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Summary

Multifunctional enzymes are instances of natural fusion proteins, possessingaruatglytic
activities. Via the close proximity of their catalytic domains, they take advantage from
concentration of the reactants and may feature allosteric regulation and substrate channeling
effects. Substantial progress has been made regarding ttetikimechanisms of individual
enzymes, but the knowledge in the areas of multifunctional enzymes and also transient complexes
is rather limited.The seven step shikimate pathway, which is a metabolic route to aromatic
compounds, has a number of bifuncarrifunctioral, tetrafunctional and pentatfctional fusion

proteins in different organisms. Most notable is the pentafunctional AROM complex, which
comprises the central five steps of the pathway, which has withstaaduralcharacterization

for decales.

In this work, we shed light on the pentafunctional AROM complex and the three bifunctional
enzymes Tm_AroKB, Fp_AroEK and Mb_AroKE of the shikimate pathway by characterizing
them functionally and structurally and comparing them to their monofunttion#logs. For the
bifunctional proteins, Tm_AroKB and Fp_AroEK the kinetic analysis revealed that their activity
is similar to that reported for their monofunctional counterparts. In addition, the kinetic activity of
the truncated monofunctional Tm_ArgiKwas found to be similar to Tm_AroKB. Interestingly,

no allosteric regulation was observed between the two domains in Tm_AroKB. The kinetic
analysis of the K domain of Mb_AroKE revealed that it is slower than the other enzymes in this
study. However, thgenome of the respective organi8fethanoregula boonealso containsa

monofunctional Mb_AroK, which might play the major role in the shikimate pathway.

All crystal structures of the bifunctional enzymes show rigid tdtemain interfaces, with all the
cdalytic sites solvent accessible. Tm_AroKB is a dimer both in solution and in crystalline state.
Remarkably, it contains an intrinsically bound NAD molecule. In all bifunctional proteins, the
structure of the individual domains corresponds to that of trefunctional homologs. However,

the domain arrangement in the structures of Fp_AroEK and Mb_AroKE are different. Both
arrangements bring the catalytic sites closer and could be part of potential higher order assemblies.
Therefore, we hypothesized that thdividual enzymes of the pathway form transient complexes

for efficient substrate funneling and regulatibnsilicomodels of such assemblies were generated

based on both Fp_AroEK, and Mb_AroKE, via superimposition on the bifunctional proteins
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Tm_AroKB and At_AroDE. These two models are not identical but they both represent a

plausible, compact assembly with all active s#elyentaccessible.

Finally, we studied th@entafunctionaAROM complex. The catalytic turnover of the AROM
complex is significatly higher than that of the monofunctionalcoli enzymes. The crystal
structure of AROM complex, which was found to be different from loo#ilico models, shows

that its domains are attached to each other via rigid interfaces and that all the csteb/tce

solvent accessibléJsing SAXS and XI-MS, we verified that the conformation of the AROM
complex is very similar in solution and in crystalline state. In a computational approach, we further
mapped the various conformational states of the indalidnzymatic domains from the PDB onto

the crystal structure, generating a structural ensemble representing the conformational space of the
AROM complex. This ensemble reveals that the complex is optimized for spatial compatibility of
the domains, allowig all necessary conformational changes during the catalytic cycle to happen

without steric clashes between domains.

Since the shikimate pathw#s absent from mammals, it poses a classical drug tdsgét.now,

only glyphosate is utilized as a herbicifie targeting the shikimate pathwakhe insight obtained

in this study suggests novel approaches to target the shikpattway. Most notable is the
conformational space of the AROM complex, which is essential in fungi and protists. By targeting
the conbrmational flexibility of the complex, catalytically necessary conformational transitions

could be inhibited, which could result in novel, specific fungicides.
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1. Introduction

1.1. Enzymes and Metabolic Pathways

The survival of a living organism depends on a network of synchronous interplay of numerous
complex chemical reactions. These reactions are needed for all life procedses snergy
production, movement, communication, reproduction, excretion and[49.dre study of these
reactions forms the basis lmbchemistry[2]. Together these reactions constitute the metabolism,
which comprises the anabolism (synthesis of camgs) and the catabolism (degradation of
compounds). However, on their own, most of these reactions are too slow to sustain life. To aid
these reactions, compl ex mol ecul ar machines,
natural catalysts, which grida accelerate the rates of these chemical reactions with high
specificity and play a key role in the existence of [ Enzymology is the study of properties

of enzymes.

Probably the first clear reod of an enzymecatalyzed reaction was in 1833 wheayen and
Perosz found an alcohol precipitate of a therrt
and named it Adi as t[4.dnehe late h880s, Lauis Palstevtile studying a s e )
thefermentatiorof sugar taalcoholby yeast,concluded that fermentation was caused byta
forcecontained within the yeast cells called "ferments", which function only within living
organismg5]. In 1878, German physiologist Wilhelm Kiihne coined the Emrymefrom Greek

wo r d3 dig girsy®as) to emphasize that there is somethimgeast, but not the yeast itself

that catalyzes the fermentation react[é6h In 1907, Eduard Buchneould isolate a celiree
extract of yeast cells to carry outecelvathenent at
first Nobel Prize in enzymologly’]. Since this time, mangdvancements have been made & th

field of enzymology

11



Enzymes bind to their substrate molecules with a very high specificity and mediate catalysis to
release reaction producf8]. Most of these enzymes are proteins; hergh the substrate
specificity and the rate acceleration are a result of the precisedinmeasional structure of the
substratebinding pockets and the active ditg 8, 9]

A metabolic pathway thus, can befided as a sequence of enzyoaalyzed reactionsyhich

convert one substrate into anottlj&0]. The long list of metabolic pathways includes various
pathways involved in carbohydrate metabolism, the amino acid metabolism, the lipid metabolism,
and many raore [11]. The reactions of the most fundamental metabolic pathways are usually
conserved in all organisms, suggesting a common origin and early appearance in the evolution of
life [8, 12, 13]

1.2. Multi-enzyme complexes vs. Multifunctional enzymes

In metdolic pathways, the individual enzymes usually perform consecutive catalytic stehs and
product of one enzyme acts as the substrate for th¢l#gxin some pathways, multiple enzymes

form various stable higher order assemblies, to carry out theautdiveesteps in a pathwdy5s].

Multienzyme complexes are groups of noncovalently associated enzymes that catalyze two or
more sequential steps in a metabolic pathliveked by common metabolic intermediafés 16].

In other words, such multienzyme cony®e are massive molecular machines, constituting of
different enzymes, which transform the substrate multiple times before releasing the final product.
Even prokaryotic cells, which were once thougha®bags of enzymes with random diffusaou

no viside compartmentalization, exhibit a high level of coordination of enzymes and are highly
efficient in controlling the metabolism in the cytoplafii]. The threedimensional organization

can help concentrate reactants to avoid unfavorable reactions, teer@rhiitory products and

to channel metabolites from one enzyme to the [kt 19] Many instances of muienzyme
complexes are known, two distinguished examples include the pyruvate dehydrogenase complex
(PDH) and the electron transport chain (ETRPH isa large multienzyme complex witlhree
enzymesand five cofactors,it oxidizes pyruvate to generate acetglA [20, 21] ETC plays a

major role in aerobic respiration, it is a multienzyme complex constituting five different enzymes
[14, 22]
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On the other hand, multifunctional enzymes ar@ecules, which contain multiple active sites and
catalyze more than one enzymatic reactime distinction from multienzyme complexes is that

the subunits are not found as discrete enzy28sMultienzyme com|exes are products of more

than one gene, while a single gene gives rise to a multifunctional enzyme. For example,
Tryptophan synthase is a dimeric bifunctional enzyme which shows substrate chaft#gling
Interestingly, atty acid synthase exists bothamultienzyme complex aras a multifunctional
enzyme. The fatty acid synthase (FAS) type 1 in yeast is encoded by two genes, and forms a stable
U6b6 dodecamer i c [@% R6jwhie manynmalan tgpd fafylacdxsynthase,

encoded by a single [26@&fle, forms an U6 hexamer

When several enzymes compete for the conversion of the same metabolite, the multifunctional
enzymes or multienzyme complexes may come to rescue. Some have been shown to transfer the
substrate directly from one enzyme to another and to regulaerdaction[24]. These
multifunctional enzymes can thus facilitate efficient substrate channeling and/or the metabolic
regulation. These enzymes are critical for the communication and cooperation between different
functions and pathways within a complegllalar system or between cell28]. Already the
proximity of catalytic sites can facilitate substrate sequestration, as suggested for folate
biosynthesig29, 30]

In the field of multifunctional enzymes, knowledge is still rather limited. The recemngen
sequencing projects have helped in adding new candidates to the repertoire. For example, 23
bifunctional enzymes have been reported in pld2&]. Now with the improvement in
crystallographic techniques, SAXS and cryo EM, it is a great time to shalycamplex

multifunctional enzymes and multienzyme complexes.

The shikimate pathway is abundant with various multifunctional enzymes with different domain
fusions[31-37]. Before discussing the various multifunctional enzymes in the shikimate pathway,

| will describe shikimate pathway itself.

1.3. The Shikimate Pathway: Overview
Aromatic amino acids such as Trp, Tyr and Phe, are essential for protein biosynthesis in all living
organisms. In addition, derivatives of aromatic compounds such asarparabenzic acid

(PABA), vitamin K, and ubiquinone are required for the metabolism of all orga&shsThe
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sevenstep shikimate pathway, shown in Figure 1.1, catalyzes the synthesis of a precursor of

aromatic compounds in microbes and pldg8¢s 40]

The firstcompound to be discovered from this pathway was shikimic acid (shikimate, SKM), from
the plantllicium religiosum(aniseed)n 1885. The Japanese name of this plant is shilkioi,
hence the pathway was n nda Astshowwn niFgure 1Ikljtheat e p ¢
precursor of aromatic amino acids, chorismate (CHM) is formed in a-s¢semeaction, starting

from two carbohydrate precursors-ebythrosed-phosphate (E4P) and phosphoenolpyruvate
(PEP). Thereupon, this pathway is a link betweerctitbohydrate metabolism and the aromatic
amino acid metabolisf39]. The synthesis of aromatic amino acids branches at CHM, one branch
leading to Trp through anthranilate, while the other branch leads to Phe and Tyr through prephenate
(Figure 1.2)40, 43] In addition, the aromatic amino acids are precursors of the neurotransmitters
serotonin, dopamine, epinephrine, and norepinephrine. IndustRakyis used for the production

of the artificial lowcalorie sweetener aspartame and SKM serves as thagtadterial for the
production of the neuraminidase inhibitor osaltamivir, produced by Roche under commercial name
Tamiflu ® [44-47]. Some organisms utilize as much as twenty percent of the carbon derived from
the carbohydrate catabolism in the shikimaathway{48].

CO0~ HO (OO~ CO0~
DAHPS o"‘*c/ DHQS DHQD
PO-CH, H €00~ aroG  POCH, aroB aroD
/1N /2N 3 i
HO/]}/go + POACHZ Ho p HO O nap” “NaDHiH O OH Ho 0 OH
OH OH o™ Pi OH ? OH
E4P PEP DAHP DHQ DHS
Erythrose-4-Phosphate  Phosphoenolpyruvate Deoxyarabinoheptulosonate Dehydroquinate Dehydroshikimate

-7-phosphate

NADPH +H* SDH
4)aroE
NADP
coo”

oo™
EPSPS
coo” aroC coo aroA aroK
OJ\C /KCHZ P.; |§psp: PO OH ADP alp HO OH
OH OH

Glyphosate

CHM EPSP S3P SKM

Chorismate 5-Enoylpyruvyl shikimate- Shikimate-3-Phosphate Shikimate
3-phosphate

Figure 1.1. The shikimate pathway. The figure shows a schematic representation of seven steps of the
shikimate pathway enzymes. The enzymes names are abbreviated and the gene names are shown in bold.
Glyphosate, which inhibits the penultimate step in the pathway, is also shown.
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The molecular organization and architecture of the shikimate pathway enzymes differs markedly
between different taxonomic groupt], with a differential distribution of the shikimate fusion
genes, both in prokaryes and eukaryotd85]. With a few exceptionf34, 5052], the enzymes

of the plant shikimate pathway asémilar to their prokaryote homologues. Most of the plant
enzymes function in plastids, and thus usuedigtain gplastid transit peptidg2, 33, 35 39, 53

57].

Animals lack the shikimate pathway enzymes, and must obtain aromatic compounds through diet
[38, 39, 43, 58, 59]Henceforth, the shikimate pathway is a classical drug tf88e89, 43, 60

63]. Inactivation of the shikimate pathway genesuits in a weakened virulence and a decreased
survival in a variety of microorganisnj86, 37, 64, 65jncluding Mycobacterium tuberculosis

[66] and Salmonella typhimuriurf67]. Various drugscreening studies have been carried out on

M. tuberculosishikimate pathway enzym¢§&8-75].

5-enolpyruvylshikimate3-phosphate (EPSP) synthase (AroA) of the shikimate pathway is
inhibited by the broadpectrum, nonselective herbicide glyphosate (GLRY- [
(phosphonomethyl)glycine], (Roundup®)3]. GLP based growth mbition is a routine test for

the presence of a shikimate pathway. For example, the presence of the shikimate pathway was
confirmed in the phylum of Apicomplexa, when treatment with GLP could inhibit the growth of

Toxoplasma. gondiPlasmodium falciparurand Cryptosporidiumparvum[76].

Phosphoenolpyruvate + Erythrose-4-Phosphate |

(Glycolysis) l(Pentose phosphate pathway)

Vitamin B6 ¢_ ) . Vitamin K1
iR —_—r

Tryptophan synthase
(Trp operon) . «
-
-
&«
Tryptophan Prephenate
Indole alkaloids, serotonin, Auxin.. & ~N

.
- ~
Phenylalanine operon i R Dehydrogenase & Transaminase,
* -~

« ~N

Phenylalanine Tyrosine
Ubiquinone, Flavinoids, Suberin, Lignins... Dopamine, Vitamin E...
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Figure 1.2 Biosynthesis of aromatic compounds from the shikimate pathway: The figure shows the
various aromatic compounds that can be synthesized from CHM, which is a product of the shikimate
pathway. (Adapted from [32, 36])

1.4. Examination of seven enzymes of the Shikimate Pathway

In most prokaryotes, wettharacterized monofunctional enzymes carry out all the steps of the
pathway. However, in eukaryotes, several enzymes of the pathway are fused to form various
multifunctional assemblies, such as the pentafunctional AROM complex in fungi and
Apicomplexans (Section 1.5.127-79], a bifunctional AroDE in plan{83], and a tetrafunctional

AroN in Acanthamoeb#&37]. Only the crystal structure of the five enzymes cortstiguthe

AROM complex are described here.

In the following subsections all the enzymes are addressed by their gene names and are called
Aro-, as shown in Figure 1.1, while the AROM complex is called as such. The names of substrates

are also abbreviated asown in the Figure 1.1.

