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ABSTRACT
The thesis presented here describes the steps/¢hattaken in an attempt to solve the
protein structure of MenD via molecular replacemantd multiple wavelength anomalous
dispersion. The introduction provides backgroundr@naquinone biosynthesis and the role of
MenD in this metabolic pathway. Also, a detailedcdission of the DC Family of enzymes, a

subgroup of ThDP dependent enzymes, which MenDpariof, is included.

Utilizing various software packages a 1.9 A dataveas processed and analyzed in an
attempt to provide a molecular replacement resiftien molecular replacement was deemed
incapable of solving the phase problem of the data the production of SeMet protein was

attempted to allow for MAD phasing.

A homology model of MenD was produced using the gpm Modeler with
benzaldehyde lyase as a templ&estructure based sequence alignment was donealilbC
Family enzymes with structures published. Then @@ structure based sequence alignment
was done to compare the same set toMiodeller model. This was done to gain a deeper
understanding of MenD and how it interacts withdtfactors ThDP and Mg Furthermore,

these results were used to implicate potentialadite residues.
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CHAPTER 1: INTRODUCTION

1.1 Menaquinones (Vitamin K)

Menaquinones (Vitamin ¥ are a group of compounds that contain a common
naphthoquinone ring structure with a variable nundfesoprenoid residues attached to the 3-
position. They are generally referred to as MK-heve n is the number of isoprenoid residues
attached (Figure 1.1). Menaquinones are producezktigin bacteria, includiniglycobacterium
tuberculosis and Bacillus subtilis, for utilization as an electron shuttle within tleéectron

transport chain (Bishop 1962; Truglio 2003).

Humans cannot synthesize Vitamia &d as such it must be obtained in our diet anfro
bacteria present within our intestine, suclEssherichia coli (Bentley 1982). Vitamin Kplays
an essential role as a cofactor in the carboxyladioglutamate from a variety of proteins known
as Vitamin K dependent enzymes (VKD’s). VKD’s amwmnknown to be present in almost all
human tissues and are also required within bactArn@ong the many roles VKD’s serve, they
have been shown to be required for the processbesrad mineralization (Weber 2001), blood
coagulation (Vermeer 2001), apoptosis (Cheng 2088)nal transduction (Kulman 1997;
Kulman 2001), growth control (Ni 1998), phagocyso@iall 2001; Hall 2002) and chemotaxis
(Fridell 1998). It has also been proven that thelioieal provision of menatetrenone, MK-4,

improves bone mineral density in osteoporosis ptiéShiraki 2000).



1.2 Menaquinone Biosynthetic Pathway

The biosynthesis of menaquinones withih coli has been studied thoroughly
(Meganathan 2001). Synthesis of menaquinones ferpeed by various enzymes encoded by
the menaquinone operon, or as it is sometimesreefdon, themen gene cluster (Figure 1.2).
Within this gene cluster are six open reading freawéiich encode six enzymes named MenB

through MenF and yfbB respectively.

OH

o

MK-2

OH

Figure 1.1- Menaquinone chemical structures MK-2 and MK-dwimg the variable number of
isoprenoid residues
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Figure 1.2- Themen operon inE. coli K12. The six enzymes MenB, MenC, MenD, MenE,
MenF and yfbB (MenH) are responsible for the faigtsteps of the menaquinone pathway. The
figure indicates that the MenD gene is approxinyaiel kilo base pairs (Ecogene Webpage).
These six enzymes encompass a large portion omtilecular machinery required for
the conversion of chorismate to menaquinones (Eiglr3). The first reaction is the
isomerization of the shikimate pathway product ©mate to isochorismate via the enzyme
MenF. Although other enzymes produce isochorismMenF is thought to be the lone

menaquinone pathway-specific isochorismate syntflaaeuwala 1996). It was understood that

the subsequent reaction is the conversion of theRAvieroduct isochorismate to RBR)-2-
2



succinyl-6-hydroxyl-2,4-cyclohexadiene-carboxyld&HCHC) via MenD (SHCHC synthase),
acting as both a decarboxylase and a lyase (Ppf@amal992). However, it has been discovered
recently that MenD produces 2-succinyl-5-enolpytt&anydroxy-3-cyclohexene-1-carboxylic
acid (SEPHCHC) from isochorismate rather than SHCHE@ang 2007). The formation of
SHCHC from SEPHCHC is completed by MenH, whichIgaometimes referred to as yfbB
(Jiang 2008). The subsequent reaction in the pathmwelves the conversion of SHCHC ¢e
succinylbenzoate (OSB) via a dehydration reactierfgpmed by MenC (o-succinylbenzoate
synthase) (Sharma 1993). OSB is then linked to pae A via MenE (o-succinylbenzoate-
CoA ligase) to produce-succinylbenzoyl-CoA (OSB-CoA) (Sharma 1996) andntidenB
(dihydroxynaphthoic acid synthetase) performs ag riclosing reaction to produce the
naphthoquinone ring structure seen in 1,4-dihnyci®napthoyl-CoA (DHNA-CoA) (Sharma

1992).

As is noted in Figure 1.3, there is still an unkmognzymatic reaction that takes place
within the pathway. It was previously believed tiMenH converted DHNA-CoA to 1,4-
dihydroxyl-2-napthoate (DHNA) (Meganathan 2001)owsver, this has been proven to not be
the case and further research is required for aptEis understanding of the menaquinone

pathway (Jiang 2008).

The differentiation of the various MK-n moleculasa result of various enzymes that act
on DHNA. The products vary by the number of isopidiepeat units that are added to DHNA.
The most commonly discussed, is the formation of-8ia MenA and MenG. The product of
MenA is a demethylated form of MK-8 referred tolAgK-8 (Suvarna 1998) and finally MenG

completes the menaquinone pathway by converting EBVid MK-8 (KoikeTakeshita 1997).
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Figure 1.3- Menaquinone Biosynthetic Pathway

1.3 MenD (SEPHCHC Synthase)

Until the early 1980’s it was believed that carate was directly converted to OSB via
an enzymatic reaction involving 2-ketoglutarate @deathan 1981). However, further studies
showed that isochorismate was involved in this treacnot chorismate, and also, a separate

intermediate was formed via an enzymatic reactidenfley 1983; Meganathan 1983). This

4



intermediate was SHCHC and the enzyme was the pradithemenD gene (Emmons 1985).
The MenD reaction was thought to involve isochoetmand 2-ketoglutarate in the presence of
thiamine diphosphate (ThDP) and a divalent catiochsas M§" to produce SHCHC, pyruvate
and CQ. The rate of this reaction was monitored via aicéidn in absorbance at 340 nm via a
coupled assay with lactate dehydrogenase and NADidhareacts with the pyruvate product of

the reaction (Bhasin 2003).

Recently, it has been proposed that SHCHC is in fat the product of the MenD
reaction (Jiang 2007). This conclusion was madenwiheas uncovered that the consumption of
isochorismate was not proportional to the format@nSHCHC. In acidic condition MenD
consumes the isochorismate substrate but no SHGHGrined, however, a hew compound
which was thought to be an intermediate, SEPHCHCformed (Figure 1.4). Under basic
conditions (pH 7.4 — pH 10) the formation of SHCHEurs at a slow rate (faster at higher pH
values), even in the absence of MenD enzyme. Therriect assignment of SHCHC as the
product of MenD is most likely due to the spectraoimetric properties of SEPHCHC that make
it undetectable by UV/Vis spectroscopy. It was ootil separation and NMR analysis (Jiang
2007)that the structure of this intermediate was cordimThe rate of the enzymatic reaction
was determined on the basis of isochorismate copsomvia HPLC or UV/Vis spectrometry,

both utilizing absorbance of photons emitted at @78 the peak absorbance of isochorismate.
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1.4 Thiamine diphosphate dependent enzymes

Enzymes that use thiamine diphosphate (Figure ds5a cofactor participate in many
biosynthetic pathways. Among these many pathwagstlae key energy-providing pathways,

such as the pentose phosphate pathway and thidtrigdic acid cycle (Frank 2007).

H
HoN
/
\ . — O——P——0——P—0
N | |
o o

Thiamine Diphosphate (ThDP)

Figure 1.5 — Thiamine diphosphate chemical structure which dosta pyrimidine ring, a
thiazolium ring and a diphosphate group.

Some generalizations can be made in regards toet@ions that are occurring within
ThDP-dependent enzymes. For instance, the enzyraesbe classified into two general
categories, those that perform decarboxylation timas and those that perform non-
decarboxylating transferase-type reactions. |bisiole that the substrates of the decarboxylation
reactions are often 2-ketoacids and the transfer@aetions often involve aldehydes (Frank

2007).
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Both the decarboxylase and transferase reactiigsreé 1.6) are initiated by the ThDP

moiety. Upon binding of ThDP to the active site @ide is formed (Figure 1.7). Ylide

formation allows for a nucleophilic attack from tB82 position of the thiazolium ring of ThDP

on the substrate, enabling C-C bond lysis adjatceatcarbonyl in the substrate. The substrate is

then covalently bound to the ThDP and forms an émarmtermediate with which a second



substrate can react (Figure 1.8). The nature obthend substrate and the secondary substrate

allows for the formation of a diverse library obgucts from ThDP dependent enzymes.
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Figure 1.7 - Ylide formation — ThDP is activated for nucledmhattack upon binding to ThDP-
dependent enzymes. An invariant glutamate actspastan-acceptor. An ylide is then formed as
C2 of the thiazolium ring donates a proton to tierpidine ring.
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Figure 1.8 - An enamine intermediate is formed following the oz of R. The
tautomerization allows for both nucleophilic attaby the carbanion intermediate on the
secondary substrate and also stabilizes the intkatesin the enamine form.

The variation in substrates is due to differers@sn with the active site residues of the
enzymes within the family. However, the conservéading of a divalent cation, the ThDP

moiety and the subsequent formation of the enarcamebe viewed as evidence of evolution

from a common ancestral enzyme (Frank 2007).

Transketolase (TK, Figure 1.9) (Lindqvist 1994)swihe first ThDP dependent enzyme
with a published crystal structure. Since this iimggl the structural models of many ThDP
dependent enzymes have been determined via cogtgbhic methods. These structural models,
along with structure-based sequence alignments nmfwk structures and also sequence

alignments of unknown structures, has allowed fog tlassification of ThDP dependent
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enzymes into five separate families (Duggleby 2006 first family is the transketolase family,

which comprises enzymes such as dihydroxyacetambase and transketolase itself. Another is
the oxidoreductase family, which includes enzymeshsas pyruvate:ferredoxin oxidoreductase.
Two of the other families are the 2-ketoacid debgénases (K1 and K2). The K1 and K2
enzymes are multienzyme complexes such as the @igwehydrogenase complex and the

branched-chain 2-ketoacid dehydrogenase E1.

Figure 1.9 - Transketolase dimer, RCSB protein accession (Rb8e: 1TKB). ThDP is shown
as spheres each monomer is shown in blue and gespectively. The overlap of the two
monomers creates two equivalent active sites adither interfaces.
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The final family designation is the decarboxylésmily (DC family) where the common
reaction includes the decarboxylation of a 2-kathathe enzymes in this family that have had
X-ray crystal structures elucidated include bergljdle lyase (BAL) (Mosbacher 2005),
acetolactate synthase (ALS) (Pang 2004), acetoRydagid synthase (AHAS) (Pang 2002),
indole pyruvate decarboxylase (IPDC) (Schutz 20@@nzoylformate decarboxylase (BFD)
(Hasson 1998), carboxyethyl arginine synthase (QH&&ines 2004), pyruvate oxidase (POX)
(Muller 1994), oxalyl-CoA decarboxylase (OCDC) (Beald 2007), and pyruvate decarboxylase
(PDC) from bothS. cerevisiae (Arjunan 1996) and. mobilis (Dobritzsch 1998). MenD is also a
member of this ThDP-dependent decarboxylase faofignzymes (Duggleby 2006) and as such

this family will be discussed in detail.

