyde aminomutase
i Ornithine aminotransferase
Aminotransferase _ , _
®-Amino acid:pyruvate aminotransferase
subclass Il i
8-Amino-7-oxononanoate
Diamino-pelargonic acid synthase
GABA aminotransferase
Phosphoserine
aminotransferase Phosphoserine aminotransferase
subclass
Tyrosine-phenol lyase Tyrosine-phenol lyase
subclass Tryptophan-indole lyase
Cystathionine-lyase CystathionineB-lyase
subclass Cystathionineg-synthase
Ornithine decarboxylase i .
Prokaryotic ornithine decarboxylase
subclass
Serine hydroxymethyl .
Serine hydroxymethyl transferase
transferase subclass
3-Amino5-hydroxybenzo i i i
) ) 3-Amino5-hydroxybenzoic acid synthase
ic acid synthase subclass
Fold type II Tryptophan synthase
O-acetylserine sulfhydrylase
Threonine deaminae
Fold type llI Alanine racemase
Eukaryotic ornithine decarboxylase
Yeast hypothetical protein
Fold type IV D-amino acid aminotransferase
Branched-chain amino acid transferase
Fold type V Glycogen phosphorylase

Maltodextrin phosphorylase

- This table is mostly adopted from SchneidereG.al. (2000). Structure. 8,

R1-R6%°
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Figure1-4 Representative structures of each fold family bP Flependent

enzymes. Type | to IV enzymes form homodimer. Eawsbnomer of the

homodimer is representated by the different coloajs Fold type |. aspartate

aminotransferase (1ASf) b). Fold type II: O-acetylserine sulfhydrylase

(1LOASY® ¢). Fold type III: alanine recemase (1S¥T). Fold type IV: D-amino

acid aminotransferase (1DAX) e). Fold type V: glycogen phosphorylase

(1A81)*°
a).
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Figure 1-4

(continued)

Type Il fold

Type V fold

d).

TgaV fold

11



different from the other families. Normally, thenogen atom of the pyridine ring
is positively charged and maintained by the negativarge of the well-conserved
aspartate side chain. This feature is importar®lt®’s catalytic competency. In
the alanine racemase family, a slightly differergctmanism is used. The pyridine
nitrogen is kept unprotonated by the proximity be tpositive charge of the
arginine side chaiff. The enzymes in this family have a characteristfcbarrel
for the PLP binding scaffold.

The type IV fold family is the D-amino acid aminaisferase family
(Figure 1-4d). The interesting feature of this fign that the enzymes catalyze
the amino-transfer reaction of D-amino acid inste#fdL-amino acid. The
stereochemical relationship of the two amino asdairiers is directly reflected in
the aminotransferase protein structure. Its acsive is essentially the mirror
image of that in AspAT of the type | fold famil§The active site lysine is situated
on there face of PLP in D-amino acid aminotransferasesasof on thesi face
of PLP as in AspAT. This arrangement at the acs$ite allows the D-amino acid
aminotransferases to accommodate stereochemigallystte substrates.

The last group is the type V fold family, which tee glycogen
phosphorylase family (Figure 1-4e). The enzymesimfamily are quite different
from other families. Typically, the pyridine ring BLP plays an important role in
catalysis in the other fold families. However, em®g in the type V fold family
use the phosphate moiety of PLP for catal{siSherefore, the fundamental
mechanism of PLP chemistry in this family is di#fet from the other fold
families. Additionally, the type V fold enzymes teto be much larger in size than
the enzymes from the other families. They cont@preximately 800 amino acid
residues per subunit as opposed to the approxiynd®€l amino acid residues in

other families.

12



Although the folding patterns of the above fivedfdlypes are quite
different from each other, the cofactor based stimat alignment has shown some
common features of the PLP binding site. In alldio§ types, the PLP is
covalently linked to the active site lysine. Thisa landmark feature of the PLP
dependent enzymes. Also, the negatively chargedpttade group of PLP is
accomodated in the positively charged phosphatdirnmgnpocket. The positive
charge provided by the helical dipole moment ofctheelix is a conserved feature
among all fold types. With the few exceptions c¢ tommon features described
above, most of the PLP binding residues are indatt variable among different
fold types.

Recent advances in X-ray crystallography and sirattgenomics
research have increased our knowledge about theaeguce of protein molecules
and facilitated understanding of the interestingucgttiral relationships among
different reaction types. Continued structural airmthemical research on the PLP
dependent enzymes would not only increase our stateting of their catalytic
mechanism, but will also show how substrates ageipally recognized by these

structurally similar but catalytically different 2ymes.

13 Catalytic mechanism of PL P dependent aminotransferases (Asp AT)
The role of PLP as a cofactor

PLP is one of the most widely used cofactors inldgical systems.
Despite the fact that several different types oPRlependent reactions exist in
living organisms, the role of PLP in most reactiossvirtually the same. The
primary role of PLP as a cofactor is to act as afectron sink” for the
stabilization of the carbanion formed during catedyMany of the PLP dependent
reactions require the deprotonation of the hydraafem at the Cposition of the

substrates. This deprotonation event results irfdhmeation of a carbanion at the

13
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C* atom. Normally, this proton cannot be removedhatsplogical conditions as
its pKa is somewhere around 30°° However, PLP is able to facilitate the
reaction through the transient delocalization eftlon-bonding electrons onto the
positively charged nitrogen of its pyridine ring.

Among all the known PLP dependent enzymes, AspAfashanistically
and structurally the best characterized. Sincéigsovery, it has been the model
system for studying PLP dependent amino-transfactiens. In this section, the
currently accepted catalytic mechanism of the Pepeddent aminotransferases
will be discussed using AspAT as a model system.

AspAT catalyzes the reversible amino-transfer ieactshown in Figure 1-5. The
kinetic mechanism is known to follow a ping-pongbbimechanism. In this case,
the aspartate first binds and donates the aminopgto PLP. It then leaves the
active site. Subsequentky;ketoglutarate binds to the active site and acctys

amino group from PMP to become glutamate. Ovettadl amino-transfer reaction
can be divided into two main stages: 1). Donatibthe amino group to PLP and

2).Transfer of the amino group from PMP (Figure)1-6

Donation of the amino group to PLP

As described previously, PLP is held in the actite through a covalent
linkage (imine bond) to the side chain of the axtsite lysine. This lysine is
almost completely conserved within the superfaroilyfPLP dependent enzymes
and plays an essential role during catalysis. énuhliganded state, the covalent
complex between PLP and theamino group of lysine is often referred to as an
“internal aldimine”. At the physiological pH, theine nitrogen can be protonated
(ELH") or unprotonated (B as its pKa is approximately 6.8 (Step”iTherefore,
two kinds of Michaelis complex (E"sSH" & E_+SH") can be formed in solution

(Step 2 and 1'). However, only the latter form candergo subsequent



Figure 1-5 The chemical reaction catalyzed by aspartate anainsferase.

'OZC/\(COZ_ _OZC/\H/COZ'
NH,* O

L-Aspartate Oxaloacetate

_020\/\"/002 O,C CO,
2 2
O AspAT \/\l\g-lf

a-ketoglutarate
L-Glutamate

15



Figure1-6
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The catalytic mechanism of PLP dependent aminsteaase.

This scheme is produced based on the currentlypteteatalytic mechanism of

aspartate aminotransferase. “R” represents@PHO" in the “donation of the

amino group to PLP” and “(CHCOQ” for the “transfer of the amino group

from PMP”.
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nucleophilic attacks as theamino group of aspartate has to be deprotonated to

become a nucleophile (Step 3).

This abstraction of the proton from the aspartatemino group is
accomplished by the unprotonated imine nitrogethefinternal aldimine. Upon
binding of aspartate, the chemical environmentefdctive site is altered so that
the pKa of the imine nitrogen increases approxilga2eéd units (pKa ~ 8.8 °*
>3 The change of the imine nitrogen pKa increases ghpulation of the
protonated imine nitrogen. (BSH> E H"*S: Step 3).

After the formation of EH"*S, the nucleophili@-amino group attacks the C4’ of
PLP and forms a tetrahedral intermediate (StepSdpsequently, the electron
from thea-amino nitrogen will be pushed around to releasesitie chain

of lysine from PLP; now PLP makes a covalent lirkagth aspartate (Step 5).
This complex between PLP and the substrate isdcate “external aldimine”
(ELH'=S) as opposed to the previously described intexdahine (EH" or ).

The next step is the formation of the carbanionthe a-carbon of
aspartate (Step 6). In order to break tffeNCbond through hydrolysis, a double
bond must be created at thé-lC bond shown in Figure 1-6 (Quinonoid
intermediate between step 7 and step 8). The demton of the &Gproton is
essential for the creation of the double bond betwtee C carbon and the imine
nitrogen atom. As shown in Figure 1-6, the unprateds-amino group of lysine
acts as a general base to abstract a proton ffof8t€p 6). Then, the non-bonding
electrons of € are delocalized onto the pyridine ring to becomguanonoid
intermediate (Step 7). It is very important for tpgridine nitrogen to be
positively charged because it enhances the pyridimggs electron withdrawing
property. The positive charge of the pyridine rgn is maintained through the
ion pair interactions with the side-chain of thdlweenserved aspartate residue, in

this case Asp222 (Figure 1-7).
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Figure 1-7 Electrostatic interactions between the nitrogemmabf pyridine

ring and the side chain of Asp222 residue (7AATThe distance is shown in A

and illustrated with a black dotted line.
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The delocalized electrons are quickly pushed batkrom the pyridine

ring; the C4-C4’ bond becomes a single bond atikng up a hydrogen atom
from the e-amino group of lysine (Step 8). The resultant roole is called a
ketimine. The next step, the last in the first ladlthe amino-transfer reaction, is
the hydrolysis of &N double bond (Step 9). The unprotonatesmino group of
lysine acts as a general base once again to irctbashucleophilicity of a water
molecule for the nucleophilic attack orf @Figure 1-6). Via the formation of a
tetrahedral intermediate, oxaloacetate and PMPbailproduced at the end of the

first half of the aminotransferase reaction (Stép 1

Transfer of the amino group from PMP

The transfer of the amino group from PMRut&etoglutarate is shown in
the bottom portion of Figure 1-6. This half of thenino-transfer reaction is
essentially the reverse of the first half. The amigroup of PMP attacks
a-ketoglutarate to form the ketimine intermediatéefS11 and 12). Through
stabilization of the carbanion via the quinonoitermediate (Step 13 and 14), an
external aldimine withu-ketoglutarate is formed (Step 15). The releasth@fend
product (glutamate) is accomplished by the nuclémphttack of thes-amino
group of lysine (Step 16 to 17). This last stepaies the initial state of the
unliganded enzyme with the lysine forming an ingéraldimine with PLP (Step
18). The enzyme then becomes ready for anothee aytclthe amino-transfer
reaction.

Through many years of extensive research, theafiveicture of PLP
dependent catalysis has become quite clear. Hoyexee research must be done
to understand the details of each catalytic stgpe@ally the protonation status of
PLP at the different reaction stages. Althoughsitai simple transfer of amino

groups from one substrate to another, quite a falytic steps are needed. The
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above catalytic mechanism shows how PLP is involed why it is important

for the entire catalytic pathway of PLP dependelyenes.

1.4 L L-Diaminopimelate aminotransferase: a novel enzyme in the lysine
biosynthetic pathway
Introduction to the lysine biosynthetic pathway

The involvement of PLP dependent enzymes in amaw metabolism
has been mentioned briefly in the section 1.1 of tihesis. In bacteria, 17 out of
the 20 amino acid biosynthetic pathways are knosvnantain at least one PLP
dependent enzynf&. The lysine biosynthetic pathway is one of the 1P
dependent amino acid biosynthetic pathways. Itdeesn of great interest to many
scientists for many years.

The lysine biosynthetic pathway is an importantaao¢ research as it
offers many attractive opportunities in antibiotictesign*>’ and plant
bioengineeriny. It serves as an attractive drug target for tHiewiong reasons.
Firstly, mammals lack the lysine biosynthetic patlgwDrugs specifically targeted
to this pathway will therefore only work on the lpagens and should not cause
significant side effects in the human host. Secgnidllysine and its precursor
meseDAP (m-DAP) are important building blocks of peptidoglypcdayers.
Depending on the bacterium, either L-lysineneDAP will be incorporated into
the peptidoglycan structure for cross-linking ofe thpolyglycan chain¥
Cross-linking produces a strong, mesh-like structilmat is very important for
bacterial survival. Therefore, the absence of liRgsorm-DAP can significantly
inhibit the growth of pathogenic bacteria.

In addition to the development of antibiotics ine ttmedical field,

research on the lysine biosynthetic pathway caappéied to the agricultural field.



Drugs targeting the lysine biosynthetic pathway aoly act as anti-microbial
agents but also can be used as herbicides as fartave the lysine biosynthetic
pathway.

Another important area of research involving thsirg biosynthetic
pathway is in plant bioengineeriny.’® ®* As implied previously, mammals are
not capable of producing their own lysine. Theyreh food sources instead.
Therefore, many plant researchers are examiningsway increase lysine
production in crops or plants so as to assist @énei@sing the available lysine for

the human diet® % 62

Prokaryotic and eukaryotic lysine biosynthetic pedlys

There are five different lysine biosynthetic pathwahat have been
identified by the early 2000s. Three of them beltmghe “diaminopimelic acid
(DAP) pathway” and the other two belong to thedminoadipic acid (AAA)
pathway”. The nomenclature of these pathways isedasn the common
intermediate used in each pathway.

The three variants of the DAP pathway are showkigure 1-8. This
pathway is mainly found in prokaryotes. It usesndi@pimelic acid as an
intermediate molecule. The first one of the thre&Ppathways to be discovered
was theN-succinyl DAP pathway (Figure 1-8§.° This pathway is the most

widely used lysine biosynthetic pathway in bacteria

The N-succinyl DAP pathway starts with the condensatioh aspartate
semialdehyde with pyruvate to become dihydrodipimade (DHDP) plus water.
DHDP is then reduced to tetrahydrodipicolinate (THJCoby DHDP reductase
(dapB. Next, the THDP succinyl-coA dependent transferdapD) opens up the
six-membered ring of THDP througN-succinylation. The resulting product,

N-succinyl-L-2-amino-6-oxopimelate, becomes an ar@oceptor molecule for

21



Three variants of lysine biosynthetic pathway ths¢ DAP as

Figure1-8

an intermediate.
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the amino-transferring reaction bifsuccinyl DAP aminotransferasdapQ. The

following step, catalyzed bi-succinyl DAP desuccinylaseldpE), removes the
succinyl group from N-succinyl-2,6-diaminopimelate to produce LL-DAP.
LL-DAP is then isomerized ton-DAP by DAP epimerased@pF). Finally, the

decarboxylation oim-DAP by DAP decarboxylaséy6A) results in L-lysine.

The second DAP pathway, which is used by s&aeillus sp., is called
the N-acetyl DAP pathway (Figure 1-8}.°° This pathway is identical to the
above describel-succinyl DAP pathway except thidtacetylation is used during
the conversion of THDP to LL-DAP insteadfsuccinylation.

Although the N-succinyl or N-acetyl DAP pathways are used by the

majority of bacteria, a few Gram-positive bactena known to use the third DAP

pathway called the DAP dehydrogenase pathway (Ei#t8)°® °In this pathway,
THDP is directly converted intm-DAP in a single step by+DAP dehydrogenase
(ddh). This pathway often coexists with tidesuccinyl DAP pathway in some
Gram-positive bacteri& "

The second lysine biosynthetic pathway is calledARAA pathway. This
pathway evolved independently from the DAP pathwag usesi-aminoadipic
acid as the intermediate molecule. The AAA pathweag first identified in the
fungus Neurospora crass&" ’* For a long time, it was believed that fungi and
euglenoids were the only organisms that used thikway’>’® However, recent
findings suggested that particular species of Ibiacte(i.e. Thermus

thermophilug’®®*

and some archa®also use the AAA pathway for lysine
biosynthesis.

Two variants of the AAA pathway are shown in Figukted. The first five
enzymatic steps converting-ketoglutarate too-aminoadipate are exactly the
same in the two variants. However, depending on gbecies, the pathways

leading to lysine from the-aminoadipate intermediate differ significantly. In



Figure1-9
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fungi and euglenoids,-aminoadipate is converted to lysine via sacchaegdn

bacteria, a slightly longer pathway analogous &diginine biosynthetic pathway
is used’ So far, no organism is known to possess both th® Bnd the AAA
pathways>

For over half a century, an incredible amount e$earch has been
dedicated to understanding lysine biosynthetic\aiis. As a result, five different
lysine biosynthetic pathways have been identified aharacterized in different
organisms. The variations of the lysine biosynthgiathways in biological
systems show that organisms have evolved to usreht pathways to synthesize
lysine. Throughout this thesis, the DAP pathwayl voé the main focus of

discussion.

Discovery of LL-diaminopimelate aminotransferase

Plants have been known to synthesize their owimdyfor a long time.
However, plants do not seem to utilize any of the flysine biosynthetic
pathways described above. Earlier studies withl&beling experiments by Vogel
H. J. indicated that plants use the DAP pathwageat of the AAA pathwa$f
Since then, one of the bacterial DAP pathway wéie\md to be utilized in plants
for a long period of tim& ® For over half a century, the exact DAP pathway
used by plants was not well established as ther® meaconcrete evidence to
support a specific pathway.

Nearly 50 years after Vogel's initial experimerdnalysis of the
Arabidopsisgenome and biochemical studies of plant extraaige lshown that
dapG dapD, dapE and ddh activities were missing iplants®® These results
indicated that the DAP dehydrogenase pathway iprestent in plants, but that an
incomplete N-succinyl or N-acetyl DAP pathway may exi&t. These findings

prompted researchers to look for a novel lysinesymthetic pathway in plants.
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Shortly after the genomic analysis Afabidopsiswas reported, Leustek and

colleagues discovered the missing piece in thet py@me biosynthetic pathway-
a novel enzyme called LL-diaminopimelate aminotfarase (LL-DAP-AT)®’

LL-DAP-AT from Arabidopsis thaliangAtDAP-AT) is a PLP dependent
aminotransferase that consists of 461 amino acidiues (the first 36 residues is
a signal peptide for AtDAP-AT to localize in plaig)®’ The discovery of
AtDAP-AT was significant and unique in that thiszgme can bypass three
enzymatic steps of the previously describBeacetyl or N-succinyl DAP
pathways,’ This new lysine biosynthetic pathway that conv@H#OP to LL-DAP
in a single enzymatic step is called the “DAP artimwasferase pathway”.

The chemical reaction catalyzed by LL-DAP-AT i®®im in Figure 1-10.
LL-DAP-AT uses PLP as a cofactor for the reversibteversion of THDP to
LL-DAP. The mechanism of PLP dependent amino-tembfy LL-DAP-AT is
thought to follow the previously described ping-gdsi-bi mechanism of AspAT.
Glutamate first binds to the active site of LL-DA¥-and donates the amino
group to PLP. After glutamate is converteditketoglutarate through the donation
of the amino group, PLP becomes PMP. Ouadestoglutarate leaves the active
site, THDP enters and accepts the amino group fPdMP to become LL-DAP
(Figure 1-10).

The major uncertainty regarding the DAP aminotrarage pathway is
whether THDP binds to LL-DAP-AT in a ring-opened arring-closed form
(Figure 1-10). THDP is known to exist in equiliomubetween the ring-opened
(hydrolyzed) or ring-closed form in soluti6hln theN-acetyl orN-succinyl DAP
pathway, THDP is in the open-conformation due $aitetylation or succinylation
by DapD. The DAP aminotransferase pathway howedees not contain any
DapD homologues for acetylation or succinylatiomerefore, either forms of
THDP could be candidates for the substrate of LLPDA. This issue will be

examined more closely in Chapter 2 and 3.