1.4.1. 3-Deoxy-D-arabinoheptulosonate-7-phosphate synthase (DAHPS)
(EC 2.5.1.2.54)

3-Deoxy-D-arabineheptulosonatephosphate synthase (DAHPS) catalyzes the first committed
step of the shikimate pathway, an aldol condensatiorho$ghoenolpyruvate PEP and E4P to
produce DAHP (Figure 1.3B88, 39, 43, 8Q]DAHPSs are metalloenzymes, and require divalent
cations such as Mhor Fe&* for their activity[43, 81, 82] The reaction mechanism involves the
nucleophilic attack of a wateratecule on the C2 position of PEP followed by the addition of C3
of PEP to C1 of arabinogephosphat¢38, 83]

Coo~
DAHPS Oxc/
PO-CH, H 00~ aroF/G/H PO-CH,
HOMO + POJ\CHz Hgo ] :Pi HO o
OH OH
E4P PEP DAHP

Erythrose-4-Phosphate  Phosphoenolpyruvate Deoxyarabinoheptulosonate
-7-phosphate

Figure 1.3. DAHPS reaction

DAHPSs can be classified into two unrelated types, type | and type Il. The two types share less
than 10% sequendgdentity. The overall fold, the residues that interact with PEP and the divalent
metal ion are completely conserved and are almost identically positioned in the tw{Bdjpes
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Type Il enzymes were first observed in plg8s], and later in a few microai species including

M. tuberculosisandHelicobacter pylori[84, 86}

Most of the microorganisms with type | DAHP@ve three isozymes, which are classified based
on their sensitivity to feedback inhibition by one of the three aromatic amino acidshréee
isoforms aréAroF (Tyr-DAHPS),AroG (PheDAHPS), andAroH (Trp-DAHPS)[40, 87] AroG

is the major isozyme found in microorganisms, and constitutes 80% of the total DAHPS activity,
while AroF and AroH constitute 20% and 1%, respectively. These enztmaes about 40% of
sequence identity with each otljas, 88]

1.4.2 3-Dehydroquinate synthase (EC 4.2.3.4)

Dehydroquinate (DHQ) synthase, (AroB) catalyzes the second enzymatic step of the shikimate
pathway. It converts DAHP to DHQ (Figure 1.4) in fiteps. The five steps are alcohol oxidation,
phosphate elimination, carbonyl reduction, ring opening and intramolecular aldol condensation.
They are all catalyzed by a single active site. The enzyme requires NAD and a divalent cation such
as Zrt* or Co** [38, 39, 43, 89, 90[Figure 1.4). The enzyme avoids undesirable side products by

providing a potential conformational template in the final sf@ps57]

0. /€00 HO OO

C DHQS
PO-CH, aroB
; 2 ;
HO O nap” “NADHsHr O OH
OH Pi OH
DAHP DHQ

Deoxyarabinoheptulosonate Dehydroquinate
-7-phosphate

Figure 1.4. AroB reaction

The crystal structure of AroB frorAspergillus nidulangPDB ID: 1DQS)is demonstrated in

Figure 1.5. It shows that AroB exists as a functional homodimer containing two AroB subunits.

Each monomer of AroB can be divided into two subdomains. First, is-theN mi n a | U/ b di
consisting of a seves t r a nsbeetdwhibh congtites the Rossmann fold and serves as NAD

binding site. The orientation of NAD is on the opposite side of the sheet to that seen in all other
known Rossmann type NADIinding proteins. The € e r mi n a | -kklcahand contains U

most of the residues\volved in catalysis and in substrate and*Zsinding. The mechanism of
phosphate elimination requires Arg 130 (colored pink sticks, Figure 1.5) from the other monomer

along with other residug$1]. Bacterial AroB is a monofunctional enzyme. The compariso
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crystal structures of bacteriéd.(aureuy[91] and fungal AroB show that the overall structure of

the closedorm is identical in both proteir92].

N tarmmimall @ &amaaim
N=terminal domain

’ A \}

i ' - &eﬂx ‘, T \ “.\‘V_/-\
(NS \*ff\ e \ %\_ 4
IR G N & & SRRk N
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C " >« 8 ~Q'\ 7 >

v'./

Figure 1.5 Cartoon representation of AroB homodimer (from Aspergillus nidulans PDB ID: 1dgs):

The figure shows the crystal structure of the AroB homodimer in complex with NAD Zn?* and
carbaphosphonate. The complete homodimer is shown on the left, and the two identical monomers are

colored in two different colors, pink and light brown. The N and C termini are marked as N and C. One

monomer is zoomed on the right and its two constituting domains are highlighted in different colors. The

orange color shows the N terminal domain cb@faandng2t he
U5. The Aiclgexténd@sontastto the other monomer, is shown as sticks (circled). Zn2+ atoms are

shown as balls, NAD is shown in black and inhibitor carbaphosphonate is shown in yellow.

1.4.3 3-Dehydroquinate dehydratase (EC 4.2.1.10)

Dehydroquinate dehydrataé&roD) catalyzes the third reaction in the shikimate pathway (Figure
1.6.), which is thalehydration of DHQ to dehydroshikimate (DHS) introducing the first double
bond in the ring43].

HO COO~ CoOo~
DHQD
aroDl/II
3
O OH Ho o) OH

OH 2 OH

DHQ DHS
Dehydroquinate Dehydroshikimate

Figure 1.6. AroD reaction
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This reaction is common to both the biosynithshikimate pathway and the catabolic quinate
pathway[40, 93].AroDs can be divided into two types, AroDI and Aro[39]. AroDl is primarily

found in plants, fungi and many bacterial species, inclugirgpli[94] or S. typhi[95, 96] and is
exclusiwely involved in shikimate pathwd94]. In contrast, AroDII can engage in both pathways,
and is found in the shikimate pathwayMf tuberculosid96, 97] S. coelicor{98] andH. pylori

[99]. AroDllI participates in the quinate pathway in fungi, whichizgiuinate as an energy source
[60, 100, 101]it performs a dual function iA. methanolicaywhich can grow on QUN but not on
SKM [102]. The two types do not share sequence or structural similarity. AroDI functions as a
homaodimer, and catalyzes a sgfimination of water using a covalent imine intermediate. AroDII

is active as a homdodecamer, and catalyzes an -afitnination of water, with arenolate

intermediate The two enzymes are the result of convergent evol{ti@s111].

The crystal structuref AroDI from Salmonella enterices shown in Figure 1.7 (PDB ID: 3M7W)
[112]. AroDl is a physiological homodimer containing an eight r a n arrdl fotthinga TIM
barrel fold[113]. wi t h an -genhihal antipcarr aalHsHedtMegioh, whichestricts the

substrate entry from one side and finally a flexible lid (LD) that closes on substrate liridihg

Figure 1.7. Cartoon representation of AroDI (from Salmonella enterica PDBID: 3M7W): The figure
shows the crystal structure of the complete homodimer of AroDlI, the two identical monomers colored yellow
and gray. The N and C termini are marked as N and C. One monomer is shown completely in yellow, except
for the red lid domain (LD). LD, is in closed confirmation as DHQ (pink sticks) is bound. For the second
monomer , t he N t ersheetsadmaia(NTID) ip showa inlyedldw, while the TIM barrel is
shown in gray.
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1.4.4 Shikimate dehydrogenase (EC 1.1.1.25)

Shikimate dehydrogenasArpE) catalyzes the fourth step in the shikimate path It catalyzes

the reduction of DHS to SKM using NADPH (Figure 1.8). The reaction involves an acid base
metabolism[38, 115] AroE activity is reported in four enzyme classes: AroE, ydiB, Sikéd
(SdhL), and AroHikel (aell)[115]. ydiB is a NAD depedent quinate/shikimate dehydrogenase
[100, 116] SdhL fromH. influenzaecatalyzes the oxidation of SKM with a much lower turnover
rate than Arog117, 118] and aell is a recently annotated, functionally distinct SDH subclass that

binds SKM with high afhity and exhibits measurable activity with quingté&8].

[@olon CoO
SDH
aroE
o OH AN HO
NADPH  NADP OH
OH n OH
DHS SKM
Dehydroshikimate Shikimate

Figure 1.8. AroE reaction
The structure fronHelicobacter pylori(PDB ID: 3PHI) is illustrated in Figure 1.9, it possesses

two structural domains: a catalytic domain and an NADPH binding do[88jn The domain
structure is characteristic of NAD(P)H binding domains in dehydrogefa$@s120] Various
AroE sequences also contain two strictly consewisgeptide prolines existing in a sharp turn
l'inki-sgr an® and -helix¢ll9. ol | owi ng U

NADPH binding domain
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Figure 1.9. Cartoon representation of AroE (from Helicobacter pylori PDBID: 3PHI): The figure shows
the crystal structure of AroE in two colors. The N and C termini are marked. SKM is shown in red as sticks;
NADPH is shown as orange sticks. The catalytic domain is shown in blue, and NADPH binding domain is
shown in orange.

1.4.5 Shikimate kinase (EC 2.7.1.71)

Shikimate kinase (AroK/SK) catalyzes the fifth gmatic step, the phosphorylation of g OH
group of SKM to yield shikimate3-phosphate (S3P) by utilizing ATP as asbstrate (Figure
1.10)[38, 39, 44] AroK requires a divalent cation such as¥fpr its activity[121].

CoO (aelon
SK
HO CH ATP > aDp PO OH
OH OH
SKM S3P

Shikimate Shikimate-3-Phosphate

Figure 1.10. AroK reaction

In E.coli, SK is present in two isoforms, AroL and AroK, both of which are monomers of 19.5
kDa and contain a type A Walker motif, and share 34% sequence id&R#t¥25]. Both isoforms
catalyze the same reactionvitro but AroL has almost 100 timegeater affinity for SKM than
AroK [125]. Different plant species have a variable number of isoforms, such as tresativa
(rice), two inA. thalianaand one in tomatfb7, 126128].

The SK crystal structure froi. tuberculosigPDBID: 1U8A) is desribed in Figure 1.11. AroK

bel ongs to the Nucleoside Monophosphate ( NMP)
a centr al five hetert arfdedc-k@ices. &rbKs erd sglfidivided in three
domains: Core domain (CD), LID daim (LD) and Nucleotide/SKM binding (SB) dom4it29-

134 The core domain i ncl ud e-shedtflaekedovghrheliceadnd f i v e
contains the highly conservedidbp characteristic of NMP kinase fam[li35]. The SB domain

consists dhighly conserved residues involved in SKM binding. The structure comprises three
functional motifs, Walker Amotif (P-loop), Walker Bmotif and the Adenine binding motif (A

loop) [129-134]
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Figure 1.11. Cartoon representation of AroK (from M. tuberculosis PDBID: 1U8A): The figure shows
the crystal structure of AroK with SKM and ATP bound. N and C termini are marked. The LID (LD) (maroon)
connects U6 and U7; the substrate binding-tenSmBhaf( green)
of U4; and the CORE (gray9trcaomddd tgneerdlankdd euith remainimg r a | fiv
Uhelices. SKM is shown as red sticks, while ATP is sho:

1.4.6 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase (EC 2.5.1.19)
5-enolpyruvylshikimate3-phosphatd EPSP) synthase AroA catalyzes the sixth and penultimate
step of tle shikimate pathway (Figure 1.12). In a reversible reaction, it transfers the enolpyruvyl
moiety of PEP to the-®H position of S3P, and forms EPSP and inorganic phos[8&té3] In

the reaction €O bond cleavage of PEP, exchange of the vinylic probddf¥EP occur$38, 136

138]. This reaction is one out of only four described reactions that catalyze badd cleavage

of PEP instead of a higbnergy PO bond (14.8 kcal/mol).

coOo co0
EPSPS _
% Coo
6
PO OH PEP pi PO O’KCHZ

OH OH

S3P EPSP

Shikimate-3-Phosphate 5-Enoylpyruvyl shikimate-
3-phosphate

Figure 1.12 AroA reaction
The other three include the drug target MutJ®P-N-acetylglucosamine enolpyruvyl transferase)

which catalyzes the transfer ofC3H of PEP to UDMN-acetylglucosamine (UDRAG) [71]; 3-
Deoxy-D-manneoctulosonate -®hosphate (KDO8PS)[139]; and 3deoxyD-arabine
heptulosonate-phosphate (DAHP) synthagDAHPS)[38].
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The nonselective, broagpectrum herbicide glyphosate-[phosphonomethyl)glycine,] (Roundup

® Monsanto)cts as a competitive inhibitor of PEP, competing for the same binding site as of PEP,
which is very close to S3B8, 39, 43, 140, 141Glyphosate is the only herbicide to target AroA
[142]. Based on interaction with glyphosa#;oA enzymes are classified into two classes;
glyphosatesensitive class | AroA and relatively glyphosate resistant class Il AroA. Class |
includes plants and mst bacteria, including. coli; whereas some bacteria, suctigsobacterium

sp. strain CP4 form class Il, are naturally glyphosate resistant and therefore used to engineer
glyphosate resistant crop3, 141] Figure 1.12 shows the crystal structure odAfrom Coxiella
burnetiibound to S3P and Glyphosate (PDB ID: 3SI[H)3].

Figure 1.13. Cartoon representation of AroA (from Coxiella burnetii PDBID: 3SLH): The figure shows
the crystal structure of AroA with SKM, S3P and Glyphosate bound. N and C termini are marked. One
domain is shown in gray, while the other one in purple. SKM is shown as red sticks; S3P is shown as brown
sticks, and GLP is shown as pink sticks.

The AroA monomer consists of two similar globular domains, an upper and a lower dionaain,
open or closed conformation depending on the liganded state. Both the N and C termini of the
protein chain are located in the lower domain. Both the domains are remarkably similar,
comprising t hr edoldingoupiti[144. The fctiva ite ties in thé deft between
the two domaing38]. Glyphosate binds adjacent to S3P in the BEEing site, thereby

mimicking an intermediate state of the ternary enzygubstrates complgi40].

1.4.7 Chorismate synthase (EC 4.2.3.5)

Chorismate synthagAroC) catalyzes the seventh and final step of the shikimate pathway (Figure
1.14). It catalyzes the traiis 4 elimination of phosphate from EPSRtroducing the second
double bond in the ringp yield CHM[38, 39, 43] The reaction requires reducdavin (FMN)
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as a cofactor for activity even though the overall reaction is redox neutral a$38;df®, 43, 90,
145-150].

coo” [delex
_ cs
aele] aroC Co0™
7 i
PO O/KC H2 b 0] /kCHZ
OH OH
EPSP CHM

5-Enoylpyruvyl shikimate- Chorismate
3-phosphate

Figure 1.14. AroC reaction

AroCs exist with or without a flavin reductase activity. Monofunctional enzymes, which are
usually preent in bacteria and plants, do not contain a flavin reductase activity and require reduced
FMN. The bifunctional enzymes carry a flavin reductase activity and, therefore, can reduce FMN
either using NADPH in fungi or using NADH . tuberculosid39, 43,151]. Monofunctional

AroC fromE.coliis only active anaerobically while the bifunctional enzymes fhbmarassaare

active aerobically152, 153] The AroCfrom B. subtilisforms a heterotrimeric complex with a

flavin reductase and AroB and is not activebsence of flavin reductafib3, 154]

1.5 Multifunctionality in the shikimate pathway

Various fusion enzymes are seen in the shikimate pathway (section 1.4) but only the bifunctional
AroDE found in plants has been characterized structurally and dnadi [33]. The crystal
structure of AroDE and its possible implications are discussed in the firstestibn. Many
attempts have been made to study the architecture and possible role of the pentafunctional AROM
complex. Therefore, a short history oEtAROM complex is given in the following std@ction.