Within the DC family a common domain arrangemergdsn in each monomeric subunit
of the enzyme (Figure 1.10). All of the monomer wguts of these enzymes contain three
domains that are similar in size. The three doma&as be referred to as the N-terminal
pyrimidine binding domain (Pyr domain), the middlemain, and the C-terminal diphosphate-
binding domain (PP domain). Each of the domaingains a core composed of five or six
parallelf-sheets, with eacp-sheet linked by an-helix forming aa/fp-type supersecondary fold
that resembles a Rossmann fold (Muller 19T®)spite the similarities seen with the three
domains with regard to fold, only the Pyr and PBdms are involved in catalysis. All enzymes
within the DC family exist as a dimer or a tetranj@imer of dimers), with two or four active
sites, respectively. The Pyr domain from one momoard the PP domain of the second

monomer come together to form one of the activessin the enzyme. The active site cleft

12



formed by this association differs from enzyme nayene altering the accessibility of the bi

solvent, ThDP, and substrates to the active

Figure 1.10- Domain organization of ThDdependenenzymes. Three domains are shown \
a varied number of paralles-sheets, each linked by aa-helix forming a o/f-type
supersecondary fold. The-tdrminal PYR domain is on the middle ri (blue), the middle
domain is shown at the bottom l(green/yellow)and the PP domain is shown in the top
(orange and red). Mgis indicated by a salmon coloi sphere and ThDP is shown in gray. -
image is a monomer subunit of benzoylformate depaflase (RCSB Protein Accession: 1Bl
It has recentlypeen discussed that ThDP dependent enzymes furadiardimer of nc-
equivalent active sitegFrank 2007. This was first thought to be a possibility when -
equivalence of the active sites and the naturbettibstrate and cofactor within it were foun
be differentin the crystal structure of transketol (Lindqgvist 1994) This not-equivalence is

accounted for by the belief that a proton shuttiste between the two aminopyririne rings of

13



ThDP in the two active sites. The distance has lag@noximated to be nearly 20 A between the
two ThDP molecules and there exists a cavity fileth hydrogen bonded water molecules and
acidic aspartate and glutamate residues (Figud.IThis network of hydrogen bonds allows for

communication, or a bridge, between the two cofacto

Both the Pyr and the PP domain are involved intimeling of the cofactors and the
catalytic reaction. The Pyr domain provides a hptiabic cleft for binding the pyrimidine ring
of ThDP. The structural and electronic environmehthe enzyme active site induces the V
conformation of ThDP, placing the N4~ atom of theimidine moiety proximal to the C2 atom
of the thiazolium ring (Frank 2007). There alsoséxian invariant glutamate residue within the
Pyr domain that interacts with N1” atom of pyrimigiring of ThDP. This glutamate residue
causes the induction of the 17,4"-imino tautomethaf ThDP moiety. When ThDP is in this
tautomeric conformation the lone pair of electramsthe imino group of the aminopyrimidine
ring is adjacent to the C2 atom of the thiazoliung.r The result of this conformation change is a
proton transfer that forms an ylide which can thetivate the enzyme substrate via nucleophilic

attack (Figure 1.7).

The PP domain is primarily involved in the bindiafthe diphosphate portion of the
ThDP molecule and Mg. This interaction primarily relies on a structurabtif / sequence
fingerprint GDG-(X}+NN and the resultant coordination between therautions with Mg§*
and the diphosphate moiety within the active Sitee interactions made by the residues within
this motif and M§" involve the aspartate side chain oxygen atomsnthia chain carbonyl of
the first glycine residue, the side chain of theosel asparagine, as well as coordination with a

water molecule (Figure 1.12).
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Figure 1.12 — Superimposition of ThDP moieties and GDGAMX\N binding motifs from
benzaldehyde lyase (Blue - PDB Code: 2AGO), carbthyy arginine synthase (Green — PDB
Code: 1UPA) and indolepyruvate decarboxylase (ReDB code: 10VM). The M ion
(shown in magenta) was added manually to indi¢ategproximate expected location.

As stated earlier, the middle domain appears i@ h@ involvement in the catalytic
reaction associated with the enzyme. It also hag Mtle involvement in the dimer interface
interactions of the enzyme and only minimal invohent in dimer-dimer interactions seen in
tetrameric crystal structures that have been détedn It is therefore thought that this domain
exists as a relic of evolution which was requiredrfucleotide binding (Duggleby 2006). Within
POX and AHAS the middle domain is arranged suchfthain adenine dinucleotide (FAD) can
be accommodated (Pang 2002, Muller 1993). Withim ¢éhzyme OCDC the middle domain

allows for the binding of the large oxalyl-coenzy#esubstrate (Berthold 2007).
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1.5 Enzymes of the DC Family

1.5.1 DC Family Enzymes that Utilize H as a Secondary Substrate and Have a Pair of

Histidine Residues Required for Catalysis

Four of the ten DC family enzymes with structurdéscielated share very common
catalytic features. These enzymes are pyruvaterli@cogdase from bothZ. mobilis (ZmPDC)
(Dobritsch 1998)and S. cerevisae (ScPDC) (Arjunan 1996), indolepyruvate decarboxylase

(IPDC) (Schutz 2003) and benzoylformate decarb@ey[8FD) (Hasson 1998).

Within this subgroup of the DC family, the primaybstrates that undergo nucleophilic
attack from the ThDP ylide are all 2-ketoacids.dAlsach of the four enzymes catalyzes non-
oxidative decarboxylation reactions of these 2-&eid substratesS(PDC Figure 1.13ZmPDC
Figure 1.15, IPDC Figure 1.17 and BFD Figure 1.B)bsequently, the product is formed with
the addition of a proton to the decarboxylatedrmeliates. The reaction catalysis is believed to
be primarily aided by the presence of a pair ofidiise residues within the active site (Schutz
2003). Mutagenesis studies of these residueSciADC (Liu 2001) an&mPDC (Schenk 1997)
indicated that these residues were essential ftalysés. The histidine pair for each of the
enzymes is as followsZmPDC (His113, His 114)scPDC (His114, His115), IPDC (His115,
His116), and BFD (His70, His281). It is apparerdttthe histidine pair in BFD would not be
indicated with a sequence alignment with the o#erymes. However, the histidines within

BFD are positionally conserved within the activie §Hasson 1998).
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A further similarity between these enzymes is se&h the binding of the common
ThDP-dependent cofactors Kfgand ThDP. The GDG-%-NN cofactor binding motif is

completely conserved in all four enzymes.

The first of these four structures to be elucidated ScCPDC (Figure 1.14). The structure
was determined with single wavelength isomorph@macement (SIR) using uvarum PDC
crystals. The structure &mPDC (Figure 1.16) was then determined by utilizihg ScCPDC
model for molecular replacement. Similarily, th@PDC model was then used to determine the
structure of IPDC (Figure 1.18) via molecular reglaent. The structure of BFD (Figure 1.20)

was determined with anomalous diffraction techngquiizing mercury soaked crystals.

There are strong indications of evolutionary dierge from a common ancestor when
comparing the two PDC’s to IPDC. The PDC'’s shasaalar function and also a high sequence
identity (31%) with IPDC. However, the most apparéifference that indicates this divergence
is the presence of a hydrophobic pocket withindabive site of IPDC, which is not present in
ZmPDC (Schutz 2003) he active site cleft of IPDC is lined with hydragliic residues such as
alanine and leucine, however, IMPDC the enzyme active site is filled with large Kyul
hydrophobic side chains, such as tryptophan anositye. These large residues prevent the
binding of the larger indolepyruvate by reducing thctive site volume oZmPDC. The
alteration of Trp392 withirZmPDC to Ala387 within IPDC, spatially allows for thénding of

the larger indolepyruvate substrate to the aciieea$ IPDC.
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1.5.2 DC Family enzymes that utilize the same ormilar primary and secondary substrates

Another subset of enzymes within the DC familysé&xiwhere a secondary substrate
similar to the primary substrate is attacked by #mamine/carbanion intermediate. Three
enzymes with structures elucidated fall into thasegory: acetohydroxy acid synthase (AHAS)
(Pang 2002), acetolactate synthase (ALS) (Pang )208dd benzaldehyde lyase (BAL)

(Mosbacher 2005).

AHAS catalyzes the formation of acetohydroxy acdwini pyruvate and 2-ketobutyrate
(Figure 1.21). ALS forms acetolactate from two neoles of pyruvate (Figure 1.23), a reaction
that AHAS can complete as well (Figure 1.21). Desgerforming similar reactions the
structures of the two enzymes are not identicatcBiral differences within the active site make
the binding of 2-ketobutyrate, which is seen in A$jAsterically impossible in ALS.
Furthermore, AHAS requires the binding of FAD asadactor whereas ALS does not utilize
FAD or have an nucleotide binding site. Catalyticdie enzymes are similar with both having a
methionine, glutamine and lysine residue partiégigpin catalysis (AHAS: Lys251, GIln 202 and
Met582; ALS: Lys36, GIn420, Met 479) (Pang 20049g&ence alignment of AHAS and ALS
shows that the glutamine and lysine residues dalgrt and are in fact from different domains
of the protein that form the active site. AlthouhS and AHAS are thought to have a common
ancestor (Bowen 1997) the two enzymes seem to éenlationally converged to share similar

functionality.

Benzaldehyde lyase (BAL) catalyzes the stereospdoifmation ofR-benzoin from two

benzaldehyde molecules, as well as the irreversilel@vage oR-benzoin (Figure 1.25). BAL
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also accepts a variety of other substituted aran@atialiphatic acyl-acceptors as substrates and
has therefore been thought to be a potential tawl ¢dhemo-enzymatic synthesis of
enantiomerically pure 2-hydroxy ketones (Demir 20(Hor BAL both the forward and the
reverse reactions are thought to utilize a wateleoute which is hydrogen bonded to His29 and

GIn119 to perform the catalytic reaction with thibstrate.

Sequence alignment and structural analysis inditeteBAL maintains the GDG-(%)-
NN motif that is conserved for binding of ThDP aid?*. However, this is not the case for ALS
and AHAS. ALS does not contain the NN portion of tBDG-(>%4)-NN motif, but rather has a
valine and aspartate residue in their stead. A tautaf the second asparagine in other ThDP
enzymes has proven detrimental to ThDP binding.eéxample, in pyruvate decarboxylase from
Z. mobilis the mutation of the asparagine residue (Asn467feg)lted in drastic loss of affinity
for ThDP with the concentration of ThDP required fwlf saturation of the enzyme o(sp
increasing by nearly three orders of magnitude (@at998). For AHAS the binding motif is
altered to GDA-(%4)-NN. This alteration is insignificant since thesigue side chain is not

involved in binding of ThDP or M at this location but rather the main chain oxygen.

The first structure within this subgroup of DC féynénzymes to be solved was that of
AHAS (Figure 1.22) (Pang 200Z)he structure was solved via molecular replacemélizing
BFD as the search model. The same research greaptiblished the structure of ALS (Figure
1.24) two years later by using the AHAS catalygsidues for molecular replacement (Pang
2004). Even with several DC family enzyme structypablished, the structure of BAL was not
solved with molecular replacement. Rather, a Sedéeivative of BAL was used to solve the

structure (Figure 1.26) via multiple wavelength matous dispersion (MAD) (Mosbacher 2005).
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1.5.3 Other DC Family Enzymes with Elucidated Strutures
1.5.3.1 Carboxyethyl Arginine Synthase

Carboxyethyl arginine synthase catalyzes the deytarglation-carboligation reaction of
D-glyceraldehyde and L-arginine to forhf-(2-carboxyethyl)arginine (Figure 1.28) (Khaleeli
1999) The reaction is believed to follow the gehéransferase reaction mechanism with the
aldehyde functional group of D-glyceraldehyde beasgvated, allowing for nucleophilic attack

on L-arginine.

The structure of CEAS was determined using multipderelength anomalous dispersion
(MAD) using a SeMet mutant protein (Caines 20043s&1 on the crystal structure with a
sulphate ion bound to the active site in place -@flyzeraldehyde it is believed that this substrate
is bound by two histidine residues (H120, H415)if€a 2004). These two histidines do not
participate in hydrogen donation or abstractioe & seen commonly with histidine pairs in the
active site or ThDP dependent enzymes. It was asguimt much of the general acid-base
catalysis is completed by ThDP itself (Khaleeli @R9The structure of the enzyme indicates that
the active site residues are not capable of geaeraibase catalysis and that the 4"-amino group

of ThDP plays an important role in catalysis (Cai2804).

The primary sequence and structure of CEAS indg#hat the GDG-(24)-NN ThDP
binding motif and the glutamate required for aditma of ThDP are in place. The sulphate ion
bound to CEAS is thought to be comparable to thesphate of D-glyceraldehyde. Also, this
sulphate is within proper distance from ThDP tmwllfor the four carbon bond links of D-

glyceraldehyde as well (Caines 2004).
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1.5.3.2 Pyruvate Oxidase

Pyruvate oxidase catalyzes both an oxidative decatation and a phosphorylation
reaction, in which, pyruvate is converted to agétgsphate (Figure 1.26) (Gotz 1991). Unlike
any of the other enzymes in the DC Family, POXizd8 a second cofactor, FAD, for oxidative
alterations to the primary substrate (Figure 1.ZBhe enzyme still follows the general
decarboxylation mechanism for ThDP dependent engyiyet it is the only ThDP dependent
enzyme to utilize a phosphate molecule as a secpralsbstrate and also have a tertiary
substrate, oxygen. The transfer of two electroosfoxyethyl-ThDP to FAD is facilitated by the
presence of two phenylalanine residues from diffedomains (Phel21 and Phe479). FAD is
then regenerated by oxygen to produce hydrogen xjero Subsequently, an inorganic
phosphate group attacks the intermediate, releastegylphosphate and regenerating ThDP

(Muller 1994).

The structure of POX (Figure 1.30) was determinging multiple isomorphous
replacement (MIR) (Muller 1994). Phasing was itizied by utilizing data from seven heavy
atom derivates and an initial electron density mefimed to 3.5 A was produced. The structure
of the native enzyme was then determined to 2.&s®lution utilizing difference Fourier maps,

iterative model building and refinement.