Figure 1-10 The chemical reaction catalyzed by LL-DAP-AT. Thigure is
adopted from Watanale al.(2007).J. Mol. Biol.384, 1314-1329°
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Identification of LL-DAP-AT in other organisms

Perhaps, plants were not the only organisms tha the DAP
aminotransferase pathway for lysine biosynthesmonSafter the discovery of
LL-DAP-AT in A. thaliang the same DAP aminotransferase pathway was found
in Chlamydia® The discovery of LL-DAP-AT inChlamydiawas not entirely
surprising since previous research had suggestdrtAny ofChlamydias gene
products are very closely related to those of l&rthis finding not only showed
the existence of the DAP aminotransferase pathwagide of plants, but also
provided strong support for the evolutionary relaship between plants and
Chlamydia®

Following the discovery of LL-DAP-AT inChlamydia LL-DAP-AT
gained increased attention from the scientific camity. A large microbial
genomic search was performed in order to identi&/gresence of this enzyme in
other organisms. Based on the phylogenetic studyDAP-AT was found in
specific lineages of bacteridCyanobacteria DesulfuromonadalesFirmicutes
Bacteroidetes Chlamydiae Spirochaeta and Chloroflexi) and archaea
(Methanobacteriaceaand Archaeoglobacea€f These organisms represent only
14% of the currently sequenced microbial gendfrtaus the presence of the DAP
aminotransferase pathway in the bacterial kingdeens to be quite limited, but
definitely present.

Interestingly, the phylogenetic studies revealed there are two variants
of LL-DAP-AT present in above organisms, namely Dhmnd DapL?? The
DapLl and DaplL2 variations are not species-specifleey are differentiated
based on their amino acid sequence ideftifjhe amino acid sequence identity
within each variant is approximately 50-60% compaeless than 30% between
the two variant€? Whereas the sequence identity suggested thatvthedriants

differ approximately 70% in their amino acid seqees) those differences likely
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do not affect the substrate recognition mechanisdthe overall protein folding.

Based on the currently known crystal structuresPoP dependent enzymes,
enzymes with sequence identity of less than 30% hware the same or very

similar protein folding, particularly if they catale the same chemical reacti8n.

93

LL-DAP-AT as a target for novel anti-Chlamydia dsug

The identification of LL-DAP-AT inChlamydianot only supported the
plant-Chlamydiaevolutionary relationship, but also excited reskars interested
in the development of antibiotics agair@hlamydia Chlamydiainfections are
devastating diseases around the world. Every ymare than 90 million new
cases ofhlamydiainfections are reported worldwidéC. trachomatisauses the
most frequently reported sexually transmitted diseéSTD) in the world In
women, untreate€hlamydiainfections can cause pelvic inflammatory disease
which can result in scarring of the fallopian tutsesl subsequent infertilify.
Moreover, women withChlamydia infections have greater chance of being
infected by HIV and developing AIDY: ° C. trachomatiscan also cause
trachoma, which is one of the commonest causesfettious blindness in the
world ** 97 Despite the effort to contr&hlamydiainfections, a large portion of
the developing world is still at high risk of desping trachoma and millions of
people are still losing their visiof.?” In addition to the serovar causing trachoma,
the other serovar (L2) . trachoma can cause lymphogranuloma venereum
(LGV), which can trigger a fatal infection of tHaihg of the brair?>

Although several antibiotics are available @hrflamydiainfections, there
have been reports of multi-drug resistai@aamydia® Such resistance is not
only an emerging problem fo€hlamydia but also for many other infectious

bacteria. The development of new therapeutic agsmssperately needed to help
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prevent morbidity related tGhlamydiainfections.

LL-DAP-AT appears to be an attractive target foti-€hlamydiadrugs.
This enzyme is found in very narrow taxonomic goapd importantly, is absent
in humans. Understanding the substrate specifaity the inhibition mechanism
of LL-DAP-AT can significantly assist in the devploent of anti€hlamydia
drugs.



15 Research goals and objectives
My thesis will focus on the structural chaeaization and elucidation of the
substrate recognition mechanism of LL-diaminopirteelaminotransferase from

Arabidopsis thalianandChlamydia trachomadi

Chapter 2: The crystal structures of the native mathte-bound AtDAP-AT will

be discussed. As LL-DAP-AT is an important drugg&rand a relatively new
enzyme, the structural information of LL-DAP-AT Wwibe greatly appreciated.
Based on the determined native structure of AtDARtAe overall architecture of
LL-DAP-AT and the coordination of PLP in the actis#e will be discussed. The
malate-bound AtDAP-AT structure will be used to kexp how substrates may
bind to the active site of AtDAP-AT as the struetwf malate mimics the binding

of the key dicarboxylic substrates.

Chapter 3: The mechanism of substrate recognitsad by LL-DAP-AT will be

discussed. Seven new crystal structures of AtDAPaAd its active site variants

in complex with different substrates or substrat@l@agues are reported here.

Based on analysis of these structures, the subdirating mode of AtDAP-AT
will be discussed. In addition, the structure oDAP-AT with modeledn-DAP in
the active site will be described to explain howDAP-AT can differentiate

between LL-DAP andn-DAP stereospecifically.

Chapter 4: The crystal structures of apo- and Phihtd LL-DAP-AT from
Chlamydia trachomatisvill be reported in this chapter. The differenaesverall
architecture between AtDAP-AT and CtDAP-AT will bdiscussed. Through
comparing those two structures and the other PLpemtent enzymes, the
potential mechanism of the broad substrate spégitibserved in the CtDAP-AT

will be discussed.
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Chapter 2. Crystal Sructure of LL-Diaminopimelate

Aminotransferase  from  Arabidopsis thaliana: a
Recently-Discovered Enzyme in the Biosynthesis of
L-Lysine by Plants and Chlamydia

21 I ntroduction

The diaminopimelic acid (DAP) pathway to L-lysine bacteria and
plants has been extensively investigated by maoypg because inhibition of the
enzymes within it presents an attractive opporyurior development of
antimicrobial agents or herbicid&3 This is especially true as L-lysine is an
essential amino acid for mammals and must be asdjinr their diet. It can also
be a limiting nutrient in food, and considerabléodfhas been devoted to the
generation of plants with high lysine content.

Bacteria have long been known to use one (or nadrijree biosynthetic
routes to L-lysine (Figure 2-1R)All routes proceed from the condensation of
L-aspartate semialdehyde and pyruvate to give ldtibdipicolinate, which is
then reduced to L-tetrahydrodipicolinate (THDP).tAis stage, most bacteria use
N-succinylation followed by transamination and desugation to make
LL-diaminopimelate (LL-DAP), which is then epimesit by DAP epimeraégeto
form meseDAP (m-DAP). This latter compound is utilized directly ithe
formation of peptidoglycan of virtually all Gram-getive bacteriaand is also
enzymatically decarboxylated with inversion of dgofation to form L-lysiné.
L-Lysine is incorporated into the peptidoglycan afany Gram-positive
organism3 as well as being used to make proteins. S@uaeillus sp. use
N-acetylation rather thanN-succinylation, whereas a few Gram-positive
organisms rely on DAP dehydrogenase to directlysia@m THDP tom-DAP. In

a few cases the latter pathway coexists with atyktion route to LL-DAP.
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Figure2-1 a). Biosynthetic pathways of L-lysine in most leaict, b).

Reaction catalyzed by LL-diaminopimelate aminotfarase.
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For a considerable time, it was believed that glamd bacteria use the

same approach to biosynthesize L-lysine. Indeexlgtrly enzymes up to THDP
formation have been purified and well-studied frgants with the goal of
making high lysine producefsin 2006 Leustek, Gilvarg and coworkers reported
that higher plants and cyanobacteria have yet anaiid shorter pathway, namely
direct conversion of THDP to LL-DAP catalyzed by-DJAP aminotransferase
(LL-DAP-AT) (Figure 2-1b)? LL-DAP-AT has <20% sequence identity when
compared to bacterial DAP-ATs (dg;succinyl-DAP aminotransferase, DapC). It
has been suggested that LL-DAP-AT shares a dislinage which is different
from DapC® The plant LL-DAP-AT is a pyridoxal-5’-phosphatelf® dependent
enzyme that uses L-glutamate (L-Glu) as the amimwod presumably via the
typical PLP mechanism for transamination. An uraiarfeature is whether the
true substrate is THDP or its hydrolysis productp-keto-e-aminopimelate,
which exists in equilibrium with it in aqueous stidun.*°

Very recently, Leustek, Maurelli and co-workersadpd thatChlamydia
trachomatisandProtochlamydia amoebophilalso use the LL-DAP-AT pathway,
thereby supporting an evolutionary relationship weetn cyanobacteria and
Chlamydiae'* As Chlamydiaecauses a variety of diseases in animals and hymans
including sexually-transmitted infection€.(trachomatiy and are associated with
atherosclerosis and coronary heart diseaBe gneumoniag* LL-DAP-AT
represents an interesting enzyme to target forilplesdrug development. Here,
we describe the three-dimensional structure of gristein from Arabidopsis

thalianaas a prelude to inhibitor design and testing.



2.2 Material and methods
Cloning, expression and purification of AtDAP-AT

DNA encoding AtDAP-AT fused to a C-terminal histiditag (Hig) was
obtained from BioBasic Inc. (Ontario, Canada). Tdesign of the gene for
AtDAP-AT was based on the sequence of At4g33680r@ldethe codons of the
36 amino acid transit peptide were replaced by thim@ne start codon preceded
by a ribosome binding site. Furthermore, the codsage of the DNA encoding
AtDAP-AT was optimized forE. coli. The DNA fragment was designed with
EcoRI and Hindlll sites adjacent to the gene engbthe fragment to be cloned
into the EcoRI and Hindlll sites of the expressia@ttor pQE60 (Qiagen Inc.).
The resulting plasmid was transformed iocoli strain M15 (pREP4) (Qiagen
Inc.) and grown in YT medium at 37C to an Agoof 0.7 with shaking. IPTG
was added (1 mM) and culture growth was contineedtth after which the cells
were harvested. For seleno-methionine (Se-Met)llagecells were grown under
conditions that inhibit methionine production aatog to established
procedure¥ * except that the growth temperature was reduce2bt€ before
the addition of amino acids and IPTG and incubatwes continued for an
additional 20 h before cell harvest.

To purify AtDAP-AT, cells were suspended in lysigffier (50 mM sodium
phosphate, 300 mM NaCl, 10 mM imidazole, 10 mM Zgaptoethanol (pH
7.7)) and lysed by French press. Soluble proteirs \parified by affinity
chromatography on Talon Superflow Metal Affinity $%@ (Clontech). The column
was washed in lysis buffer and eluted in 50 mM sodphosphate, 300 mM NacCl,
200 mM imidazole, 10 mM 2-mercaptoethanol (pH 8Fbtein was dialyzed and
concentrated to 10 mg/ml in 200 mM NaCl, 20 mM Hepg®©H (pH 7.6), 3 mM
DTT.

45



46
Enzyme assay

Enzymatic activity was quantitatively measuredtliie physiologically
reverse direction in 1.00 mL cells containing 1000l Hepes-KOH (pH 7.6), 0.4
umol NADPH, 4 umol ao-ketoglutarate, 40pumol NH,CI, 11.2 ng DAP
dehydrogenase, and 0.8 of AtDAP-AT. The concentration of LL-DAP was
varied from 10uM - 200 uM. The reactions were incubated at 30°C and the
decrease in absorbance at 340 nm was monitorecetiKirtonstants were
calculated by non-linear regression analysis uSingphPad Prism version 4.03

for Windows (GraphPad Software, San Diego, CalifgridSA).

Crystallization of AtDAP-AT

The purified native AtDAP-AT was concentrated t6 fng/mL and
dialyzed against 100 mM NaCl, 20 mM Hepes (pH 7a6)d 1 mM DTT. The
initial screening of the possible AtDAP-AT crysiadition conditions was
conducted with the Index Crystal Screening Kit (@8}, Hampton Research) at
room temperature. AtDAP-AT (0.4L) was mixed with an equal volume of each
reservoir solution. A small crystal of AtDAP-AT aggred within a week in a
presence of 2.1 M D, L-malic acid (malate at pH) @8 the precipitant. After
optimizing the initial crystallization conditionX-ray-diffraction quality crystals
were obtained in a drop containingull of protein solution and L of reservoir
solution (2.1 M D, L-malic acid, pH 7.0) with thearnging drop vapour diffusion
method at room temperature. AtDAP-AT crystals gtewhe dimensions of 0.10
mm X 0.04 mm x 0.02 mm.

Purified Se-Met substituted AtDAP-AT was also cemicated to 10
mg/mL and dialyzed against the same screeningisofias native AtDAP-AT.
Se-Met AtDAP-AT was crystallized in 45% (w/v) (NESOs, 0.1 M Hepes (pH
7.5), 3% (w/v) PEG400 with the hanging drop vapdiffusion method. Within a
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week, X-ray diffraction quality crystals of Se-M&tDAP-AT appeared in a drop

containing 1uL of the protein solution and (AL of the reservoir solution. The

crystals grew to the dimensions of 0.10 mm x 0.10 x10.03 mm.

Data collection

Prior to data collection, the native crystal wiasli-cooled to 100 K with
liquid nitrogen in a cryo-protectant containing 3@¥v) glycerol and 2.1 M D,
L-malic acid (pH 7.0). In a same manner, the Se-Bletivative crystal was
flash-cooled in a cryo-protectant containing 30%v)vglycerol, 45% (w/v)
(NH4)2SOs, 0.1 M Hepes (pH 7.5), 3% (w/v) PEG400.

Data collection of the native crystal grown inlBmalic acid was carried
out at the Advanced Light Source (ALS) beamline.B.Berkeley, CA, USA.
Multiple-wavelength anomalous dispersion (MAD) datets of Se-Met
substituted AtDAP-AT crystals were collected at tBéanford Synchrotron
Radiation Laboratory (SSRL) beamline 9-2, CA, US®&-Met MAD data were
collected at three different wavelengths (peakeation, and remote) with inverse
beam geometry in order to obtain sufficient phadermation. In addition to the
MAD data set, a high resolution data set usingstrae Se-Met substituted crystal
was also collected at SSRL. The crystallographita dar the native and the
Se-Met substituted crystals are given in Table 2llldata sets were scaled and
processed with the HKL2000 packayeDetailed data collection statistics are

presented in Table 2-1.

Structure determination and refinement
Scaled MAD datasets of AtDAP-AT were analyzed WBHARP". In
SHARP, the coordinates of the selenium sites weterchined and refined. A total

of 18 out of the 20 expected selenium sites inAHRAP-AT dimer were found.



Data collection and crystallographic statistics

Table 2-1
Se-Met-DAP AT
Crystal Remote Peak Inflection
Space group P3,21 P3,21 P3,21
a(A) 102.91 102.87 102.88
b (A) 102.91 102.87 102.88
c(d) 171.54 171.44 171.47
a=p() 90 90 90
v(°) 120 120 120
Data collection (SSRL
beamline 9-2, ALS SSRL SSRL SSRL
beamline8.3.1)
Temperature (K) 100 100 100
Detector ADSCQ315 ADSCQ315 ADSCQ315
No. of crystals 1 1 1
Total rotation range (°) 240 240 240
Wavelength (A) 0.918370 0.979128 0.979298
Resolution (A) 40.0 - 2.30 40.0 - 2.30 40.0 - 2.30
High resolution shell (A) 2.38-2.30 2.38-2.30 2.38-2.30
Total number of observation 661713 661575 663424
Unique reflections 90534 90425 90475
(9063} (9066) (9052)
Multiplicity 7.3(6.9) 7.3 (6.8} 7.3(6.9)
<l/o(l)> 16.5 (3.8) 16.8 (3.8) 16.3 (3.8)
Completeness (%) 100 (100) 100 (100) 100 (100)
Reym (%)° 11.9 (54.6) 12.0 (54.9) 11.9 (54.0)
Phasing
Resolution (A) 40.0 -2.30
Number of Selenium 18
Figure of Merit
acentric 0.530
centric 0.435

#Values within parentheses refer to the highestiugisn shell.
® Rym = Yh i(li(h)-<i(h)>]) / 3 3 lith), where Ii(h) is the i intensity
measurement and @)> is the weighted mean of all measurements(bf.
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The selenium coordinates were refined and initi@l & resolution MAD phases

for AtDAP-AT were calculated with SHARP. Automat@&dodel building with
ARP/WARP" built ~90% of protein. However, the N- and C-terimamd some
loop residues were placed incorrectly into the tetecdensity. Therefore, ~25%
of residues had to be placed into the electronitfensanually. All the manual
fittings were accomplished using the XFIT prograomi the XtalView packagdé
The initial model was first refined with REFMAES ™ This model was then
refined against the 1.95 A high resolution dataséier several cycles of manual
adjustment and refinement with REFMACS5, water moles were picked with
ARP/WARP solvent building. After the confirmatiorf the positions of water
molecules, PLP, glycerol, and sulphate ion wereualy placed into the positive
density near to the active site. The final refinatneith REFMACS resulted in
Rwork Of 0.182 andRyee Of 0.227. A total of five C-terminal histidine idaes were
observed in the asymmetric unit, four on suburgnd one on subunit B. The first
18 residues of the N-terminus were not observebearfinal electron density map.
The L-malate-bound structure was solved using MOPREand the
refined 1.95 A native structure as the search mdbie resultant structure was
refined with REFMACS5, and water molecules were towith ARP/WARP solvent
building. After the subsequent refinement, L-malates manually fitted into the
positive density in the active site. Final refinethaith REFMACS resulted in
Rwork Of 0.180 andRyee Of 0.251. This model also lacks the first 18 rasslof the
N-terminus, and no His-tags were observed at ther@ini of either monomer.
Stereochemical analysis of both the native and lthealate-bound
structure was done by PROCHEEKAII the refinement statistics are presented in
Table 2-2. PyMOL (http://www.pymol.Sourceforge.net) ChemDraw were used

to prepare all figures unless specifically noted.



Table 2-2 Refinement statistics
Native DAP AT
Crystal PLP /S@/ Glycerol PLP / Malate
Space group P3,21 P3,21
a(A) 102.91 102.59
b (A) 102.91 102.59
c(A) 171.45 172.94
a=p( 90 90
v(©) 120 120
Data collection (SSRL
beamline 9-2, AL S beamline8.3.1) SSRL ALS
Temperature (K) 100 100
Detector ADSCQ350 ADSCQ210
No. of crystals 1 1
Total rotation range (°) 120 100
Wavelength (A) 0.979462 1.115879
Resolution (A) 20.0-1.95 30.0-2.40
High resolution shell (A) 2.02-1.95 2.49 -2.40
Total number of observations 449392 151459
Unique reflections 72271 37831
(7204} (3838)
Multiplicity 6.2 (5.3) 4.0 (3.7)
<llo(l)> 15.4 (2.3) 13.5 (1.9)
Completeness (%) 93.6 (94.4) 90.4 (93.6)
Raym (%)° 9.4 (66.4) 8.3 (55.3)
Refinement resolution (A) 40.0-1.95 40.0 - 2.40
Ruworking 0.182 0.180
Riee® 0.227 0.251
Number of atoms
Protein 6343 6288
Water 632 223
PLP 30 30
Sulfate 10 -
Glycerol 24 -
Selenium 18 -
Malic acid - 9
AverageB-factor (A2) 21.7 36.6
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R.m.s. deviations from the ideal
geometry
Bond lengths (&) 0.017 0.028
Bond angle (°) 1.679 2.374
Percentage of residuesin
Ramachandran plot
In most favoured regions 92.7 90.5
In additional allowed regions 7.0 8.9
In generously allowed regions 0.3 0.4
In disallowed regions 0 0.1
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#Values within parentheses refer to the highestiugisn shell.

® Rym = Y Yi(li(h)-<i(h)>]) / Y i li(h), where li(h) is the i™ intensity
measurement and @)> is the weighted mean of all measurementy(lof.

* Ruorking@Nd Riree = X [IF()ol - F(h)ell / Xn IF(h)ol,

F(h)o| and IF(h).| are the

observed and calculated structure factor amplitudesspectively. Re was

calculated using 5% of data.
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Protein Data Bank accession number

The atomic coordinates and structure factors haen ldeposited with
RCSB Protein Data Bank as entry PDB ID 2220 forveaAtDAP-AT and 2Z1Z
for L-malate-bound AtDAP-AT.