This section ends with a comparison between the different types of fusion enzymes found in the

shikimate pathway.
1.5.1 Bifunctional dehydroquinate dehydratase-shikimate dehydrogenase

(AroDE)

Bifunctional dehydroquinate dehydratasieikimate dehydrogenase (AroDE) is the bifunctional
enzyme carrying out the third and fourth enzymatic reactions in the shikimate pathway. The
reactions included) the dehydration of DHQ to DHS to introduce the first doubledan the ring

and @) the reversible reduction of DHS into SKM using NADPRR].
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The substrate DHQ can also be employed as a substrate for the quinate pathway and hence the
presence of AroDE can target DHQ to the shikimate path2&\33, 155]29, 33,160]. The ratio

of turnover rates of E:D have been reported to be around 9:1, thus, DHS is not accumulated but
readily converted to SKM, whiclmcreases metabolic flux through the shikimate path{8ay

156].

Singhet al [33] reported the crystal struetiof AroDE fromA. thaliana (Figure 1.10). The
structure contains a type | AroD enzyme, with a misbihgirpin, which caps one opening of the

b barrel. They further proposed that the concave architecture of the enzyme would facilitate the
transfer of DHS to the E site by increasing the local, effective concentration of DHS at the E site
[33] (Figure 1.10)

Figure 1.15. Cartoon representation of bifunctional AroDE (PDB ID: 207S): The figure shows the
crystal structure of bifunctional AroDE bound to DHS and NADPH. The N and C termini are marked as N
and C. D domain is shown in yellow, while E domain is shown in blue, DHS is shown in pink and NADPH
is shown in orange sticks. Due to the proximity of active sites, this enzyme can facilitate substrate
channeling.

1.5.2 History of AROM complex

In eukaryotes, reactions two to six of the shikimate pathway é&sion of DAHP to EPSP), are
catalyzed by a single polypeptide called the multifunctional AROM comj38x 39] In the

1960s, anN. crassaauxotrophic mutant strain Y7655a (aromdéss: arom), was identified. It

could not grow in the presence of SKM,thequired phenylalanine, tryptophan, tyrosine and
PABA for its growth[157]. In 1967, Gile®t al,through complementation analyssgentified that

this mutant lacks the arom gene cluster. The gene order was BDEKA, and it encoded one protein,
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catalyzingdfive different activities[158]. Phylogenetic studies suggest that the AR@de fusion

was an innovation likely to have been present in the progenitor of modern eukaryotes, retained in
many lineages, now known to constitute the zygomycete, basidiomgoet@ascomycete fungi,
apicomplexa, ciliates, and oomyce}8Ss, 62]

The early attempts to purify the AROM complex resulted in protein fragments ranging from 165
kDa to 300 kD78, 79, 159162]. The first nucleotide sequence of arom locus flamidulans

showed a single open reading frame and absence of ifit@3ls

Using glyphosate based growtthibition; the shikimate pathway was shown to be present in the
phylum of Apicomplexang76]. Apicomplexa are a phylum of diverse obligate intracellular
pamsites including Plasmodium spp., (malaria), Toxoplasma gondii (toxoplasmosis) and various
opportunistic pathogens of immunocompromised individ{igl]. Bioinformatic analysis has

also revealed the presence of the AROM compléix gondii[36]. Peeketal, have characterized

the monofunctional E domain &t gondii,where it catalyzes the NADRIependent oxidation of

SKM and is sensitive to AroE inhibitof$65]. Recently, a novel arrangement of gene fusions has
been discovered iA. castellaniAroBAKD, (called AroN) with the E domain fused to two other
genes (Figure 1.1637].

Despite the discovery in 1967, owing to its large size and labile nature, the structural and kinetic
study of the complete AROM complex has been difficult. The few hypothestéefexistence of
AROM complex include substrate channel[a§4], catalytic facilitation166], and ceordinated
production of all five enzymd37, 167]
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E. coli [AmB] [ANA] [AroL] [ArnD] [AroE]

All monofunctional

A. thaliana .[ AroB ] _[ AroA] -[Arol(ll] .[ AroD I AruE]

Bifunctional DE

8. cerevisiae [AroB I AroA I AroK I AroD I ArcE ]

Pentafunctional AROM

A. castellanii [AroB I AroAI AroK I AroD ] [ IGPS - AroE ]

Tetrafunctional ARON

Figure 1.16. Various arrangements of steps two to five in shikimate pathway: The figure shows the
various arrangements possible giving rise to different fusion proteins in shikimate pathway. Each taxonomic
group is shown with one example organism. The small line before A. thaliana enzymes represents the
plastid transit signal. IGPS is Indole-3-glycerol-phosphate synthase and PRPI is phosphoribosylanthranilate
isomerase (Adapted from [37]).

To summarize the multifunctionality in the shikimate pathway, Figure 1.16 shows the various

arrangements of the shikimate pathway enzymes.

1.6. Rosetta stone approach for predicting protein-protein interactions

1.6.1 The Rosetta stone

The Rosetta stone aided in the understanding of Egyptian hieroglypigose(E.17). lis ablack

basaltstone, discovered in 1799, near the town of Rosetta. It was engraved daiffiglémaic

Empire atMemphis, Egyptn 196 BC. The carved text contains three different versions of ancient
writing, by priests honoring the king of Egypt, Ptolemy V. The top and the middle texts are

in Ancient Egyptiarusinghieroglyphic scrippndDemoic script, respectively, while the bottom

is in Ancient Greek. Remarkably, the Greek passage disclosed that the three scripts had a similar
meaning168. Thus, it solved the riddle of hierogly

for thousands ofears.
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Figure 1.17. The Rosetta stone: The figure shows the Rosetta stone with the same text written on it in

three different languages. The first two texts are in Egyptian while the third one is in Greek. (Adapted from
[169]).

1.6.2 Protein-Protein Interactions

Marcotte et al, coined the term Rosetta stone method for a computational method, to deduce
proteinprotein interactions from the genomic sequences based on the observation that some pairs
of interacting proteins have homologs in another orgafused into a single protein chditi70].

This method identifies gerfeision events in complete genomé@g1], and predicts functional
linkage for protein domains that exist both as fusions and as free polypdp#@gdt helps in

linking distinct protemns together, and suggests the tendency of functional interactions between the
linked entities, describing local and global relationships within the protgbi8¢ The method is
illustrated in Figure 1.18.

Rosetta stone Organism1 || A | | I
Protein A Organism2 [ A |

Protein B Organism 2 | B [
rE.coH TrpC | [ | ||‘
Yeast TrpG || | | \

Yeast TrpF I:l

Figure 1.18. The Rosetta stone approach for predicting protein-protein interactions: The top panel
shows the principle of the Rosetta stone sequence containing the fusion domains, which are homologous
to two separate sequences in other species. The bottom panel shows the example of the fused sequence
of TrpC in the E. coli genome, which would inform us that the yeast proteins TrG and TrpF are functionally

linked, if it was not known that they both catalyze steps in the biosynthesis of tryptophan. (Adapted from
[179])
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1.6.3. Rosetta-stone proteins in the Shikimate Pathway: Objectives of this

study

Substantial progress has been made regarding the kinetic mechanisms of individual
monofunctional enzymes, but our understanding of multifunctienazymesand interenzyme
interactions of transient complexesra&her limited. Owing to their shelived nature, transient
complexes are hard to grasp for structural and functional characterization. Therefore, we exploit
ARoOs®xttdme 0 proteins as per manent equi val ent s
multifunctional fusion enzymes present, the shikimate pathway serves as an ideal model system to
decipher the potential transient interactions in different organisms. Most remarkable is the
pentafunctional AROM complex in fungi, apicomplexans and some protistgisomhe central

five steps of the pathway. In addition, other multifunctional enzymes include various bifunctional,

trifunctional and tetrafunctional fusion enzymes in many organisms.

These different fusions give rise to many questions, such as dodiki&lual enzymes of the
shikimate pathway organize to form higher order assemblies during catalysis? If so, do these
assemblies vary in different organisms or do they form similar higher order assemblies? To answer
these questions we hypothesize that itndividual enzymes of the pathway form transient
complexes, resembling the AROM complex, for efficient substrate funneling and regulation,
during their catalytic cycles. The AROM complex could therefore be the Rasefta of the
shikimate pathway.

With this in mind, the following objectives were designed. First, we want to characterize the
different bifunctional enzymes and the AROM complex functionally, to test for the existence any
inter-domain allosteric regulation. Second, we want to characterzkifilnctional enzymes and

the AROM complex structurally, to examine the ind@main organization. Third, with the
redundant sets of crystal structures of several natural bifunctional enzymes we want to examine
the Rosetta stone hypothesis and explorsipleshigher order assembligssilico. Finally, we

want to study the pentafunctional AROM complex and compare the structural and functional
properties of the AROM complex to tiresilico assemblies. The gained knowledge will not only

help in understandg the shikimate pathway but shall also help to understand how and to which

extent the individual enzymes of metabolic pathways are generally organized into transient higher
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order assemblies. Furthermore, it may help in the development of drugs targetiam p

interactions, and inspire new appobes in metabolic engineering.
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2. Materials and Methods

2.1 Materials

The chemicals for preparing the buffers and for protein purification were from the general stock
available in the departme The following chemicals were used specifically for this project (Table
2.1)

Table 2.1 List of chemicals used in this project

Name Product name Company & lot no.
SKM Shikimic acid S5375 Sigma-Aldrich
S3P 3-phosphoshikimic acid lithium salt 55385 Sigma-Aldrich
DHQ 3-Dehydroquinic acid potassium salt 96401 Sigma-Aldrich
DHS 3-Dehydroshikimic acid 05616 Sigma-Aldrich

DAHP 3-Deoxy-D-arabinoheptulosonic Acid 7-Phosphate D232050 Toronto Research

Disodium Salt Chemicals

NAD b-Nicotinamide adenine dinucleotide hydrate N7004 Sigma-Aldrich

NADP b-Ni coti nami de ad e npghosghatal i NO505 Sigma-Aldrich

disodium salt

NADH b-Nicotinamide adenine dinucleotide reduced N8129 Sigma-Aldrich

tetrasodium salt hydrate
NADPH b-Nicotinamide adenine dinucleoti d ephdsjate N201500 Toronto Research
reduced tetrasodium salt hydrate Chemicals
ATP A d e n o s -triphespHatNjdisodium salt hydrate A26209 Sigma-Aldrich

ADP Adenosine-5'-diphosphate monosodium salt 02150260 MP Biomedicals
PEP Phospho(enol)pyruvic acid trisodium salt hydrate P7002 Sigma-Aldrich
GLP Glyphosate, PESTANAL® 45521 Sigma-Aldrich

PK/LDH Pyruvate Kinase/Lactic Dehydrogenase enzymes from P0294 Sigma-Aldrich
rabbit muscle

2.2. Bioinformatic Methods
Pymol was used for visualization and geating picture§174]. Adobe illustrator was used to

design the final pictures.

2.2.1. Cluster map of the shikimate kinase gene fusions

AroK homologs from archaea, bacteria and eukaryotes, were searched in tredunztant
protein sequence database (A), €#mploying two iterations oAagkHMMER at default settings
[175]. E. coli AroK was used as the seed for the first iteratibme resulting sequences were
clustered in CLANS to generate a tdonensional map. CLANS (CLuster ANalysis of
Sequences), is aya based application, which adopts the FruchtefiR&ngold graph layout
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algorithm to visualize pairwise sequence similarities in either thedtmensional or the three

dimensional spadd.76].

2.2.2. In silico models

In silico models based on AroEK afdoKE were built using theecondarystructure matching
(SSM) algorithm in Coof177].

2.3 Common Biochemical and Biophysical methods

2.3.1. Cloning, Protein Expression and Purification

The cloning of each gene is described in later sections. All reguiimes were first analyzed

with colony PCR, and confirmed by gene sequencing using T7 forward and reverse primers. The
Bigbye E Terminator v3.1 Cycle Sequencing Kit
carried out in house, with the help of an Ap@ Biosystems 3730XL DNA Analyzer.

Unless otherwise stated, all the proteins were expresseteasiDal fusions with a hexidis tag.
BL21(DE3) cells and a temperature of 37 °C were used for protein expresgsibrcutures were
grown for analytical prposes, while 4iter cultures were grown for preparative purifications. An
overnight starter culture, from a single colony was grown imydegeny broth (LB) mediurwith

appropriate antibiotic(s).

The cultures were grown until an @pof 0.6, and werénduced with a final concentration of 1
mMi s o p r-D-pthidgaldrtopyranosiddRTG) and expressed for four hours. Expression was
analyzed on sodium dodecyl sulfggelyacrylamide gel electrophoresis (SP8GE). If needed

in future, the cell pellet wakash frozen in liquid nitrogen and stored&® °C.Protein purification
was carried out usinghmobilized metal ion affinity chromatography (IMA)85], followed by

gel filtration chromatography186]; performed on Aekta protein purification systenGE(

Healthcare).

The cell pellet was suspended in 50 mL buffer containing 50 mMHTispH 8.0, 300 mM NaCl
(buffer A), a pinch of lysozyme, a pinch of DNase and a tablet of Roche cOmplete-t£&E A
Protease Inhibitor Cocktail. The resulting mixture wased/ by sonication at 50 kHz for four
minutes, 3 times with fiveninute intervals followed by ultracentrifugation at 126000 X g rpm for

50 minutes to remove the cell debris.
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The supernatant was filtered through Millex filters 0.45 fdflowed by 0.22uM (Millex®
SLHVO033RS and SLGP033RS respectively). The filtrate aypgdied on 20 mL or 5 mL HisTrap
HP columngGE Healthcare).

After loading, the column was washed thrice, first with buffer A, followed by buffer A
supplemented with 22.5 mM imidazole and fipawith buffer A supplemented with 45 mM

imidazole respectively. A gradient elution was made wit2d8 mM imidazole over five column

volumes. The fractions were analyzed by SEYSGE, pooled and dialyzed overnight in a buffer
containing 20 mM Hepes orifrs ( pH 8. 0) , 1 5-fhe mdMa Nta €ME)o2n ariM (b
Tris (2-carboxyethyl)phosphine hydrochloride (TGERI) (given separately for individual

proteins).

The dialyzed samples were concentrated to a final volume less than 5 mL using Merck 10/
30/50/100 kDa Amicon Ultra 15 mL centrifugal filters (depending on protein size). The

concentrated sample was loaded onto a HiLoad Superdex 200 26/60 (S 200, 26/60) or HiLoad
Superdex 75 26/60 (S 75, 26/60) column (depending on protein size, stated separately for

individual proteins) (GE Healthcare).

Gel filtration was performed in the dialysis buffer mentioned above. Fractions containing the
active protein were pooled, and concentrated to the required concentrations; aliquots were frozen

in liquid nitrogen and sted at-20 °C until needed.