The conserved binding motif is altered to GDGAXIN within POX. Similar to ALS
the primary interaction by the asparagine portibthe motif is altered. However, as is indicated
in Figure 1.12 the first asparagines residue skdgncis not directly involved in ThDP or Mg
binding. Therefore, this alteration is again notyveubstantial and as expected threonine is not

implicated in ThDP binding (Muller 1994).
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1.5.3.3 Oxalyl-CoA Decarboxylase

Oxalyl-CoA decarboxylase (OCDC) catalyzes the ngidgative decarboxylation of
oxalyl-CoA to formyl-CoA (Figure 1.31). OCDC follav the general decarboxylation
mechanism with Hbeing the secondary substrate for the completioth@freaction. This is a

similar mechanism seen with the PDC'’s, IPDC and BFD

The structure of OCDC (Figure 1.32) was solved gisnolecular replacement techniques
utilizing a polyalanine model of AHAS as the suafaksearch model (Berthold 2005). Unlike
the other enzymes which utilize"His a secondary substrate, OCDC does not haver afpai
histidine residues present within the active sirechtalysis. Rather OCDC contains a hydrogen
bond network between a water molecule, the maimahigogen of lle34, and the side chains of
Tyr1l20 and Glul21l. These residues contributiogatalysis were confirmed with co-crystal

structures containing substrate (Berthold 2007).

There are some differences structurally for thisyeme when compared to other ThDP-
dependent enzymes. As is quite evident from thetien scheme in Figure 1.31, the substrate
for this enzyme is considerably larger than moke much larger substrate is accommodated by
a binding pocket that bears resemblance to that se@hDP-dependent enzymes that contain
FAD as a cofactor. Further differences are seddGISC also shows an allosteric effect from the
addition of adenine diphosphate (ADP) (Berthold20@llostery is not noted within any of the
other ThDP dependent enzymes. Also, the conseri@PThinding motif is altered to GDS-
(X24)-NN within OCDC. Similar to AHAS this alteratios thought to be insignificant since the

main chain carbonyl contributes to ThDP and®Mzinding and not the side chain.
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1.6 MenD

As stated within section 1.4, MenD is also belietedbe part of the DC family of
enzymes (Duggleby 2006). However, the structurE.abli MenD has not been elucidated and
no theoretical model has been generated for trugree. This leaves a significant gap in the
understanding of MenD’s structure-function relasibip, catalytic processes and information

necessary to develop inhibitors.

Previous work done within the Palmer lab has ingtéd a variety of residues as required
for catalysis. Mutagenesis and subsequent kinetityais has allowed for a variety of residues
to be implicated as contributors to MenD cataly$tsDP binding and activation, and also g
binding. Among them is the conserved glutamatedtesi Glu55 in MenD, which is thought to
be responsible for ThDP activation, since even eosive mutagenesis such as Glu55Asp

results in complete loss of enzyme activity (Macg0as).

Another residue implicated is lle418, which is tgbtito aid in the induction of the V-
conformation of ThDP upon binding. Again, a conséie mutation such as lle418Leu results
in near complete loss of enzymatic activity. Onetlod residues thought to be required for
catalysis is Ser32, since mutagenesis has showirththavariant Ser32Asp results in complete

loss of activity (Ho 2007).

A variety of other residues have been investigatétd mutagenesis studies, including
Asp442, which was implicated for Migbinding within the ThDP-dependent enzyme binding

motif. As well, Arg33, Arg395, GIn118 are all thdutgo participate in catalysis (Macova 2005).

34



The use of crystallographic methods will allow thetermination of the actual interaction of
all of these residues and their role in MenD ca&ialyThe information provided from structural
analysis will provide a far more complete undergdiag of MenD, its associated mechanism, and
its relation to various homologous enzymes. Funtoee, the elucidation of a protein structure
will allow for the development of inhibitors for ith enzyme that could potentially serve

pharmaceutical purposes.
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Chapter 2: Research Goals and Approach

My primary research goal was to solve the phaséleno from a MenD X-ray diffraction
data set. Once the phase problem was solved, @wstilmodel of MenD could be determined,

refined and submitted to the protein data bank.

In August of 2005, Edyta Sieminska grew crystals MénD protein expressed from
pMD14b. Two diffraction data sets were collectedHuyta at the Advanced Photon Source in
Chicago later that month from two different crysigles. The first experiment produced a high
resolution (1.9 A) diffraction data set from natiieloenzyme MenD crystals (co-crystallized
with Mn?* and ThDP). The second was a medium resolution&Pdiffraction data set collected

from apoenzyme crystals.

My work began with the analysis and processindnesé data sets and the goals of this work

were as follows:

1) Process both diffraction data sets with MOSFLM &@ALA

2) Determine which of the data sets is more suitatni@niolecular replacement strategies

3) Solve the phase problem with molecular replacerseftivare programs

4) Produce/refine a structural model of MenD to aidhe understanding of the enzyme

structure-function relationship.

If these methods were unsuccessful, my research twafcus on the production of
diffractable MenD protein crystals that containesel-methionine (SeMet) residues rather than

methionine residues. This was thought to allow tfe elucidation of the structure of MenD

36



using multiple wavelength anomalous dispersion (MA&chniques with selenium acting as a

heavy atom derivative. The steps that were outltoethieve this goal are listed below:

1) Clone thek. coli MenD gene into an appropriate vector for SeMet esgion

2) Show that the new construct expresses activeD\Meatein

3) Provide experimental evidence that the new coastan be expressed in

minimal media containing methionine

4) Show that the MenD from the new construct capwéied using buffers

containing a reducing agent such as TCEP

5) Produce diffractable native crystals of MenD resged from the new construct

6) Produce SeMet derivative protein by expressinginimal media devoid of

methionine and containing SeMet

7) Show that SeMet protein can be purified usirggghme procedure employed with native

protein in the presence of TCEP

8) Test level of inclusion of SeMet into proteinngmass spectroscopy

9) Produce diffraction quality crystals of SeMetidative

10) Collect full data set at three separate wagghenat the Advanced Photon Source in

Chicago for the SeMet derivative of MenD

11) Solve the phase problem utilizing MAD computatil methods to identify the location

of SeMet residues and refine the structure
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Chapter 3. Materials and Methods

3.1 General

Luria-Bertani (LB) broth used for growth of bad#drcultures followed the Miller
formulation, utilizing ten grams of Bact tryptone (Becton, Dickinson and Company), ten
grams of sodium chloride (EMD Chemicals Inc.) aixe fgrams of Bactd' yeast extract
(Becton, Dickinson and Company) per liter of watdrikewise, LB-agar followed the same
formulation along with the addition of fifteen grarof granulated agar-agar (EM Science). The
prepared solutions were then autoclaved prior tiitiath of ampicillin. Upon cooling to 56C
the LB-agar solution had ampicillin added to it dhdn was poured into sterile polystyrene petri

dishes (VWR) in twenty milliliter portions.
3.2 Software Utilized

Molecular replacement was attempted with variodsvswe packages including AMoRe
(Navaza 1994), Phaser (Read 2001) and MR BUMP (&®&§06). The data which was used
for molecular replacement was integrated and sasedy MOSFLM (Leslie 1992) and SCALA
(Weiss 2001). Polyalanine models were produced thighuse of the MOLEMAN2 (Kleywegt
1998). A MenD model was generated with the progkdmdeller (Fiser 2000) using 2AGO as a
reference model. Least squares analysis of the MaobDel to 2AG0 was completed using
LSQMAN (Kleywegt 1996). Structure based sequendgnalents were performed using the

online program FUGUE (Shi 2001) and the outputefenmatted using ESPript (Gouet 1999).
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PDB files are analyzed with Coot (Emsley 2004) amedsented within this document using

PyMol (DeLano 2002).

3.3 Cloning Procedures

Primers were designed that could allow for the augpyf the MenD gene from the
pMD14b plasmid (developed from pET14b) via the pmdyase chain reaction (PCR) and also
included restriction sites that were appropriateftsion into pQE8OL. These primers were a
forward BamHI primer with the sequence 5° CCGEEEATCC CATATGC 3" and the reverse
Kpnl primer with sequence 5° GCAGGGTACCTCATAAATGGC 3° (provided by Alpha
DNA). A PxE 0.2 Thermocycler (Thermo Electron Caigton) was then used to perform a
PCR. The PCR program utilized a pD mixture containing 93 nguL pMD14b plasmid (93.4
ng/ uL, 2.0 ul), 20 uM forward BamHI primer (1.QiL), 20 uM reverse Kpnl primer (1.QL),
25uM dNTP (0.4uL), nuclease free double distilled water (381§, Tag polymerase (1.0L),
and 10x PCR buffer (5.0L). An annealing temperature of 86 was decided upon given the
provided melting point temperatures from Alpha DNe solution was first heated to 95 for
two minutes to ensure melting of all plasmid DN/eTtemperature was then dropped tdG2
to ensure strong annealing of the primers to tremndtand then the bound primers were extended
by adjusting to the optimalaq polymerase temperature of %2 for two minutes. The following
cycle was then repeated thirty times: melting af®@3Jor thirty seconds, annealing at %6 for
one minutes and then extension at°C2for the next two minutes (total time of 30 cycieas
105 minutes). The solution was then placed atZ2or an additional ten minutes and then the

temperature reduced td’@ until the system was shut down.
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The product of this reaction was then run on a ddarose gel and a band of the
appropriate predicted size was identified on thewgéh comparison to 1 Kb Plus DNA ladder
(Invitrogen). This band was then excised and pedifusing a QIAquick gel extraction kit
(Qiagen) using the outlined procedure in the predichanual. The purified DNA insert was then
doubly cut with Kpnl and BamHI using a solution taining 2.0uL Kpnl, 2.0uL BamHI, 12.0
uL of purified DNA, 2.0uL of 10x Buffer and 2.QuL of H,O. Similarly, pQES80L plasmid was
cut with Kpnl and BamHI. Nova Blue cells were theansformed with a ligation mixture using
the heat shock method with a forty-five second sxpe to a 42C bath with immediate return
to an ice bath. The transformed cells were theteglan LB Amg plates with the most colonies
occurring in solution prepared with a 5:1 ratiocot insert DNA concentration to cut pQESO0L

DNA for the ligation.

3.4 Sodium Dodecylsulphate Polyacrylamide Gel Elactphoresis (SDS-PAGE)

In the case of MenD, a 61.4 kilodalton (kDa) pnotas a monomer, a 10% acrylamide
gel was prepared. A 10% acrylamide gel allows &pasation of proteins between twenty and
eighty kDa. The gel was prepared with two compasieantstacking gel solution and a separating

gel solution, in accordance with a standard re€ljadble 2.1).

Table 3.1 -SDS-PAGE gel preparation recipe for one gel (*AR&t be made fresh)

Component 10% Separating Gel | Stacking Gel
H20 3.55mL 1.8 mL
1.5M Tris (pH 8.8) 1.9mL 0.315 mL
40% Acrylamide mix | 1.9 mL 0.315mL
10% SDS 75 uL 25 uL

10% APS* 75 pL 25 ulL
TEMED 7.5 uL 2.5 uL
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Materials used to prepare these two solutions wa#rpurchased from Sigma-Aldrich
with the exception of ammonium persulphate, whidmswpurchased from VWR International

Ltd. The dual gel casting unit and associated peats purchased from Hoefer Scientific.

In order to identify MenD on the acrylamide geimalecular weight standard was also
loaded (SigmaMarkéY Low Range (M.W. 6,500-66,000)). The electrophoresiseriment was
run at a constant voltage (220 V) until the tragkitye reached the bottom the gel. The gel was
then removed from the casting unit and stainedoontassie brilliant blue (VWR Scientific).
After staining is complete the gel is destainechgdwo solutions, a fast destaining solution
(30% methanol, 10% acetic acid), and a slow deasigisolution (5% methanol, 7% acetic acid).
Finally, the gel is dried on a gel drying film (VWRcientific) using drying solution (40%

methanol, 10% glycerol, 7.5% acetic acid).

3.5 Expression Procedures

3.5.1 Protein Expressed from pMD80L plasmid

Utilizing a single pMD8OL transformed colony fromL8“™-agar plate, a 10 mL LB
broth culture was grown overnight at 32 in the presence of 1Q@/mL ampicillin. The next
morning 1.0 mL of this solution was added to 1.6flautoclaved LB broth containing 1.0 mL of
100 mg/mL ampicillin. The solution was then pladedn Orbit environ shaker at 225 rpm and
the growth of cells was monitored with the progi@sf optical density at 600 nm (Q§)
using a UV/Vis spectrometer. Upon obtaining asg@hat falls in the range of 0.4 to 0.8, the
temperature of the shaker was lowered td@G@&nd the cells were induced with 1.0 mL of 0.1

mM isopropyl-beta-D-thiogalactopyranoside (IPTGalléwing four hours of growth the cells
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were harvested via centrifugation at 8000 rpm iBexkman J2-HS centrifuge using a JLA

10,500 rotor

The pelleted cells were collected and then reswgzem cold lysis solution. A 25x lysis
solution was composed of 25 mM DNase, 25 mM 4-(2vhethyl) benzenesulfonyl fluoride
hydrochloride (AEBSF), 1.4 mM lysozyme. 1.0 mL bist25x lysis solution was added to 12.0
mL of cells suspended in 12.0 mL of 50 mM Tris-H&H 7.8-7.9. The final concentration of
Tris-HCI was thusly 25 mM and the lysis buffer vaalsited to 1x. This mixture was kept cold in

an ice bath or placed in &@ fridge and mixed vigorously with a stir bar fairty minutes.