Genbank accession number
The optimized nucleotide sequence of AtDAP-AT uded protein
expression in our study has been deposited withb@#ndata library. Genbank

accession number is EF543644.
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2.3 Results and discussion

Sequence alignment

AtDAP-AT belongs to a family of PLP dependent aatiansferases. It
is a novel enzyme that bypasses three of the ertzystaps in the bacterial lysine
biosynthesis pathwayAny differences in its primary sequence and itsiawsy
structure from its relatives will provide some mjisis into AtDAP-AT activity and
its relationship to the other aminotransferases.

In order to obtain the sequence identity with otaminotransferases,
multiple sequence alignments with Clustd\Wvere conducted (Figure 2-2).
Although the overall sequence identities betweeBAR-AT and the aspartate
aminotransferases (AspATs) are quite low (<25%#, tbsidues participating in
the PLP dependent transamination reaction arecwelerved. This result clearly
indicates that AtDAP-AT, like other aminotransfeass depends on PLP for
transamination. However, the low sequence simiaritalso suggest that
AtDAP-AT might have evolutionally distinct origirfeom other AspATS.

Recently, LL-DAP-AT has been characterized in ¢hdéferent species:

A. thaliang C. trachomatis and P. amoebophild ** Among these species, the
pair-wise sequence identity approaches 40 - 50%owever, theN-succinyl-
DAP-AT (MtbDAP-AT, DapC§° present in the succinyl-DAP lysine biosynthesis
pathway ofMycobacterium tuberculosipossesses only 17% sequence identity
with AtDAP-AT. Since MtbDAP-AT is likely to catalyz a similar reaction that
AtDAP-AT does (the difference being the presencthefdistalN-acetyl group), it
was surprising to see such a low sequence congmrvaetween the two
DAP-ATs. However, it should be noted that the barafcal function of thidM.
tuberculosisenzyme has not been rigorously demonstrated. Astgub out by
Hudson, A. Oet al’, this sequence alignment clearly shows that LL-BX{Pis

distinct from DapC (MtbDAP-AT).
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Figure2-2 Sequence alignment of DAP-ATs with structurallymiar

aspartate aminotransferases. Sequence alignmeAtD#P-AT®, CtDAP-AT",
PcDAP-AT", MtbDAP-AT (200R¥°, TM1255 AspAT (104S} and tAspAT
(1BJWY® was carried out with ClustalW (http://www.ebi.ddalustalw/y¥>.
TM1255 AspAT was chosen as the AspAT being a gtrally known
aminotransferase and having the highest sequepaoétid tASpAT was chosen as
the closest known structural homolog. Secondaryctire elements of
AtDAP-AT and tAspAT are shown on the top and at blo¢tom of the sequence
alignment, respectively. All the secondary strueteétements were determined
with the program DSSP Identical residues are shown in white on red
background, and similar residues are shown in mredvbite background. This

figure was prepared with ESPript vZ.2
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Production and assay of Arabidopsis thaliana DAP-AT

AtDAP-AT with a C-terminal hexa-histidine tag wasbtained by
expression irE. coliusing the vector pQE60. The gene encoding AtDAPARE
optimized for bacterial codon usage, and the codonthe 36 amino acid plant
transit peptide were replaced by a methionine staibn preceded by a ribosome
binding site (Genbank EF543644). Standard protaifipation typically gave 5 -
10 mg of active AtDAP-AT per litre of culture. Enmgtic activity of AtDAP-AT
was confirmed by measuring the conversion of LL-DXAH'HDP using a coupled
assay with DAP dehydrogenaSen the presence af-ketoglutarate, AtDAP-AT
converts LL-DAP to THDP, which is then transformeal mDAP by DAP
dehydrogenase with concomitant oxidation of NADPHhe decrease in
absorbance at 340 nm, corresponding to the comversi NADPH to NADP,
was used to monitor the rate of reaction. Usingowar concentrations of LL-DAP,
AtDAP-AT was found to have an activity of 3i@nol min* mg* protein and a
Km value of 47uM for LL-DAP, in reasonable agreement with recem#ported

values for both the plant and chlamydiakzymes: **

Subunit structure

AtDAP-AT (M, 46,650) crystallized in space gro®3,21. The three
dimensional structure of AtDAP-AT was determinedngsthe MAD phasing
method with a Se-Met derivative. An initial elegtrdensity map was computed at
2.3 A resolution by SHARPB, and the amino acid residues were fitted into the
electron density by ARP/wARPand XFIT. The initial model was then refined
against the high resolution data at 1.95 A resofutiith REFMACS3® *° (Tables
2-1 & 2-2).

Two protomers of AtDAP-AT are present in the cajlsigraphic

asymmetric unit. They are related by a non-crysggdphic 2-fold axis, and
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comprise a homodimer (Figure 2-3). Many aminotrarasfes are known to exist

as dimers because the aminotransferase activés sstamposed of residues from
both subunit&.

The native AtDAP-AT is composed of 426 amino a@sidues, but the
electron density belonging to the first 18 resid(Mstl - Ile18) of each subunit
was not observed due to the disordered N-termihhbse. electron density of the
C-terminal His-tag was present on both subunit A{Hnd subunit B (Hig. The
root-mean-square deviation (r.m.s.d.) between tB@ @' atom pairs (whole
subunit) of the two subunits was calculated as®A8The only significant &)
difference between the two subunits was a displac¢f then2 helices by 1.68
A maximum displacement, and the r.m.s.do®thelices (Tyr37 - GIn57) between
two subunits was calculated as 1.09 A. The r.mbetiveen the 388°Gitom pairs
of the two subunits without the2 helices was calculated as 0.304 A. The
C-terminus of helixa2 in subunit A is far from the molecule related ay
crystallographic @3screw axis (Figure 2-4a, the shortest distancewvdsst
backbone carbon atoms is 8.95 A). On the other tedC-terminus of helig2
and the proceeding loop in subunit B is much cl@serA) to the 3yhelix \3) of
the molecule related by a crystallographigs8rew axis (Figure 2-4b). This
interaction displaces the C-terminus of hel& in subunit B towards the active
site cavity compared to the residues of helxin subunit A. Therefore, the slight
displacement of helixx2 caused by the crystal packing has contributethéo
relatively large r.m.s.d. between the two subunithe AtDAP-AT.

The domains and the overall fold of AtDAP-AT wexealyzed by the
CATHEDRAL servef®. The analysis showed that the monomer of AtDAP-AT
consists of two domains; a large domain (LD) arghrell domain (SD) (Figure
2-5). The LD (lle70 - Lys333) belongs to an alpteabclass, which folds into an

a-pf-a. sandwich. Seven of the niflestrands [§2-$10) in the LD form helically
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Figure 2-3 Overall structure of AtDAP-AT homodimer in cartoon

representation. Subunit A and B are coloured bhe yeellow, respectively. PLP,
sulphate ions and glycerol molecules bound to eadjunit are represented as

sticks. The two monomers are related by a non-altggiraphic two-fold axis.
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Figure2-4 Interaction of helixa2 with the molecule in the neighbouring

asymmetric unit. Blue dotted lines indicate hydmgends, and the yellow dotted
line shows the intermolecular distance between nwhain carbon atoms.
Distance is in A. a). Subunit A (green), two-folelated molecule (magenta), b).

Subunit B (light grey), two-fold related moleculgn(k).

a).

L51

C-terminus of a2
A molecule related

by a crystallographic
< 32 screw axis

b).
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twisted -sheets that comprise the core of LD. Other thapfl0 strand, these

strands are all parallel. Helt6 and a loop with a short antiparalfesheet g4,

B5) connecB3 to 6. The core seven-strandpeheet is surrounded by a total of
eight a-helices ¢3 - a10) and seven shortghelices 41 - n7). Three of the
a-helices ¢5, a6 anda9) reside on the PLP-binding side of the sevemdtd
B-sheet; the other helices including thg-Belices are on the opposite side of the

seven-strandeptsheet.

The SD (Glul8 - Pro69 plus Val334 - Lys426) alssohgs to the
alpha-beta class of protein fold and formsogh complex. The core of the SD is
composed of a four-stranded antiparafiedheet §11, f12, 14 andp15), which
is surrounded by thraehelices ¢11 -al13) and two g-helices {8 andn9). The
SD also contains an “arm” regionl, a2 andfl) at the N-terminus. The arm
interacts with the rest of the SD mainly by formiagarallelf-sheet interaction

between strand$l andp13.

Comparison with a homologous structure (tAspAT)

The overall fold of AtDAP-AT showed that it is clely related to that
of the AspAT family. Among the five different foltd/pes present in the PLP
dependent enzymes, the AtDAP-AT belongs to the tyfmd.*® 3* The DALI
server? determined that the AspAT frofhermus thermophilusiB8 (tAspAT,
PDB ID: 1BJW¥° was structurally the most similar to AtDAP-AT. {#&T also
exists as a biologically active homodimer. The allefold and the secondary
structural elements between AtDAP-AT and tAspAT afknost identical.
However, the r.m.s.d. between AtDAP-AT and tAspAaswquite large at 1.87 A
for 358 C' atom pairs; this is certainly why the AtDAP-ATstture determination
required the MAD phasing method instead of moleculgplacement using

tASpAT as a search model.
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Figure2-5 Stereodiagram of PLP-bound subunit structure @A®R-AT in

cartoon representation. PLP is represented in.slibk large domain, the small
domain, and the arm regions are coloured blue,ngraed yellow, respectively.

All a-helices ang-strands are labelled accordingly.
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There are major structural differences betweentwee enzymes; these

are shown in Figure 2-6a. The first one is the @i 12)-residue insertion
comprising the two-stranded antiparall@isheet §4 and 5). Based on the
sequence alignment among the several DAP-ATs (EigtR), this extra loop with
the two-stranded antiparall@lsheet is only present iA. thaliana;it is not in
Chlamydia spTherefore, it may not be required for LL-DAP-ATtiady.

The second difference is ti§@1 strand located in the core of the SD.
The core of tAspAT SD contains a three-strangesheet, whereas that of
AtDAP-AT SD contains a four-strandeditsheet withf11l being the additional
strand. Although the amino acid sequenc@idf is reasonably conserved among
different LL-DAP-ATSs, the effect of the extfastrand in the SD of AtDAP-AT on
the catalytic activity is uncertain at this point.

Loop A and B indicated in Figure 2-6a are consbtfr longer in
AtDAP-AT than those of tAspAT. Both loops are invetl in dimer formation in
AtDAP-AT, but only the residues corresponding t&AP-AT LoopB in tAspAT
are involved in dimer formation. LoopA in AtDAP-AIS involved in dimer
formation by interacting with the N-terminal armgien of the crystallographic
symmetry related subunit.

Lastly, the position of helix2 is different in AtDAP-AT and tAspAT.
Figure 2-6b shows the conformations of é2ehelices from AtDAP-AT, tAspAT
and the maleate-bound tAspAT (PDB ID: 1BKG)In tAspAT, a movement of
helix a2 was observed upon binding the maleate anios.dbvious that helix2
in AtDAP-AT does not fit into either one of the dormations of the tAspAT
a2-helices. Also, there were no conformational ddfeces observed upon binding
of malate to AtDAP-AT, which will be discussed iricdlowing section. Therefore,
the difference in helixa2 conformation can not be correlated with a
substrate-induced conformational change at thiatpand further study will be

required.
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Figure 2-6 a). Superposition of AtDAP-AT and tAspAT main ahai

a-carbon atom structures in stereoview. AtDAP-AT aAdpAT are coloured in
blue andyellow, respectively. The five major differencesselved between
AtDAP-AT and tAspAT are coloured in magenta, andi¢cated by an arrow. The
two structures are aligned with ALIGRI 11 strands are located in the middle
and of the molecule and represented by the sheoowarb). Superimposed
a2-helices from AtDAP-AT (magenta, 2Z20), tAspAT Wep&, 1BJW) and
maleate-bound tAspAT (sky blue, 1BKG).

b).
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Despite the low sequence identity between AtDAP-&XId tAsSpAT

(21%), a remarkable similarity in three-dimensiostlicture was observed; this
observation emphasizes the structural conservatiamong aspartate

aminotransferases having the type |1 fold.

Dimer interface

Type | fold aminotransferases are known to bevacs dimers because
the active site of each subunit is composed ofduesi from both subunif§.
AtDAP-AT is no exception. The two subunits of AtDAS interact tightly to
form two active sites. Details of the solvent asd@ls surface area and buried
surface area of the AtDAP-AT dimer are summarizedable 2-3. The buried
surface area of AtDAP-AT was calculated using NAGSE(Hubbard, S. J. &
Thirnton, J. M. (1993). NACCESS. 2.1.1. UniversiGollege of London,
Department of Biochemistry and Molecular Biologgid the PISA servét
Comparison of the buried surface area with thd smvent accessible area of the
AtDAP-AT dimer reveals that about 21% of the tadalvent accessible surface
area is involved in the dimer interaction. A totdl65% of the residues in the
buried surface area are non-polar, whereas 35%efrésidues in the buried
surface area are polar. This indicates that thesdi mainly held together by
hydrophobic interactions. Although hydrophobic matgions are the main
associative force at the dimer interface, extensdectrostatic interactions
account for more than one third of the interfagrderactions. A total of 54
hydrogen bonds and 15 salt bridges are formed lestwiee two subunits, and
these interactions are mostly two-fold symmetnicadlentical between the two
subunits.

Tight interactions of the AtDAP-AT dimer can alse appreciated from

the protrusion of the N-terminal arm region (Glul8r040) into the surface of the
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Table 2-3 Summary of solvent accessible area and buriechcairdrea of

AtDAP-AT

Solvent accessible area

Homodimer (&) 28518.3
Subunit A (&) 18036.8
Subunit B (&) 18059.0

Dimer interface

Buried surface area i 7577.5

Average buried surface area / protome?) (A 3788.7
Average polar buried surface areg)A 2637.0 (34.8%)
Average non-polar buried surface ared)(A 4940.5 (65.2%)

25% of the total number of

Residues present at the dimer interface residues

(300 residues)
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other subunit of the dimer. The N-terminal arm nsa#eotal of 14 hydrogen-bond

interactions and two salt bridges with the neighbddf the total number of
hydrogen bonds that exist at the interface, moam t quarter of the interfacial
hydrogen bonds are contributed by this N-termimiad. Similar observations were
made with histidinol-phosphate aminotransferasesRHAT) dimeric structurg,
however not to as large an extent as in AtDAP-Alergfore, the N-terminal arm
also contributes significantly towards dimer st#pil Another significant
interfacial interaction can be seen at &3ehelices (Glu72 - Glu84) related by the
non-crystallographic 2-fold axis of symmetry. T&@ helices from both subunits
interact with each other in an antiparallel waye ®ssociation between these two
helices is provided mainly by hydrophobic forces.

The large buried surface area of dimer is consenvenany type | fold
aminotransferasé$ 22 AtDAP-AT is not an exception. Our three-dimensibn
structure of AtDAP-AT emphasizes that the typeltlfaminotransferases form a
biologically stable dimer through the large dimeterface and the protrusion of

N-terminal arm region.

PLP-binding site

A sequence alignment of several aminotransfer@sgsare 2-2) shows
that AtDAP-AT contains the residues that are coresramong the PLP
dependent enzymes. Also, AtDAP-AT in aqueous swmiutexhibited the pale
yellow color characteristic of PLP-bound enzymederkfore, an internal
aldimine was expected to be present at the adtied gs270. However, there was
no electron density for the covalent bond betwegs2ZON and C4’ of PLP
present in the electron density map after severdés of refinement, even though

an excellent electron density for PLP was obseatdte active site (Figure 2-7a).
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Figure2-7 a). 2F.|-|F.| electron density map (contour level &) Tor PLP,

Lys270 and malate from the native (Native) and mteatmund (Malate-A)
AtDAP-AT. Internal aldimine observed in malate-bdustructure is also shown
(Malate-B). The numbers beside Lys270 are the mtistdoetween Lys270Nand
C4’ of PLP. b).PLP- and sulphate ion-bound active af AtDAP-AT. Active site
residues, PLP and sulphate ion are representetitkn Residues from subunit A
are coloured in green, and B are in grey. PLP Isured in same colour as the
bound subunit. Water molecules are representednali e2d spheres. Hydrogen
bonds are shown as dotted lines and coloured yelltv cut off for hydrogen
bonds is 3.6 A.
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Radiation damage could explain the loss of the lemwabond in the

Schiff base. It has been shown that a high dos&gadmtion could damage a
Schiff base bond between LysNind PLP® During the data collection for

AtDAP-AT at the synchrotron beamline, a single taysvas used to obtain a
complete three-wavelength MAD data set (with theerse beam strategy) and a
high resolution native data set (estimated totpbsure time = 8640 s). Therefore,
the high dose of radiation likely has disrupted #wvalent bond between

Lys270N and PLP-C4'.

A data set from a crystal of malate-bound AtDAP&ds collected on a
separate occasion using far less exposure timeng@st total exposure time =
1245 s). In this structure, the subunit that is hound by malate exhibited
electron density corresponding to the covalentnailtg linkage; however the
other subunit showed the disrupted covalent bomgu(E 2-7a). A similar result
was also observed in the crystal structure of ghlate-1-semialdehyde
aminomutase (GSAY. In the GSA structure, only one of the two subusitswed
the electron density for the covalently bound lgsand PLB’ They suggested
that the subunit without the covalent bond wouldntam pyridoxamine
5’-phosphate (PMP) instead of PLP. In their PMP+zbsgtructure of GSA, the
active site lysine is pointing away from PMP andwth2.7 A apart from PME.
This observation in GSA closely resembles our nedtetund subunit of
AtDAP-AT structure (Figure 2-7a, 2.81 A apart). Téfere, the disruption of the
covalent linkage in the malate-bound structure mig#t be caused by radiation
damage, but it could indicate the presence of PiMdEead of radiation damage.

In addition, the electron density for PLP and Z82n the malate-bound
structure is quite well ordered compared to thahefnative structure. Despite the
fact that both structures contain non-covalentlyrizb PLP, one possible reason

for the better ordered density of the malate-bostnacture may be the binding of
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malate. It has been shown that non-covalently bdridd in the active site tends

to be disordered and does not show clear electeasity even at high resolution
(our unpublished dat¥) Therefore, the malate binding in the active sitauld

likely order the residues and non-covalently boddP in the active site.

Although a covalent interaction between Lys270 &hdP in the high
resolution structure was not observed, PLP waglgleaund to the active site of
AtDAP-AT, and thes-amino group of Lys270 was pointing towards PLP as
expected from other aminotransferase structtires*(Figure 2-7a).

Figure 2-7b portrays a structural diagram of PLRdimg in the
AtDAP-AT active site. The pyridine ring of PLP itabilized by an aromatic ring
stacking interaction with Tyrl52. The O3’ of PLPsiabilized by hydrogen bonds
to Tyr240, Asn209 and a bound sulphate ion. The sthin of Asp237 is situated
so that it can accept a hydrogen bond from thetipebi charged nitrogen (N1) in
the pyridine ring. The phosphate moiety of PLP iainty stabilized by the
positively charged residues and a helix dipole frbatix o5. The phosphate
oxygen forms a salt bridge and two hydrogen bonitls thhe Arg278 guanidinium
group. Also, the N-terminus of helix5 is positioned so that the positively
charged helix dipole is accepting the negativelarghd phosphate group. In
addition, the phosphate group also interacts witivader molecule, Alal28N,
Lys129N, Ser269) Tyr94*0O" and Asn309*K? through hydrogen bonds. The
sulphate ion and the Asn309%Care bridged by two water molecules. According
to the sequence alignment and the active sitetates; all of the PLP-binding
residues are well conserved between AtDAP-AT andp®d but with an
additional interaction with Asn309* on AtDAP-AT. Asbserved in the other type
| fold aminotransferases, the PLP-binding site meguresidues from both

subunits and extensive interactions to keep PltRdractive sité> % 24



Malate binding

Our AtDAP-AT crystals were crystallized under twdifferent
conditions. The high-resolution data were from &gst@l crystallized in
ammonium sulphate, whereas the moderately diffrgatrystal was obtained with
racemic malic acid (malate at pH 7.0, Figure 2-8a)he crystal obtained from
racemic malic acid, only the L-malate anion wasrubto one of the AtDAP-AT
subunits. It would be expected to observe only lthieomer of malate in the
active site because the natural substrates (LL-@AA.--Glu) also have the
L-configuration. Substrate-bound structures haventstudied with several of the
AspATs. Some of these complex structures with booradeate (Figure 2-8a), a
similar compound to malate, have been repdted:** As maleate was shown to
mimic the substrate binding in AspAT, malate-boustductures may provide
useful insights into substrate binding in the aectite of AtDAP-AT.