2.3.2 Circular Dichroism

A JASCO J810 spectropolarimeter was used to measure the CD spectra fre2O@5. Protein
concentration was 0:3.5 mg/mL in 20 mM TrisH C | pH 8. 0, 150 -MEM NacCl .
Thermal denaturation curveser a temperature range of-28 °C with a gradient of 1 °C/min

were measured at 220 nm.

2.3.3 Static Light Scattering

Static lightscattering experiments were performed with 1 mg/mL protein (100 pL) in the sample
containing buffer (discussed separata@y ihdividual proteins) using a GE Healthcare Superdex
S75/S200 10/300 GL sizxclusion column connected to a Wyatt MiniDAWN Tristar Laser
photometer and a JASCO-R031 differential refractometer. Wyatt ASTRA V software was used

for data analysis.
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2.3.4 Crystallization, crystal freezing, data collection

The proteins were crystallized in the apo state in combination of various ligands. Initial screening
was performed in Sévell sittingdrop plates (INTELHPLATE® 96 Well, Art Robins
Instruments) using thearious Qiagen crystal screens and the Morpheus screen (Molecular
dimensions). The crystallization screens were set up using the crystallization robots Honeybee 963
(Genomic Solutions) and mosqufitorystal (ttp labtech). The plates were stored at 20 & an

imaged periodically for two months with a Rock Imager 182 (Formulatrix).

The reservoir volume was 50 ¢l a nsb0 rl)preteird r o p s
and reservoir solution. If optimization of crystallization conditions was neede@gell sitting

drop grid screens were set up using the dragBsityeen optimization robot (ttp labtech).

The crystals were picked up in a smallLnm) circular loop. The loops were briefly transferred

into a droplet of reservoir solution, which was gi@mented with additional cryprotectant as
needed. This loop containing the crystal was flesbled and frozen in liquid nitrogen until the
measurement. Unless otherwise stated, all the data was collected at the beamline X10SA of the
Swiss Light SourcéVilligen, Switzerland), using the PILATUS 6M hybrid pixel detector (Dectris
Ltd.). The loop containing the crystal was mounted onto the goniometer at the be@hdidkata

was collected at 100 K and a wavelength of 1 A.

The detailed crystallization cottibns, data collection, and refinement statistics are discussed

separately for each protein.

2.3.5 Crystal structure determination

The diffraction data was analyzed, integrated and scaled employing the XDS progrd/8,ite

179]. The structures of AroB, AroEK and AroKE were solved using the automated molecular
replacement, with the monofunctional homologs, in the program MOLREP (each case discussed
individually in later sectiong)180]. The structures were refined using Refmpkdl, 182] The
rebuilding was carried out by using the program (a88]. The crystal structure solution of the

AROM complex is discussed in section 2.7.7.
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2.4 Methods 7 AroKB

2.4.1 Cloning, Protein Expression and Purification

The genes of AroKBsCollimonas fungivorans(Uniprot ID: GOAGG5) (Cf_AroKB)
Acidiphilium multivorum (Uniprot ID: FOIYKO) (Am_AroKB), Granulibacter bethesdensis
CGDNIH1 (Uniprot ID: QOBUI8) (Gb_AroKB) Oxalobacter formigene@Jniprot ID: C3X6K3)
(Of_AroKB), were codon optimized for expressionkrcoli from Eurofins and cloned into the
pet22b vector with a @rminal His tag using Ndel/Xhol restriction sites. Genomic DNA of
Thermotoga maritimavas used as a template to amplify and clone the genes encoding Tm_AroKB
(Uniprot ID: Q9WYI3)into pet22b vector witla Gterminal His tag using Ndel/Xhol restriction
sitesand Tm_Aroksg in pET HisTEV-Nde-GFP (Nterminal hexaHis tag) using Ndel/BamHI.

The Tm_AroKB construct was the basis for the construction of the salt bridge mutant,
Tm_AroKB_SB (R195A, D315A) (€erminal His tag), which was built using round the horn
mutagenesifl84] (Appendix A.1.2A.1.13).In addition, the Tm_AroKB construct was the basis
for the construction of the FLAG tag containing Tm_AroKB at the N terminaflgd

Tm_AroKB). This construct waalso cloned with a-@&rminal His tag in pet22b.

Cf_AroKB, Am_AroKB), Gb_AroKB, Of AroKB, Tm_AroKB and Tm_AroKB_SB were
expressed in BL21 (DE3) at 37 °C, while Tm_AreKvas expressed in BL21 (DE3) at 37 °C and
BL21 (Gold) at 25 °C. The proteins werelgized in the buffer containing 20 mM Tris (pH 8.0),
150 mM NaCl. S 200, 26/60 was employed for the gel filtration of Tm_AroKB and
Tm_AroKB_SB; whereas S 75, 26/60 was used for Tm_ArgK __

Due to the restriction sites, the Tm_AroKB and Tm_AroKB_SB contaradditional sequence
Lys, Leu, Ala, Ala, Ala, Leu and Glu prior to the tag. Thediminal His tag in the Tm_Arolg
was cleaved with TEV protease overnight. Tm_Akelkind TEV protease were separated with an
imidazole gradient; (the protein with no tagepedes the His tag bound TEV protease during
elution). After the His tag cleavage, the Tm_AkgKetained the additional Gly and His prior the

first met of the protein sequence.
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2.4.2. AroKB kinetics
2.4.2.1 Kinetics for K domain

K domain kinetics was stigt for the Tm_AroKB and Tm_AroKB_SB. K domain was kinetically
studied by coupling the release of ADP to the pyruvate kinase (PK) (EC 2.7.1.40) and lactate
dehydrogenase (LDH) (EC 1.1.1.27) reactions. The SKM/ATP dependent oxidation of NADH was
monitoreda 340 nm {tcn)ES85p 180 M

The reaction was monitored in a final volume of 0.1 mL in 96-plelles (Brand plates® 781662)

in the Microplate Reader SynergyE H4Basegbr i d
Multi-Mode Microplate Readers at 30°The range of substrate (SKM/ATP) from 5.2 uM to 300

UM was analyzed in 11 serially diluted concentrations. The reaction mixture consisted of 50 mM
HEPES (pH 8.0), 100 mM KCI, 10 mM Mg£0.5 mM ATP, 1.5 mM PEP, 0.3 mM NADH, 9 U

of LDH, 6 U of PK, Tm_AroKB,and SKM. While quantifying ATP as a substrate, the range of
ATP was varied in the same way, while SKM was kept at a concentration of 0.5 mM (adapted
from [186, 187).

The serial dilutions of substrates were prepared manually in the reaction buffestimaf £:3,
the highest concentration being 300 uM. Tm_AroKB was added at the end to start the reaction,
which was monitored at 340 nm for two hours. The experiments also included a no enzyme blank

for each concentration, and a blank without any substrate

The same reaction was repeated in the presence of the substratetfoaiBthat is 20 uM of

DAHP and NAD. Data analysis was carried out in Sigma plot, discussed in the results section.

2.4.2.2 Kinetics for B domain

B domain kinetics was followed byanitoring the phosphate release employing the, Enzcheck®
phosphate release kit88] and measuring the amount of phosphorylated MESG at 360 nm. The
reaction was carried out at 30 °C. The activity was assayed in a final reaction mixture of 0.1 mL
in 96-well plates (Brand plates ® 781662).

For estimating DAHP, the reaction mixture contained 0.3 mM NAD, 0.2 mif, @2 mM
MESG, 1U of PNPP and 10 nM Tm_AroKB and Tm_AroKB_SB. The range of DAHP from 2
MM to 150 puM with 11 serially diluted concentrations was gredl. The serial dilutions were

prepared manually in the reaction buffer, in a ratio of 2:3, the highest concentration being 150 uM.
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The reaction was monitored at 30 °C for two hours. While quantifying NAD as a substrate, the

range of NAD was varied in treame way, while DAHP was kept at a concentration of 0.02 mM

The same reaction was repeated in the presence of the substrates for K domain that is 20 uM of
SKM and ATP.

2.4.2.3 Data analysis

The MichaelisMenten model was used for the kinetic analysis. ilhial velocity data obtained

by varying the concentration stibstrate [S] is fitted to the MichaeMenten (MM) equation (EQ.

1) to yield maximal velocity value¥(ax) and the Michaelis constarkKyg). The final Michaelis
Menten (MM) curves were geraded in SigmaPlot 12.3 (Systat Software, San Jose, CA, SPSS,

Inc) using nonlinear regression analysis with the enzyme kinetics module of SigmaPlot 12.3.
0 = (Cma " Y(OM+7Y (1)

In equation 1, S is the substrate concentrationx g the maximal rate andm is the substrate
concentration at which the reaction rate is half its maximal value. Further, the turnover namber k
is the number of substrat@lecules converted into product byearzyme sitén a unit time ka/Km

is the rate constant for the interaction of S anfll#-192]. An error of less than 20% was

considered for this study.

2.4.3 Pull down experiments for Tm_AroKB

Tm_AroKB culture waordered from DSMZ. The cells were resuspended in lysis buffer (50 mM
Tris pH 8.0, 150 mM NacCl, 20 mM KCI, 0.5% Nonide#B, 5% glycerol, 1 mM PMSF, protease
inhibitor, DNasel). Samples were sonicated Sonifier (G. Heinemann), and centrifuged at 48,700 x
gfor 45 minutes at 4 °C to clear the lysates. The supernatant was collected. MeanwAkileA@nti

M2 magnetic beads (Sigma) were washed three times with PBS for five minutes. Subseguently N
flag-Tm_AroKB was coupled to the beads by incubating with theeprdbr 1hr at RT. Equal
amounts of cell extract were mixed with coupled beads in binding buffer. 100 pL of the beads
sample was used for each sample condition. Samples were incubated for four hours at 4 °C with
gentle mixing. After incubation, the resiedd was washed 3 times with 1 mL wash buffer (50
mM Tris pH 8.0, 150 mM NaCl, 20 mM KCI, 0.5% Nonide#B) to remove nospecifically

bound proteins. Target molecules were eluted by incubation of the beads with 200 pL of 0.1 M

GlycineHCI, pH 2.0 for 5 miutes with gentle shaking. The resulting sample was neutralized with
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1 M Tris and loaded on an SDS gible mass spectrometric analysis was performed on a Proxeon
EasynLC coupled to an LT€Drbitrap XL. The data were processed, using software version

(1.51.0) and had a setting of 1% for the false discovery rate.

2.4.4 Crystallization and crystal handling

Crystallization was carried out both for Tm_AroKB and Tm_AroKB_SB. Table 2.2 lists the final
crystallization conditions. To achieve bigger crystals, harmgi dr ops cont ai ni ng
solution and 1.5 €l of reservoir solution ove
(Qiagen). To study the activity of Tm_AroKB in crystalline state, the crystals were first soaked in

2.2 M sodiumcarbonat and later with SKM and ADP for varying time intervals.

Table 2.2 Crystallization and cryo conditions Tm_AroKB

Sr.no. | Protein name Protein buffer (PB) Conc. Screen condition | Ligands 10 | Cryo
(mg/ml) | (SC) mM
1 Tm_AroKB 20 mM Tris pH 8.0, 150 | 30 (NHWFSOM SKM SC+30%
(sitting drop) mM NacCl 22 M glycerol
CHsCO:2K
0.2 M
2. Tm_AroKB_SB 20 mM Tris pH 8.0, 150 | 30 (NHYWFSOM SKM, NAD SC+30%
(sitting drop) mM NaCl 1.873 M glycerol
CH3CO2K
0.1 M
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Table 2.3 Data collection and refinement of Tm_AroKB, Tm_AroKB_SB, and Tm_AroKB soaked with

SKM and ATP
Data set Tm_AroKB Tm_AroKB_SB | Tm_AroKB soaked with SKM
and ATP
Wavelength (A) 1 1 1
Space group P3121 P3121 P3121
Unit cell (A) a=b=12953,c| a=b=12941,c|a = b = 130.59,
= 87. 24, = 87.25, =90.0°"Y=120.0°
90.0° "Y=120.0 | 90.0° "Y=120.0
° 0
A. Diffraction statistics
Resolution 2.90 2.62 2.750
No. of 198638 407829 365220
observations
Completeness 99.8 (99.2) 99.8 (99.0) 99.9 (199.8)
Redundancy 10.45 17.87 14.167
I/sigma(l) 15.14 (1.88) 30.69 (8.05) 34.10 (3.24)
R-meas (%) 11.8 (112.3) 6.1 (24.0) 6.7 (95.9)
CCup 99.8 (84.2) 99.9 (98.9) 100 (89.0)
B. Refinement statictics
Monomers/ASU 1 1 1
Resoluti/gn range 50-2.9 50 - 2.62 50 -2.75
(A)
No. of unique 18051 24465 21682
reflections
Reryst (%) 23.87 25.53 24.02
Riree (%) 28.82 290.37 27.54
Rms bond length 0.0057 0.0052 0.0054
deviation
Rms bond angle 1.1810 1.1085 1.1416
deviation
Ramachandran 93.87/4.02/2.11 94.93/3.17/1.90 94.29/3.59/2.11
statistics (%)

2.4.5 Denaturation and renaturation

Tm_AroKB was denatured in the presence of 6 M guanidinium chloride (GdnHCI). The resulting
solution was loaded onto the 20 mL HisTrap HP column, in buffer A supplemented with 6 M
GdnHCI. To refold the protein, on column reflg, was attempted using 50 mM THEI pH

8.0, 300 mM NaCl, 2 M Arg (buffer B) over 30 column volumes. Further, the column was washed
with imidazole and Tm_AroKB was purified in the presence of an imidazole gradient (Section
2.1.2.1).

The renaturation vgaalso attempted by diluting the denatured Tm_AroKB ten times in the buffer
containing 50 mM Tris (pH 8.0), 500 mM NaCl, 2 mM DTT at 4 °C (buffer C).
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2.5 Methods- AroEK

2.5.1 Cloning, Protein Expression and Purification

Eubacterium biformgenomic DNA wadused as a template to clone the gene encoding (Eb_AroEK)
(Uniprot ID:B7C8I5)in pET HisTEV-Nco-GFP (N terminal His tag) using the restriction sites Ncol/Xhol.
The AroEK gene fronfaecalibacterium prausnitzfFp_AroEK) (Uniprot ID: C7H179) was codon
optimized for expression i&. coli(Eurofins) and cloned in pet226-terminal His tag) using Ndel/Xhol
restriction sites (Appendix A.1.4). Owing to the restriction sites, the Fp_AroEK sequence

contained additional Leu and Glu before the His tag.

Eb_AroEKwasexpressed in BL21 (DE3) at 37 °C. Fp_AroEK was expressed in BL21 (DES3) at
37°C and in BL21 (pRare) at 25 °C. It was dialyzed in the buffer containing 20 mM Tris (pH 8.0),
150 mM Na CGME. Gekfiltrativh was carried out using S 75, 26/60.

2.5.2 AroEK kinetics
Only the K domain kinetics for ATP was studied for Fp_AroEK m$hme way as described for
Tm_AroKB (section 2.4.2).