Following completion of exposure to the lysis smo the cell solution was then
sonicated with a Virtus Virsonic ultrasonic celsdiptor. Volumes greater than 35 mL used the
larger probe, whereas smaller volumes used theortigiprobe. The total time of sonication was
three minutes with intervals set up to have theicador activated for two seconds and then
deactivated for three seconds. The solution wasd&eje. The three minute total time was split
into three one minute intervals with two minutesw®en each interval to allow the solution to

cool.

3.5.2 Seleno-methionine Protein Expressed from pMD&

Expression of selenomethionine (SeMet) contaimirgein was accomplished with the
utilization of an expression kit (MD045004-12L) pided by Medicilon. This kit utilizes
methionine pathway inhibition to ensure high indasof SeMet and minimal amounts of
methionine within the protein. The kit was used flioe growth of a 1.0 L culture of SeMet

protein. However, the procedure utilized for thedulation stage did not follow the outlined
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protocol. Instead, 10.0 mL of the cells were grownthe standard conditions for native

production of pMD80L MenD for inoculation. The celvere then centrifuged at 15000 rpm in a
Beckman J2-HS centrifuge containing a JA 25.50rrdtbe supernatant was then poured off and
the pellet re-suspended in 10.0 mL of 1x M9 sadtst®on. The M9 solution used was prepared
as a 10x solution containing 60.0 grams otHRO4, 30.0 grams of KiPO4, 10.0 grams of

NH,4CI, 5.0 grams of NaCl and then double distilledevatas added to a volume of one liter.
This mixture was then autoclaved. The resuspendbsl were then added to the expression kit

as directed in a 10.0 mL aliquot.

The cells were grown to an @ of 1.2 and then the temperature of the solutios wa
decreased to T prior to the addition of the inhibitor cocktaildithe SeMet. The solution was

then allowed to grow overnight (approximately tweehour incubation) and was then harvested.

3.6 Purification Procedures

3.6.1 Purification of E. coli MenD From pMD80L Construct

The procedure utilized for the purification of thetein produced from the expression of
pMD8O0L construct involved the utilization of a POBR®C-50 His-tag column. The purification
was performed using a BIOCAD 700E perfusion chramatphy workstation and an Advantec

SF-2120 superfraction collector.

The first stage involved equilibration of the aoloi using five column volumes of filtered
water (40 mL / min), followed by ten column volurme50 mM NiSQ (10 mL / min) to charge

the column, and subsequent washing with anotherdolumn volumes of water (40 mL / min).
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Prior to loading the column with protein sample ttolumn was exposed to five column
volumes of binding buffer. A 1.0 L solution of tlénding buffer contained 5 mM imidazole,
0.5 M sodium chloride, 12.5% glycerol, and 20 mMsTHCI, pH 7.9. The final pH of the

solution was then adjusted to pH 7.9 with the adidlibf 1 M NaOH.

Following equilibration of the column with bindinguffer, 5.0 mL of the sample was
injected onto the column by the BIOCAD and then uheound protein was washed away with
another five column volumes of binding buffer. T§ystem then repeats the injection of another

5.0 mL of protein sample and another washing wite €olumn volumes of binding buffer.

Following the second injection the column is wakhéth ten column volumes (40 mL /
minute) of wash buffer to elute non-specificallyubnd protein from the column. A 1.0 L solution
of wash buffer contains 50 mM imidazole, 0.5 M swdlichloride, 20 mM Tris-HCI pH 7.9, and

12.5% glycerol. The final pH of the solution wasegadjusted to 7.9 with 1 M NaOH.

Upon completion of the wash stage the bound proteieluted with a gradient from
100% wash buffer to 100% elution buffer over fifteelumn volumes at (40 mL / min). While
the elution of the protein was occurring the AdeanSF-2120 superfraction collector was
collecting 10 mL fractions (12 in total). A 1.0 lolation of the elution buffer contains 0.1M
ethylenediamine tetraacetic acid (EDTA), along with M sodium chloride, 20 mM Tris-HCI
pH 7.9, and 12.5% glycerol. The final pH was ongaila adjusted to pH 7.9 with a large amount
of NaOH in order for the EDTA to dissolve in sobrti(See Figure 4.14 for sample purification

output).
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The column is cleaned for next usage with an auftit five column volumes of elution
buffer, as well as ten column volumes of each 6fNI.HCI, 0.5 M NaOH and finally double
distilled water. The entire column cleaning proaeds completed with a flow rate of 40 mL per

minute.

3.6.2 Purification of SeMetE. coli MenD

The purification procedure for the seleno-methmenderivative was the same as that for
the wild-type pMD8O0L protein with a single altexati Each of the binding, wash and elution
buffers contained Tris(2-carboxyethyl) phosphin€CEP) at a concentration of 2 mM. The
addition of this compound was deemed necessathéoBeMet construct since the presence of a

strong reducing agent ensure that the seleniummtitie protein does not become oxidized.

3.7 Dialysis Procedures

Dialysis procedures were completed with the pedifiprotein to remove residual
components from the purification procedure. A thstep dialysis procedure was carried out by
placing the purified protein solution within Spe¢Ror Dialysis Membrane (VWR Scientific)
with a molecular weight cut off of 6-8 kDa. The Igi&s solution was one liter in volume and
varied slightly depending on the components indiutiehave either holo or apo enzyme. In the
case of the apoenzyme the solution consisted o2MgCl,, 150 mM NaCl, 50 mM Tris-HCI
at pH 8.0 and 10% glycerol. For the holoenzymesthlation remained the same, however ThDP
was also added to the mixture at a concentratiohO6f uM. In the case of SeMet protein the
addition of 2 mM TCEP was also required to ensha¢ the selenium was not being oxidized, as

was the case with purification as well.
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In the latter stages of this project it was discedethat the 10% glycerol was not
necessary to be added to prevent protein precéguitafs such, future dialysis of the protein

produced by the pQEB8OL construct can go withowt tbimponent.

To complete the dialysis, the protein solution weaposed to the first liter of solution
placed in a 1000 mL graduated cylinder for a pevbdinety minutes at 4C with moderate
stirring. Following the first step the dialysis taf was placed in the second liter of solutiondor
period of four hours at 4C , again with moderate stirring. The third steghaf dialysis was left

overnight under the same conditions in a third tsmru

3.8 Concentration Procedures

The resulting solution from the dialysis was cancated in an Amicon Ultra centrifugal
filter device with a 30,000 molecular weight cuf. & Sorvall Legend RT table top centrifuge
was used at 3150 rpm in ten minute intervals uh&lconcentration was complete. The filtrate
was discarded, while the concentrated solutionalaays poured back into the mother liquor to
ensure the protein concentration within the cemgef device was not increasing to precipitating

levels.

3.9 Bradford Assay Analysis to Determine the Extingon Coefficient () of MenD

In order to ensure a fast and repeatable measateshéhe numerical value of protein
concentration an experiment to link the Bradfords@sto absorbance at 280 nmydd\ was
performed. This was also done since it was foumadl tthe Bradford Assay used a larger volume

of the purified and concentrated protein then thgogbance test would require.
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Beer’s Law, Ago= ebc, was utilized to determine the extinction caedint €), where b =
the path length of light through the sample, are @oncentration in units of mol/L (M). The
protein concentration was found using a Bradfordas The pathlength (b) was the standard
one centimeter. A reading of,& was taken by first performing a blank/zero readifigone
milliliter of pH 7.8 Tris-HCI buffer and then in separate cuvette placing 10 puL of protein
sample from the same batch of protein utilizedtfe Bradford Assay into 990 pL of pH 7.8
Tris-HCI buffer. From this information the extirm coefficient could be determined. Due to
errors that commonly arise from the Bradford Assay experiment was repeated ten-fold and
utilizing a variety of protein concentrations tosare that variable concentrations did not affect

the result.

It was found that using 10 pL of protein solutmd diluting it as described above that
an Apgo reading of 0.0983 translated to 10 mg/mL of prateifherefore, any protein sample
could be analyzed using the following simple formulhere GangardS €qual to 10 mg/mL and

A280, standarjjs equal tO 0.0983.

Cprotein: A280, protein* Cstandard/ A280, standard

3.10 Crystallization Procedures

3.10.1 Sitting Drop Screening

Sitting drop crystallization experiments were setali both room temperature and within
a cold room (4°C) using Nextal crystal screens supplied by Qiaddre screens utilized for

analysis include the Classics, Classics Lite, Gr@assics Il, pH clear, and pH clear Il, JCSG+,
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PACT, Anions, Cations, PEG, PEG II, AmE®IPD and ComPAS. All of these were set up in
96-well sitting drop trays using 100 pL of well sdn, which was provided by the Nextal kits,

and then utilizing 1.0 pL of well solution and 1uQ@ of protein solution. In some cases a 2:2
ratio was utilized to provide a slight alteratian the surface area of the drop. The wells are
covered with a transparent tape as quickly as ples$o ensure minimal evaporation to the

environment.

3.10.2 Microbatch Screening

In the case of microbatch screening the Nextadests provided by Qiagen were again
utilized as was the case in the sitting drop expenis. Crystal plates were again set up in both
the cold room (4°C) and at room temperature (22 — 45). However, in the case of this
experiment seventy-two well microbatch plates watibzed. Therefore, it requires the use of
two microbatch plates to do a single Nextal scréeihis experiment 1.0 pL of protein solution
was mixed with 1.0 puL of well solution directly frothe Nextal screen. The wells are then
covered with Al's oil (50% paraffin oil and 50%isibn oil) to ensure minimal evaporation to the
environment. The mechanism of crystallization dgfeshen comparing that of microbatch with
sitting drop because the latter relies on activitusibpn whereas microbatch simply relies on

mixing.

3.10.3 Hanging Drop and Optimization Methods

Crystal conditions that were found to produce taigswere optimized by creating a
custom screen around that condition. For instaifceystals were found in a well containing 0.1

M sodium acetate pH 5.0 and 40% MPD as well asvirelacontaining 0.1 M sodium acetate pH
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6.0 and 30% MPD. An optimization could be set upesi several conditions that vary the pH of

the sodium acetate between 5.0 and 6.0 and thecwoaton of MPD between 30% and 40%.

The most used procedure for optimization was tliz@tboth hanging and sitting drop.
The hanging drop method utilizes the same conagfgstset up slightly differently and often has
a larger volume of protein and precipitant mixedetiter. 3.0 puL or 5.0 pL of each the protein
sample and precipitant were utilized rather than1fi or 2:2 ratio that was often used with the
sitting drop technique. With the larger volume oftarge crystals were formed using this
technique. That being said, the size of the crydtals not determine how well it diffracts the

incoming x-rays.

3.11 Diffraction Procedures

Many of the crystals found within the screens amddpced from optimization were
tested for diffraction on the DX8 Proteum diffracteter at the Saskatchewan Structural Science
Center at the University of Saskatchewan. Crystai’e mounted on a loop and centered infront
of the X-ray beam. Exposure times for diffractioares set at sixty seconds, the crystal was then
rotated ninety degrees and exposed for an additgxty seconds. For crystals that had some
indication of a diffraction signal they were expdse second time for a five minute interval at

the angle that produced better results.

In all diffraction experiments, the crystals werat placed in a cryoprotectant since the
exposure to X-ray beam was only one minute for eagstal. It is possible yet unlikely that the
integrity of the crystals was compromised but #firaiction experiments were conducted with

the same methods.
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Chapter 4: Results and Discussion

4.1 Computational Work

In August of 2005 two high resolution diffractigiata sets of crystals from the pMD14
construct of the enzyme were gathered by Edyta iSgka. The two data sets were from an
apoenzyme crystal and a holoenzyme crystal whicls w@crystallized with both MenD
cofactors; MA* and ThDP. The first work that was done by myseif the processing of the
acquired data and the following attempts to solwe phase problem using this data set for
molecular replacement (MR). Many different softwpeekages were used for this analysis and

results of each will be discussed briefly.
4.1.1 MOSFLM and SCALA

The processing of the data sets was completedheiantegration and scaling of the
information provided by the diffraction images ealled. This is done to determine the
resolution limits of the images, the crystal moggjthe space group of the unit cell, the number
of rejected reflections and the signal-to-noiseordl/c) by sequentially using two separate

software packages, MOSFLM (Leslie 1992) and SCAIMe(ss 2001).