A stereo representation of the malate-bound asitecof AtDAP-AT is
shown in Figure 2-8b. The carboxylate (“carboxyatg corresponding to the
a-carboxylate of the natural substrate (i.e. L-Ghistabilized by a salt bridge
with the guanidinium group of Arg404 and two hydeagbonds with Asn209K
and main chain Gly64N. In most of the well-studi@dpATs, recognition of
carboxylate-A seems to be conserved. The combmatioa salt bridge from a
guanidinium group of Arg404 and hydrogen bonds fritv@ neighbouring polar
amino acids is employed by most AspATs in ordestabilize carboxylate-A. The
second carboxylate (“carboxylate-B”) correspondimghe side chain carboxylate
of the natural substrates (i.e. aspartate or glate)ris stabilized by a number of
direct and water-mediated hydrogen bonds with L@&2 Glu973? and
Tyr1520. Interaction with the substrate is also mediatgdth®e side chain of
lle63 which provides a hydrophobic environmenttfee malate methylene carbon

atoms. The OH group of malate, which may mimicateno donor (NH") of the

70
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Figure2-8 Stereodiagram of malate-bound active site of AtEXIP Active

site residues, PLP and malate are representetthkn Residues from subunit A, B
and malate is coloured green, grey and sky blue, respectively. Water nubésc
are represented in small red sphere. Hydrogen bamedshown as dotted lines and
coloured yellow. The cut-off for hydrogen bonds3i6 A. a). Chemical structures
of malate, maleate and THDP at pH 7.0. The strestuvere drawn with

ChembDraw. b). Stereodiagram of malate-bound asiteeof AtDAP-AT.

) 0
O O S50 \\\\\\
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natural substrates, is pointing towards the C4'PafP. It is stabilized by a

hydrogen bond with Tyr1520

The closest structural homolog of AtDAP-AT (tAspAbelongs to
subclass Ib of the AspATS. Subclass la and Ib differ in their degree of
substrate-induced conformational change and inr tisebstrate recognition
residues® In subclass Ib (tAspAT), a small movement of theal domain
towards the active site was obser¢&dh contrast, subclass la enzymes show a
large movement of the small domain towards thevadtite*” ** In terms of the
conformational changes, no significant change waseved upon binding of
malate to AtDAP-AT (r.m.s.d. between AtDAP-AT-maatomplex and tAspAt
(1BKG) = 1.83 A for 355 €pairs). However, some unique aspects of AtDAP-AT
were observed in its recognition of the carboxyRtef malate. In the subclass Ib,
carboxylate-B is directly recognized by theamino group of a Lys residue
(Lys101 in tAspAT¥ whereas in subclass la, it is recognized by theniglinium
group of an Arg residd& *® In the AtDAP-AT, Lys129 seems to correspond to
Lys101 of tAspAT; there are no Arg residues foumd the vicinity of the
carboxylate-B in AtDAP-AT. Therefore, in terms oésidue similarity and
sequence conservation, AtDAP-AT seems more closdited to subclass Ib of
the AspAT family than to subclass la.

Although the position of the Lys residue is comsdr Lys129 of
AtDAP-AT does not make a direct interaction withlata carboxylate-B. Instead,
it interacts with carboxylate-B through a water-ma¢eld hydrogen bond.
Moreover, further comparison of the active sites AADAP-AT and tAspAT
revealed that the side chain of Asn309* and GIu8f7AtDAP-AT are positioned
for possible substrate recognition. Although Lys1@8i97* and Asn309* are too
far among to interact directly with carboxylatetBey form an array of hydrogen

bonds in the active site and are positioned liketythe longer methylene carbon
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substrates like LL-DAP. The hydrogen bonding netwésrmed by Lys129,

Asn309* and Glu97* also stabilizes each other fabsérate recognition.
Interestingly, Asn and the negatively charged ananm (Glu or Asp) at those
positions are conserved and only present in th®RIR-AT family. (In Figure 2-2,
Asn of TM1255 and Asp of tAspAT are aligned withn899* of AtDAP-AT but

Asn of TM1255 is located about five residues awaynf the position of Asn309*
in three-dimensional space.) The above observatsmggest that Lys129,
Asn309* and Glu97* are likely to be important foubstrate recognition in

LL-DAP-AT.

Prediction of LL-DAP and L-Glu binding

Based on the malate-bound structure of AtDAP-AT;DAP and L-Glu
were modelled into the active site to explore whetthe positions of residues
Asn309*, Glu97* and Lys129 can accommodate LL-DARd alL-Glu. The
orientations of the predicted LL-DAP binding in thetive site of AtDAP-AT are
shown in Figure 2-9a. Upon LL-DAP binding, a wateslecule that was bridging
between Lys129Nand the malate’s carboxylate-B is now displaced ting
LL-DAP’s carboxylate. Glu97*&, and Lys129Nnow can make direct hydrogen
bonds with the LL-DAP carboxylate oxygen atoms. tkewmore, the chiral,
primary amine nitrogen can be positioned in betwAsn309*C* and a water
molecule. It is stabilized well by hydrogen bondSimilar stereospecific
recognition of two inhibitors by DAP epimerase hagn observetiBased on the
predicted position of LL-DAP bound in the activeesiAsn309*, Glu97*, and
Lys129 can provide extensive hydrogen bonds faresspecific recognition of
LL-DAP in the active site.

In the same manner as LL-DAP, L-Glu was modellgd the active site

of AtDAP-AT (Figure 2-9b). L-Glu is one methylenarbon atom longer than
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Figure 2-9 Stereodiagram of AtDAP-AT active site with manyadlocked

a) LL-DAP, b) L-Glu and c) THDP. LL-DAP / L-Glu wermodelled into the
active site based on the structure of malate bgnfirthe active site of AtDAP-AT.
Residues from subunit A, B and LL-DAP / L-Glu amaured ingreen, grey and
sky blue, respectively. Two different orientatiomiSTHDP are coloured yellow
and sky blue. Water molecules are represented a#l sed spheres. Hydrogen
bonds are shown as dotted lines and coloured yelldw cut-off for hydrogen

bonds is 3.6A

b).




Figure 2-9

(continued)
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malate. As it was observed in LL-DAP binding, orfetlee side-chain oxygen

atoms of L-Glu is in the appropriate position fadieect hydrogen bond to Lys129,
and additionally with Tyr152. The additional hydermgbond with Tyrl52 can be
formed because L-Glu is two methylene carbon atshmster than LL-DAP.
Having this side chain length in L-Glu, the othigleschain oxygen atom of L-Glu
is not properly positioned to displace the watelenale for a direct hydrogen
bond with Glu97*C¥. Therefore, the L-Glu side-chain oxygen atom wiiely
make a water-mediated hydrogen bond to that wat#decule which is slightly
shifted toward Glu97*&. We have also attempted to model THDP into thivect
site of AtDAP-AT shown in Figure 2-9c. However, thieric clashes at the chiral
carboxyl group could not be overcome in either oomfation of THDP shown in
Figure 2-9c. The active site cavity of the pres&ilAP-AT structure seems to be
best for accommodating acyclic, elongated moleculmsd not for cyclic
molecules like THDP. Therefore, we would expectoaformational change in

order to accommodate THDP as substrate.

In addition, it has been shown that CtDAP-ATh{amydia trachomatis
LL-DAP-AT) and PcDAP-AT Protochlamydia amoebophilaL-DAP-AT) have
broader substrate specificities than AtDAP-AT ddespite the fact that the active
site residues are highly consenfédTherefore, Asn309*, Glu97* and Lys129
residues are important and may also participatearsubstrate binding. However,
they are not likely to be responsible for the entsubstrate recognition
mechanism.

Normally, AspATs possess dual specificity in order acquire and
transfer the amino group from two different suldssaThe dual specificity would
be sufficient for the specific transamination reactf the shape of the substrates
is similaf® this is accomplished mainly by the arginine-stvitor by the

rearrangement of hydrogen boridsAs THDP in aqueous solution is in rapid
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equilibrium  with its open (hydrolyzed) form, namelyL-a-keto<-
aminopimelate? it may be that the enzyme accepts only the nofiecyubstrate.
However, if AtDAP-AT binds the cyclic THDP directlit would be required to
accommodate at least two substrates that are @yabig different in their shape
(i.,e. THDP and LL-DAP). Moreover, the opening of DA ring would also have
to be catalyzed by AtDAP-AT. Such enzyme-catalyzledvage of the THDP ring
could involve either hydrolysis in the active sde direct attack by the amino
group of PMP.

Our modeling studies show that elongated substiéted L-DAP and
L-Glu can be accommodated in the active site of M2PAT. It is accomplished
by the rearrangement of hydrogen-bonds among th&trsties, active site residues
(Asn309*, Glu97*, Lys129) and water molecules. Hoe our present structure
of AtDAP-AT indicates that the rearrangement of toggen bonds is not sufficient
for the accommodation of THDP or for the catalysisTHDP ring opening. If
unhydrolyzed THDP is the true substrate, significanonformational
rearrangement of protein domains would be necededrythe molecule into the
active site. In this case, LL-DAP-AT would possessnore complex catalytic

mechanism than other members of its aminotransdeasily such as tAspAT.

Proposed catalytic mechanism of LL-DAP-AT

An unusual feature of the LL-DAP-AT compared tbhetenzymes in the
main bacterial lysine biosynthetic pathways (Figd+#) is its ability to produce
LL-DAP directly from THDP in a PLP dependent prosewithout prior
N-acetylation to keep the substrate in a non-cyclieto form. Consideration of
the possible catalytic mechanism of LL-DAP-AT (Figw2-10) suggests that the
first half of the reaction produces PMP from L-Glnd the PLP-Lys270 internal

aldimine in the same fashion as AspAT (e.g. tAspAINncea-ketoglutarate leaves
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the active site, LL-DAP-AT is ready for the forntiof LL-DAP from THDP. As

mentioned above, rapid and reversible non-enzynhstitcolysis® of THDP will
form L-a-keto€-aminopimelate, which would be a “normal” substrébe the
PMP form of an aminotransferase. Although THDPss @he substrate for THDP
N-succinyltransferase (DapD), attempts to produceDPHDapD complex by
soaking have not given the cyclic compound in tttéve site** Instead, the linear
L-a-keto-c-aminopimelate was seen bound to the enzZifrieis presently not
clear whether the direct binding and ring openifh@ldDP can be catalyzed by
AtDAP-AT. If so, this would probably proceed via aieophilic attack on the
imine bond of THDP by the 4’-amino group of PMPairiransimination process,
and would need to be preceded by conformationafegization of the active site
to accommodate the cyclic substrate. Alternativiely; a-keto€-aminopimelate is
the substrate, Asn309*®and the water molecule would recognize the primary
amine at the C2 position of d-keto€-aminopimelate stereospecifically as shown
in Figure 2-9a (LL-DAP model). PMP in the activéeswould then attack C6 of
this substrate to form the ketimine intermediatep®tonated Lys270Nwould
then abstract a proton from the ketimine and foh@ quinonoid intermediate.
Tautomerization via abstraction of the proton frpnotonated Lys270Nwould
form the aldimine. Lastly, transimination by Lys2FOwill displace the amino
group of LL-DAP thus forming the enzyme Schiff basgh PLP again to
regenerate the initial PLP-Lys270 internal aldimir@n-going studies with
enzyme-inhibitor complexes may clarify whether THEd&h be used directly by

AtDAP-AT without prior hydrolysis to the linear &-keto€-aminopimelate.

Concluding remarks
In this chapter, the crystal structure of AtDAP-KBm A. thalianato
1.95 A resolution has been reported. The structir&tDAP-AT shares many
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similarities with other type | fold aminotransfeeas confirming the structural

conservation among the type | fold family of PLRpeledent enzymes. Finding
structural conservation with other aminotransfesasas surprising because plant
and Chlamydia LL-DAP-AT possess low sequence identity with other
aminotransferases. At the same time, several uriepiares of LL-DAP-AT were
also identified by examining the malate-bound AtDAP structure in
comparison with several known aminotransferasecttras. The malate-bound
AtDAP-AT structure revealed the possible residuegiuired for substrate
recognition. These structural studies form theiahistep in understanding the
catalytic mechanism of LL-DAP-AT and its applicatian the development of

new herbicides for plants or novel antibiotics @irlamydiaspecies.
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Chapter 3: Mechanism of Substrate Recognition and

PLP-induced Conformational Changes in LL-
Diaminopimelate Aminotransferase from Arabidopsis
thaliana

31 I ntroduction

Lysine biosynthesis in plants and bacteria oceiaghe diaminopimelate
(DAP) pathway, and has been extensively investijdiecause its inhibition
represents an attractive target for antibiotic enbitide developmerit® Mammals
lack the enzymes of this biosynthetic route anduiregL-lysine in their diet.
Considerable research has also focussed on théogewent of lysine-rich food
crops because this substance is often the limémmo acid in the human diét.

The DAP pathway (Figure 3-1) to lysine begins with condensation of
aspartate semialdehyde with pyruvate to give dibggbicolinic acid (DHDP),
that is then reduced to L-tetrahydrodipicolinicca¢(THDP). THDP is converted to
LL-diaminopimelate (LL-DAP), which after epimerizat to meseDAP
(m-DAP) undergoes a decarboxylation at the D-stergiecdo produce L-lysine.
In most bacteria, the conversion of THDP to LL-DAPcurs via a three step
reaction sequence involvingN-succinylation (or N-acetylation) of THDP,
followed by transamination and desuccinylation tovde LL-DAP. For many
years it was assumed that plants used a similaioaplp; however, Leustek and
coworkers discovered recently that in higher plaatsl in Chlamydia the
conversion of THDP to LL-DAP proceeds directly wathh N-acetylated
intermediates through transamination by LL-diamintglate aminotransferase
(LL-DAP-AT). This enzyme uses L-glutamate (L-Glig the source of the amino

group (Figure 3-2%.>8



Figure 3-1 Lysine biosynthetic pathway
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Recently, two variants of LL-DAP-AT have been disered (DapLl and

DapL2) that differ significantly in sequenté.L-DAP-AT enzymes from plants
and Chlamydia belong to the DapLl variant of LL-DAP-AT and share
approximately 50% amino acid sequence ideftify.The DapL2 variant is
primarily found in archaea and shares approxima®®86 amino acid sequence
identity with the DapL1 variant®

Our previous analysis of the crystal structure af-RAP-AT from
Arabidopsis thaliang AtDAP-AT) revealed that the enzyme is a homodihzerd
belongs to the type | fold family of PLP-dependemhinotransferases (the
aspartate aminotransferase (AspAT) family).In particular, it closely resembles
subclass Ib aminotransferases, such Taermus thermophiludHB8 AspAT
(1BJW)X Each subunit consists of a large domain (LD) asthall domain (SD).
Both domains belong to thep class of protein fold; the LD and the SD fold into
an a-B-a sandwich and an- complex, respectively. Because of the functional
and structural similarities with those of AspAT,ettkinetic mechanism of
LL-DAP-AT is thought to resemble that of AspAT (gipong bi-bi mechanism).
Despite the similarity in folding, the actual modafsbinding of LL-DAP and
L-Glu remained unknown. Modelling of these subsiainto the active site of
AtDAP-AT suggested that Glu97*, Asn309* and Lys1li2@y be positioned for
the specific recognition of the distal carboxylgr®ups of L-Glu and LL-DAP
and for the stereospecific recognition of tHea@ino group of LL-DAP. However,
AspATs undergo a conformational change upon sulestiading'® and it seemed
possible that AtDAP-AT could also undergo activée sieorganization upon
exposure to substrates. Here, in order to assiteérunderstanding of substrate
recognition and catalysis by AtDAP-AT, we have daeti@ed the crystal structures
of LL-DAP-AT from A. thalianain complex with two analogues of the external

aldimines, PLP-Glu N-(5-phosphopyridoxyl)-L-glutamate) and PLP-DAP
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(N-(5’- phosphopyridoxyl)-LL-diaminopimelate) (Figu3), in which the imine

bond between the substrate and the cofactor hasrbdaced. A reduced PLP-Glu
analogue has been used in the study of AspAT sirestwith a mimic of the
cofactor-substrate complex in the active &itewe also report the crystal
structures of the asparagine and glutamine variahtthe active site lysine,
K270N and K270Q, with the bound substrate-cofactumplexes. In contrast to
the native enzyme complexes having the reducedogmes$, these variant
enzymes contain the unreduced external aldimife_&f with L-Glu and LL-DAP
in the active site. Together with an apo-AtDAP-Afusture, the results provide
new insights into the mechanism of substrate/cofduinding and the associated

conformational changes in the enzyme.
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Figure 3-3 Chemical structures of a) PLP-Glu external aldenanalogue,

b) PLP-DAP external aldimine analogue, c) PLP-THBRernal aldimine

analogue

PLP-Glu PLP-DAP PLP-THDP
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3.2 Material and methods
Crystallization and data collection of AtDAP-AT

Solutions of the purified AtDAP-AT with the bounBLP-DAP or
PLP-Glu aldimine analogues were concentrated tm@@nL and dialyzed against
100 mM NaCl, 20 mM Hepes (pH 7.6), and 1 mM DTT.e$& AtDAP-AT
complexes were then crystallized in 45% (w/v) gM8O;, 0.1 M Hepes (pH 7.5),
3% (w/v) PEG400 by the hanging-drop vapour diffasimethod. Within two
weeks, X-ray diffraction quality crystals of AtDARF appeared in a drop
containing 1uL of the protein solution and (IL of the crystallizing agent. The
crystals for both complexes grew to the approxinditeensions of 0.10 mm x
0.10 mm x 0.03 mm within two weeks.

The crystals of the K270N and K270Q variants waepared using the
same procedure as described for the crystals oARHBT with bound reduced
aldimine analogues. All of the K270N variant crystgrew to the dimensions of
0.10 mm x 0.10 mm x 0.03 mm within two weeks. Th&78Q variant crystals
grew to the dimensions of 0.1 mm x 0.1 mm x 0.1 within two weeks.

Before data collection, all of the AtDAP-AT crytavere flash-cooled to
100 K with liquid nitrogen in a cryo-protectant ¢aming 30% (v/v) glycerol,
45% (w/v) (NHy)2SOq, 0.1 M Hepes (pH 7.5), 3% (w/v) PEG400. Diffractidata
for all of the AtDAP-AT crystals were collected et at the Stanford Synchrotron
Radiation Laboratory (SSRL) beamline 9-2 or 7-1,, CISA, or at the Advanced
Light Source (ALS) beamline 8.3.1, Berkeley, CA,AJ&l data sets were scaled
and processed with the HKL2000 packédgBetailed data collection statistics are

presented in Table 3-1.