2.5.3 Crystallization and crystal handling
Crystals for Fp_aroEK of sufficient quality were obtained directly form the initial screen. Table
2.4 lists the final crystallization conditions for Fp_AroERhe data collection and refinement

statistics are discussed in Table 2.6 together with Mb_AroKE.

Table 2.4 Crystallization conditions of Fp_AroEK

Protein Protein buffer Conc. Screen condition (SC) Ligands Cryo
(mg/ml) 10 mM
Fp_AroEK 20 mM Tris pH 8.0, 20 Morpheus D10 SKM SC+20%
(sitting 150 mM NacCl, 2 mM 0.12 M Alcohols, 0.1 M Buffer PEG
drop) b-ME 3 (pH 8.5) 50% P3 200

2.6 Methods- AroKE

2.6.1 Cloning, Protein Expression and Purification

Methanoplanus petrolearugenomic DNA was used as a template lttne the gene encoding
Mp_AroKE (Uniprot ID: EIRGC9) in pET HSEV-Nco-GFP (N terminal His tag) using the
restriction sites Ncol/XholAppendix 1.7.).
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The AroKE gene fromMethanoregula booneMb_AroKE (Uniprot ID: A718L9) was codon
optimized for expressn in E. coli (Eurofins) and cloned in pet2Z&-terminal His tag) using
Ndel/Xhol restriction sites (Appendix 1.8). Owing to the restriction sites, the sequence contained
the additional Leu and Glu before the His tag.

The Mp_AroKE gene was expressed in B(DE3) cells both at 37 °C and 25 ¥b_AroKE

was expressed in BL21 (DE3) at 37 °C and ArcticExpress cells-a2 PC. Mb_AroKE was
dialyzed in the buffer cont ai niMEgGeXirationdf Tr i s
Mb_AroKE was carried out usy S75, 26/60.

2.6.2 Refolding studies of Mp_AroKE

Mp_AroKE was exclusively found in the inclusion bodies. To solubilize the inclusion bodies,
buffer A supplemented with different denaturants such as either 6 M GdnHCI or 8 M urea was
added to the pelletobained after the sonication and ultracentrifugation step. After solubilizing and
ultra-centrifuging, the supernatant was loaded onto the 20 mL HisTrap HP column, and denatured
Mp_AroKE was eluted with an imidazole gradient, in the presence of denaturants.

In an attempt to refold, Mp_AroKE was serially dialyzed against the buffer containing 50 mM Tris
(pH 8.0), 150 mM NaCl, 2 mM DTT, GdnHCI / urea and 2 M Arg at 4 °C, while the concentrations

of the denaturants and Arg were decreased at each step.

Anotherattempt to refold the protein was carried out by diluting the denatured Mp_AroKE ten
times in buffer C at 4 °C.

2.6.3 AroKE Kinetics
In addition to the substrate range discussed in section 2.4.2, a range of 11 ATP concentrations from
52 uM and 1.5 mM waalso tested. The dilution series were prepared manually with a factor of

2:3 with 1.5 mM being the highest concentration.

2.6.4 Mb_AroKE MST experiments

A serial 1:1 dilution of SKM ranging from 122 nM to 2 mM was prepared and mixed with 1 mM
Mb_AroKE. MST measurements were performed with a Monolith NT.LabelFree (Nanotemper),
using various MST power and laser intensity settings to test the general validity of the obtained
data at a temperature of 25°C, using MST power 20% and laser intensity 20 and é08atalh

was analyzed using the NT Analysis 1.5.41 software (Nanotemper).
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2.6.5 Crystallization and crystal handling
Initial screens of Mb_AroKE gave sufficient quality crystals in complex with SKM Table 2.4 lists
the crystallization conditions for Mb_AroKEvhile Table 2.5 lists the data collection and

refinement statistics.

Table 2.5 Crystallization conditions of Mb_AroKE

Protein Protein buffer Conc. Screen condition (SC) Ligands Cryo
(mg/ml) 10 mM
Mb_AroKE 20 mM Tris pH 8.0, 41 JCSG 48 SKM, SC+10%
(sitting drop) 150 mM NacCl, 2 mM 0.04 M KsPO4, 16% PEG ADP glycerol
b-ME 8000, 20% glycerol

Table 2.6 Data collection and refinement of Fp_AroEK and Mb_AroKE

Data set Fp_AroEK Mb_AroKE
Wavelength (A) 1 1
Space group P42212 P21
Unit cell (A) a=b=1545¢c=| a=43.72, b =123.80,
56.7,U = "W c=46.65U ¥
90.0° 90.0° b 97.76°
A. Diffraction statistics
Resolution 2.70 2.15
No. of 510440 181885
observations
Completeness 99.8(99.3) 98.6 (93.9)
Redundancy 26.14 3.47
I/sigma(l) 19.71 (2.66) 9.21(1.87)
R-meas (%) 14.9 (142.8) 12.5( 75.8)
CCuz 99.9 (81.9) 99.4 ( 68.5)
B. Refinement statistics
Monomers/ASU 1 1
Resolutizn range 43.94-2.70 35.4817 1.99
(A)
No. of unique 18513 31476
reflections
Reryst (%) 23.70 18.0
Rfree (%) 2626 2276
Rms bond length 0.0043 0.0183
deviation
Rms bond angle 0.8936 1.8902
deviation
Ramachandran 97.53/2.22/0.25 96.85/3.15/0
statistics (%)
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2.7 Methods- AROM complex

2.7.1 Cloning, Protein Expression and Purification

The codon optimized AROM gene§ 45/ kb) from Chaetomium thermophilur(Uniprot ID:
G0S061) Ct_ AROM and hielavia heterothallicaTh_ AROM (Uniprot ID: G2QMW9) were
obtained as two overlapping string23 kb each) from Thermofisher scientific. The stsing
overlapped in 27 and 26 base pairs for Ct_ AROM and Th_AROM respectively. The two strings
were combined using the overlapping PCR (Appendix 1.7 and 1.8).

The resulting fullength genes were cloned in pET 28b using the restriction sites Ncol and Xhol.
Due to the size of the AROM complex, the sequence was validated by sequencing with various
primers within the gene. Owing to the vector, the sequence of the AROM complex contains
additional Leu and Glu prior to the His tag. The AROM complex was dialyzedeirbaffer
containing 20 mM Hepes pH 8.0, 150 mM NaCl, 2 mM TCEP. The AROM complex was
concentrated using a dialysis bag of 6 kDa MWCO, in the presence of PEG 20000 (no gel filtration

was carried out).

For expressing the selenomethionine labeled Ct_ ARQNpbex, the overnight starter culture was
grown in LB medium. The following day the cultures were centrifuged, and the cells were washed
twice withphosphate buffered salii@BS to remove residual LB. The cells were resuspended in
minimal media and dividd equally in 6 L ominimal media The cultures were grown at 30 °C
until the OD of 0.6, and induced with 1 mM IPTG. The protein was purified in the same way as
the native Ct._ AROM complex.

Per liter of MM contained M95X193] (200 mL), 1 M MgSQ@(2 mL),1 M CaCh (0.1 ml), 20%
glucose solution (20 ml), 1% thiamine (0.2 mL), Lys, Thr, Phe, Leu, lle und Val (¢a680ng

each) DL-Selenomethionine (ca. 3060 mg).

2.7.2 Kinetic Analysis of the AROM complex
2.7.2.1 Assay for BDE domains

BDE domainswereas ayed together, measuring the consum
M1 cml) [194] (Figure 2.2). The activity was assayed in 384l plates, (Thermoscientific
242757); the final volume of the assay mixture was 29 & DAHP range of 0.02 to 0.6 mM

with 15 serially diluted concentrations was analyzed. The reaction mixture contained 50 mM
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HEPES (pH 8.0), 100 mM KCI, 10 mM Mg£0.2 mM NAD, 0.2 mM CoGl 0.8 mM NADPH,

0.8 mM ATP, 0.8 mM PEP, 10 nM AROM. The serial dilutions of DAHP in a ratio ofv2eBe
made in the buffer containing all the cofactors, employing the Piro® pipetting robot, (Dornier
Labtech systems GmbH).

The reaction was carried out with a temperature range from 30 to 50 °C. The plate was covered
with the lid and was incubated at tleguired temperature for 15 minutes on a heating block. After

the incubation, the enzyme was added and the reaction was followed for 2 hours at 340 nm. The
AroBDE reaction was also performed in absence of ATP and PEP. For studying the effect of GLP
on BDE,the BDE assay was performed in the presence of 0.2 mM GLP.

2.7.2.2 Assay for KA domains

In addition, the reactions of KA domains were followed by monitoring the phosphate release
employing the Enzcheck® phosphate release [kB8] and measuring the amourdf
phosphorylated MESG at 360 nm. The reaction was carried out at 30 °C, as MESG is not
thermostable. The activity was assayed in a final reaction mixture of 100 pl-virelbplates
(Brand plates ® 781662).

The reaction mixture contained 0.2 mM ATP, 0.RIBREP, 0.2 mM MESG, 1U of PNPP and 10

nM AROM. The range of SKM from 2 uM to 150 uM with 11 serially diluted concentrations was
analyzed. The serial dilutions were prepared manually in the reaction buffer, in a ratio of 2:3, the
highest concentration beid$0 uM. The reaction was monitored at 30 °C for two hours.

For measuring the activity of A domain, the phosphate release assay was performed using 150 puM
S3P, 0.2 mM PEP, 0.2 mM MESG 1U of PNPP and 10 nM AROM. The reaction was studied at
30 °C as abové-or studying the GLP based inhibition of A domain, AroA assay was performed

as above in presence of 0.2 mM GLP.

Al l the above reactions were monitored in the
Syner gy E Mx MBasaldblitiMode MicroplateReaders, and were carried out in
triplicates. Further, the above experiments also included a no enzyme blank for each concentration,

and a blank without any substrate.
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2.7.3 Crosslinking Mass spectrometry

1 mg/ ml AROM compl ex was5d0r Qdvs loifnide & uwicti m i InyrdN
di gestion was eoadopr e G afua!| Ivoyvdeld by trypsin.
measured on an Orbitrap Elite mass spectromet
X Quéedno 9]

2.7.4 Small Angle X-Ray Scattering (SAXS)

SAXS experiments were conducted at the beamline B21, Diamond Light Source (Didcot, UK),
with X-ray wavelength of 1 A and a PILATUS 2M detector at a distance of 3.9 m. The samples
cont ai n eether®0 AROM oithf AROM at concemations of 37 mg/mL, 15 mg/mL and
7mg/mL both as apo proteins and in the presence of various ligands (list of ligands given in Table
2.7).

Samples were delivered at 20 °C by atine Agilent HPLC with a Shodex Kv03 column. The
running buffer consistedf 20 mM HEPES pH 8.0, 150 mM NacCl, 2 mM TCEP and 1% sucrose.
The continuously eluting samples were exposed for 300 s in 10 s acquisition blocks, and the data

was preprocessed using4ihouse software.

Frames recorded immediately before the elution®tdmple were used for the buffer subtraction.
Buffer subtraction and further analysis were performed with Prii@5] and ScAtter version
2.2b[196]. The crystallographic model of Ct AROM was fit to the resulting SAXS profiles using
the program FoX$197].
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Table 2.7 Ligands employed in the SAXS studies

Ligands (10 mM)

SKM

DHS

DHQ

ATP

NADH

SKM+ATP

SKM+NAD

DHQS+DHS
SKM+NADH
DHS+DHQ+SKM
DHS+NADH+ATP
SKM+NADATP
DHS+NADH+ATP
SKM+ATP+NADH+DHQS
SKM+ATP+NADH+DHQS+DHS

2.7.5 Negative stain Transmission Electron Microscopy screening

The Negative stain Transmission Electron Microscopy-{M) was carried out using glow
discharged carbeooated grids. The grids were incubated with 0.1 mg/ml protein solution, stained
with 1% uranyl acetate drexamined with a FEI Tecnai G2 Spirit BioTwin transmission EM at
120 kV.

2.7.6 Crystallization and crystal handling

Various crystallization conditions for both Ct AROM and Th_AROM were tested. The screen
condition of Morpheus gave diffracting crystals elHesulting crystals were first optimized in grid
screens and then in hanging drops. The final optimized conditions, together with the original
Morpheus condition for Ct_ AROM samples are given in Table 2.6. The AROM crystals usually
grew within two weekg(Table 2.8)
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Table 2.8 Crystallization conditions of Ct_ AROM

Sr.no. Protein name Protein Buffer Conc Screen Ligands Cryo
mg/ml condition 10mM
(El9)
1 Ct_AROM (sitting 20 mM Hepes pH 5 Morpheus SKM, DHQ, SC
drop) 8.0, 150 mM NacCl, H2 Buffer 1 NADH
2 mM TCEP pH: 6.5, 0.10
M aa, 0.03
mMP2: 60
%v/v
2. Ct_AROM 20 mM Hepes pH 5 Buffer 1 pH: SKM, DHQ, SC
(hanging drop) 8.0, 150 mM NacCl, 6.5,0.10 M NADH
2mM TCEP aa, 0.03 mM
P2: 60 %v/v
3. Ct_semet_AROM 20 mM Hepes pH 5 Bufferl pH: SKM, DHQ, SC
(hanging drop) 8.0, 150 mM NacCl, 6.5,0.10 M NADH
2mM TCEP aa, 0.03 mM
P2: 60 %v/v

2.7.7 Data collection and crystal structure determination AROM complex

Single wavelength Anomalous dispersion (SAD) data were collected at 100K and a wavelength of
0.978 A onPilatus 6M detector at beamline P14/PETRAIlI (Hamburg Germany). The data were

indexed, integrated and scaled to 3.0 A resolution using XDS. For heavylatation, we

employed SHELX[J198].

Most of the 78 expected heavy atoms corresponding to two cblamROM in the ASU were

located, with a prominent drop in peak height after about 75 sites. After phasing, density

modification and chain tracing with SHELXE, large extents of the AroB and AroA domains and

several secondary structure elements of the olibv@ains became apparent. The superimposition

of individual domains from the PDB aided in completing the structure, which was accomplished

by cyclic chain tracing with Buccaneg99], manual modeling with Co¢183], and refinement

with REFMAC5[182].
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Table 2.9 Data collection and refinement statistics of Ct. AROM

Data set Ct_ AROM
Wavelength (A) 0.978
Space group P21212
Unit cell (A) a=153.943,b =
377.616, c =
70.882,U = "D
=90.00°
A. Diffraction statistics
Resolution 3.00
No. of 1122232 159766

observations

Completeness 99.7 (99.3)
Redundancy 7.04
I/sigma(l) 13.67 (1.28)
R-meas (%) 11.2 (144.8)
CCup 99.9 (54.1)
B. Refinement statistics
Monomers/ASU 2
Resolution range 5071 3.0
(A)
No. of unique 79855
reflections
Reryst (%) 215
Riree (%) 24.0
Rms bond length 0.02
deviation
Rms bond angle 0.753
deviation
Ramachandran 95.70/3.32/0.98

statistics (%)

2.7.8. Conformational space Ct_ AROM
To find strucdural representatives of the individual domains of AROM, the following five Pfam
(version 31.0) families were used as starting point: AroB (PF01761), AroA (PF00275), AroK
(PF01202), AroD (PF01487), and AroE (PF08501). The crystal structures were maoratly s

based on the resolution and the structure with the highest resolution was picked as the reference

structure. The reference structures are listed in Table 2.9

The structures were then clustered based on their differences in the opening anglesthetieen

and Gterminal (Nt and Ct) sudomains (for AroB, A, K, and E). Further, each pair of structures

from the same family was superposed first according to the alignment between their Nt sub

domains and then according to the alignment between thean@ids. The rotation matrix during

t he

2nd

transfor mat.

on

i s

used

t o
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c u-l
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domains of the two structures. TMalign is used to perform structure alignments. Each pair of
structures in the same famiyans compar ed, and an Aopen angle d

accordingly.