With the use of MOSFLM, the crystal mosaicity o tholoenzyme was found to be 0.42
and the space group to be;P2; with the following dimensions: a = 106.686, b = 146, ¢ =
156.9498. Utilizing SCALA to analyze the integratdata output from MOSFLM, it was found
that the holoenzyme dataset was 97.3% completeregadution limit of 1.9 A and a signal to

noise ratio greater than 2.0 (Table 4.1A). The appeme data indicated the same space group
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with similar dimensions (a = 106.4761, b = 143.0784 159.037) but had a higher mosaicity
value of 0.51. The data for the apoenzyme was@ibp68.3% complete at a resolution limit of

2.4 A, and indicating a signal to noise ratio geedhan 2.0 (Table 4.1B).

Table 4.1- Output data from SCALA to determine the resaotiimit. The first column of each
table indicates the series of values of increasasglution. The second column indicates a value
of Rmerge @ value of 0.400 was utilized to select resotutinit with Ryerge The third column
indicates the signal to noise ratio (I/sigma); &ugaof 2.0 was utilized to select resolution limit
with I/sigma. Table A shows the holoenzyme datdl@® shows the apoenzyme data

A B
Do Do

(resolution (&))| Rmo | Vo (resolution (A))| R Vo
5.06 0.021 | 265 5.55 0.024] 211
3.58 0027 | 18 3.93 0.032| 186
2.92 0.036 | 161 3.21 0.052| 133
253 0.059 | 126 2.78 0123 6.1
2.26 0.091| 8.1 2.48 0302| 24
2.07 0193 | 38 227 0619 1.2
1.01 0353 | 2.7 2.10 151 | 05
1.79 0.704| 16 1.96 2675 03
1.69 1143 | 0.9 1.85 7813| 01

The output from SCALA is a reflection data file whiis an encoded file containing the
intensity of reflections. This file is developedthwthe specific purpose of being input for further
analysis using a variety of other software progrased to solve the phase problem. The data for
the holoenzyme was selected to be used for furtmalysis with molecular replacement
programs since it had a higher resolution, higleecgnt completeness and less crystal mosaicity

than the apoenzyme.
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4.1.2 MRBUMP

The first program that was attempted for molecutgdiacement was a novel software at
the time called Molecular Replacement By Using Mgt Proteins (MRBUMP, Keegan 2006).
MRBUMP requires nothing but a protein sequence anceflection data file to perform a
sophisticated and automated search for the bestcumar replacement solution. It does this by
performing a sequence alignment with all known @rat in the RCSB protein databank and then
selecting those with the best alignment scorefufdher processing. The selected molecules then
undergo molecular replacement and, if prompted aodetermined number of rounds of

refinement.

Utilizing MRBUMP to find a molecular replacemention for MenD resulted in no hit
protein sequences within the protein data bank2d@7, many alterations were made to the
MRBUMP software suite that allowed the user torattee minimum sequence identity the
program accepts. Unfortunately, even with the improents to this programs interface and the
ability to alter the program parameters, a suitabtdecular replacement solution is still not
provided by MRBUMP for MenD. The most common resflthe usage of MRBUMP in this
project was an error message that indicated thattmwture within the PDB was sufficiently

similar for the program to proceed.

4.1.3 AMoRe

The second program that was utilized for molecukplacement was AMoRe (A
Molecular Replacement program, Navaza 1994). Thitware performs a rotation and a

translation function of the input model into thgrel designated by the input reflection data file.
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AMoRe then outputs how well the input model coretato the signal present to give a
correlation coefficient and an; Ralue. An ideal solution will be one that has ghhcorrelation

coefficient and the lowest;Ralue.

R is a measure of model quality comparingdRnd |kad:

2| Fopd - [Fead |
Rf = - — —

Z |F0b4

The measured structure-factor amplitudegnlF is calculated from reflection intensities from
the data set and g is the calculated amplitude from the model predidAn R value of 0.60
(often displayed as 60 in AMoRe (as a percentagieeyaindicates that the measured amplitudes

are being compared to random amplitudes (Rhode®)200

The correlation coefficient is an alternative mathécal comparison of the amplitude of
the observed structure factor within the data &edctlculated structure factors provided by the
model. The scale used for the correlation coefficigithin AMoRe is a percentage value from

0-100 (Navaza 1994).

The reflection data file produced by SCALA wasimétl within AMoRe by comparing
the data to seventeen enzyme coordinate files thenprotein data bank to produce a molecular
replacement solution. Along with these computati@xaeriments being completed, polyalanine
co-ordinate files of the same seventeen models generated using MOLEMAN2 (Kleywegt
1998) and analyzed with AMoRe. The best resultpced by AMoRe was with the model of

yeast AHAS bound to an inhibitor tribenuron met{BDB code, 1T9A). For this model AMoRe
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gave a peak Rralue of 54.3 and a second best&ue of 55.1. The correlation coefficient (CC)
showed a maximum value of 8.9 and a second bese \l8.4. These results were deemed the
best because of the presence of a gap betweersharnd second best result for both the values
of Rs and the correlation coefficient. The variancedp tesults for Rand CC were not present
in any of the other models analyzed by AMoRe. Saidap can often be indicative of a result
that is not just random alignment. A complete clodirthe results obtained from all thirty-four
models is seen in Table 4.2. None of these readtse improved with stepwise refinement using

Refmac5 (Murshudov 1997).

The results produced using AMoRe were deemed iiegerit for a structural solution and

the software package was not used again for thaingler of the research project.

4.1.4 PHASER

Although molecular replacement was unsuccessinguaMoRe, another software suite
known as PHASERRead 2001) was used to test twenty-five PDB moadkisterest, which also
now included the models for benzaldehyde lyase ((BAAGO and 2AG1). The structure of this
enzyme was published (Mosbacher 2005) during tladysis with PHASER. PHASER utilizes

more complex algorithms than AMoRe and also inctuale iterative refinement process.

The input for PHASER is much the same as for AMdi#,the output is not in the form
or R values and correlation coefficients but ratheZaxores and log likelihood gain. Z-scores
are defined as the likelihood that the result isrexi. The magnitude of the Z-score is
determined by the number of standard deviationsehkelt is away from the mean of all results.

A Z-score of eight or greater is said to indicdtat tphaser worked as a tool for MR, whereas a
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Table 4.2— Output results from AMoRe. The first column iraties the protein data bank model
utilized for analysis. The second column providee sequence identity of the protein in
comparison to the MenD protein sequence. C&) (2fers to the best and second best result
produced for correlation coefficient as produced AioRe. R (2"%) refers to the best and
second best result for; Ralues as produced by AMoRe. The PDB form indicatbsther the
coordinate file was for a dimer or tetramer. Thikofeing two columns are for the polyalanine
models. The final column indicates the protein thdteing analyzed.

Model | Segq. CcC Rf PDB CC_Pale| Rf Pala
Used | Identity | (2nd) | (2nd) | form (2nd) (2nd) Protein
9.4 55.1 55.4 Catalytic Centers ¢
1PYD - (9.3) | (55.0) | tetramer| 9.3 (9.2) (55.4) PDC
7.9 54.4 13.2 58.0
1ZPD | 27.273 | (7.9) | (54.4) | tetramer | (12.0) (61.8) PDC froniZ. Mobilis
7.3 54.6 54.8 AHAS bound tc
INOH | 19.361 | (7.3) | (54.7) | dimer 8.3 (8.2) (54.9) Chlorimuron
8.9 54.3 54.7 AHAS bound tc
1T9A | 19.361 | (8.4) | (55.1) | dimer 8.6 (8.5) (54.9) Tribenuron Methyl
8.2 55.2 55.3 AHAS bound tc
1T9B 19.361 | (8.2) | (54.6) | dimer 8.2 (8.1) (55.7) chlorsufuron
8.4 54.6 55.0 AHAS bound tc
1T9C 19.361 | (8.4) | (54.6) | dimer 8.4 (8.3) (54.8) Metsulfuron Methyl
8.3 54.3 54.5 AHAS bound tc
1T9D | 19.361 | (8.0) | (54.5) | dimer 7.7 (7.7) (54.6) Sulfometuron
9.0 54.4 54.7 AHAS from S
1JSC 19.361| (8.9) | (54.6) | dimer 8.4 (8.4) (54.8) Cerevesiae
8.8 54.3 54.6 ALS tetramer  witt
10ZG | 18.891 | (8.6) | (54.5) | tetramer| 8.3 (8.3) (54.6) unusual intermediate
8.4 54.4 56.9 ALS dimer with unusue
10ZH | 18.891 | (8.3) | (54.6) | dimer 8.3 (7.8) (56.6) intermediate bound
8.5 54.6 54.7 ALS from K.
10ZF | 18.891 | (8.3) | (54.5) | tetramer| 8.0 (8.0) (54.8) Pneumoniae
8.7 54.5 54.5
1PO7 | 20.074| (8.6) | (54.7) | tetramer| 8.7 (8.6) (54.6) BFD E28A mutant
BFD E28A mutant witt
8.6 54.4 54.5 thiamine  thiazoloone
1Q6Z | 20.074 | (8.6) | (54.7) | tetramer| 8.5 (8.5)(54.7) diphosphate bound
9.0 54.5 54.3
1PI3 20.074 | (8.8) | (54.5) | tetramer| 8.7 (8.7) (54.5) E28Q mutant of BFD
9.0 54.5 54.6
1BFD | 20.074 | (8.9) | (54.8) | tetramer| 8.8 (8.7) (54.8) BFD fromP. Putida
BFD bound to R-
1IMCZ | 20.074 | error| error tetramef  Error Error | mandelate
9.2 54.6 9.0 54.6
10VM | 29.167 | (9.1) | (54.6) | tetramer | (9.0) (54.8) IPDC fronE. Cloacae
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score below five indicates that it definitely didtrwork; intermediate values are less conclusive.
LL-gain measures the difference of likelihood ttteg data can be predicted to match with your

model than with a random distribution of the sanwers (Read 2001).

Of the twenty-four models tested the best resuls f@nd with PHASER was the
polyalanine model of benzaldehyde lyase (pAla-2AGd)ich showed a Z-score of 10.34 and a
LL-gain of +79.50. This was the only PDB file thatoduced a Z-score that exceeded eight
(complete data in Table 4.2). Initial analysis gskefmac5 (Murshudov 1997) showed that the
model produced had an Ralue of 52.1 and with stepwise refinement this Wweought down to

51.5 (refined model shown in Figure 4.1).

However, despite continuous effort over several o alter the alanine residues to
that of the MenD sequence, and not seeing anyip®sésults in the way of dropping Ralues,
it was determined that the result was a false pesilt was shown to be highly model biased and
was basically a duplicate of the benzaldehyde |yadgalanine model. This was tested via a
least squares superimposition using LSQMAN with BHASER molecular replacement result
and the polyalanine benzaldehyde lyase. The redulis analysis was a root mean squared
deviation (RMSD) of less than 0.01 A. This indisathat benzaldehyde lyase and the pAla

model that was produced by PHASER was essentialgxact replicate of benzaldehyde lyase.

The results that were produced by PHASER encomgasseeral months of time to
produce. The results led us to believe that thecstre could and would be solved using
molecular replacement strategies. However, it waisnd eventually that no means were

available to solve the structure using PHASER. #chsother methods needed to be utilized.
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Table 4.3 -Output results from PHASER. The first two columriddata indicate the output Z-
score and the value of log-likelihood gain follogithe rotation function. The next two columns
displays the output Z-score and the value of lkglihood gain following the translation
function. The LL-gain refined indicates the logdihood gain following anisotropic corrections.

Z-Score LL-gain Z-Score LL-Gain LL-gain
PDB Search file (RF) (RF) (TF) (TF) refined
Benzaldehyde Lyase (BAL)
2AGO (tetramer) 5.042 2.21 6.48 -154.05 -149.66
2AGO0 (monomer) 4.524 20.61 5.79 32.79 36.90
2AGO (polyAla) 5.829 40.17 10.04 76.31 79.50
2AG1 4.994 2.81 6.68 -133.12 -145.80
2AG1(polyAla) 4913 30.90 7.41 25.68 40.78
Benzoylformate Decarboxylase (BFD)
1BFD (mono) 4.458 19.91 5.95 32.64 34.47
1BFD (polyAla) 4.555 18.97 6.01 21.52 24.57
Acetolactate Synthase (ALS)
10ZF (dimer) 4,197 25.05 5.85 24.67 28.87
10ZF (monomer) 4,939 21.89 5.84 32.72 38.41
10ZF (polyAla) 5.155 30.81 5.28 42.84 43.33
Pyruvate Decarboxylase from S. cerevisiae (ScPDC)
1QPB (dimer) 4.556 23.63 6.00 24.58 22.08
1PVD (dimer) 5.082 29.75 5.13 24.23 32.81
1PVD (poly Ala) 4.987 27.21 5.07 29.83 33.45
Pyruvate Decarboxylase Z. mobilis (ZmPDC)
1PYD (dimer) 5.414 35.99 5.56 2.76 9.42
1ZPD (tetramer) 4.418 -54.75 5.64 -397.11 X
1ZPD (monomer) 4.787 23.12 5.78 35.57 40.65
1ZPD (polyAla) 5.419 28.55 5.40 -73.26 -62.87
Indolepyruvate Decarboxylase (IPDC)
10VM (tetramer) 4.754 -48.12 5.40 -425.96 -416.92
10VM
(monomer) 4.693 28.04 5.81 36.28 43.35
10VM (polyAla) 5.025 25.73 5.47 -45.88 -41.85
Acetohydroxy Acid Synthase (AHAS)
1JSC (dimer) 5.069 35.08 6.03 39.44 41.24
1JSC (monomer) 4.765 23.50 5.83 41.58 41.96
1JSC (polyAla) 4.762 10.87 5.01 20.74 23.19
1T9A (dimer) 5.060 25.40 6.39 20.31 28.49
Theoretical Model
1XV2 | 4.167 17.60 X X X
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Figure 4.1 - PDB coordinate file produced by PHASER using 2AG0yalanine tetramer, Z-
score = 10.34, LL-gain (refined) = 79.50.