Table 3-1

Data collection and refinement statistics
Native- reduced complex K270N K270Q Native
Crystal PLP-Glu PLP-DAP PLP only Glu DAP Glu Apac PLP
Space group P3,21 P3,21 P3,21 P3,21 P3,21 P3,21 P3,21
a(A) 102.56 102.67 103.05 102.58 102.48 102.68 103.10
b (A) 102.56 102.67 103.05 102.58 102.48 102.68 103.10
c(A) 171.95 172.15 171.98 171.18 171.68 172.01 171.83
a=p(°) 90 90 90 90 90 90 90
v(©) 120 120 120 120 120 120 120
Beamline SSRL 9-2 ALS SSRL 7-1 ALS 8.3.1 ALS 8.3.1 ALS 8.3.1 ALS 8.3.1
Temperature (K) 100 100 100 100 100 100 100
Detector ADSCQ350 | ADSCQ210 | ADSCQ350 | ADSCQ350 | ADSCQ350 | ADSCQ350 | ADSCQ210
No. of crystals 1 1 1 1 1 1 1
Total rotation range (°) 132 108 120 120 119.5 120 131
Wavelength (A) 0.978483 1.115872 0.976067 1.115872 1.115872 1.115872 1.115872

¥6



Resolution (A)
High resolution shell (A)
Total number of observations

Unique reflections

Multiplicity
<l/o(l)>
Completeness (%)

Rsym (%)°

Refinement resolution (A)
Ruworking®
Reree ©
Number of atoms
Protein

Water

40.0 - 2.05
2.12-2.05
424991
62726
(44647
6.8 (3.6)
15.5 (1.9)
94.5 (68.2)

11.6 (58.6)

88.7 - 2.05
0.170

0.221

6308

482

40.0 - 1.90
1.97 -1.90
458416
78472
(5443)
5.8 (1.7)
27.3(2.9)
94.1 (66.1)

5.3 (25.6)

89.1-1.90
0.157

0.189

6338

567

40.0 - 1.85
1.92-1.85
369765
83053
(8069)
45(4.2)
20.0 (2.3)
91.4 (89.9)

6.2 (68.7)

89.1-1.85
0.162

0.197

6356

1016

40.0 - 1.55
1.61- 155
1523841
151099
(14973)
10.1 (6.5)
24.1 (4.3)

99.9 (100.0)

8.2 (44.3)

88.7 -1.55
0.164

0.191

6346

1101

40.0 - 1.60
1.66 - 1.60
1200738
137740
(13538)
8.7 (5.7)
27.6 (2.9)
99.8 (99.2)

7.3 (64.4)

88.7-1.6
0.167

0.188

6346

1016

40.0 - 1.85
1.92-1.85
640890
86778
(7686)
7.4 (4.3)
245 (3.2)
95.9 (86.1)

7.5 (65.3)

89.1-1.85
0.186

0.230

6338

754

40.0 - 1.99
2.06 - 1.99
572704
73013
(7219)
7.8 (7.4)
25.9 (2.4)
100 (100)

7.8 (79.7)

89.4-1.99
0.180

0.224

6338

628

G6



PLP-Glu
PLP-DAP
PLP
K270N-Glu
K270N-DAP
K270Q-Glu
Sulfate

Glycerol

AverageB-factor (A2)

AverageB-factor for protein (&)

AverageB-factor for ligands (A)

AverageB-factor for water (&)

50

10

24

29.9

29.2

PLP-Glu

30.4

36.9

56

15

18

25.0

23.3

PLP-DAP

26.1

37.3

25

25.0

22.7

PLP-K270N

35.6

37.9

15

36

195

16.8

Glu-K270N

21.9

33.4

16

28

10

36

22.4

20.0

DAP-K270N

23.3

37.2

50

10

32.1
30.9
Glu-K270Q
38.9

40.4

10

36.1

35.3

43.0

96



R.m.s. deviations from the
ideal geometry
Bond lengths (&) 0.019 0.014 0.015 0.009 0.009 0.022 0.024
Bond angle (°) 1.640 1.328 1.344 1.198 1.222 1.853 1.858
Percentage of residuesin
Ramachandran plot
In most favoured regions 92.7 93.1 92.9 93.0 93.0 92.7 92.1
In additional allowed regions 7.0 6.6 6.8 7.0 6.7 7.2 7.7
In generously allowed regions 0.3 0.3 0.3 0 0.3 0.1 0.1

& Value within parentheses refer to the highest ra&ni shell.

b Rsym = Yn Yi(lli(h)-<I(h)>[) / >n i li(h), whereli(h) is thei™ intensity measurement and(k)> is the weighted mean of all
measurements @f(h).

* Ruorking@Nd Riree = X [IF(h)ol - F(h)cll / Xn IF(h)dl,

respectivelyRreewas calculated using 5% of data.

F(h)o| and F(h).| are the observed and calculated structure fartglitudes

L6
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Structure determination and refinement

All of the AtDAP-AT structures presented in Tal3el were determined
by molecular replacement using the program Phaseiby MOLREB® with the
native AtDAP-AT as the search model (PDB ID: 2220l of the AtDAP-AT
crystals belong to space groBf,21 and have two molecules in the asymmetric
unit. The resultant structures were refined withFRRRC5'" *® and the water
molecules were located using the ARP/WARP solverifding program®. After
the initial refinement, the molecular models of FDRP and PLP-Glu or the
external aldimine with LL-DAP and L-Glu were manlyditted using IFo|-|F¢l, ac
electron density maps as found in the active sitie the XFIT program from the
XtalView packag®. In a similar manner, glycerol and the sulphatesiovere
placed in the all of AtDAP-AT structures. The madef AtDAP-AT including the
K270N and K270Q variants lack the first 18 residoéshe N-terminus as was
observed for the native structure. Stereochemicalyais of all complex
structures was done by PROCHEEKAIl of the refinement statistics are
presented in Table 3-1. PyMOL (http://pymol.souocgé.net) or ChemDraw were

used to prepare all figures unless specificallydot

Protein Data Bank accession numbers

The atomic coordinates and structure factors haen leposited with
the RCSB Protein Data Bank as entry PDB ID 3EI5ther PLP-Glu complex,
3EI6 for the PLP-DAP complex, 3EIB for the K270Nriaat, 3EI9 for the
K270N-Glu complex, 3EI8 for the K270N-DAP compleSEIA for the
K270Q-Glu complex and 3EI7 for apo-AtDAP-AT.



3.3 Results and discussion
Structure of AtDAP-AT in complex with reduced PLIR-G

The reduced PLP-Glu analogue was synthesized katment of a
mixture of PLP and L-Glu with sodium borohydride @gescribed? Introduction
of this analogue into the AtDAP-AT active site wascomplished by first
removing PLP from the native enzyme with phenyllaydne followed by dialysis
against a buffer containing PLP-Glu. Crystallizataf the enzyme containing the
reduced complex was achieved by the hanging-drppweadiffusion method.

The structure of AtDAP-AT with reduced PLP-Glu bduim the active
site was determined at 2.0 A resolution. Figurea3dows an excellentR|-|F|,
ac electron density map with the reduced PLP-Glu @ya in the active site of
AtDAP-AT. In order to determine any conformatioradlanges induced by the
binding of reduced PLP-Glu, the structure was a&dywith that of our
previously-determined native AtDAP-Ahaving only PLP in the active site using
the program ALIGNK®. The root-mean-square deviation (r.m.s.d.) forkbane
atoms between the two was 0.203 A for 805p&irs. This relatively small value
holds for residues in the AtDAP-AT active site andicates that the binding of
reduced PLP-Glu by the active site of AtDAP-AT doest result in any
significant changes in the protein backbone stnectu

The PLP portion of PLP-Glu is bound in the same mearas it is in
native AtDAP-AT (Figure 3-4b and 3-4%)Interactions of the glutamate moiety
with protein residues illustrate the mode of regtgn and binding of this amino
acid. The C-carboxylate group of L-Glu replaces a sulphat®mriound to the
native structure and is bound principally by a $aitige with the guanidinium
group of Arg404 and by hydrogen bonds from Argd04Rf, Asn209N? and
Gly64N, as was predicted by our modelling basedhsn previously observed

binding of malatd2 However, the binding of the'@arboxylate group is quite

99



Figure 3-4 View of the structure of PLP-Glu bound AtDAP-AT. @F,|-|F|,

ac electron density map (contour level &) Xor the PLP-Glu aldimine analogue
found in the active site of AtDAP-AT. The distan@94 A) between O3’ and the
nitrogen atom of the Glu is represented by thelbldashed line. b). A stereo
diagram of the active site of AtDAP-AT in the complwith the PLP-Glu
aldimine analogue. Active site residues and PLP-&le represented in stick
format. Residues from subunit A, B and PLP-Glu emored green, grey and
yellow, respectively. Water molecules are repressgerivy small red spheres.
Hydrogen bonds are shown as dashed lines and doloiseck. The cut-off
distance for hydrogen bonds is 3.6 A. c). A statisgram of the superimposed
residues in the active sites of native and PLP{6glund AtDAP-AT. Residues and

water molecules from native and PLP-Glu complexcaleured yellow and light

blue, respectively.
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Figure 3-4 (continued)

b).
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different from that previously predicted on the ibasf the structure containing

malaté. Rather than the glutamate backbone adopting seneed conformation
to form direct and water-mediated hydrogen bondh wys129Nand Glu97*C*
as had been expected, the distal carboxylate grbugGlu is curved towards two
tyrosine residues, forming a twisted “V-shaped” foomation (1 = 72.1°y, =
-87.5° y3 = -169.2°) (Figure 3-4b). The'€arboxylate group of L-Glu is
coordinated to three well-conserved residues, TF3Tyr1520 and Lys129N
through hydrogen bonds (Figure 3-4b). Glu97* is ine@blved in the recognition
of the y-carboxylate group. A similar, although not ideatjcconformation of
L-Glu has been observed for an AspATRecognition of the distal carboxylate
group by Tyr37@®, Tyr1520 and Lys129Nhas not been seen before in the type |
fold family of PLP-dependent aminotransferases.s€hthree residues are highly
conserved in the family of LL-DAP-ATs and the megisan of distal carboxylate
binding may be unique to these enzymes.

Although the binding of the reduced PLP-Glu anatogid not result in
any significant changes in the backbone structinere are some conformational
changes in the side chains of active site residdestereo diagram of the
superimposed active site residues between theen@iMy PLP-bound) and the
reduced PLP-Glu-bound AtDAP-AT is shown in Figurd@ A significant change
in the conformation of Tyrl52 was observed upordinig the reduced PLP-Glu.
In the native structure, Tyrl52Qmakes hydrogen-bonding interactions with
Tyr370" and water molecules bound in the active site. Hewethose water
molecules are displaced by the glutamate moietthefPLP-Glu analogue and
Tyr1520' moves away from the active site cavity by appratety 2.2 A and
forms a hydrogen bond to®Dof the distal carboxylate group of L-Glu. This
change also makes the aromatic ring of Tyrl52 duwedpyridine ring of PLP

nearly parallel with one another. A significantfeience is also observed for
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Tyr364 (Figure 3-4c). In the native unbound enzythe, side chain of Tyr364

points away from the active site. However, in tlesluced PLP-Glu-bound
structure it has rotated by ~OYOowards the active site cavity. These
conformational changes were observed consistemthall refined structures.

Similar changes are also observed in the K270NK&Z¥DQ variants (see below).

Structure of AtDAP-AT in complex with reduced PLRFD

The reduced PLP-DAP analogue was synthesized amupiorated into
the active site of AtDAP-AT in a fashion analogous that for the reduced
PLP-Glu analogue. The crystal structure of theltiegucomplex was determined
at 1.9 A resolution. Figure 3-5a shows an excel®Rg|-|F|, a. electron density
map for the reduced PLP-DAP analogue in the actite of AtDAP-AT.
Conformational changes of AtDAP-AT upon binding RIEP-DAP in the active
site were again examined by using the structuighalent program ALIGKF.
The rm.s.d. between native and reduced PLP-DARwboAtDAP-AT was
calculated as 0.238 A for 789" @tom pairs, indicating that there is no large
change in the backbone structure upon the bindinghis cofactor-substrate
analogue in the active site, as observed with theimg of the reduced PLP-Glu.
The difference in €backbone structures between the reduced PLP-Gloebo
and the reduced PLP-DAP-bound AtDAP-AT is also $mih a r.m.s.d. of 0.188
A for 795 C' atom pairs. Hence the overall structure of AtDAP4A relatively
rigid and no significant backbone conformationahmfpe occurs upon the binding
of these analogues of substrate-cofactor complexes.

Figure 3-5b shows PLP-DAP binding in the activee it AtDAP-AT.
Surprisingly, both carboxylate groups of LL-DAP aeeognized by AtDAP-AT in
the same way as those of L-Glu (LL-DAR:= 67.8%y2 = -169.9%3 = 79.1%y, =
47.9° 5 = 86.6°). Specifically, the ‘@arboxylate group of LL-DAP is bound by
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Figure3-5 Views of the structure of PLP-DAP bound AtDAP-AT). a

2|Fo|-[Fd|, ac electron density map (contour level &) Xor the PLP-DAP aldimine
analogue found in the active site of AtDAP-AT. Tdistance (2.79A) between 03’
and the nitrogen atom of LL-DAP is represented iy black dashed line. b). A
stereo diagram of the active site of AtDAP-AT innmgdex with the PLP-DAP
aldimine analogue. Active site residues and PLP-CaA® represented in stick
format. Residues from subunit A, B and PLP-DAP @ured green, grey and
yellow, respectively. Water molecules are represserivy small red spheres.
Hydrogen bonds are shown as dashed lines and edldobiack. The cut-off
distance for hydrogen bonds is 3.6 A. c). A statiegram showing the active site
residues of superimposed native AtDAP-AT, AtDAP-Aith PLP-Glu bound and
PLP-DAP bound. Residues from native AtDAP-AT, PLRrGbound and
PLP-DAP bound AtDAP-AT are coloured yellow, lighiub and emerald green,
respectively. d). By|-|F¢|, ac electron density map (contour level &) that shows
the hydrogen-bonding interactions for the bindifighe chiral C-amino group of
the PLP-DAP substrate analogue. e). A stereo diagoé the active site of
AtDAP-AT showing whym-DAP is unable to bind due to the too short contact
between the-amino group and Tyr94* (2.34 A). Residues fromwsibA, B and
m-DAP are coloured green, grey and light blue, respely. Water molecules are

represented by small red spheres.
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(continued)

Figure 3-5
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the salt bridge with the guanidinium group of Arg4@nd the distal carboxylate

group is bound by hydrogen bonds from Tyr37®yr1520 and Lys129KN In
spite of the fact that the distal carboxylate grafpLL-DAP is located two
methylene groups farther than that of the distabaaylate in L-Glu, LL-DAP
adopts a twisted “V-shaped” conformation similartt@at of L-Glu. Thus the
longer backbone of LL-DAP requires considerably engpace than L-Glu in the
active site. This is provided by a conformationahicge of the side chain of 1le63
(Figure 3-5c), which moves away by approximateB/ A.and rotates about the
bond by ~1108 (Native-1le63:y; = -169.2°, DAP-1le63y; = -58.99). The € and
C® atoms of lle63 are thus rotated away to providacepfor the LL-DAP
backbone and to allow both carboxylate groups oflAP to be recognized in
the same way as those of L-Glu. AlthouBkcherichia coliAspAT contains
isoleucine in a similar position, the conformatibclaange upon substrate binding
in that enzyme is completely differetftThis recognition mechanism among the
type | fold PLP-dependent aminotransferases appeare unique to the
LL-DAP-ATs as the difference in backbone lengtHafAspATs is normally only
one methylene carbon atom (i.e., Asp and Glu).

An interesting feature of AtDAP-AT is its abilityo ttransform the
LL-isomer of DAP exclusively. Thaneseisomer is not a substrate for the
Arabidopsisenzyme, although the correspondi@glamydiaenzyme apparently
can accept both substrafeBigure 3-5b and 3-5d show that theaiino group is
bound by Asn309*¢% and by three additional water molecules through
hydrogen-bonding. One of these water moleculeydsdgen-bonded to Glu97*
and the Gamino group, whereas another is hydrogen-bondéay®5*O and to
Asn309*0. A total of four hydrogen-bonding pairg g@resent for the recognition
of the C-amino group of LL-DAP. In addition, the side chaiTyr94* is located

directly below the Gamino group and provides additional stabilizattbrough



108
electrostatic interactions between the aromatig and the positive charge on the

C*-amino group (Figure 3-5d). Such interactions withDAP appear unlikely. A
manually modelled structure of thmeseisomer in the active site is shown in
Figure 3-5e. In this case thé-@mino group sterically clashes with the Tyr94*
side chain and would occupy an electrostaticallffauourable position as
Asn309*N? is in close proximity. The side chain of Tyr94+tild rather rigidly
by hydrogen-bonding interactions to the phosphabeigon the PLP and to the
C*-amino group of Lys270. The amino acid residuesliving the C-amino group
of LL-DAP in A. thaliana are also well-conserved i@hlamydia trachomatis
Thus, the mechanism by which chlamydial LL-DAP-Atceapts m-DAP is
currently unknown. Structural flexibility in the tace site may be the factor; the
future structural study of chlamydial enzyme sholudp to solve this problem.
Unlike the AspATs, for which differentiation betwestereogenic groups at the
distal position is unnecessafy** AtDAP-AT has specific residues for interaction

with the C-amino group that allow the stereospecific recagnibf the LL-DAP.

Structures of K270N and K270Q variants of AtDAPwAIh L-Glu and LL-DAP
The structures of native enzyme with reduced PLARRAd PLP-Glu are
not fully representative of the species on thelgatapathway. They are stable to
further transformation and resemble the intermediato analogous derivatives
have previously been used to characterize substodéetor complexes in other
PLP dependent enzymes via crystallographiiowever, the greater mobility
resulting from reduction of the imine bond may d@nthe active site geometry.
Fortunately, substitution of the active site lysgaa create a catalytically inactive
variant in which the true external aldimines — thbswving a Schiff base linkage
between PLP and the substrate — are stable andvabie in the crystalline

state™ Hence, the crystal structures of an active site7(#2 variant were
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determined with: only PLP bound (holoenzyme), imptex with L-Glu and in

complex with LL-DAP. A structure of the K270Q vamtan complex with L-Glu
was also obtained.

High resolution electrospray mass spectral analgsithe K270N and
K270Q variants gave a molecular ion with a mass wes ~117 Da less than
expected due to excision of the N-terminal metmerfollowed by methylation of
alanine as the new N-terminus. These post-transitimodifications occurred
also in the over-expression of native AtDAP-AT. Fhihas been observed
previously for other recombinant proteins over-esged inE. coli?® However,
these modifications were not observed in the ptessstal structures due to the
disordered N-terminus.

The overall backbone conformations of the K270N K&a0Q variants
are very similar to those of the native AtDAP-AT ntaining the reduced
substrate-PLP analogues (Figure 3-6a and 3-6b). rihes.d. among native,
K270N and K270Q variant structures are all caladaias less than 0.22
(native-K270N: 0.158 for 793 ‘Cand native-K270Q: 0.216 for 798°C
K270N-K270Q: 0.179 for 814 €. These values indicate that the substitution did
not significantly affect the overall conformatiohAtDAP-AT.

Figure 3-7a and 3-7b showF3}|F|, ac electron density maps for the
external aldimines between PLP and the two sulestrdt-Glu and LL-DAP,
respectively. External aldimines with L-Glu and DAP could be trapped
successfully in the K270N variant, whereas onlydktrnal aldimine with L-Glu
was observable for the K270Q variant. Another reatiide point from the structure
of the K270N variant is that only partial densityr fLL-DAP is observed in
subunit A of the K270N-DAP complex, whereas itswsubB shows an excellent
electron density map of LL-DAP, as presented inuFgég3-7a. The modes of

binding of L-Glu and LL-DAP in the active sites tiie K270N and K270Q
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Figure 3-6 The active site structures of the K270N and K27@®@ants. a).

2|Fo|-[F¢|, ac electron density map (contour level s)1showing the Asn270
variant in the active site of AtDAP-AT. Hydrogenrus are shown by black
dashed lines, b).|B|-|F.|, ac electron density map (contour level s)Xor the
GIn270 variant in the active site of AtDAP-AT. Hydien bonds are shown by

black dashed lines.

b).