A hierarchical agglomerative clustering with complete linkage was used to cluster the structures
for each family. A cutoff of 0.15 rad (for AB, A, and K) or 0.25 rad (for ®E), or 2.0 A was

used to acquire the clusters. The structures closest to the cluster centers were chosen as cluster
representatives (medoids). R was used to perform the clustering. The representative structures for
each of the four families are listed metTable 2.10.

Table 2.9 Reference structures for each of the four flexible domains of AROM: The table shows the

reference structures selected for each of the four domains based on the best resolution. The structures are
manually divided into Nt and Ct sub-domains.

Domain PDB ID Resolution (A) Chain ID start-end Reference
AroB 1sg6 1.70 A 4-183, 184-355 [200]
AroA 3nvs 1.02 A 20-242, 6-19+243-421 [201]
AroK 2iyv 1.35 A 28-95, 11-27+96-167 [133]
AroE 3jyo 1.00 A 2-108, 109-283 [202]

Table 2.10. The representative structures for each of the four families.

AroB (cutoff =0.15 rad, num = 4)
1xal_B_1 317.pdb
1nva_B_1_356.pdb
5eks_B 1 323.pdb

3gbd B 1 320.pdb

AroA (cutoff = 0.15 rad, num =7)
leps_A 6_420.pdb
1g6t_A_6_420.pdb
1rf5_ B 4 421.pdb

2bjb_A_7 419.pdb

2994 _A_12 440.pdb
3roi_A 6 _421.pdb
4gfp_A_6_421.pdb

AroK (cutoff =0.15 rad, num =5)
3vaa_C_10_172.pdb
4y0a_A_27_184.pdb
lzyu_A 11 _167.pdb
2g1j_ A 11 _167.pdb

3mrs_ A 10 162.pdb

AroE (cutoff = 0.25, num =7)
1vi2_B.pdb

3toz_H.pdb

1wxd_B.pdb

2ev9_A.pdb

2hk9_C.pdb

3pwz_A.pdb

3phi_A.pdb
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2.8. Methods- other proteins

2.8.1 Cloning, Protein Expression and Purification

Genomic DNA ofE.coli was used as the template to clone the genes AroB, AroD, AroE, AroL,
AroK, AroA in pET28b with the restriction sites Naand Xhol (C terminal hex#lis tag).E. coli

enzymes were expressed at 37 °C. The cells were lysed using French press. The proteins were
di alyzed in the buffer cont ai ni nME. GeOfitration mM Tr
was carried out using 30, 26/60. Thé.coli enzymes contained, Leu and Glu prior to the His

tag.

2.8.2. Kinetic Analysis of the E. coli enzymes

In order to make a comparison between the AROM complex and the monofun&iocali
enzymes, the AroBDE kinetics was studied whk AroB, AroD, AroE, AroL, AroA enzymes

from E. coli.

The 25 pL reaction mixture contained 50 mM HEPES (pH 8.0), 100 mM KCI, 10 mM g2l

mM NAD, 0.2 mM CoC4, 0.8 mM NADPH, 0.8 mM ATP, 0.8 mM PEP. Each of thecoli

enzymes (AroB, AroD, AroE, AroL, PA) was supplemented at a concentration of 10 nM. The
DAHP range was the same as in section 2.7.2. The reaction was monitored at 30 °C in the same
way as described for the AroBDE kinetics of AROM. (Section 2.6.6).
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3. Results and Discussion

3.1 Cluster analysis of the shikimate kinase fusions

Shikimate pathway enzymes show substantial variance in the molecular and structural organization
within different taxonomic groupil9]. In most prokaryotes, the seven enzymes are encoded as
separate well cliacterized single proteirj89]. Plants encode all monofunctional enzymes except
one bifunctional fusion protein AroDB3, 34] Fungi encode the pentafunctional AROM complex
(AroBAKDE) [49, 79, 161, 167, 20307], which was also reported in apicomplexangsite$36,

165]. Acanthamoeba, on the other hand, encodes a tetrafunctional AroN lacking the E domain
(AroBAKD) [37]. There could be many yet unidentified fusion proteins in the pathway. Therefore,

a detailed study of the evolutionary origins of shikienpathway is needed.

Richardset al,, performed such a study in 2006. They built phylogenic trees of AroG, AroB, AroE,
AroK, AroA and AroC[35]. They detected previously unknown AroKB in various classes of both
grampositive and grasmegative bacteria. By further identified AroBD fronchromalveolates

and AroDEA fromchlamydiae Although, each of these calculations was based on less than 100
sequences, the authors already found a variety of previously unreported multifunctional enzymes

in the shikimate paway.

Today, with a vast repertoire of new genomic data available, a new homology search might
uncover even more yet undiscovered multifunctional enzymes. Therefore, at the beginning of this
project, a homology search for AroK analogs in th& didatabse was conducted. Approximately
5000 sequences were retrieved, 3655 AroKs were manually selected, and were clustered by all
againstall pairwise similarities as measured by the BLASVafues to produce admensional

map in CLANS[176] (Figure 3.1).

Beddes the evolutionary relationship of AroKs, this map also shows the different multifunctional
enzymes, comprising the AroK domain. Various previously unreported multifunctional enzymes
in the shikimate pathway can be saethis map.The map shows the #®nt of the distribution of

AroKBs (fuchsia stars) among various taxonomic groups. The multiple AroKBs scattered

throughout the map indicate that AroKB fusion has evolved multiple times. In most of these
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organisms, AroK and AroB genes are present adjacentine operon, therefore, only the deletion

of the stop codon is required for this fusion.

Interestingly, different fusions between the AroE and AroK domains (blue stars) were detected.
AroKE fusion occurs in Archaea and AroEK fusion is present in bactéhe bacterial AroEK

forms two distant clusters, which suggests that, the AroEK fusion has evolved at least twice. The
gene arrangement is different in AroEK and AroKE but it is unknown whether there are any

differences betweethe domain arrangement$ these proteins AroKE and AroEkurther, a

novel fusion between AroD and AroK (lemon stars) is also detected in firmicutes.

The AROM complex (purple stars), other than in fungi, is present in choanoflagsifegiescé€lled aquatic
protists), oomycete (water molds) and chromerida (photosynthetic alveolates, closely related to
apicomplexan parasitd®08-210] Further, the tetrafunctional AroN (lavendidue star) irA. castellaniis

also visible in the map.

The other fungal cluster, which doesreprresent the AROM complex, contains the quinate repressor protein
(QutR, Uniprot ID: P11637) (bazzar circles). Qutititains homologs to the threet€&@minal domains
(KDE) of the pentafunctional AROM complex and functions as a molecular sensor that thetect

presence of quinate/shikimate pathway intermediates to control transcription reqd@thtiail 2]

With the discoveries in this single Areliased clustemap,it is apparent that significantly deeper
and broader evolutionary insights might be aiediin future studies integrating cluster maps of
the other enzymes of the pathway.

The presence of these multifunctional enzymes suggests the possibility of existence of a higher
order assembly. Higher order assemblies are known to concentrate reacéaoid unfavorable
reactions, and remove inhibitory products thus channeling metabolites from one enzyme to the
next[18, 19] With such prominence of these fusions, it seems likely that the individual enzymes
of the pathway form transient complexes féirceent substrate funneling and catalysis. It could
further be that these transient higher order assemblies might resemble the AROM complex.
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1. AROM
2. AroKE

4. & 5. AroEK
6. QutR

AroKB

f ©o, ¢
Yy 0w g Plants
X Archaea
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[} * ® ®
o 0% ®

.

Other Eukaryotes

Figure 3.1 Cluster analysis of the shikimate kinase genes: The figure shows the cluster analysis of
shikimate kinase genes. The sequences are represented by dots and the line coloring reflects BLAST p-
values. The darker a line, the lower the p-value The organisms, which are shown as circles include fungi,
plants, archaea, terrabacteria, other bacteria and other eukaryotes and are colored with sorrel brown,
green, red, bazaar, pale blue, and black respectively. The fusions, which are shown as stars include AroKB,
AroKE, AroEK, AroDK, AROM and AroN are shown as stars and are colored with fuchsia, blue, lemon,
purple, and lavender-blue respectively.

AroKB, AroKE and AroEKtogether with AroDE (PDBID: 207S) constitute four domains of the
pentafunctional AROM complex (Figure 3.2). If one could determine the domain arrangements of
these three bifunctional enzymes, thenetbgr with the AroDE, a tetrafunctional hypothetical
model of the AROM complex can be designadsilico. Further, a kinetic analysis of these
bifunctional enzymes can also give insights into allosteric regulation between these domains. Not

only can such atudy help usinderstand the shikimate pathway befteran alscstrengthen our
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knowledge of kinetic mechanisnrsvivo. Therefore, dew candidates were selected from AroKB,
AroKE andAroEK for further studies.

A, a
AroB AroD AroE AroK AoA.
B.
ArcE AroE
AroK  AroB AroB  AroK AroE  AroK
AroD
AroK
C.
AroD  AroE AroK  AroB ArcB  AroK ArcE  AroD

Figure 3.2. Real bifunctional enzymes and hypothetical model of AROM: The figure compares the monofunctional
enzymes of the pathway with the bifunctional enzymes and shows the hypothetical tetrafunctional hypothetical model.
A). Five monofunctional enzymes constituting the pentafunctional AROM complex. B). Three bifunctional enzymes
selected for this study, AroEK, AroKB, and AroKE together with AroDE from literature C). AroKB,
AroEK/AroKE together with At_AroDE constitute four domains of the pentafunctional AROM complex, with
only A domain missing, therefore, a hypothetical tetrafunctional model of AROM complex can be designed.

3.2. AroKB

The AroKB fusion (Figure 3.3), which involves the second and the fifth enzyme of the pathway,
occurs very frequently in different taxonomic groups as sedmeilCLANS map (Figure 3.1). It
seems not catalytically efficient if the substrate diffuses out of AroKB for reaction three and four,
only to catalyze reaction five again by AroKB. Therefore, a channeling effect might not be feasible
for Tm_AroKB but a reglation between the two domains might regulate the pathway. In addition,
this fusion could suggest the presence of potential higher order assembly in the cell containing
AroKB. In this section the purification, biochemical and biophysical properties, kiaeélysis

and the crystal structural of bifunctional AroKB is discussed. This is further compared to the

monofunctional Tm_Aroks and Tm_AroKB_SB.

E4p 4+ PEP 2198 panp Ar9Bs phq AreDs pyg AroBy gy AroKs gap Arods ppgp AreCs oy
H,0 Pi NAD~ NADH + H' HO NADPH+H'  Napp! ATP ADP PEP Pi i
Co? Pi ‘

AroK  AroB AroB  AroK

Figure 3.3 Bifunctional AroKB: The figure shows a hypothetical model of bifunctional AroKB containing
the fusion of the second and fifth steps of the shikimate pathway.
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3.2.1 Biochemical and biophysical characterization

AroKBs from five different organisms were recombinantly expresses. inoli. AroKB from
Collimonas fungivoransdid not express and AroKBs dim Acidiphilium multivorum,
Granulibacter bethesdensi€GDNIH1, and Oxalobacter formigenesvere insoluble. Initial
optimization did not result in a soluble protein (data not shovamly the AroKB from
Thermotoga maritimgTm_AroKB) yielded soluble proteinil. maritimais a strictly anaerobic,
rod-shaped, fermentative, and hyperthermophilic [HT] eubacterium. It grows between 55 and 90
°C, with an optimum temperature of around 8(q2C3]. The purified protein is well folded with

a thermal melting temperati(Tm) of 85 °C as seen by CD. It migrates as a single species in size
exclusion chromatography with an average molecular mass of ~116 kDa as determined by static

light scattering (Figure 3.4).

A multifunctional enzyme is best studied if a truncated varsiothe same enzyme is available

for comparison. Therefore, Tm_Ar@k which is a 159 amino acid truncated protein containing
only the monofunctional K domain was also cloned, expressed and purified to study the effect of
absence of the B domain. The fd protein is a 22 kDa monomer. It is a wiellded protein

with a thermal melting temperature (Tm) of 70 °C as seen by CD. (Figure 3.5). It is therefore
slightly less stable than the bifunctional Tm_AroKB. Therefore, it appears that the presence of the
second domain has a stabilizing effect on the enzyme. Interestingly, a truncated protein containing
only the B domain could not be obtained in folded state.
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Figure 3.4 Biochemical and biophysical properties of Tm_AroKB: A). SDS gel of Tm_AroKB: The gel

shows the mol ecul ar weight of the monomer of the Ar oKB
the purification from the Nickel column. The samples were loaded in the buffer containing 50 mM Tris, 300

mM NaCl and the respective imidazole concentration mentioned in the picture. B). Light scattering of

Tm_AroKB: 100 ¢l Tm_AroKB was | oaded at a concentration of
exclusion column and the mass of the eluted particles (gray profile) in the peak area was analyzed with

static light scattering. The horizontal axis of the curve shows volume in mL and the left axis shows the UV

absorption. The molar mass on the right is shown in the logarithmic scale. C). CD profile of Tm_AroKB:

400 pL of Tm_AroKB at a concentration of O3 mg/mL was measured in the CD spectrometer. The figure

shows the far UV CD spectrum, plotted in millidegrees (mdeg) versus wavelength in nanometers (nm) of

polarized light. D) Thermal stability analysis of Tm_AroKB: 400 uL of Tm_AroKB at a concentration of

0.3 mg/mL was measured at a temperature range from 20 °C to 95 °C. The temperature is displayed on

horizontal axis while CD (mdeg) is shown on the vertical axis. The protein is stable up to 85 °C.
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Figure 3.4 Biochemical and biophysical properties of Tm_AroKkg A). SDS gel of Tm_AroKke: The gel

shows the molecular weight of the monomer of the Ar oKB
the purification from the Nickel column. The samples were loaded in the buffer containing 50 mM Tris, 300

mM NaCl and the respective imidazole concentration mentioned in the picture. B). CD profile of

Tm_AroKks: 400 pL of Tm_AroKB at a concentration of 0;8 mg/mL was measured in the CD spectrometer.