4.1.5Modeller

Since molecular replacement proved to be unsutdes#th models provided by the

PDB it was thought that the generation of a mod&hgi the progranModeller (Fiser 2000)
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could provide us with some insights into the oo of the MenD active site and also provide

an additional model to be tested for molecularaepinent using PHASER.

Modeller requires the user to provide an input PDB file andnput sequence alignment
file. The sequence alignment file is composed af proteins; the desired protein and that of the
sequence of the associated input PDB. Based oalityement, the structural implications of
sequence, and the spatial restraints, a model siffibecontaining the MenD sequence and the
commonly observed ThDP dependent enzyme fold wasrgeed. Given the results produced
with PHASER, where a benzaldehyde lyase polyalanmindel produced a Z-score greater than
eight, it was presumed that the backbone struattifddenD and BAL were similar. As such,

benzaldehyde lyase was utilized as the templatth&MenDModeller model.

This generated model was then used as a searcH foot#R. This as well proved to be
unsuccessful as the Z-score in PHASER was 5.02shoded no gap between the top ten Z-
scores shown as results. As such the model (Fig@eproved incapable of solving the phase

problem.

With the phase problem not able to be solved videoubar replacement, thidodeller
model was analyzed in an attempt to gain understgnaf MenD chemistry from the residues
present within the active site and ThDP binding &iliscussion in section 4.3). Binding of ThDP
and substrates to ThDP-dependent enzymes requitieseaic structure and the model produced
by Modeller was only a monomer. Thusly, the program LSQMAN wébzed to produce a
dimer by superimposing tidodeller model onto the A chain and C chain of benzaldehyalse

to produce a tight dimer (Figure 4.3A). The gerstadC MenD dimer model was then utilized
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to iteratively produce a tetramer by superimposingn the BD chain dimer of benzaldehyde

lyase (Figure 4.3B).

Figure 4.2 - Ribbon Diagram of monomer model producedNbdgdeller containing the MenD
sequence; viewed in PyMol

LSQMAN was also utilized to do a least square asislgs well to see how similar the
Modeller model is to that of the PHASER polyalanine outmsgutt (Figure 4.1) and also to that
of benzaldehyde lyase (Figure 1.14). The resulhisfanalysis indicated an RMSD of 0.10 A for

both models. An RMSD of this magnitude shows thatrhodels are almost identical. Also,
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Figure 4.3 - A) generated dimer from th®odeller model B) generated tetramer from the
Modeller model
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alignment using PyMol shows that the superseconskangture is almost identical and only the
side chains differ when comparing benzaldehydeel @8 GO0) to theModeller model (Figure
4.4). This indicates that no substantial spatialst@ints were faced when generating the model

with the MenD sequence in place of the BAL sequence

Figure 4.4 - Superimposition of MenDModeller model tetramer (blue) and the PDB file
produced by PHASER (red) in molecular replacem@mtly notable difference is seen in the
random loop of the middle domain seen at the tap lawttom of the figure in red. LSQMAN
reports RMSD = 0.10 A
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4.2 Expression of the MenD Gene

4.2.1 Expression of MenD from pMD14b in BL21

Previous research done in the lab by Edyta Sidmipsovided glycerol cells stocks of
BL21 cells containing the pMD14b plasmid. Also, iied pMD14b plasmid that could be
transformed into competent cells was also store8GIC. However, upon attempting to express
this gene from both the glycerol stocks of BL21lfslanewly transformed BL21, Rosetta and
DHb5a cells, no major over-expression band was obseovedn SDS-PAGE gel. (Figure 4.5A)
Eventually, a transformed BL21 cell batch produdddnD protein (Figure 4.5B), but the
concentration of MenD protein obtained within tisduble fraction was not sufficient for crystal
screening to be done. The amount of protein that ex@ressed in the soluble fraction was less
than 1 mg/L of media and other approaches for produ soluble MenD protein were

investigated.
4.2.2 Selection of a New Vector

The phase problem could not be solved with theivéild type data set collected and it
was believed that further developments with thggatacould not be made with wild-type crystal
diffraction. Therefore, a heavy atom derivative wdssired in order to perform multiple
wavelength anomalous dispersion (MAD) to solvephase problem. The vector selected would

be one that expressed SeMet proteins with highbily.
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A B
Figure 4.5 - SDS-PAGE gel showing: A) Inadequate production &nlid protein in: 1A BL21
glycerol stocks; 2A BL21; 3A Rosetta; 4A DkSmarker B) Production of MenD protein from

BL21 cells, 1-4B before lysis; 5B marker; 6-9B afigsis with lysozyme. The molecular weight
for MenD is expected to be 61.4 KDa.

A specific type of Qiagen vector known as pQE8Ola@en, Figure 4.6) was selected as
the new target plasmid for the MenD gene to be edomto. This plasmid provides various
useful elements that were also present on pMDIdduding the same antibiotic selectable
marker and an N-terminal hexa-histidine tag. TheE®QL plasmid contains a pair of lac
repressors, making the expression of the proteireroontrolled, since expression of the target
gene becomes completely dependent on the induofidhe cells with IPTG (Qiagen 2003).
Also, pQEBOL can be expressed in a cloning straid does not require purification and

transformation of the plasmid into an expressioaistsuch as BL21.
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Figure 4.6 -Map of pQES8OL as provided by Qiagen (Qiagen 2003)

It was also thought that the use of pQE8OL wouldvalfor one of the large problems
faced previously in the preparation of SeMet MenDtgin to be overcome. Use of pMD14b
resulted in leaky expression, meaning that proveas being expressed prior to the induction
with IPTG and therefore wild-type (non-SeMet) pimtesas produced. It was thought that the

utilization of pQES8OL will allow for complete incion of SeMet into the protein produced.

4.2.3 Cloning of MenD gene into pQES0L

Primers capable of amplifying the MenD from pwifipMD14b and also mutating the
sequence such that a BamHI site was present upstoéahe start codon and also a Kpnl
restriction site downstream of the stop codon wagsigned. This was done such that upon
restriction digest of PCR product (containing tingpéfied MenD gene) and pQES8OL with Kpnl
and BamHI (Figure 4.7), a subsequent ligation waakllt in the formation of the new plasmid
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construct. Although several protocols were atteahppmsitive results were observed with the
following experimental conditions: PCR amplificatio(annealing temperature 6% and
annealing time 60 seconds, 30 cycles); restrictigestion (37°C, 3 hours); ligation (25C
(desktop/room temperature) 3 hours); transformatia Nova Blue cells via the heat shock
method; and subsequent plating onto LB/agar pldtesiay be noteworthy that the ligation
required a far greater ratio of cut amplified prodto cut plasmid then the suggested 3:1 ratio.
Approximately one-hundred colonies were observedmthe transformation was done on a 10:1

ratio ligation mixture, but as the ratio was desezhfewer colonies were observed.
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Figure 4.7 -10% Agarose gel with 1Kb Plus Marker (lane 1, Kirpahows beside) and PCR
amplified MenD gene following a) single digest wilamHlI, b) single digest with Kpnl, c)
double digest. The experiment shows that the taygeé (1.7 Kb pairs) was cut as intended and
did not contain internal Kpnl or BamHI sites as wapected
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The resultant colonies that grew on the platesccddve been pQES8OL that had re-
annealed to itself or pQE8OL fused with our cut DM&ert of interest. Since both would confer
ampicillin resistance, both could allow coloniesgimw on the plate. As such, a colony PCR
experiment was performed on each single colony édrmon the plates. The colony PCR
experiment utilized an almost identical procedaré¢hiat of the initial PCR experiment. Positive
inclusion of the MenD gene into the pQE8OL plasmvak indicated with a 1700 base pair band
visualized using agarose gel electrophoresis. Hmel Isize can be measured by being compared

to 1 Kb Plus marker.

4.2.4 Expression of MenD from pQES80L Construct

MenD protein was expressed from the new constuittin Nova Blue cells. This was
accomplished by inducing the cell grown in 1.0 LL& with 0.4 mM IPTG at Olgy equal to
0.4. A protein band viewed on an SDS-PAGE gel (Fgd.8, lane 4) confirmed the over-
expressed protein shared similar size to that segnpMD14b expressed protein (Figure 4.5).
Nearly twenty milligrams of over-expressed protewere recovered following purification,
dialysis and concentration of protein. ResultantSSPAGE gel following expression and
purification is seen in Figure 4.8 (land 2 and 3J)he purification, dialysis and concentration
process was the same that was followed with pMOdldbmid expressed protein as described in

materials and methods.
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MenD ---
45,000 — -

36,000 — —
29,000 = S
24,000 — .-

Figure 4.8 - SDS-PAGE Gel: Lane 1 — marker, Lane 2l 3f concentrated and purified
protein, Lane 3 — 10 of concentrated and purified protein, Lane 4 -puwified soluble
fraction, Lane 5 — insoluble pellet protein

4.2.5 Testing Purified Protein for MenD Activity

The protein sample obtained was then tested forDM®action activity to prove the new
construct was a functional MenD enzyme. This wasedasing a coupled assay which utilizes
lactate dehydrogenase, NADH and pyruvate, which pvasiously believed to be a product of
the MenD reaction. This assay allows for the pregref the MenD reaction to be monitored
with decrease absorption of 340 nm light. NADH, e¥thhas an absorption peak at 340 nm, is
reacted to produce NADas pyruvate is evolved and utilized as a substfatelactate
dehydrogenase (Figure 4.9). Protein expressed filmennew construct (which was called
pMD80L), indicated a WaxVvalue of 0.97 puM/min when an enzyme concentratio®onM was
utilized. This result was comparable to that of phdD14b enzyme of the same concentration

(2.0 £ 0.3 pM/min) (Ho 2007).

Additional research was done by Maohai Fang utijzthe new methods for MenD
kinetic analysis with SEPHCHC as the product (Ji28@7).MenD from pMD80L was found to
have a kyvalue of 18 + 2 mifl. This result was comparable to thgalue of 4.5 + 0.4 mih
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published for MenD (Jiang 2007). These kinetic tlssconfirm that cloning procedures were

successful and the protein expressed from the gened into pQES8OL is MenD.

02cT @

Isochonsmate

002

9

OH
‘\\COZ_

= COy
/\)]\ o COZ'
"0,C co, SHCHC
2-Ketoglutarate SEPHCHC
CO,
@) Pyruvate Lactate HQ, Iactate o
Dehydrogenas
/ ; O
NADH NAD*

absorbs 340nm
light

Figure 4.9 - Lactate dehydrogenase assay for monitoring MenDOviAgt The spontaneous
production of SHCHC from SEPHCHC produces pyruwvatéch is then converted to lactate by
lactate dyhydrogenase (LDH). The reaction with LPé$ults in the oxidation of NADH to
NAD" and thusly causes a loss in absorption at 340rthinahe reaction mixture. The rate of
reaction is determined by the rate of decreasbesormtion at 340nm.

4.2.6 Crystal Trials and diffraction of Native pMDS80L protein

The Nextal crystal screen suites provided by Qiagere used for initial screening. All
screens (both microbatch and sitting drop techniquere tested with 20 mg/mL protein
concentration. Analysis of the crystal plates sthwhat nearly seventy percent of the wells
contained precipitate and no crystals were dis@liehs such, the concentration was halved to
10 mg/mL. Upon setting up the screens with thisceotration of protein a reduced number of

precipitation events occurred but still no proteiystals were found.
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Next, all contents of the dialysis buffer were rened except for the 50 mM Tris-HCI pH
7.8 and the cofactors ThDP and ¥nThe dialysis buffer utilized was designed for pMib
construct to decrease occurrence of protein piatipn upon dialysis and concentration. It was
found that removal of 12.5% glycerol and 200 mM Nh&d no effect on protein solubility with
pMD80L. These two contents could potentially hawedbred the crystallization process by

acting like contaminants which prevented ideal gireprotein interactions.

Upon re-screening with the protein dialyzed (thi@d-dialysis) into only 50 mM Tris-
HCI pH 7.8 and the cofactors many conditions werentl to produce crystals. Those conditions
that produced crystals via the sitting drop methogl listed in Table 4.4. All of the conditions
listed were tested on the in-house Proteum difraeter. The results of the diffraction
experiments produced some results worthy of merdimh are included in Table 4.4 as well. It
became noticeable that the conditions containibgfter (Tris / HEPES) with pH between seven
and eight, and MPD with concentrations 30% to 508tgiu- to-volume ratio, produced crystals
that showed some diffraction. The listing of theule ‘diffraction’ is indicative of just a few
protein spots present on the diffraction image wébolution being approximately 6-15 A in

most cases. An example of crystals that showedadifbn is shown in Figure 4.10.