Figure 3-7 a). 2Fo|-|[F¢|, oc electron density map (contour level &) Tor the
external aldimine between PLP and L-Glu as founithénK270N variant structure
of AtDAP-AT. The distance between O3’ and the mjgn atom (2.55 A) is
represented by a black dashed line. bje|dF.|, oc €lectron density map (contour
level = Io) for the external aldimine between PLP and LL-Dag>found in the
structure of the K270N variant of AtDAP-AT. The @iace between O3’ and the
nitrogen atom (2.54 A) is represented as a blackhetd line. c). Newman

projections of the C3-C4-C4’-N bond. C4 is représdras a grey filled circle.

a).

External aldimine with Glu External aldimine with Glu

b).

External aldimine with LL-DAP External aldimine with LL-DAP
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variants generally match those found for the redue&P-Glu and PLP-DAP

analogues. However, several differences are obderVbe torsion angles of
C3-C4-C4’-N between the substrate and PLP are lémv& reduced PLP-Glu
(-61.89, reduced PLP-DAP (-55.4°), aldimine PLR-G}-40.3°), aldimine
PLP-DAP (-33.7°). It would be expected that the ifbdbase linkage of the
external aldimines would be close to coplanar Wit pyridine ring due to a
hydrogen bond between the positively charged imitregen and O3’ of PLP

2" This conformation allows optimal stereoelectrosiiabilization of the cleaving
bond?® and is in good agreement with previous stutfieS. However, in the
structures of substrate analogues, the torsioneangf C3-C4-C4-N are
approximately 20° larger than that of the exteaidimines. These differences in
torsion angle can be explained by the presencgdrblgen bond formed between
the secondary amine and O3’ of PLP in the subst@magdogues. Figure 3-7c¢
shows the Newman projection of C3-C4-C4’-N bondlikinthe imine hydrogen
of the external aldimines, the amine hydrogen ef shbstrate analogues is not
located in the same plane as that of C4-C4’-N. Tdhisecause of the tetrahedral
geometry of the secondary amine of the substragues. In this conformation,
the amine hydrogen of the substrate analoguescetdd at approximately the
same position as that of the external aldimine®mim a hydrogen bond with O3’
of PLP (Figure 3-7c). Although the position of thgdrogen atoms can not be
determined by the X-ray crystallography at thisoheon, well defined electron
density of C3-C4-C4’-N bonds is observed. This iegplthat the C3-C4-C4’-N
bond is quite ordered, and the non-covalent intemasuch as hydrogen bond is
present to keep the C3-C4-C4’-N bond in well-ordestate. Therefore, we expect
that hydrogen bond is formed between amine hydrogath O3’ of PLP of

substrate analogues as it is seen in the extddialiaes.
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Comparison of all the structures indicates twoedédht conformations of

the Tyr364 side chain (Figure 3-8a). In AtDAP-ATtkvihe reduced PLP-Glu or
PLP-DAP analogues and in the K270Q PLP-Glu exteatdimine structure, the
side chain of Tyr364 points into the active siteiga However, in the native
AtDAP-AT lacking the substrate and in all of the K@ variant structures, the
Tyr364 side chain points away from the active séeity. In the latter, the volume
occupied previously by the Tyr364 side chain isupted by a bound water
molecule (Figure 3-8a). In other type | fold PLpdedent aminotransferases, this
position is typically occupied by aromatic aminadaside chains (AspAT (la):
Phe?® AspAT (Ib): Tyr!? HisP-AT: Tyr39) (Figure 3-8b). In HisP-AT, the tyrosine
residue points away from the active site regardi@ssvhether a substrate is
bound>® In AspATs la and Ib, the tyrosine or phenylalaniesidue points towards
the active site regardless of substrate bindfirJ.This suggests that the different
conformations of Tyr364 are probably not importéotthe catalytic function of
LL-DAP-AT.

Helix a8 is moved slightly away from the active site cawit the K270Q
variant compared to its position in the native dimel K270N variant structures
(the r.m.s.d. for residues 270-275 between K270Qrative = 0.46 A for 12 €
Max. displacement = 0.72 A at Tyr279QFigure 3-9). The r.m.s.d. at heli:8
and subsequent loop region (residue 270 to 27®sis than 0.25 A among the
native and all of K270N variant structures. The BQ7mutant did not yield
crystals with the bound PLP-DAP external aldimiihés possible that this variant
is not as stable as the K270N variant in solutidhis is supported by the
relatively large r.m.s.d. of heli®8, as well as by the overdB-factor, which is
substantially higher than that of the other AtDAWP-structures (Table 3-2). It
may be that the mutant enzyme’s glutamine side nchas unfavourable
interactions with the larger substrate, LL-DAP, wdas the smaller glutamate

moiety can be accommodated successfully.
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Figure 3-8 Two distinct conformations of Tyr364 in AtDAP-AR). An

overlay of the crystal structures of the native ABDAT and the PLP-Glu
aldimine analogue complex. The native structulsured yellow. The PLP-Glu
aldimine analogue structure is coloured grey. Tviffeidnt conformations of
Tyr364 in the active site are shown. b). An ovedagromatic residues equivalent
to Tyr364 of AtDAP-AT from the other type | fold anotransferases. AtDAP-AT,
AspAT (la), AspAT (Ib) and HisP-AT are represeniadgrey, yellow, blue and

emerald green, respectively.

b).

AtDAP-AT AtDAP-AT

AspAT(Ib) AspAT(Ib)

HisP-AT
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Figure 3-9 An overlay of the structures of native AtDAP-AT2RON and

K270Q variants of AtDAP-AT around active site Ly§2iesidue shown in line
representation. The native, K270N and K270Q vasiamé coloured cyan, green

and magenta, respectively.
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LL-DAP-AT catalyzes the reversible conversion of Ol and LL-DAP.

However, in solution THDP is in equilibrium withdHineara-keto acid resulting
from hydrolysis of the imine boritt,and it was unclear which form was accepted
by LL-DAP-AT. Previous modeling of THDP with AtDART having PLP bound
indicated that the cyclic form could not be fitarthe active site, but it is possible
that the enzyme conformation could change to accodate this molecul®.A
PLP-THDP analogue (Figure 3-3c) in which the ringgagen of THDP was
replaced by a methylene group was synthesizedtesrdme if it could be bound
in the enzyme active site after removal of PLP. e, in contrast to our results
with the reduced PLP-Glu and PLP-DAP derivativdswas not possible to
demonstrate binding nor to obtain a crystal stmectof AtDAP-AT with any
stereoisomer of this analogue in the active sithis Tcould be due to the
replacement of the ring nitrogen of THDP by a mkthg, but it seems more
likely that the linear a-keto€-aminopimelate is the actual substrate for

LL-DAP-AT.

Structure of apo-AtDAP-AT and the PLP-induced conédgional change at the
active site

Attempts to co-crystallize AtDAP-AT with the PLP-THP analogue did
provide a crystal structure of apo-AtDAP-AT thatsmaissing the cofactor (and
substrate). This structure revealed that the bmoinPLP is the primary factor in
the formation of an ordered active site of AtDAP-AIne of the most noticeable
features of apo-AtDAP-AT is that loops “A” and “Bloop A: residues 91 to 98
and loop B: residues 306 to 312) that partly fohm &ctive site, are completely
disordered (Figure 3-10a). In addition, loop “Cégidues 62 to 66) in the active
site is partially disordered. Furthermore, a lagmnformational change was

observed for residues 267 to 278. In the PLP-bostnacture (Figure 3-10b),
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Figure 3-10 The structure of apo-AtDAP-AT. a). A cartoon reggetation of

apo-AtDAP-AT. Disordered loops A, B and C are cotxliorange. Loops and
helices where significant conformational changesevedserved are coloured red.
The active site Lys270 residue is shown in a stegresentation. b). Active site
conformations of residues 267 to 279 in the PLPAdostructure represented as
sticks. Secondary structural elements are showna irfransparent cartoon
representation. PLP, AtDAP-AT residues 267 to 26®p A and loop C are

coloured yellow, grey, cyan and green, respectivédy reason of clarity, the side
chain of Y91* is not shown in the figure. Hydrogkeands are represented by
dashed black lines. c). An overlay of the apo- #re PLP-bound structures of
AtDAP-AT. Apo-AtDAP-AT is coloured yellow, and PLBeund AtDAP-AT is

coloured blue. The arrow indicates that heidis shifted towards the active site
by approximately 3.4 A. d). The active site confation of residues 267 to 279 in
the apo structure shown in a stick representat@tondary structural elements
are shown in a transparent cartoon representadesidues 267 to 279, loop A
and loop C are coloured yellow, cyan and greerpe@s/ely. Note that the side
chain of Arg278, loop A and C are disordered. feaspn of clarity, the side chain

of Y91* is not shown in the figure.
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Figure 3-10 (continued)
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residues 269 to 272 form a sharhelix (@8) with the side chains of Ser267 and

Ser269 making two hydrogen bonds with the phospimatiety of PLP. Residues
274 to 277 form a-turn that makes several non-covalent interactiouth
neighbouring residues on loops A and C, includiimngad (Asp650* to Thr2750,
Gly2730 to Tyr91*d, Thr2750 to Arg278&"™) and water-mediated
(Gly276N/Gly2730 to Ser920) hydrogen bonds. LoonA C also interact with
each other via hydrogen bonds between Thi6&a Tyr91*0, and between
Asp65 342 and Tyr94*N. In the absence of PLP, hel& (residues 269 - 272)
moves towards the active site cavity by approxitge@et A (Figure 3-10c). This
allows Ser2670 to form a new hydrogen bond witl2T{N (Figure 3-10d), and
that causes Phe268 to become part of heixIn the region of residues 274 to
277, the direct hydrogen bond between Phe2740 at@l/¥N is broken in the
apo-enzyme and thp-turn structure becomes a random coil structurgue
3-10b, 3-10c and 3-10d). Some of the non-covald@etactions with loop A and C
are also lost, causing these loops to become dismtdLoop B is also disordered
due to the loss of interactions between the phdspdfaPLP and Asn309K| and
with residues of loop A. The absence of PLP alsaty affects the conformation
of the Arg278 side chain as it becomes completedgrdered. This results in the
loss of two hydrogen bonds between Arg278Nand Thr2750 that normally
provide additional stabilization for th@turn conformation (Figure 3-10b and
3-10d). Additionally, Ser2670and Ser2690 form new hydrogen bonds with
K270N, and with V2770 and water molecules in theesice of PLP, respectively.
The disorder of loops A and B in the apo-enzymempmted us to
examine more closely the conformation of these dowpthe other AtDAP-AT
structures. Thé-factors of residues in loops A and B in the native K270N,
the K270Q and the apo-AtDAP-AT structures are surimed in Table 3-2. As

can be seen, the differencesBifactor between the overall protein and loop B do
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Table 3-2 Differences inB-factors between the overall protein and loop A

or B.

Loop A | Difference from overall proteil
Protein name Overall protein
Loop B (Loop - protein)
32.0 +12.5
Native 20.5
20.9 +0.4
38.2 +9.0
PLP-Glu 29.2
24.9 -4.3
23.3 0
PLP-DAP 23.3
18.9 -4.4
24.1 +1.4
K270N 22.7
18.5 -4.2
18.4 +1.6
K270N-Glu 16.8
13.3 -3.5
19.6 -0.4
K270N-DAP 20.0
15.5 -4.5
31.6 +0.7
K270Q-Glu 30.9
26.5 -4.4
88.6 +53.3
Apo-enzyme 35.3
79.9 +44.6
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not change significantly as substrate binds. Howebe differences imB-factor

between the overall protein and loop A are reldyivégh in the native and L-Glu
complexes, but decrease significantly upon LL-DARdImg. The same trend in
B-factors can also be seen in the K270N variantiiras. The phosphate moiety
of PLP forms a hydrogen-bond with Asn308Rhat stabilizes loop B. For loop A,
binding of LL-DAP results in the formation of waterediated hydrogen bonds
between the chiral @mino group of LL-DAP and Glu97 and Gly95 (Figure
3-5d). Since these residues are not involved in_tu binding, theB-factor for
loop A decreases mainly upon LL-DAP binding. Thessults imply that loop A
may act as a “door” for substrate entry. Its flékyp permits substrates to enter
the active site, but it becomes rigid upon substbading, essentially preventing

access to the active site.

Concluding remarks

In this chapter, the crystal structures of AtDARF-i# complex with two
reduced substrate analogues, PLP-Glu and PLP-DA® haen reported. The
structures of these complexes have revealed a moeehanism employed by
AtDAP-AT to accommodate two different substrateshia active site without the
need for major conformational changes in the enzyimeo well conserved
tyrosine residues (Tyr37 and Tyr152) and Lys129umed for binding the distal
carboxylate group of both L-Glu and LL-DAP. A siaglotation ofy; in the side
chain of 1le63 accommodates the different lengthihe methylene carbon atoms
of these substrates. Glu97* and Asn309* are spadlyi located to form arrays of
hydrogen bonds with the “@mino group of LL-DAP, accounting for the
recognition of only this isomer. Three structurésad<270N variant (PLP only,
PLP-Glu aldimine and PLP-DAP aldimine) and one &220Q variant (PLP-Glu

aldimine) allow visualization of the binding of theue external aldimines in the
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active site of AtDAP-AT. Together with the apo-AtPAAT structure and that of

the previously reported native holoenzymethese results clarify the
conformational changes induced by PLP binding &edstabilization of loop A at
the active site through binding the substrate. @hesults provide a basis for
understanding the mechanism and in assisting inlélsegn of effective inhibitors

that may act as herbicides or antibiotics againktraydial infections.
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Chapter 4: The Open Conformation of LL-DAP-AT from

Chlamydia trachomatis. Implications on the Broad
Substrate Specificities

4.1 I ntroduction

The recent increase in numbers of drug resistactebia has posed
significant health threat to our society. Bacteii#ections byMycobacterium
tuberculosisor Staphylococcus aurewsere previously treated successfully with a
number of existing antibiotics. However, the appeae of the multi-drug
resistant strains of these bacteria has made thdsetions hard to tredt.
Moreover, the recent identification of infectioysesies with NDM-1 (New Delhi
metallo-beta-lactamase) gene has caused even maltd boncerns as we battle a
growing number of drug resistant bactefria.

Chlamydia is another infectious bacterial species that Hastesl to
acquire drug resistanc@sSeveral antibiotics are currently available foe th
treatment ofChlamydia However, there are several incidences of observaif
the drug-resistant species@flamydiain hospitals reported.

Bacterial species that belong to the geGhtamydiaehave been causing
significant numbers of severe human infections adothe world. The most
frequently reported chlamydial infection is the saixtransmitted diseadelt is
estimated that 90 million people are infected v@tilamydiaworld wide® This is
the most frequently reported sexual transmittecaties in the world. If left
untreated, certain women can develop pelvic inflatony disease with potential
complications of infertility Aside from sexually transmitted diseas&hjamydia
can also cause trachoma, a common cause of blisdmese world ® Knowing
that Chlamydia causes a number of serious human diseases, imyedsig

resistance among this genus can cause a severewid®| health problem.
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Therefore, the urgent development of novel antitsotagainstChlamydia is

desperately needed.

Recently, it was found thaChlamydiatakes an alternative route for
lysine biosynthesis from the previously known beatelysine biosynthetic
pathways. This new pathway is called the “DAP aminotrans$erpathway” and
involves a novel enzyme, LL-diaminopimelate amiansferase (LL-DAP-AT).
This enzyme is very interesting in the way thatyipasses three enzymatic steps
in the previously known bacterial lysine biosynibgtathways for the conversion
of THDP to LL-DAP.

The enzymes involved in the lysine biosynthetithpays are known to
be the attractive drug targéts' Firstly, these pathways are absent in humans who
do not synthesize lysine, but rather obtain it froiet. Secondly, products of the
lysine biosynthetic pathway such m&seDAP (m-DAP) and L-lysine are needed
to maintain microbial structural integrity as thaye involved in the important
process of cross-linking polyglycan chains in theptidoglycan cell walt?
Therefore, the drugs specifically targeted to theyenes such as LL-DAP-AT can
potentially be effective novel antibiotics.

In order to assist in the development of drugs reggalL-DAP-AT,
structural investigations of LL-DAP-AT has been artdken. Recently, several
crystal structures of LL-DAP-AT fronArabidopsis thaliana(AtDAP-AT) have
been reported® * AtDAP-AT is a homodimeric enzyme that belongstte type |
fold family of pyridoxal 5’-phosphate (PLP) depentenzymes® Subsequently,
the crystal structures of AtDAP-AT in complex wileveral substrates (LL-DAP
and L-glutamate) have provided valuable informatonhow LL-DAP-AT might
recognize those substrates in the active 'Sitks AtDAP-AT and Chlamydia
LL-DAP-AT (CtDAP-AT) are more than 40% identical jprimary sequences
(Figure 4-1), these studies represent the initrapdrtant steps toward the

development of novel antibiotics agai®tlamydiainfections.
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Figure4-1 Primary sequence alignment between CtDAP-AT and

AtDAP-AT. The secondary structures are shown ontdipe(CtDAP-AT) and the
bottom (AtDAP-AT) of the aligned sequences. Seqaeealoggnment was carried
out using ClustalW. Identical residues are shown in white on red bemknd,

and similar residues are shown in red on white @emiknd. This figure was
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Although CtDAP-AT and AtDAP-AT likely have similaroverall

structural folds, they are significantly differenttheir substrate specificities. As it
has been shown in the previous structural and binatal studies of AtDAP-AT;
14 AtDAP-AT has a very narrow substrate specificiDAP-AT specifically
recognizes the L-isomer of DAP (LL-DAP) over itsasliereomenn-DAP. With
m-DAP as an amino donor, AtDAP-AT’s catalytic actyvis almost completely
abolished. On the other hand, CtDAP-AT is capable of usimpAP almost as
efficient as LL-DAP as an amino donor. Furthermatés also capable of using
several other substrates to a lesser extent.

In order to understand the mechanism for the diffees in the substrate
specificities and to use the structural informatitor the development of
anti-Chlamydia drugs, the determination of the three-dimensionaicture of
CtDAP-AT is crucial. Here, we report the crystalusture of CtDAP-AT in apo-
and PLP-bound forms. These structures of CtDAP-A®wWs several stunning
differences in the overall conformation from th&Aa@DAP-AT and provide some
insights into the differences in substrate spetifie between AtDAP-AT and
CtDAP-AT.
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4.2 Material and methods

Cloning, expression and purification of CtDAP-AT

The full-length CtDAP-AT with a C-terminus hexastidine tag (Hig)
was PCR amplified using pQEG60 plasmid (Qiagen locrtaining the nucleotide
sequence for CtDAP-AT as a template. The PCR ptodas cloned into the
pET3a expression vector (Novagen) using Ndel andHBarestriction sites. The
resultant vector containing the C-terminus Hiagged CtDAP-AT gene was
transformed intdc. coli BL21 (DE3) cells (Novagen).

The overexpression of CtDAP-AT-(H)swas accomplished by using the
auto-induction method. The modified auto-inductionedia (2xYT-5052Y
supplemented with ampicillin and chloramphenicolswased to support the
growth of bacteria and expression of the targetgmes. 2xYT-5052 contained the
conventional 2xYT media, 5052 (0.5% glycerol, 0.068%cose, 0.02% Lactose),
NPS (25 mM (NH).SQ,, 50 mM KHPQ,, 50 mM NHPQO,), trace metal mix
(0.05 mM Fed.6H;0, 0.02 mM CaGl2H,0O, 0.01 mM MnG.4H,0O, 0.01 mM
ZnSQ; 7H,0, 0.002 mM CoGl 0.002 mM CuS@ 0.002 mM NiSQ.6H,0, 0.002
mM NaMo0O,.2H,0, 0.002 mM HBO3) and 2 mM MgSQ@ per 1L of culture
media. TheE. coli BL21 (DE3) cells harbouring the expression vectarre

grown approximately for 24 h with vigorous shakatg?5°C.