The figure shows the far UV CD spectrum, plotted in mdeg versus wavelength in nanometers (nm) of

polarized light. C) Thermal stability analysis of Tm_AroKks: 400 uL of Tm_AroKB at a concentration of

0.3 mg/mL was measured at a temperature range from 20 °C to 95 °C. The temperature is displayed on

horizontal axis while CD (mdeg) is shown on the vertical axis. The protein is stable up to 70 °C.

3.2.2 Kinetic analysis of Tm_AroKB

The activities of both the K and B domains of Tm_AroKB were assayed separately in presence
and absence of the substrates of the other domaentdits thermophilic nature, the true potential

of the enzyme may possibly only be realized around 80 °C. However, this temperature cannot be

employed for the reaction due to the stability of coupling enzymes.

For the assay of K domain, the release oPABcoupled to the pyruvate kinase (PK) (EC 2.7.1.40)
and lactate dehydrogenase (LDH) (EC 1.1.1.27)\I(PKl) enzymes (Figure 3.6). The SKM/ATP
dependent oxidation of NADH is feam)fles.Themoni t c
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coupling enzyme cockilaof PK/LDH is isolated from rabbit muscle, and therefore denatures
above 40 °C (data not shown). K domain kinetics was studied for both substrates SKM and ATP.
To examine the effect of an increase in temperature, K domain kimoéti€en_AroKB was
conduced both at 30 and 40 °C. The rate of the reaction appears to increase slightly with the
increase in temperature (data not shown). Therefore, it could be a possibility that the enzyme is

actually more active than seen here at 30 °C.

During the formation oDHQ by the Bdomain,an inorganic phosphate is released. The AroB
kinetics was followed by monitoring the continuous phosphate release employing the Enzcheck®
phosphate release Kit88] and measuring the amount of phosphorylated MESG at 360 nm
(Figure3.7) The released phosphate is transferredamiho6-mercapte/-methylpurine riboside
(MESG), which is in turn converted to ribosepliosphate and -2minc6- mercapter’-
methylpurine by purine nucleoside phosphorylase (PNP). The accompanying changeptimoabsor

at 360 nm allows quantification of inorganic phosphate (Pi) released in the reaction. To estimate

the extinction coeffi ¢enehmastandaid cyrve wasepiredpsing ( &
a phosphate concentration range of 4.3 to 150 uM plicates (data not shown). MESG is not
stable beyond room temperature. Therefore, the AroB assay was only carried out at 30 °C. The
kineticsfor B domainwas conducted both for DAHP and NAD.

NADH NAD*

SKM Pyruvate LZ) Lactate
LDH

ATP
AroK PK

ADP
S3P PEP

Figure 3.6 Assay of K domain: The standard method for kinase assay. The method couples the release
of ADP to PK and LDH and measures the ADP dependent consumption of NADH at 340 nm.
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DAHP

NAD"
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cH S AroB
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7 N N NADH + H
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(@]
HOCH, k o S HOCH,  o_p-G
o Pl F_O: (‘)
HO  OH N N/)\NHQ OH OH
MESG Absorption at 360 nm

Figure 3.7 Assay of B domain: In this method 2-amino-6-mercapto-7-methylpurine riboside (MESG) is
converted to ribose 1-phosphate and 2-amino-6-mercapto-7-methylpurine by purine nucleoside
phosphorylase (PNP). The accompanying change in absorption at 360 nm allows quantification of inorganic
phosphate (Pi) consumed in the reaction.

Separate experiments were conducted for both the Balwinains of the enzyme in the presence

of the substrates of the other domain to test for potential allosteric effects; i.e. to measure the effect
of the presence of the substrates of B domain on K kinetics and vice Meesexperiments for

both the K ad B domains were conducted also for the salt bridge mutant Tm_AroKB_SB, which

does not contain the bound NAD present in Tm_AroKB (discussed in section 3.2.4)

Table 3.1 lists the estimated values of the kinetic parameters for each of the different @admains
Tm_AroKB in comparison to the values reported for monofunctional enzymes in the literature.
The MM curves for kinetic analysis of the K domain of KB are presented in Figure 3.8. The
analysis of the K domain of Tm_AroKB was conducted for both subst@ied,and ATP. The

kcalKm falls in the same range, as reportedMiotuberculosigTable 3.1)131, 187]which shows

that at 30°C, Tm_AroKB is at least as active as enzymes reported in the literature. The analysis of
Tm_AroKB was also conducted at 40 9€showed a slight increase in the activity (data not
shown). Therefore, it could be highly likely that the enzyme is much more active than seen in these

experiments but its true potential cannetrbalized at this temperature.

In comparisonthe activityof monofuctional Tm_Arolks does not change much in the absence

of the B domain. The kinetic parameters are almost the same as seen for the bifunctional
Tm_AroKB. Therefore, a difference in activity of the monofunctional enzyme compared to that of
bifunctional enzyme was not observed. Thus, a regulatory effect of the presence of other domain

was not visible.
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Figure 3.8 K domain kinetics of Tm_AroKB: The Figure shows the kinetic analysis of the K domains of
Tm_AroKB, Tm_AroKB_SB and Tm_AroKks. The enzyme concentration for Tm_AroKB and
Tm_AroKB_SB is around 10 nM and for Tm_AroKks is around 4.5 nM. The enzyme names are indicated in
the graphs together with their respective curves. A). Tm_AroKB K domain kinetics for SKM: This panel
compares the SKM kinetics of the K domain between Tm_AroKB and Tm_AroKB_SB in presence and
absence of substrates of the B domain. B). Tm_AroKkgs K domain kinetics for SKM: This panel shows
the SKM kinetics of Tm_AroK_KB. C). Tm_AroKB K domain kinetics for ATP: This panel compares the
ATP kinetics of the K domain between Tm_AroKB and Tm_AroKB_SB in presence and absence of
substrates of the B domain. D). Tm_AroKkg kinetics for ATP: This panel shows the ATP kinetics of
Tm_AroKks. Due to differences in protein concentration, the curves for Tm_AroKB and Tm_AroKB_SB are
not directly comparable.

The kinetic analysis of the K domain was also carried out in the presence of substrates of the B
domain to assess the effect of the presence of other substrates. The activity of Tm_AroKB was
assesserh the presence of 20 uM DAHP and NAD.

Tm_AroKB contains a bound NAD, which could potentially increase the catalytic turnover of the
enzyme. To study this effect, a mutant Tm_AroKB_SB, which does not contain this bound NAD
was designed (section 3.2.4). eTlkinetic activities for both domains of Tm_AroKB were
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compared to Tm_AroKB_SB. At first glance, Tm_AroKB_SB seems to be more active than that
of Tm_AroKB for both substrates SKM and ATP. However, NAD is present in the binding pocket
of Tm_AroKB, which infuences the absorption at 280 nm. Due to this effect, the concentration of
Tm_AroKB is potentially overestimated in comparison to Tm_AroKB_SB. As the increase in

activity is not very significant, it can be attributed to this overestimation.

While the cataftic activity of Tm_AroKB is unaffected in the presence of the substrates of the B

domain (NAD and DAHP), the activity of Tm_AroKB_SB is decreased. This could be explained
by a competition between NAD and ATP for the ATP binding [@fel]. Therefore, it ould be

that intrinsic binding of NAD in Tm_AroKB is to avoid this competition, rather than to increase

the catalytic efficiency of the enzyme. The activity of the K domain was determined only in the

presence of the two substrates of B domain was noedatit separately in this study.

The MM curves for kinetic analysis of the B domain of Tm_AroKB are presented in Figure 3.9.
The kinetic analysis of the B domain was conducted for both DAHP and NAD. To our surprise,
Tm_AroKB, which contains an already bwlNAD, showed only negligible activity with NAD

as a substrate (data not shown). On the other hand, Tm_AroKB_SB, which does not contain bound
NAD, showed kinetic activity towards NAD. As seen in the Table 3.1, the kinetic parameters fall
in the range oftte kinetic values reported in the literature Aorchinensiand A. nidulans[215,

216].
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Figure 3.9 B domain kinetics of Tm_AroKB: The figure shows the kinetic analysis of the B domain of
Tm_AroKB, and Tm_AroKB_SB. The enzyme concentration for Tm_AroKB and Tm_AroKB_SB is around
10 nM. The enzyme names are indicated in the graphs together with their respective curves. A). B domain
kinetics of Tm_AroKB for DAHP: This panel compares the DAHP kinetics of the B domain between
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Tm_AroKB and Tm_AroKB_SB in the presence and absence of substrates of the B domain. B). B domain
kinetics for NAD: This panel shows the NAD kinetics of the B domain of Tm_AroKB_SB in the presence
and absence of substrates of the K domain. Due to differences in protein concentration, the curves for
Tm_AroKB and Tm_AroKB_SB are not directly comparable.

In earlier studiesthekinetic analysiof B domainwascoupled to the D assay. This was not done
here, because the requirement of this study is to analyze the kinetics of the B domain in th
presence of substrates of the K domain. The reason for not choosing the D coupling is the
phosphate buffer employed usually for the D kinetics. Phosphate buffer can interact with the ATP
binding site in K domain because it daimd instead of ATP at the-loop [133]. Therefore, the
analysis of the B activity in presence of SKM and ATP cannot be carried out if the assay was

carried out in phosphate buffer.

The activity of DAHP was studied for both the B domains of Tm_AroKB and Tm_AroKB_SB.
The activity of Tm_AroKB_SB was found to be almost 20% higher than that of Tm_AroKB.
However, as stated previously, the NAD bound to Tm_AroKB contributes to the absorbance of
Tm_AroKB, leading to an overestimation of the concentration of Tm_AroKB. Therefore,
conclusions e to be drawn with care. However, the addition of the substrates for the K domain
clearly reduces the activity for DAHP of the B domain. This could be attributed to the ATP binding
competing with NADbinding[214].

The NADactivity was also tested for ioTm_AroKB and Tm_AroKB_SB. Tm_AroKB did not
show a significant change with increasing concentration of NAD, this could be attributed to the
fact it already contains bound NAD and therefore, increasing concentrations of NAD do not make

any difference (datnot shown).

In the light of these results, a conclusion about the regulatory interactions between the two domains

cannot be established.
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Table 3.1 Kinetic parameters of Tm_AroKB: The table shows the kinetic parameters of Tm_AroKB

obtained in this study and compares them to the values in literature. TS refers to this study.

Enzyme Substrate | Substrate Km = % | E Keat * % | Keat/Km R? Ref
(S) (other S.E. (nM) | S.E. (stM?
(M) domain) (HM) (s?)
(20 pM)
Tm_AroKB | SKM - 1285 <+ |10 1.122 + | 8.73e+4 | 0.916 TS
10.75% 2.6%
DAHP, NAD 1419 1.101 <+ | 7.76e+4 | 0.887
13.18% 3.2%
ATP - 5.98 * 0.851 x| 1.42e+5 | 0.797
15.47% 2.76%
DAHP, NAD 5.43 * 0.866 1.59e+5 | 0.777
14.88% +2.65
DAHP - 6.01 + 0.334 £ | 5.56e+4 | 0.839
14.37% 3.4%
SKM, ADP 571 + 0.318 £ | 5.57e+4 | 0.808
16.62% 3.79%
NAD - - - - -
Tm_AroKB | SKM 1991 |10 1.737 + | 8.72e+4 | 0.933 TS
_SB 10.9% 3.01 %
NAD 1565 2.085 £ | 1.33e+5 | 0.904
12.75% 3.28 %
ATP 4.46 + 3.245 £ | 7.28e+5 | 0.72
16.7% 2.72%
DAHP, NAD 5.54 * 2.01 £2.5]| 3.63e+5 | 0.800
14.08% %
DAHP 6.57 * 0.472% 7.18e+4 | 0.845
16.05% 4.00 %
SKM, ADP 5.86 * 0.404x 6.89e+4 | 0.827
16.62% 3.92%
NAD - 2.68 * 0.325 * | 1.21e+5 | 0.736
19.6% 3.62 %
SKM, ADP 3.99 * 0.268 * | 6.72e+4 | 0.691
19.2% 4.07%
Tm_AroKks | SKM - 10.67 <+ |46 1595 + | 1.49e+5 | 0.777 TS
18.79% 4.2%
ATP - 1770 <+ |46 1953 + | 1.10e+5 | 0.868
15.83% 4.3%
Mtb_AroK | SKM - 650 + |- - 9.0e+4, |- [131,
4.3%, 1.1e+5 187]
410 +
4.87%
ATP - 112 + |- - 5.4e+5 -
0.03%, 5.3e+5
83+ 4.8%
Ac_AroB DAHP - 3.2 |- 0.50 + 2% | 1.56e+5 | - [215]
6.5%
An_AroB DAHP - 21+9.5% | - 6.8 3.24e+5 [216]
NAD - 1.9 * - -
5.3%
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3.2.2 Crystal structure of Tm_AroKB in complex with SKM

Initial crystals of Tm_AroKB were obtained in complex with SKM. Initial crystals diffracted to
approimately 3 A resolution. With grid screens, the resolution improved to 2.9 A. The crystal
structure of 1DQS was used as the search model for the AroB domain, while 2IYR was used as
the search model for the AroK domain for molecular replacement. The asyoumgtcontained

only one Tm_AroKB molecule. The two constitutive domains of the monomer are found to be
connected via a rigid interface, and the active sites are solvent accessible (Figure 3.10). For the
catalytic activity, the B domain always existsaadimer in solutiorj61, 91, 109, 200, 21821].

In the crystals, this dimer is constructed via crystallographic symmetry (Figure 3.5). The two K
domains are connected at the outward side of the B domain dimer. Such an arrangement of the
bifunctional enzyra does not affect the solvent accessibility of the active sites of both K and B
domain. The protein is bound to the ligands NAD?"Z8KM and S@. As the protein was €o
crystallized together with SKM, and ammonium sulfate was a component of the @gstall

buffer, NAD and ZA* might have bound to the B domain within the cell.

The structure of the K domain contains bound SKM and sulfate. SKM binding is similar to
previously reported structureghe crystallization buffer contained sulfate, which ceml linstead

of phosphate at thelpop and may occupy a location that is nearly identical with the position of
t h ehobphates of ATP or ADP relative to théopp.

The architecture of the B domain of Tm_AroKB is closely similar to the B domains fraen oth
organisms. Each monomer of the B domain is composed of two subdomainst, teerNmi n a | U/
domain, containing a Rossmafuid, and servesas NAD i ndi ng s-helical Gtarmidal t he U
domain that contains most of the residues involved in catalysisding the Z&" binding site.

Formation of each of the two active sites within the dimer requires the interaction of amino acid
residues from domains N and C of one mondi@&}. Therefore, the side chain of ARH2 extends

into the other monomer for céjais, which is marked in Figure 3.10.

3.2.3 Tm_AroKB_SB

No other AroB in the literature contains an intrinsically bound N&D 91, 92, 200, 221NADH
together with ZA" or C&*is required for catalytic activity of AroB61, 218] NADH can be
regenerad from NADduring the reaction catalyzed by B domfa7]. Therefore, the presence
of bound NAD/NADH could potentially enhance the catalytic turnover of AroKB. To confirm
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whether the protein indeed contains bound NAD and not NADH, the absorption spetthan

protein was recorded at 340 nm, but the protein did not show any absorbance at 340 nm (data not
shown). Further, NADbinding could potentially stabilize the protein and contribute to
thermostability. Therefore, unfolding and refolding of the proteirelease the bound NAD was

attempted. However, the protein could not be refolded successfully.