Optimization of the HEPES buffer (pH 7.0, 7.5, 8() and TRIS buffers (pH 7.0, 7.5,
8.0, 8.5) was done in varying concentrations of MBZb, 5%, 10%,...50%, 55% (w/v)). From
this analysis it was found that far more crystaésevobtained in the pH 7.5 HEPES buffer then
in all of the other HEPES and Tris conditions cameloi. A second optimization screen was then
done with 0.1 M HEPES buffer pH 7.5 that added P&E®4to solution (2.5%, 5%, 7.5%, 10%

PEG4000) to six different MPD conditions (25%, 2%,530%, 32.5%, 35%) in the first forty-
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eight wells, and the same conditions in the absend@=G4000 in the other forty-eight wells.
Crystals were produced overnight in 35% MPD, 7.5%R000 and 0.1 M HEPES buffer pH
7.5 (Figure 4.11). It was also found with moreitesthat this result was reproducible and could
also be done successfully via the hanging drop ode#is well. Hanging drop experiments were
done with 5 pL of protein solution and 5 pL of watllution, leaving 995 pL in the well. Results
showed that the hanging drop method produced péraBults to that of the sitting drop method,;

however, larger crystals were produced with theglmandrop methods (Figure 4.12).

Table 4.4 - Crystallization conditions that produced crystats[@otein] of 10mg/mL and
diffraction results from the in-house DX8 Proteuiffrdctometer.

Crystal Screen / we | Crystal conditiol diffraction
ComPAS D. 0.1 M TRIS pH 8.5, 10 %(w/v) Ethar none
ComPAS E1 0.1 M HEPES pH 7.5, 5 %(w/v) Isopropa none
ComPAS E 0.05 M Sodium chloride, 0.1 M TRIS pH 8.5, 12 %(Wsopropanc salt
ComPAS E 0.2 M Sodium citrate, 0.1 M MES pH 6.5, 15 %(w/s®propanc sall
JCSG+ D. 24 %(w/v) PEG 1500, 20% (w/ Glycero none
JSCG+ D! 0.1 M HEPES pH 7.5, 70 %(v/v) MF diffraction
JCSG+ Di 0.2 M Magnesium chloride, 0.1 M TRIS pH 8.5, 20 %(WPEG 800 none
JCSG+ D 0.2 M Lithium sulfate, 0.1 M TRIS pH 8.5, 40 %(vREG 40 none
Cryos B! 0.018 M Calcium chloride, 0.09 M Sodium acetate4obi 27 %(v/v) MPI | salr
Classics C 0.1 M TRIS.HCI pH 8.5, 2.0 M Ammonium phospt saliring
Classics B1 0.1 M HEPES pH 7.5, 70 %(v/v) MF diffraction
Classics Lite C10 0.2M K/Na tartrate, 0.1M tri-Nt&rate pH 5.6, 1M Nl sulfate salt/ice ring
Classics2 C 1.1 M Ammonium tartrate pH 7 salt/ice ring
MPD F1( 0.1 M TRIS pH 8.0, 65 % (v/v) MF none
MPD F11 0.1 M TRIS pH 8.0, 65 % (v/v) MF none
MPD H4 0.1 M HEPE!pH 7.5, 30 % (w/v) MPI, 5%w/v PEG4k diffraction
MPD HE 0.1 M Imidazole.HCI pH 8.0, 30 % (w/v) MF diffraction
MPD HE 30 %(w/v) MPD, 20 %(w/v) Ethan none
MPD H1( 0.1 M HEPES sodium salt pH 7.5, 47 %(w/v) M diffraction
MPD H11 47 %(w/v) MPD, 2 %(w/v) te-Butano none
MPD H12 50 %(w/v) MPL diffraction
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Distance (mm)

025

Figure 4.10- Photograph of crystals within well 88 (H4) in thé®M screen.
three crystals (bottom left) measures tmm x 0.07 mm x 0.07 mm

The largest of t

Figure 4.11 - Photograph oOptimized Crystallization conditio(35% MPD, 7.5% PEG40C
and 0.1M HEPES buffer pH 7.5) in a sitting drop Iw€he crystal with a star next to it measu

0.34 mm x 0.068 mm x 0.068m.
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Figure 4.12 - Photograph of Hanging Drop Crystallization conditi¢35% MPD, 7.5%
PEG4000 ad 0.1M HEPES buffer pH 7.5) A protein film is nagable in this picture becau
the photo was taken following exposure to opentaicollect crystals for diffraction. Cryst
with a red star beside it measures mm x 0.11 mm x 0.11 mm.

The crystalproduced in the optimized condition were diffractgdhe APS in Chicagt
The result of this diffraction was an incompletéadset with diffraction near 2.5 A. The detec
diffraction signal was not an improvement on pregiative crystals which weidiffracted.
However, he key result is that the crystegrown utilizing the protein produced from t
pMD80L constructdiffracted at a resolution that was below 3.. This resolutionwould be
sufficient for utilization with MAD phasing if the crystals otained SeM¢ rather than

methionine.
4.2.7Growth of pMD8O0L in Minimal Media

MenD protein from the pMD80L construwas then expressed Nova Blue ells grown
in minimal media containing methionine, not SeMg&tbrief search of various protocolsr

SeMet expression yielded six separate protocolb slightly varied reagents for carbon ¢
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nitrogen sources. Some of the preparations alsolvad the inclusion of the other nineteen
amino acids and/or the four nucleotides as wellth@fsix protocols, the successful protocol for
expressing soluble MenD in minimal media was thedaoon that included both nucleotides and
the amino acids in the mixture (Hendrickson 1998pior to induction with IPTG there is almost
no expression of any protein, however upon indudtie protein of interest is expressed but also

appears to be the only protein being expressednaitiie soluble fraction (Figure 4.13).

[y
[

A) B)

Figure 4.13 -Expression of MenD from pMD80L within minimal medf§ SDS-PAGE gel
showing no protein production prior to inductiontwilPTG. B) SDS-PAGE gel of three
identical preparations following IPTG induction,rasting, sonication and lysis of cells but not
yet purified. Lane 4B contains cellular pellet shgvinsoluble protein and Lane 5A/5B are low
molecular weight selectable marker.

4.2.8 Purification of MenD from pMD8O0L in Presenceof TCEP

The protein sample acquired from the minimal meuleparation was then purified using
a nickel chelating column that is utilized to pwrifistidine tagged proteins. The procedure was

intended to show that SeMet protein can be puriisithg a similar procedure to that of native
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protein. The only difference between the two praeesd is the presence of 0.2 mM TCEP in all
of the buffers utilized to bind, wash and elute t@dumn. TCEP is a reducing agent that
stabilizes SeMet protein in solution and also does reduce the nickel metal ions on the
chelating column(®er9endanl 20029rhe ragyits of the purification in the presencel6EP (Figure
4.15) were very similar to that of the results seethe absence of TCEP (Figure 4.14). From
this result it is expected that SeMet protein wél able to be purified using the same procedure

used with the native protein.
4.2.9 Expression of SeMet Protein from the pMD80Lanstruct

A single SeMet preparation was done utilizing ahhyield 12-L SeMet preparation Kit,
which had proven to be very successful for othetgins within the lab. The growth of cells
within this medium was far slower than in any otleepression preparation. In order for the
cultures to grow and reach an g3bvalue above 0.3 a quantity of cells estimated tmbee than
ten times the quantity of cells used in any othepparation was required. The time period for
this level of growth to occur exceeded twenty-fbaurs, however, once the log phase of growth
was entered the bacterial cells behaved similarthat of cells within LB media. Induction with
IPTG took place at Ofp equal to 0.4, as was done previously. The celleevgeown for an
additional eight hours, rather than the standand fiours. Despite the extra time given, a smaller
guantity of cells was collected from the 1.0 L ot than was often collected in a 100 mL
culture in LB media. The His-tag purification prdcee also shows a smaller peak in the elution

stage then in other analyses, but was nonethai#ggasent (Figure 4.16).
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Figure 4.14 - Output chromatogram of purification of protenorh pMD80L plasmid; Note the
magnitude of the peak .8 in the stepwise gradient elution reaches nearly Brétein was
injected onto the column at 0 and 5 minutes. Thelmauffer began at 8 minutes and the elution
buffer gradient began just before 10 minutes.
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1 1 EEEECEEERER
M H qyz
03 ] Lo
081 Lo
07 L7
06 Los
2 2
g g
0 05 Lis O
n n
m m
044 o4
03 K o3
0 : o2
01 Lo
L.
]
ood : - 1.|D 0.0
Min

Figure 4.15 - Output chromatogram of purification of protein frgpgMD80L plasmid in the
presence of 2 mM TCEP; protein sample used wadigdno the sample used to produce Figure
4.11. Protein was injected onto the column at 0 &ndinutes. The wash buffer began at 8
minutes and the elution buffer gradient beganipesbre 10 minutes.

76



Upon analysis with UV/Vis spectroscopy at 280 mrvas found that there was 9.6 mg of
protein produced from the expression using the Hawever, upon undergoing dialysis the
protein precipitated. The exact reason that tb@ioed is not understood but it is possible that
the concentration of TCEP added to the dialysidelbulias inadequate. The sample was then
filtered and concentrated and protein concentrati@asured again. It was found that less than

1.0 mg of protein was found in the remaining 2 nilsample.
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Figure 4.16 -Output chromatogram of purification of SeMet protéiom pMD80L plasmid in
the presence of 2 mM TCEP Protein was injected theacolumn at 0 and 5 minutes. The wash
buffer began at 8 minutes and the elution buffadgmnt began just before 10 minutes.

77



4.2.10 Crystal Trials of SeMet pMD80L Protein

With the limited volume of SeMet protein remainiagd the low concentration found
(1.0 mg/mL), crystal trials were attempted with whaas produced from the expression
procedure. The concentration of protein was appmnaiely 1.0 mg/mL, about one tenth of what
was used when crystals were produced in nativeejprothe condition used was the same as was
used for optimized native protein crystal trial$43 (w/v) MPD, 7.5% PEG4K and 0.1 M
HEPES pH 7.5) with the addition of 4 mM TCEP to thell solution, such that the final
concentration of TCEP in the drop would be mairgdiat 2 mM. The sitting drop technique was
used with 1 pL of protein to 1 puL of precipitanttkvn the drop. The result of this was no SeMet

crystals; likely due to the low protein concentati

4.3 Structure-Based Sequence Alignment of ThDP-Depdent Enzymes

4.3.1 Structure-based sequence alignment of ThDP-pendent Enzymes using BAL (2AGO)
as the Search Model

A structure based sequence alignment was compbetétle enzymes within the DC family
using BAL as the search model in an attempt to ecdaur understanding of the similarities and
differences between these enzymes. The online aro§UGUE (Shi 2001) was used to perform
the alignment and the format displayed is an oufparh the online program ESPript (Gouet
1999). The result is seen below in Figure 4.17. fboes of the discussion will be on variations
that exist between the enzymes within the familyrespect to key residues and sequences.
Among these include the glutamate residues in glmed®main responsible for the activation of
ThDP and the GDG-%-NN binding motif, which is responsible for Kigbinding and ThDP
binding.
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The glutamate residue that is thought to be resplentor ThDP to be activated, and
form the ylide is said to be invariant (Frank 2Q0dgntified on the sequence alignment wit' A
it becomes noticeable that the glutamate is coeseaeross all ThDP enzymes. The results are

in agreement with the research done previously WitbP dependent enzymes.

The GDG-%4NN binding motif, which is responsible for ¥fghinding and ThDP
binding, is highly conserved within the ThDP depamidenzymes but is not invariant. The motif
is conserved in benzaldehyde lyase (BAL, PDB c@#&30) (Mosbacher 2005), indolepyruvate
decarboxylase (IPDC, PDB code: 10VM) (Schutz 20B68hzoylformate decarboxylase (BFD,
PDB code: 1BFD) (Hasson 1998), carboxyethyl argripnthase (CEAS, PDB code: 1UPA)
(Caines 2003), pyruvate decarboxylase fi@ymomonas mobilis (ZPDC, PDB code: 1ZPD)
(Dobritzsch 1998) and pyruvate decarboxylase fBanotharomyces cerevisiae (YPDC, PDB

code: 1PVD) (Arjunan 1996).

For acetohydroxy acid synthase (AHAS, PDB code:C),J$he ThDP binding motif is
slightly altered to GDA-%+-NN. The mutation of the glycine to an alanine isamservative
mutation. Also, considering that the residue sibairt is not involved in binding of ThDP or

Mg®*, but rather the main chain oxygen, the mutaticaitiser insignificant.

The sequence of oxalyl-CoA decarboxylase (OCDC, Rb&e: 2JIB) also indicates a
discrepancy within the common GDG»NN motif that is present for binding of ThDP artekt
magnesium ion. Instead there is a GDSMXN present within the sequence of OCDC.
However, once again this seems like a relativelyuta alteration to the enzyme binding site of

ThDP since it is the main chain carbonyl of thatidae that contributes to binding and not the
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side chain itself. The serine residue is largetialathen glycine which is commonly seen or
alanine as is present within AHAS. However, analysi the residues present within AHAS,

BAL and OCDC indicates the side chains and mairnctegygen are oriented similarly.