The overnight grown cells were collected by céngiation at 7000 rpm
for 15 min. The pellet was resuspended into theebuf (50 mM sodium
phosphate (pH 7.5), 10 mM imidazole, 2 mM 2-meroafitanol). The
resuspended cells were lysed by using Emulsi-flb0Q0 psi). After the removal
of unbroken cells and insoluble materials by céngation, the supernatant was
separated for the affinity purification using TalBnperflow Affinity Resin. A 20
column volume of the buffer A was used to wash untiound or weakly bound

proteins. The bound proteins were eluted usingp-aise increase of imidazole
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concentration (30 mM, 100 mM, 300 mM and 500 mMdazole with 50 mM

sodium phosphate (pH 7.5) and 2 mM 2-mercaptoethahloe 30 mM, 100 mM
and 300 mM fractions were pooled and concentraieZDt- 30mg/mL using the

30 kDa cut-off membrane concentrator.

Crystallization of the native and PLP-bound CtDAP-A

The initial crystallization conditions for CtDAP-AWere found using the
Index Crystal Screening Kit from Hampton Reseatctoam temperature. 048
of CtDAP-AT (20 mg/mL) was mixed with an equal vola of the reservoir
solution. The crystals appeared in 1-3 days inpiesence of 2.0 M NaCl and
10% (w/v) PEG6000 at room temperature. The X-rdfyatition quality crystals
were grown using the sitting drop vapour diffusioathod in the presence of 1.5 -
2.0 M NaCl and 4 - 12 % (w/v) PEG6000 as the pitaps. The final crystals of
CtDAP-AT were grown to the size of 0.20 mm x 0.3 0.20 mm.

The PLP-bound CtDAP-AT crystals were produced gidime soaking
method. The apo-CtDAP-AT crystals were manuallygdfarred into the soaking

solution containing 2.0 M NacCl, 10 % (w/v) PEG6CGO®W 5 mM PLP for 2 - 3 h.

Data collection and structural determination

The crystals of the apo- and PLP-bound CtDAP-ATrenash-cooled
prior to data collection in a cryoprotectant conitag 2.0 M NaCl, 10% (w/v)
PEG6000 and 30% (v/v) glycerol for the apo crystats the PLP soaked crystals,
the above cryoprotectant plus 5 mM PLP was usethyXdiffraction data from
both types of crystals were collected at Stanforghc8rotron Radiation
Laboratory (SSRL) beamline 9-2, CA, USA and at @enadian Light Source
beamline CMCF2, Saskatoon, SK, Canada. All data sefre processed and
scaled using the HKL2000 packaéetailed data collection statistics are shown

in Table 4-1.



Table4-1 Data collection and refinement statistics
CtDAP-AT
Crystal Apo PLP-bound
Space group 14,22 14,22
a(A) 102.56 102.67
b (A) 102.56 102.67
c(A) 171.95 172.15
a=p=y(© 90 90
Data collection (SSRL
beamline 9-2, CL S beamline SSRL 9-2 CLS CMCF 2
CMCF 2)
Temperature (K) 100 100
Detector ADSCQ350 MAR300
No. of crystals 1 1
Total rotation range (°) 80 133
Wavelength (A) 0.978483 0.97949
Resolution (A) 40.0 - 2.05 40.0 - 2.70
High resolution shell (&) 2.12-2.05 2.80-2.70
Total number of observations 281061 143010
Unique reflections 40054 17651
(3945% (1733)
Multiplicity 7.0 (6.5) 8.1(8.2)
<l/s(l)> 41.7 (2.0) 35.8 (3.3)
Completeness (%) 99.9 (100.0) 99.0 (99.8)
Reym (%)° 4.2 (87.6) 5.3 (67.5)
Refinement resolution (A) 97.1-2.05 40.0 - 2.70
Ruworking 0.227 0.222
Riree© 0.277 0.287
Number of atoms
Protein 3060 2850
Water 216 39
PLP -- 30
AverageB-factor (&) 51.0 79.9
AverageB-factor for protein (&) 50.7 79.8
AverageB-factor for ligands (&) - 119.4
AverageB-factor for water (&) 55.3 73.8
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R.m.s. deviationsfrom the ideal

geometry
Bond lengths (&) 0.012 0.020
Bond angle (°) 1.433 2.087
Percentage of residuesin
Ramachandran plot
In most favored regions 88.7 83.5
In additional allowed regions 8.0 14.9
In generously allowed regions 2.7 1.3
In disallowed region$ 0.6 0.3¢

& Values within parentheses refer to the highestiugisn shell.

® Rym = Y i(li(h)-<i(h)>]) / Y i li(h), where li(h) is the i™ intensity
measurement and @)> is the weighted mean of all measurementy(lof.

® Ruorking@Nd Riree = Xn [IF(N)ol = F(N)ell /X F(h)ol,
observed and calculated structure factor amplitudesspectively. Re was

calculated using 5% of the data.

F(h)o| and IF(h).| are the

94 Residues in disallowed regions are located irfléagble loop areas.
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The structure of the apo-CtDAP-AT was determined rholecular

replacement using Balb®s The search model (the large domain of AtDAP-AT)
was automatically created using structures fromRhatein Data Bank (PDB).
The crystal of CtDAP-AT belongs tb1,22 space group. The asymmetric unit
contains one molecule of CtDAP-AT. All structurdimements were carried out
using REFMAC5” %' After the initial refinement, the small domain of
CtDAP-AT was manually built into thé={|-F|, ac electron density map using
XFIT from the XtalView packadgfé. Water molecules were mostly built using
ARPW/ARP solvent building prograh The final model does not include the
C-terminal Hig tag and residues Ala389 - Ser394 due to the deseddin these
regions of the electron density map. Final refinemef the apo-CtDAP-AT
structure resulted iRyork = 0.226 andRyee = 0.275.

The structure of the PLP-bound CtDAP-AT was deteeth by molecular
replacement method using program PHds@ihe apo-CtDAP-AT was used as a
search model. The PLP was manually built into tbive site according to the
|Fol-IF¢|, ac electron density map. The PLP-bound CtDAP-AT dtrec does not
contain residues Thrll to Leul5, His33 to Thr3f4ssto GInd5, Thr67 to Pro73,
Thr333 to Ser338, Ala389 to Ser394 and the C-teainitis; tag as they are
disordered. Final refinement of PLP bound-CtDAP-gilucture resulted iRyork
= 0.222 andRyee = 0.287. Stereochemical analysis of CtDAP-AT dtites was
carried out using PROCHECK All refinement statistics for the apo- and the
PLP-bound CtDAP-AT structures are shown in Table 4-

Protein Data Bank accession number

The atomic coordinates and structure factors haen ldeposited with
RCSB Protein Data Bank as entry PDB ID XXXX for aptbAP-AT and XXXX
for PLP-bound CtDAP-AT.
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4.3 Results and discussion

Crystal structures of apo- and PLP-bound CtDAP-AT

The crystal structure of the apo-CtDAP-AT was deteed to 2.05 A
resolution using the molecular replacement metfide large domain (LD) of
AtDAP-AT was used as the search model due to tieréato obtain correct
solution with whole AtDAP-AT molecule. The crystafl apo-CtDAP-AT belongs
to the space group4,22 and the asymmetric unit contains one molecule of
CtDAP-AT. Although only one molecule of CtDAP-AT wafound in the
asymmetric unit, the crystallographic two-fold axpsoduces a homodimeric
arrangement of CtDAP-AT (Figure 4-2).

The crystal structure of CtDAP-AT consists of twanthins: the LD and
the small domain (SD) (Figure 4-2). The LD (Asn4&In294) consists of 246
amino acid residues and folds into -0 sandwich. This domain acts as the
PLP binding scaffold and involves in the majority the dimer forming
interactions. The SD (Metl - Leu4d7, Leu295-Ser3&at)sists of the N-terminal
arm region and the last 100 residues of the C-termiThis domain forms anf
complex. The electron density map for Ala389 to39drand the C-terminal
hexa-histidine tag was not observed as they aresexpto the solvent region and
are disordered. The overall folding pattern andhbmodimeric arrangement of
CtDAP-AT are in good agreement with the typicaldfiof pattern of the type |
fold family of PLP dependent aminotransferd&és

In order to see how PLP binds to the active sit€®AP-AT, we have
also determined the crystal structure of the PL&moCtDAP-AT to 2.70 A
resolution. The PLP-bound CtDAP-AT crystals wereduced by soaking PLP
into the apo-CtDAP-AT crystals for two to three h®in the presence of mother
liquor. The PLP-bound CtDAP-AT structure was solgdmolecular replacement
using the apo-CtDAP-AT structure as the search inddte mode of PLP binding
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Figure4-2 Crystal structure of LL-DAP-AT fronChlamydia trachomatis

The large domains of each subunit are coloured ahe yellow, and the small
domains are coloured grey and green. The 2-foldtallpgraphic axis is shown

by the black oval.
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in the active site of CtDAP-AT is shown in Figur&4The 2F.|-|F¢|, ac electron

density map clearly shows that the PLP cofacta@oislently linked to the active
site Lys236 through a Schiff base linkage.

The binding mode of PLP in CtDAP-AT is similar toat of AtDAP-AT
(Figure 4-3%%. The pyridine ring of PLP is stabilized by thematic ring stacking
interactions with Tyr128, and the hydrogen bondimgraction with Tyr205Q
The positive charge on the pyridine N1 atom is it by the negative charge
of the carboxylate group of Asp202. The phosphateiy of PLP is stabilized by
the helical dipole moment from helixs and by the several hydrogen bonding
interactions with Ser2330Ser235¢, Asn275*N? Alal04N and Lys105N. The
only major difference in PLP interactions from tbosf AtDAP-AT is that the
guanidinium group of Arg244, which forms a saltdge with the phosphate
moiety of PLP in the AtDAP-AT structure (Arg278% not facing toward the
phosphate group of PLP in the structure of CtDAP{Rigure 4-3). Instead, it
faces toward the neighbouring subunit, and forndrdyen-bonding interactions
with carbonyl oxygen atoms of Asn275 and Ala27&héligh the exact reason for
this alternative conformation of Arg244 is not kmgwit suggests that the
interaction with the arginine side chain is not @dbtely necessary for the
stabilization of PLP in the active site.

The overall structure of the enzyme portion of &p®- and PLP-bound
CtDAP-AT is essentially identical (root-mean-squds¥iation (r.m.s.d.) = 0.335
A for 342 C' atom pairs)except for the conformation of the active site loop
(Ser235 - Leu238) (Figure 4-4a and 4-4b). In the-apzyme, Ser235 - Leu238
makes a short helical structure by making threegdgeh-bonds between the main
chain oxygen atoms and the nitrogen atoms. Indbigormation, the side chain
of the active site Lys236, which normally forms @avalent bond with PLP, is

pointing out toward the solvent region. However,tlie PLP-bound form, the
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Figure4-3 The PLP binding mode of CtDAP-AT. Th¢Fg|-|F.|, a. electron

density map (contour level at @)3for the active site Lys236 and PLP cofactor.
Active site residues and PLP are represented ok gtrmat. Residues from
subunit A, B and the PLP cofactor are coloured igeg, grey and yellow,

respectively.
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Figure4-4 The conformational changes observed at the actite

helix/loop region of CtDAP-AT. a). Apo-CtDAT-AT (bk and pink) active site
helix, b). PLP-bound CtDAP-AT (green and grey) &etsite loop. Phe234 to

A241 are shown as stick model and coloured yellow.

b).




binding of PLP brings Lys236 towards the activee sthvity and disrupts the
helical structure observed in the apo-form. All tfe hydrogen bonding
interactions observed in the apo-structure are losiv This results in Pro237 to
move closer to Phe234 and Phe240 and making godubiyobic interactions
with them. This PLP-induced conformational changethe active site region
seems to be the common mechanism in LL-DAP-AT. Bimeconformational
change at the active site helix was also obsenattden the apo- and the
PLP-bound AtDAP-AT structures previousfy.

The apo-CtDAP-AT structure will be used for the sedent analysis
instead of the PLP-bound CtDAP-AT since those siim@s are essentially
identical and the several disordered loops in Paémd form are visible in the

apo-form.

Comparison with the AtDAP-AT structure

The initial attempts to solve the CtDAP-AT struetwsing the entire
AtDAP-AT structure as the search model was unssteedHowever, subsequent
attempts using only the large domain of AtDAP-ADbquced the correct phase
information for the CtDAP-AT crystal. This indicatehat there are significant
differences in the overall structures of AtDAP-ANdaCtDAP-AT, or that the
relative positions of the two domains (LD and S}he structures of AtDAP-AT
and CtDAP-AT are different. In order to observe foomational differences
between AtDAP-AT and CtDAP-AT, the two structuresrer structurally aligned
using the program ALIGR.

Each domain was independently aligned to assessliffiayences in the
domain structures (Figure 4-5a and 4-5b). The aligmis showed that the
secondary structural elements of each domain (doro$ SD = 1.50 A for 124 €

atom pairs, r.m.s.d. of LD = 1.21 A for 22¢ @om pairs) were well conserved
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Figure4-5 The superposition of the domain structures betwe#ErmMP-AT

and AtDAP-AT. a). The superposition of the largendins (CtDAP-AT: orange,
AtDAP-AT: grey), b). The superposition of the sn@dtimains (CtDAP-AT: orange,
AtDAP-AT: grey). The flexible loops (Flexible Loof, B, and C) of CtDAP-AT
are coloured magenta, c). The relative spatiaticgighip of the flexible loops.
The Loop A, B, C are coloured green. Subunit A Brate coloured grey and pink,

respectively.

a).

F1565 - H163

b).




Figure4-5

(continued)
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between AtDAP-AT and CtDAP-AT. The small differesc@ the r.m.s.d. values

were most likely due to the differences in the comfations of the many loop
regions.

In CtDAP-AT, there are several loops (Loop A, Bddd) that are quite
flexible (Figure 4-5c¢). Th8-values for Loop A (Ser64 - Asp74), Loop B (Ser39 -
GIn45) and Loop C (Ser9 - Leul5) are determined@éd A, 65.2 X and 89.7
A?, respectively. These values are quite large coabtr the rest of the protein
molecule (50.9 A).

After several cycles of model building and refinemet was found that
the electron density for the residues in Loop A quée disordered as the main
chain atoms of this loop are barely traceable éapo-structure. Although not as
flexible as Loop A, Loop B and C also have disoedeelectron densities for the
side chains. The above loops are much more dissder the PLP-bound
CtDAP-AT structure as most of the above loops showcorresponding electron
densities. Because these loops contain the amidaregidues that are important
for substrate binding (Loop A: Tyr71 - Asp74, LoBp lle40 - Gly41, Loop C:
Tyrl4) the flexibility of these residues are comsatl to be very significant and
will be discussed in a later section.

In addition to the above differences in the confation of the loops, the
conformation of the residues Phel55 to His163 IDAR-AT are different from
the corresponding region (Prol91 - Thr199) of AtBAP (Figure 4-5a). In
AtDAP-AT, the residues Pro191 to Thr199 adopt artshehelical structuré?
whereas in CtDAP-AT, Phel55 to His163 have a moress unstructured loop.
This difference in the conformation is not consaterto be catalytically
significant because it is likely caused by the talypacking of molecules in the
AtDAP-AT crystal. The above regions of AtDAP-AT aire/olved in the crystal
contacts® whereas the corresponding loop of CtDAP-AT is clatgly exposed



to the solvent. Therefore, the above region of ADAT is well structured by
packing interactions, whereas that of CtDAP-AT lmees more unstructured due

to the exposure to the bulk solvent.

Open/closed conformations of CtDAP-AT

In the next step, the entire structures of apoARIAT and PLP-bound
AtDAP-AT were structurally aligned. In order to sbe differences in the relative
positions of each domain, only the LD was useditlier alignment of the entire
molecule (Figure 4-6a). Based on this alignmenias found that the entire SD
of CtDAP-AT had moved approximately 9.5 A (maximdisplacement) outward
compared to that of the AtDAP-AT structure. In thanformation, the active site
of CtDAP-AT had opened up and was more exposeldetdulk solvent.

This SD movement is quite dramatic and has showmeseffect on the
conformation of the active site structure. The sppsition of the active site
structures of CtDAP-AT and AtDAP-AT is shown in kg 4-6b. This figure
shows that all of the substrate binding residuesvell conserved between the
two enzymes. However, due to the outward movemdnthe SD in the
CtDAP-AT structure, Asnl74 and Arg369, which coasete the main chain
carboxylate groups of the dicarboxylic acid sulissahave moved approximately
2.0 A away from the active site. Also, two tyrosimsidues (Tyr128 and Tyrl14
(disordered)) that are important for the distalboawylate binding show different
conformations as well. These results indicate tiha open conformation of
CtDAP-AT must undergo a certain degree of closiiterdhe binding of substrate.
Otherwise, those substrate recognizing residuetoaréar away to coordinate the
substrates in front of PLP for the transaminatieaction.

Similar domain opening/closure has been observedeweral other

aminotransferases in the type | fold family suchAspAT and AroAT?*?
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Figure4-6 The superposition of the entire molecules betw&&dDAP-AT

and AtDAP-AT. a). The displacement of SD is shownthe black arrow. LD of
CtDAP-AT and AtDAP-AT are coloured grey and orangespectively. SD of
CtDAP-AT and AtDAP-AT are coloured green and magemspectively. b). the
over-lay of the active site structures between (REXY (green) and AtDAP-AT
(yellow) in stick model. Residue names in bracketfeom AtDAP-AT. Residues
from Loop A and B of CtDAP-AT are not shown as thag disordered in the
PLP-bound CtDAP-AT structure.
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However, their SD displacements are much smalfmyaximately 3.0 to 4.0 A.

In AspAT, the similar domain movement occurs upording of substrates. When
the dicarboxylic substrates (Asp or Glu) bind te #ttive site, coordinated by two
Arg residues through electrostatic and hydrogendbmninteractions, the small
domain rotates toward the active site and encajesulbe substrates from the bulk
solvent® #° 3°Because each Arg residue comes from different dsrighe LD
and the SD), the binding of substrates somewhagbreach domain together to
make the closed conformatidhThe interactions between the two Arg residues
and the dicarboxylic acids are so important fordbenain closure that the lack of
one of the carboxylate groups in substrates wourlddn formation of the closed
conformation®* Therefore, the open/closed conformational chamg&spAT is
strictly governed by substrate binding.

It is quite natural to consider that a similargygf mechanism also exists
in LL-DAP-AT since their tertiary structures anceihtransamination mechanisms
are quite similar to each other. A number of ddfar crystal structures of
AtDAP-AT has been determined to date including s&lvesubstrate bound
structures™> ** All of the crystal structures of AtDAP-AT are ihe closed
conformation. However, the substrate binding cavisy quite buried and
inaccessible to the bulk solvent. The inaccesgyhilf the active site is supported
by the failed attempts to soak the substrates th® AtDAP-AT crystals
(unpublished results). The substrate-bound strestuare only obtainable by
co-crystallization even though the solvent charoelard the active site entrance
can be observed in the crystals of AtDAP-ATThis indicates that a small degree
of opening of the active site cavity is necessaritlie entry of substrates.

Similarly, the CtDAP-AT is thought to show ope®td conformational
changes upon binding of substrate. As describd@gdhe open-conformation of

CtDAP-AT is not the substrate binding conformatiém.other words, the active
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site residues of the open-conformation are notdsitipns capable of correctly

orientating the substrates for the transaminateaction. Therefore, the closing
motion of the SD is absolutely necessary for CtDWIP-to catalyze the
transamination reaction. Attempts to soak sub&tratto the active site of
CtDAP-AT in the preformed crystals were also mdulg,they were not successful
either. (The accessibility to the active site hasrbproven by the soaking of PLP
into the active site.) Even though the substrateevable to reach the active site
through soaking, the possible closing movementdirSthe CtDAP-AT crystal is
prevented by its crystal packing. As shown in Fegud4-7, there is a
crystallographic two-fold axis present at helX If the SD were to close upon the
soaking of substrates, there would be an opposingefat the crystallographic
two-fold axis. This opposing force possibly pregetite closing movement of the
SD in the CtDAP-AT crystal.

After examining the active site conformation of @I®-AT, it is clear
that the substrate will have difficulty in binding the active site, and that the
closure of SD relative to LD is necessary. Themfdpased on the above
observations, we anticipate that LL-DAP-AT woulddergo a similar domain
open/closure mechanism as present in the other tyfidd family of PLP

dependent aminotransferases.

Implications of the wide-open conformation of CtDAP

Although the domain open/closed mechanism wouk@lyi be the
common mechanism in LL-DAP-AT, the degree of op@nimbserved in
CtDAP-AT is quite large (9.5 A). Considering thesplacement observed in
CtDAP-AT is almost three times larger than thatesied in AspAT (3.0-4.0 Af,
the large degree of opening in CtDAP-AT is probafdy necessary for substrate

entry. Therefore, the extensive degree of openiogeved in CtDAP-AT may
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Figure4-7 The 2-fold crystallographic axis observed in thétDAP-AT

crystals. One monomer is coloured in green (SD) grely (LD), and the
crystallographically related monomer is colourecbrange (SD) and pink (LD).
The directions of the force caused by the possildeing movement of SD are

shown by the black arrows.
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reflect its high internal flexibility. This uniqueharacteristic of CtDAP-AT is

supported by: 1). the unusually high overBHvalues compared to those of
AtDAP-AT, and 2). the flexible conformation at theage region between the SD
and the LD.

The overallB-factors of CtDAP-AT and AtDAP-AT were found to be
50.9 A and 21.7 A respectively. Even though both structures weterdened at
similar resolution ranges, CtDAP-ATB-value is more than twice that of the
B-value of AtDAP-AT. More interestingly, the diffarees inB-values between
LD and SD in each structure (CtDAP-AT: 19.9 dnd AtDAP-AT: 3.3 &) show
that the SD of CtDAP-AT is much more flexible thiés LD, whereas the SD of
AtDAP-AT is almost as stable as its LD.

The structures of the hinge region (hel®O toall) between the SD and
the LD of CtDAP-AT and AtDAP-AT are shown in Figufe8a and 4-8b. In
AtDAP-AT, the length of helixa11l is much longer than the equivalent helix in
CtDAP-AT. This results in a very sharp turn fromlixiexnlO to helixall by
Thr324 and Pro325 in AtDAP-AT. Proline is a residual known to cause sharp
turns and reduce flexibility. Additionally, the hyajen bond between Thr3240
and Gly326N also reduces flexibility between helb0 andall.

In contrast, in CtDAP-AT, the residues betweenxheli0 and helixa1l
form an unstructured loop (GIn294 to Glu296) (Fey4r8b). These residues do
not form any particular non-covalent interactiomgirogen bonding or otherwise,
with each other, and seem to provide much moreibigy than the
corresponding region of AtDAP-AT. Thus, a largervament of the SD is more
likely to be permitted compared to that in AtDAP-Alherefore, LL-DAP-AT’s
domain open/closure mechanism may be universal, AMDAP-AT or other

LL-DAP-ATs may not show as flexible domain movenseas CtDAP-AT does.
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Figure 4-8 The structures of the hinge region between LD 8bdin a).

AtDAP-AT and (SD: pink and LD: orange), b). CtDAP-ASD: green and LD:

blue). Hydrogen bonds are shown as dotted lines.hiihge regions are coloured

yellow.

a).

b).

CtDAP-AT

LD
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The flexibility and substrate specificity of CtDAF-

Since the discovery of LL-DAP-AT ii\. thaliang LL-DAP-ATs from
several different organisms have been identifiedd abiochemically
characterized® From those studies, differences in the substraecificities
among the LL-DAP-ATs became apparéhDepending on the organism, there
are two types of LL-DAP-ATs present that exhibther narrow or broad substrate
specificity.

AtDAP-AT and CtDAP-AT are two of the first LL-DARTs to be
characterized.®" They represent the narrow and the broad substpeificity
LL-DAP-AT, respectively. In terms of binding the am donor molecule,
AtDAP-AT is only capable of using LL-DAP; its di@seomerm-DAP, would not
be accepted in the active sité®> On the other hand, CtDAP-AT is capable of
usingm-DAP almost as efficiently as LL-DAPTo a lesser extent, it can also use
other structurally similar substrates such as lirly®r L-ornithine’

Based on the comparison of the primary sequencesngndifferent
LL-DAP-ATs, the active site residues that are iweal in substrate binding are
almost completely conservé®iThis indicates that the variance of the substrate
binding residues does not account for the diffeeeno the substrate specificities
among LL-DAP-ATs. This is an interesting propertyf dL-DAP-AT.
Understanding this property would be helpful andoamant to design novel
inhibitors. In this last section, the implicatioi GtDAP-AT’s conformational
flexibility on the differences in substrate spegtfy will be discussed.

For several years, there have been attempts togeh#me substrate
specificity of E. coli AspAT into that ofE. coli aromatic aminotransferases
(AroAT) using directed evolution and site-directmditagenesig®“® Both AspAT
and AroAT belong to the type | fold family of PLRgendent enzymé8 Their

active site residues and their spatial dispositiares almost identical. However,
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AspAT mainly uses dicarboxylate substrates, whefga#\T is capable of using

both dicarboxylate substrates as well as aromatio@acids as substrates in the
transamination reactioh: *?

Based on the above studies, it was found thatraAR the flexibility of
the residues lining the active site is importard@commodating both dicarboxlate
substrates and aromatic amino acfis’™ ** For recognition of the distal
carboxylates of the dicarboxylic acid substrateg2Q2 makes direct electrostatic
and hydrogen bonding interactions. When aromatistsates bind to the active
site, the Arg292 side chain flips away from thevacsite to make room for the
bulky aromatic side chaiff: ***? That conformational change also increases the
hydrophobicity of the active site. Although flipginthe Arg292 side chain is
necessary, it is not sufficient for the aromatibstrates to bind> *?Instead, slight
rearrangement of the hydrogen bonding network fdrrbg the surrounding
residues must accompany the above Arg292 confaomatichange to make
recognition of both aromatic and dicarboxylate $wtes possiblé™ ** These
studies suggest that the key to AroAT’s broad sabstspecificity is the flexibility
of the residues lining the active site to undergarrangement of its hydrogen
bonding network.

In LL-DAP-AT, the major structural difference beten AtDAP-AT and
CtDAP-AT is their conformational flexibility. As deribed previously, the
structure of CtDAP-AT is much more flexible thanDXP-AT. The loops lining
the active site lining loops (Loop A, B, and C) grete flexible in the CtDAP-AT
structure. As in the case of AroAT, the high degrye#exibility in the SD and the
active site lining loops may also be importanttfoe broad substrate specificities

of CtDAP-AT.

One of the highly disordered loops lining the \aetsite, Loop A, is

considered to be the critical loop for the steregsfr recognition of LL-DAP in
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AtDAP-AT. The Gly95*, Ala 96* and Glu97* residue$ lboop A form an array of

hydrogen bonding interactions with thé-&nino group of LL-DAP* Tyr94*
forms an electrostatic interaction with thé-anino group and its presence
sterically hindersn-DAP from binding in the active sité.However, if Loop A
has increased flexibility as observed in the CtDAIPstructure, it is very likely
that m-DAP could be accommodate in the active site stheetyrosine (Tyr71)
side chain can be shifted slightly to avoid a stetash and to provide similar
amino-aromatic interactions as it does with LL-DA{Pis also possible that the
hydrogen bonding network formed by the above resdean be rearranged for
the stabilization of the ‘@mino group ofm-DAP. Therefore, the flexibility of
Loop A has great implications on the substrateifipgyg of LL-DAP-AT.

Based on the analysis of the CtDAP-AT structurde tncreased
flexibility of Loop A is partly due to the large mement of the SD. In AtDAP-AT,
Loop A is stabilized by several hydrogen-bondingetiactions with Loop B
(Figure 4-9a)’ These interactions are thought to keep those ldopslatively
stable conformations. On the other hand, in CtDAR#Ae large movement of SD
causes Loop B to be pulled away from Loop A (Figds@b). This results in the
complete loss of hydrogen bonding interactions betwLoop A and B. Thus,
both loops, with Loop A in particular, are highlysdrdered in the CtDAP-AT
structure. Although LL-DAP-AT’s Loop A and Loop Beaconsidered as generally
somewhat flexiblé? CtDAP-AT’s overall greater flexibility may allow higher
degree of flexibility in the Loop A conformationl@ling it, ultimately, to

accommodate a greater number of substrates.

Concluding remarks
The crystal structure of the open conformation tDAP-AT reported

here is an important initial step towards undeiditagn the interesting differences
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Figure4-9 The interactions between Loop A and Loop B inAdPAP-AT

(yellow), and b). CtDAP-AT (pink). Loop A and B ao®loured grey and cyan,
respectively. The hydrogen bonding interactionssin@wn as dotted lines. Note

that side chains of Loop A in CtDAP-AT are disowetbr

b).
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in the substrate specificities among the LL-DAP-Afsture studies of the closed

conformation of CtDAP-AT in complex with various ksirates or the crystal
structures of LL-DAP-AT from other species would Qaite interesting and
provide more insights into the above mechanismrdeioto understand fully the

catalytic mechanism of LL-DAP-AT.
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Chapter 5: Conclusion

51 Sructural investigations of LL-DAP-AT from Arabidopsis thaliana
and Chlamydia trachomatis

The development of antibiotics is a challengingetessary task. As the
number of multi-drug resistant strains of bacteénereases, the need for novel
antibiotics becomes urgent. There are severalrietitbat must be considered in
order to design good antibiotics. One of whichhisttthe molecule targeted by the
antibiotic should be absent in humans. By fulfglithis requirement, the potential
toxicity to humans can be decreased significafthe biosynthetic pathway of
essential amino acids such as L-lysine is a veamadive drug target since the
entire pathway is absent in humans.

The discovery of LL-diaminopimelate aminotrans$era(LL-DAP-AT)
and the new lysine biosynthetic pathway in plamt$ @hlamydid' 2 have made a
significant impact and have provided new hope toergtists working toward the
development of new antibiotics. In particular, theesence of LL-DAP-AT in
Chlamydiawas very exciting a€hlamydiahas started to acquire some multi-drug
resistances. In order to use LL-DAP-AT as a tangetnti-Chlamydial drugs, the
elucidation of its three-dimensional structure ahe details of its catalytic
mechanism would be a significant step towards aaigethe ultimate goal.

The crystal structures of the native LL-DAP-AT ritotwo different
species, Arabidopsis thaliana (AtDAP-AT)® and Chlamydia trachomatis
(CtDAP-AT) have been determined and reported is thesis. These structures
have revealed that LL-DAP-AT belongs to the famibf the pyridoxal
5-phosphate (PLP) dependent enzymes. PLP is onimeofmost widely used
cofactors in biological systems. In fact, many amtiansferases depend heavily

on PLP for their catalysis of the transaminatioact®n. As described in the
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introduction to this thesis, PLP plays a centrdé rim the transfer of an amino

group from one substrate to another.

The importance of PLP to the family of PLP dependeninotransferases
is shown by the evolutionarily conserved PLP bigdiite. The primary sequence
alignment and the structural comparison of PLP inigdites among different PLP
dependent aminotransferases including LL-DAP-ATehaliown that the types of
interactions and PLP binding residues are well enrexl among different PLP
dependent aminotransferases. The active site lyssidue is present in almost
every PLP dependent aminotransferase and it formsvalent linkage with the
C4’ of PLP. The non-covalent interactions suchlesring stacking interactions
between aromatic residues of the enzyme and thaipgrring of PLP are
commonly observed in the PLP dependent aminotreasds. The positively
charged environment surrounding the phosphate ynaetPLP is also a well
conserved characteristic of the PLP binding cavithese evolutionarily
conserved PLP binding sites reflect how importalo® s for those enzymes to
function properly.

PLP dependent enzymes are known to adopt a limmgchber of
structural folds. The crystal structures of the RAP-ATs have shown that its
structural fold belongs to the type | fold family BLP dependent enzymes.
Within the type | fold family, the tertiary structuof LL-DAP-AT resembles that
of aspartate aminotransferase (AspAT), which reprisssubclass | of the type |
fold family. This subclass of enzymes has beenistutbr a long period of time
as AspAT was the first crystal structure of the Rlependent aminotransferases to
be determined.Many of the unique characteristics of the subclasisthe type |
fold family of PLP dependent aminotransferases iptesly described for the
structures of AspAT are also observed in the stimestof LL-DAP-AT.

One of the commonly observed features among thelassl! of the type
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| fold family enzymes is domain movement. LL-DAP-A§ composed of two

domains; the large domain (LD) and the small don{&in). These domains are
known to change their relative orientation upordiig of substrates. This results
in the “open” and the “closed” conformations.

In the structures of LL-DAP-AT described in thise$is, a substrate
induced conformational change is not observed. Hewetwo different
conformations of LL-DAP-AT, the “open” and the “sed” conformations, are
observed in the crystal structures from two différgpecies. The analysis of these
structures has indicated that LL-DAP-AT undergoéwmilar open / closed
conformational changes observed in other subclaggpé | fold family of PLP
dependent aminotransferases.

The structures of the both native and substratebAtDAP-AT show
the closed conformation even in the absence oftsaibs. However, the detailed
examination of the several crystal structures dA®-AT has indicated that the
opening of the active site is necessary for thesate to enter into the active site.
The active site is not accessible without a certigigree of opening. Similarly, the
structure of CtDAP-AT has shown that change teaisformation is necessary for
efficient catalysis. The wide-open conformation erved in the crystal structure
of CtDAP-AT cannot orient its substrates into tharect position without a
closing motion by the SD. Therefore, these str@gsunave indicated that the
open/closed conformational changes is a common amein in LL-DAP-AT,
consistent with the other type | fold family PLRp@aedent enzymes.

Although the domain movement and the overall aechire of
LL-DAP-AT is quite similar to the other type | folidmily enzymes, its mode of
substrate recognition distinguishes it from theeotkimilarly folded enzymes.
While the size of substrates (L-Glu and L-Asp) AspAT is similar to each other,
those of LL-DAP-AT (L-Glu and LL-DAP) are quite d#frent. L-Glu and



LL-DAP differ in size by two methylene carbons addDAP also has an extra
C®-amino group. The key to understanding this uniguéstrate recognition
mechanism of LL-DAP-AT is drawn from the structucdsAtDAP-AT in complex
with the LL-DAP and L-Glu substrate analogues (FM® and PLP-GIuj.
These substrate analogues are covalent adductsRPofMRh the two substrates;
they have been effectively used to study the mddeilostrate binding in the other
PLP dependent aminotransfera$es.

Due to the two methylene carbon length differenocesveen LL-DAP
and L-Glu, a large conformational rearrangementhef active site residues in
AtDAP-AT was initially expected. However, despiteetsignificant differences in
size of the two substrates, the dicarboxylic amfis L-DAP and L-Glu are
recognized by the same set of residues withoutifgignt conformational changes
in the enzyme’s backbone structure. As previoustdigted by malate binding,
the guanidinium group of Arg404 provides the magtabilization force for the
a-carboxylate group through a salt bridge and hyeindgonding interactions. The
distal carboxylate groups of LL-DAP and L-Glu arecognized by the two
well-conserved tyrosine residues (Tyr37 and Tyrl%2)d Lys129 through
hydrogen-bonding interactions.

In order for AtDAP-AT to recognize both substrateshe same fashion,
a rotation of the side chain of 1le63 is found te the key mechanism for
accommodating the long methylene carbon chainsLeDAP. When L-Glu is
bound in the active site of AtDAP-AT, the bulky sidf lle63 side chain (€and
C? atoms) faces towards the substrate binding canvityontrast, when LL-DAP is
bound in the active site, the rotation at gadond of lle63 makes the'tand C
atoms move away from the active site to make extoan for the long methylene
carbon chain of LL-DAP. This simple rotation of the63 side chain provides the

extra room for LL-DAP and allows good van der Waetsitacts to be made
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between the lle63 side chain and each substraseTsubstrate binding residues

are well-conserved among all LL-DAP-ATs. Therefotbge above substrate
recognition mechanism is expected to be univecsalltLL-DAP-ATS.

Such a recognition mechanism has never been olstsan is novel to
the subclass I, type | fold family of PLP dependaminotransferases. One
interesting point arose from those structures withbound substrate analogues is
that all of the residues recognizing the dicarbate/lgroups came from the same
subunit. One of the most important structural ctiréstics observed in the type |
fold family of PLP dependent enzyme is the formatmf the homodimer. In
AspAT or the aromatic aminotransferase (AroAT), tfi@mation of the
homodimer is essential because each carboxylatepgod the dicarboxylate
substrates is recognized by the residues from rdifte subunits. In fact,
LL-DAP-AT is also a functional homodimer, but thecognition of the
dicarboxylate groups of its substrates does nouireqresidues from the
neighbouring subunit. Perhaps, in LL-DAP-AT, thepontance of homodimer
formation can be attributed to the recognitionhaf €-amino group of LL-DAP.

As shown by the structure of AtDAP-AT with boundRRDAP, all of the
residues interacting with the®*@mino group of LL-DAP essentially come from
the neighbouring subunit. Gly95*, Glu97* and Asn30fbrm direct and
water-mediated hydrogen-bonds with theatino group of LL-DAP. Tyr94*,
situated just beneath of the®-@mino group of LL-DAP, provides some
stabilization for LL-DAP through aromatic ring - & interactions. These
residues are found to play a key role in the stgreaific recognition of LL-DAP
that effectively discriminates LL-DAP from its dtaseomer, m-DAP in
AtDAP-AT. Therefore, despite the fact that the mggution of the dicarboxylate
groups of their substrates are accomplished bydsidues from one subunit, the

structures of AtDAP-AT with bound PLP-DAP have clgademonstrated the
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absolute requirement of the formation of homodimerL-DAP-AT.

Although Tyr94*, Gly95*, Glu97* and Asn309* are dieitely important
in the recognition of the @mino group of LL-DAP, the presence of those
residues themselves can not explain the appardieregices in the substrate
specificities observed among different LL-DAP-ATBhere are two types of
LL-DAP-AT that exist: one has a broad substratecsjpgy and the other, a
narrow substrate specificifyAtDAP-AT exhibits a narrow substrate specificity
and CtDAP-AT shows broad substrate specificity. Erample, CtDAP-AT is
known to be capable of usingrDAP as efficiently as LL-DAP, whereas
AtDAP-AT is not? The above residues are almost completely conséregeen
the two species. Therefore variation of residuestsa factor.

Comparison of the CtDAP-AT and AtDAP-AT structureas provided
some of the initial important clues to understagdine differences in substrate
specificities. The structure of CtDAP-AT is consaay more flexible than
AtDAP-AT. In particular, the loop region containimgsidues Tyr94*, Gly95* and
Glu97* is significantly more flexible in CtDAP-ATBased on the combined
analysis of the structures presented in this thasid of the other enzymes
exhibiting broad substrate specificity, the inceshflexibility in that loop region
is found to play an important role in accommodatstightly different substrates
such agn-DAP. In AtDAP-AT, the binding oim-DAP is hindered mainly by the
steric clash with Tyr94* and the complete loss ydregen-bonding interactions.
However, in CtDAP-AT, the increased flexibility tie loop region allows those
residues to rearrange the hydrogen bonding netveort to adopt into the
alternative conformations that can comfortably acewdatem-DAP.

The structural studies described in this thesisshaovided a detailed
investigation of LL-DAP-AT in order to understanidgetoverall architecture and

the substrate recognition mechanism of LL-DAP-Ag&v&al structures, including
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the substrate analogues-bound structures of AtDAPPhave provided a clear

picture of the mode of substrate recognition used LUb-DAP-AT. The
information obtained from those structures will \@ry important to the future
development of antibiotics targeted against LL-DAR-

At the same time, the investigation of the crystalicture of CtDAP-AT
in the flexible, “open” conformation has providednse interesting insights into
the differences in the substrate specificities oles among LL-DAP-ATs from
different species. The observation of high flexipiin the CtDAP-AT structure
was quite stunning and must be considered whergriegi novel antibiotics
targeting this enzyme. Future structural studiedugling that of CtDAP-AT in
complex with different substrates, or the detertiama of LL-DAP-AT from
different species would certainly be needed toease the understanding of the

differences in the substrate specificities in LL-P/AT.
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