The sequence of pyruvate oxidase (POX, PDB cod@X)mas a slight alteration to the
GDG-X24-NN binding motif to GDG-X%4,-TN. The exchange of the asparagine residue to a
threonine is again a conservative alteration tonleéif since only the second asparagine residue
is involved in M@" binding within POX. The motif was referred to as GDX,s-N within the
POX research article (Muller 1993Jhis was the convention at the time for displaytimg motif
since the first three models within the family dfO0P enzymes (POXScPDC and the model of
transketolase) do not share alignment of the seesparagines residue. Muller's article also
states that the glutamine (GIn476) adjacent to Zéndithin the motif, contributes to the Kfg
binding. This contribution is filled by the secoagparagine residue within the rest of the ThDP

dependent enzyme family.

As stated within the introduction section acet@sesynthase (ALS) does not contain the
asparagine portion of the GDG-¥-NN motif that is conserved for binding of ThDPdaklg?".
This is clearly observed in the structure baseduesece alignment of the ThDP dependent
enzymes (Figure 4.17). It is notable that thishis only enzyme within the family that does not
contain GDG-(%5)-N motif. The discussion of this alteration (Pad@04) mentions that the
aspartate side chain oxygen (Asp474) and the baekloaygen of Gly476 contribute to the

binding of the diphosphate within the PP domaithmstead of the common NN motif.
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Figure 4.17 -Structure based sequence alignment of the DC fanitly benzaldehyde lyase as
the structural search model

4.3.2 Structure-Based Sequence Alignment with MenBlodeller Model

A structure-based sequence alignment can be usaditoate the validity of a theoretical
model since it takes into account both the secgndfucture features as well as the primary
sequence features. If the MeiMdeller model were to show no discrepancy in the alignmént

the key elements of the ThDP dependent enzymesnigindotifs and conserved residues then
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perhaps some determination could be made in regardbe shape of the active site, the

determination of catalytically contributing resiguend the binding of ThDP and Rig

The structure based sequence alignment oivibéeller model produced mixed results
(Figure 4.18). When compared to the result of Fegdirl7, it is notable immediately that the
invariant glutamate no longer is aligned amongst ¢htire list of enzymes. This could most
likely be improved with a small manual alteratianthe alignment of POX, since the glutamate
required for invariant alignment is only one resido the right. It was thought it was possible
that the glutamate in POX was not the first resiaune alpha helix, as is the case for the rest of

the enzymes, but analysis (Figure 4.19) indicdtasthis is not the case.

To confirm that the conserved glutamate was inpttogper orientation within the model,
ThDP from benzaldehyde lyase was superimposed th#o ThDP binding site. The
superimposition of ThDP shows that Glu55 within Neis in fact in the orientation expected
(Figure 4.20). Furthermore, there appears to bare@mgement of charged residues between the
pair of active sites that may be indicative of a®@unnel that allows for catalytic duality (as

seen in Figure 1.11) and non-equivalent actives gfkgure 4.21).
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Figure 4.18 -Structure based sequence alignment of the DC fawiily the MenDModeller

model as the search model. It is important to mioé the sequence number listed at the top of
each segment indicates the amino acid number noinesThis is due to the lack of methionine
at the beginning of the sequence. For examplentveriant Glu55 of MenD would appear to be
numbered 54 in this figure.
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Figure 4.19 -Analysis of the 1POX model to ensure Glu59 is th& fesidue in the alpha helix
as is the tendency for the invariant glutamatedtesin ThDP-dependent enzymes.

Figure 4.20 - Location of Glu55 within the MenModeller Model. The distance from the
carboxyl group of glutamate to the N1” atom of gyeimidine is 4.1 A (measured with Coot)
which is slightly out of range for hydrogen bondifitpe orientation is as was expected though.
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Figure 4.21 -The 18.83 A tunnel between the two active sitesiwibne of the dimer pairs of
the MenDModeller model. The charged residues between the pair ofeasites may form a
hydrogen bonding bridge that explains the non-ezjaivce of active sites often seen in ThDP-
dependent enzymes (Figure 1.11).

The alignment of the GDG-%)-NN motif using the MenModeller model remains the
same as it was for the alignment using 2AGO0. Howeaégnment of the MenD structure
indicates that the GDG portion is not conservedilamto that of OCDC and AHAS. The
implication is similar as it would be assumed titn&t backbone oxygen atom would contribute to
binding and that the GDL sequence seen in MenD avbalve no implication on binding. The
assumption is made that the large leucine residlien@t point into the ThDP binding site but
rather into the interior of the protein as was tase for the serine in OCDC (2JIB). Upon
analysis (Figure 4.22) it is shown that Leu443 ralmg the edge of the ThDP biding site and
may contribute to induction of the V-conformatioh BhDP upon binding. In most ThDP
dependent enzymes, the main chain oxygen contghatediphosphate binding; however this
does not seem to be possible in Medeller model since the main chain oxygen points away

from the diphosphate. It is indeed possible that timique sequence difference in MenD when
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compared to other ThDP-dependent enzymes has emalte role for ThDP binding and

activation.

As was stated in the introduction, previous rededane in our lab has implicated 11e418
as the residue responsible for the induction oMfenformation of ThDP. Identification of this
residue within the model was also done (Figure &Rl it shows that within the model this
residue has no role in the binding of ThDP. Thisuteis indicative that either thiglodeller
model is incorrect or that lle418 has a very imaottinternal structural role for MenD since

mutagenesis of this residue results in signifitass in enzyme activity.

There are various other residues that have beelicatgr via mutagenesis studies to be
contributing residues of catalysis of the MenD tmeac Among these is Asp442, which was
implicated for M@* binding. The MenDModeller model shows this residue to be in direct
proximity of the ThDP moiety (Figure 4.24). Alsdghre 4.24 and the structure based sequence

alignment indicate that Asp442 is part of the GD4+X binding motif.
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Figure 4.22 -Location of Leu443 within the Men®Modeller model; Note the orientation that
runs along the edge of the ThDP binding pocket.
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Figure 4.23 -Location of 1le418 within the MenModeller Model; Note the location is not in
close proximity to the cofactor ThDP.
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Figure 4.24 -Location of Asp442 within the MenModeller Model; Note the orientation that
runs directly adjacent to the diphosphate and @mdsumed to be in close proximity to the
Mg?®* cofactor. Also note the presence of the remaintléte@GDL-X,4-NN binding motif within
this figure and how all of these residues are iaaiproximity to the diphosphate of ThDP
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4.3.3 MenDModeller Model Active Site Residue Analysis

In addition to the residues that have been discufisus far, a variety of other residues
within MenD have been investigated with mutagenssisies including Ser32, Arg33, Arg395,
GIn118 which were all thought to participate inatgsis. Upon analysis of the MenBodeller
model it was found that these results were in ages¢ with the model with the exception of
Arg395. Ser32, Arg33 and GIn118 point directly ithe active site and are directly adjacent to
the C2 position of the thiazolium ring (Figure 4.29though Arg395 is adjacent to the active
site it is too far from C2 of the thiazolium ring thake the conclusion that it participates in
catalysis. Along with Ser32, Arg33 and GIn118, thedel indicates that the active site is also
formed by Leu478 and Asnl117 (also in Figure 4.ZBese results are indicative of the validity

of previous mutagenesis studies done within thenBialaboratory (Macova 2005, Ho 2007).
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Figure 4.25 -The MenD active site residues according to the M&fddeller Model; Residues
thought to be capable of participating in catalmsigling of substrate include (but are not
limited to) Asn117, GIn118, Ser32, Arg33 and Leu478
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Chapter 5:

Concluding Statements and Summary

The results described in this thesis have provitiedresearch project with a variety of
contributions. The data set collected in 2005 waxcgssed and it was determined that the
holoenzyme data set was more suitable for molecefalacement strategies. It was shown that
with the current models listed within the proteimtal bank, the use of molecular replacement is
not a reasonable means to solve the phase prolderviénD with this data. A variety of
software packages including MRBUMP, AMoRE and PHRSH#ere utilized to achieve this
task but none were successful. The final attempsdive the phase problem via molecular
replacement was done by generating a model of Meitibthe progranModeller. Although this
strategy was also unsuccessful in solving the ppaskelem for the holoenzyme data set, the
model developed provides the opportunity to makegety of implications in regards to the

structure function relationship of MenD and thedrg of ThDP.

With the results from the computational effortsthwihe data set provided it was
necessary to develop a new system for producingefdWenD protein. This system was
developed by cloning the MenD gene into a new pidgpQE80L), which was ideal to produce
SeMet protein to be utilized for MAD phasing. Thesulting plasmid construct (named
pMD80L) was able to express active MenD enzymégpith LB broth and minimal media. It was
also possible to utilize previous methods of paafion with pMD14b in the presence of TCEP
to purify protein produced from pMD8O0L. Native ctagization conditions for pMD80OL protein
were determined and the crystals diffracted to®d the Advanced Photon Source in Chicago.

SeMet protein was expressed with a SeMet kit, hewenclusion of SeMet was not confirmed.
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Future work done on this project should focus oa #xpression, purification and
crystallization of the SeMet derivative of MenD ringoQES8O0L. The major project goal to solve
the phase problem and produce an accurate modeleaD that could be submitted to the
protein data bank was not completed. However, nséepys have been made to make completion
of this goal a reality in the near future. Furtlogtimization of the crystal conditions may be
necessary to produce diffraction quality crystalsthe SeMet derivative protein. Although, if a
MAD data set of less than 3.0 A is produced thesplmoblem should be able to be solved. With
the 1.9 A holoenzyme data set already processduigha resolution structure of MenD is

achievable in the near future for this lab group.

During the preparation of this thesis the structoirdvlenD was published by a group
from The University of Dundee in Scotland in theidal of Molecular Biology (Dawson 2008).
The structure was solved via single wavelength amous dispersion (SAD) phasing at 2.8 A
resolution using a SeMet derivative. The structunaldel was then improved to 2.5 A using

molecular replacement with a native data set.

The structure shows the general ThDP-dependentmenzrchitecture with the three
domains, each consisting of six parafiesheets sandwiched between seve+atlices in an/p
supersecondary structural motif (comparedModeller model in Figure 5.1). MenD was
confirmed to be part of the DC family of enzymes avas shown to be most structurally similar
to benzoylformate decarboxylase {RMSD = 2.54 A) and oxalyl-CoA decarboxylase,{C

RMSD = 2.56 A).
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Figure 5.1 —The structural model of MenD (gold) superimposeerothe Modeller model
(blue). ThDP is shown as a stick model in pink.ibErble differences are seen between the two
models, specifically in the middle domain where sheparallelp-sheets do not overlap.

Several discrepancies are now seen inMlodeller model discussed in this thesis. The
structural differences are viewed with the supedsifion of the six parallgd-sheets within the
middle domain and a variety af-helices throughout the structure (Figure 5.1)tH&nmore, the
induction of the V-conformation is in fact causeg Ile418 (Figure 5.2) as was assumed from
mutagenesis studies (Ho 2007) but could not beirroedl with theModeller model (Figure

4.23).
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Figure 5.2 —Location of both 1le418 and Leu443 in the MenD mlod&is indicates that the V-
conformation is induced by lle418 and not Leu443.

Finally, significant differences are seen for thetivee site residues implicated to
participate in substrate binding and catalysis f@g4.24). Upon analysis of the structure of
MenD (Dawson 2008), it is notable that the catalytesidues implicated by the Palmer
laboratory (namely Ser32, Asn117 and GIn118) adeed present within the active site cleft
(Figure 5.3) and could participate in catalysis.widger, the majority of the active site is
composed of basic arginine, lysine and asparagisielues that aid in the binding of MenD’s
acidic substrates, isochorismate and 2-ketoglaha474, Phe475, and Leu478 are also present

within the active site and are implicated in birglof the hydrophobic portion of isochorismate.

Despite several differences, there are certaintyilaiities seen when comparing the
Modeller model to the structure of MenD. For instance, witemparing the locations and

conformations of the residues involved in the Thidding motif GDL-(X4)-NN for the
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Figure 5.3 —The active site of MenD. Arg33, Argl07, Lys292 axg295 aid in the binding of
MenD'’s acidic substrates, isochorismate and 2-Ketapte. Hydrophobic contacts are made
with the hydrophobic ring of isochorismate by 11d4Phe475, and Leu478. Note that the active
site is formed from a dimer, monomer A is showrgireen and monomer B is shown in light

blue.
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structure of MenD (Figure 5.4) to that presented Ntodeller model (Figure 4.24) they are

almost identical. The structure of MenD also shewsilar orientation of the residues implicated
to form the 20 A catalytic duality tunnel that stheg a proton between the pair of active sites
(Figure 5.5) to that seen in tModeller model. However, the residues Asp54, Glu55, Argad an
Tyrd47 are thought to block access between the detive sites preventing the transfer of a

proton (Dawson 2008).

Figure 5.4 —ThDP-binding motif GDL-(%4)-NN within the MenD structure.
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Y447

E55

Figure 5.5 — The absence of a catalytic duality tunnel in sheictural model of MenD. The
residues Asp54, Glu55, Arg56 and Tyr447 block eztetween the two active sites.
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