Figure 3.10 Crystal structure of Tm_AroKB in complex with SKM and NAD. The figure shows the dimer
of bifunctional AroKB. The N and C termini are marked. The AroK domain is shown in green and the AroB
domain is shown in light pink and dirty violet, to highlight the two dimeric domains. The Arg-262, extending
in the other half of the dimer is shown as pink sticks (circled). SKM is shown as red sticks, while sulfate is
shown as red and yellow sticks. The AroB domain contains NAD and Zn?* bound, which are shown in black
and gray respectively.

On comparing the crystal structure of Tm_AroKB with Aspergillus nidulan&roB (An_AroB)

in complex with ZA* and NAD[206], it was observed that the NAD binding pocket of Tm_ArokKB
was less solvent accessible. On a closer look, the-NiaBing pocket in Tm_AroKB was found
to contain a salt bridge between At85 and Asg16 (Figure 3.11). Thermophilic proteins are
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usuallyreported to have more salt bridges, which can help them achieve higher thermostability
[222].

Herein, it was hypothesized that this salt bridge is aiding Tm_AroKB to adapt at higher
temperatures, while also trapping the NAD the binding pocket, which potdshtially stabilize

the protein and aid catalysis. Thus, a mutant (Tm_AroKB_SB) which contairi9Bland Ala

316 instead of Ardl95 and AsgB816 was designed. If this salt bridge, and thus the less accessible
binding pocket are contributing to NAD bimg, then Tm_AroKB_SB should not contain
intrinsically bound NAD. The purified protein was well folded, with a thermal melting temperature
(Tm) of 85 °C (Figure 3.12). No change in the melting temperatuggestshat the salt bridge
between Argl95 and Ap-316 does not contribute to the thermostability of this protein.

Unlike Tm_AroKB, Tm_AroKB_SB did not crystallize in complex with SKM. However, in
complex with SKM and NADH or SKM, NADH and ADP, crystals were readily obtained under
the same conditions a@r Tm_AroKB. This shows that, NAD is required for the protein
crystallization but does not affect the thermal stability of this protein. Further, this shows that the

salt bridge indeed helps the protein in binding NAD tightly intracellularly.

The Tm_AroKB_SB crystals had the same space group and cell dimensions as the Tm_AroKB
crystals, so the structure could be solved on the basis of the Tm_AroKB coordinates. Figure 3.13
shows the crystal structure of Tm_AroKB_SB containing Ala at positions 195 anditgdéore

solvent accessible NADinding pocket can be seen in the crystal structure but NAD is bound at
the same orientation. Thus, the salt bridge betweerl88gand Asg16 is not necessary for
correct NAD binding, but helps entrapping NAD in the bigdgite.
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Figure 3.11 NAD-binding pocket: The Figure compares the NAD-binding pocket of Tm_AroKB with the
NAD-binding pocket of A. niger AroB. Only one monomer of AroB is shown for both. The figure shows both
proteins in combination with NAD and Zn2*. The surface is shown in pink color while the cartoon is shown
in gray color. The salt bridge, which makes the binding pocket less accessible, is shown in yellow. A)
Transparent surface representation and cartoon representation of Tm_AroKB: The panel shows the
transparent surface representation of Tm_AroKB on top of its cartoon representation. The salt bridge, which
makes the NAD-binding pocket less accessible, is visible in the cartoon representation. B) Transparent
surface representation and cartoon representation of An_AroB: The panel shows the transparent
surface representation of An_AroB on top of its cartoon representation. The solvent accessible pocket
present in An_AroB is also seen. C) Zoomed binding pocket surface of Tm_AroKB: This panel shows a
zoomed surface of NAD-binding pocket. NAD is shown within in the binding pocket as sticks and the part
of NAD which is not solvent accessible is shown as dashed lines. D) Zoomed binding pocket surface of
An_AroB: The panel shows the surface representation of NAD-binding pocket zoomed. NAD is shown as
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sticks and the parts of NAD which are not solvent accessible is shown as lines. The visibility of NAD
molecule shows that the binding pocket is solvent accessible. E) Cartoon representation of Tm_AroKB
NAD-binding pocket zoomed: The panel shows the zoomed cartoon representation of Tm_AroKB NAD-
binding pocket. The cartoon representation is shown in gray, while the nitrogen atom of Arg195 and oxygen
atom of Asp316 forming the salt bridge is shown in blue and red and the salt bridge is shown in yellow. F)
Cartoon representation of An_AroKB zoomed: The panel shows the zoomed cartoon representation of
An_AROB NAD binding pocket. An_AroB contains an Asn46 and Prol84 instead of Asp and Arg in
Tm_AroKB. The nitrogen of Asn is shown in blue while Pro oxygen is shown in red.
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Figure 3.12 Thermal stability of Tm_AroKB_SB A). CD profile: 400 yL of Tm_AroKB_SB at a
concentration of O mg/mL was measured in the CD spectrometer. The figure shows the far UV CD
spectrum, plotted in mdeg versus wavelength in nanometers (nm) of polarised light. B) Thermal stability
analysis: 400 puL of Tm_AroKB_SB at a concentration of 0;8 mg/mL was measured at a temperature range
from 20 °C to 95 °C. The temperature is displayed on horizontal axis while CD (mdeg) is shown on the

vertical axis. The protein is stable up to 85 °C.

Figure 3.13 NAD-binding pocket of Tm_AroKB_SB. The figure shows the zoomed cartoon
representation of one monomer of AroB of Tm_AroKB_SB co-crystallized with SKM and NAD. The cartoon
is shown in gray color, NAD is shown in black and Zn?* is shown in gray and is marked. The oxygen of Ala
is shown in red. NAD is in the same orientation as seen in Tm_AroKB.
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3.2.4 Crystal structure of the Tm_AroKB in complex with S3P and ADP

AroK catalyzes the conversion of SKM to S3P with the cofactors ATP arti[RR$3]. To follow

the catalytic turnovein the crystalline state, the crystals of Tm_AroKB were soaked with SKM
and ATP for time intervals ranging from 30 minutes to 24 hours. The crystals did not degrade
during the soaking period and diffraction data could be collected at 2.75 A. However, the
structures, which were solved using the Tm_AroKB coordinates, always contained only SKM in

complex with Tm_AroKB.

We hypothesized that the sulfate present in the ammonium sulfate of the crystallization condition
canbind instead of phosphate of ATP at fhlmop, [133] and therefore, ATP might not be able to

bind and catalyze the reaction. Thpgor to these soaks, the crystals were soaked in 2.2 M sodium
carbonate for thirty minutes to replace the sulfate present in the condition. Neither the prigy soaki
with sodium carbonate nor the later soaking with SKM and ADP led to crystal degradation, and
the crystals diffracted to 2.75 A. The structures were solved using the coordinates of Tm_AroKB
and now contained both the products S3P and ADP with full oocypérigure 3.14). The
conformationof the K domain is not affected particularly by the binding of either SKM or S3P.
The binding of ADP s h ophssphdtds af ADPtwasnegilidentitalto n o f
the location occupied by the sulfate i¢l33]. Only two previously reported AroK crystal
structures (21YZ, 3MUF) contain both the ligands S3P and MI3B, 224] The activity of AroK

has been assessed in the crystalline state only in 21YZ, while in 3MUF, the crystals were obtained
together with S3Rnd ADP. The K domain from Tm_AroKB is the second crystal structure to

report the catalytic activity in the crystalline state.

69



Figure 3.14 Tm_AroKB K catalytic activity in crystalline state: The Figure shows the K domain of one
monomer of AroKB. Boththe S3P and ADP ar e b o uphdsphateof ADPas beundt i v e
where a sulfate ion was bound in the previous structure.

3.3 AroEK
In this section, the bifunctional fusion protein AroEK, which catalyzes steps four and five of
shikimate pathway idiscussed (Figure 3.15). Unlike AroKB, AroEK catalyzes consecutive steps

and therefore, this bifunctional enzyme could increase the flux through the shikimate pathway.

E4P + PEP 228 panp 21285 pHg A0y pg AEs gy ALK, gap AR ppgp ARG, oy
H,0 Pi g:;tj' NA%};HH' H,0 NADPH +H"  nADP: ATP ADP PEP Pi Pi

ArE  AroK

Figure 3.15 AroEK: The figure shows the hypothetical model of AroEK, which contains the fusion of the
fourth and fifth steps of the shikimate pathway.

3.3.1 Biochemical and biophysical characterization

For experimental characterization, AroEK proteins from the organBuatscterium biforme

(Eb_AroEK)andFaecalibacterium prausnitz{iFp_ArdeK) were recombinantly expressedln
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coli. AroEK fromE. biformegave an insoluble protein, which could not be solubilized with initial
optimization(data not shown}-p_AroEK also formed inclusion bodies when expresséd ool
BL21DE3 at 37 °C but g& a soluble welfolded protein when expressed in BL&bId(DE3) at

25 °C. This bifunctional enzyme is annotated only as shikimate kinase in Uniprot.

F. prausnitziis a dominant member of human intestinal microbiota thereforenaptgrowth

temperatures 37 °C[225]. The biophysical characterization of Fp_AroEK shows a thermal

melting temperature (Tm) of ~50 °C. It migrated as a single species in size exclusion

chromatography with an average molecular mass of ~50 kDa as determined by static light

scatteing (Figure 3.16).
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Figure 3.16 Biochemical and biophysical properties of Fp_AroEK: A) SDS gel of FP_AroEK: The gel
monomer

shows

loaded after the purification from the Nickel column. The samples were loaded in the buffer containing 50
mM Tris, 300 mM NaCl and the respective imidazole concentration mentioned in the picture. B) Light
FP_Ar oEK was
an S200 size exclusion column and the mass of the eluted particles (gray profile) in the peak area was
analyzed with static light scattering. The horizontal axis of the curve shows volume in mL and the left axis
shows the UV absorption. The molar mass on the right is shown in a logarithmic scale. C) CD profile of
FP_AroEK: 400 uL of FP_AroEK at a concentration of 0 mg/mL was measured in the CD spectrometer.
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The figure shows the far UV CD spectrum, plotted in mdeg versus wavelength in nanometers (hm) of
polarized light. D) Thermal stability analysis of FP_AroEK: 400 uL of FP_AroEK at a concentration of
0.3 mg/mL was measured at a temperature range from 20 °C to 95 °C. The temperature is displayed on
horizontal axis while CD (mdeg) is shown on the vertical axis. The protein is stable up to 85 °C.

3.3.2 Kinetic analysis of Fp_AroEK

The activity br the substrate ATP for the K domain was analyzed. The kinetic analysis of the K
domain was conducted in the same way as discussed for Tm_AroKB in section 3.3.2. The kinetic
analysis shows that Fp_AroEK follows Michaédltenten kinetics (Figure 3.16) arle kinetic

activity falls in the same range as reported for K domaing.dfiberculosig§187] (Table 3.2). A

detailed kinetic analysis and regulation has yet to be performed.
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Figure 3.16 FP_AroEK K kinetics for ATP: The figure shows the kinetic analysis of K domain for ATP for
Fp_AroEK. The enzyme concentration is around 10 nM.

Table 3.2 The kinetic parameters of Fp_AroEK

Enzyme Sub (S) Kmt % S.E. E: (NM) | Kcar £ % S.E. Keat/Km (57 | R? Ref
(LM) (HM) (C) 'MY)
Fp_AroEK ATP 417+196 % | 14.9 1.73e+0 = 3.07% | 4.14e+05 | 0.649 TS

3.3.3 Crystal structure of Fp_AroEK in complex with SKM

Initially, Fp_AroEK crystallized in complex with SKM. The crystals diffracted to 2.7 A. The
crystal structure of 4YOA was used as the search model for the K domaheargsdtal structure

of 5DZS was used as the search model for the E domain, for molecular replacement. The
asymmetric unit contained one Fp_AroEK protomer, in which the constitutive domains are

connected via a rigid interface. Again, the active sitesa@verstaccessible (Figure 3.17).
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SKM is bound to both E and K domains, which were part of the crystallization buffer. SKM can
bind to both these sites, because it is the substrate for the K domain and the product of the E
domain. The only difference betes/® DHS (substrate of E domain) and SKM is the presence of
hydrogen at €3. Most of the reported AroE crystal structures contain SKM bound to the catalytic
domain[33, 202, 22e228].

The domain structure of AroE is essentially identical to the previoaplyrted instances. Some

AroE containtwo conserverdspept i de pr ol i nes exi sstrandhagdthen a s |
f ol | o-wdlix38, 1P, 120] Only one of such prolines R&ES is seen in the E domain of

AroEK, which is the 2 proline of the two. The structure of the K domain is similar tokhe

domain of AroKB reported in the previous section. The lid region is disordered in this crystal

structure and therefore is not present in this structure.

Figure 3.17 Crystal structure of Fp_AroEK in complex with SKM: The figure shows the crystal structure
of AroEK. The N and C termini are marked. K domain is shown in green and the AroE domain is shown in
cyan, SKM bound to both E and K domain is shown as red sticks.
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3.4. Mb_AroKE

Like AroEK, AroKE also catalyzes steps four and five of shikimate pattatthe gene sequence
indicates the presence of the K domain before the E domain. The difference between AroEK and
AroKE is not only the different domain arrangement in the DNA sequence (Figure 3.18), but also
the presence of a 3D aa linker between the/o domains. Linkers separate multiple domains in

a single protein; they are often rigid and function to prohibit unwanted interactions between the
different domaind229]. To understand the difference between the two proteins, we aimed to

determine thernystal structures of bothrpot ei n s .

E4P + PEP 212, papp A10Bs pq ArDs pyyg ARy gy AroKs g5p AroAs ppgp ARG oy
HQ Pi NAD- NADH + H' H,0 NADPH+H'  Napp: L g ADP PEP Pi Pi
Co Pi :

AroE
AroK

Figure 3.18 AroKE: The figure shows the hypothetical model of AroKE, which contains the fusion of the
fourth and fifth steps of the shikimate pathway.

3.4.1 Biochemical and biophysical characterization

AroKE proteins vere purified fromMethanoplanupetrolearugMp_AroKE) and Methanoregula
boonei(Mb_AroKE). Mp_AroKE was insoluble and formed inclusion bodies, which could only
be purified in denatured state in the presence of either 6 M GnCl or 8 M Urea (Figure 3.19).
Various attempts to refold the protein, including serial dialysis, on column refolding, and rapid
dilution, failed.

15
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Figure 3.19 Presence of Mp_AroKE ininclusion bodies: A) SDS gel of Mp_AroKE after Nickel column
in native conditions: The gel shows the complete absence of properly folded Mp_AroKE. The gel shows

10 ¢l of the samples | oaded after the purification fro

buffer containing 50 mM Tris, 300 mM NaCl and the respective imidazole concentration mentioned in the
picture. B) SDS gel of Mp_AroKE after Nickel column in denaturing conditions: The gel shows that

Mp _AroKE is expressed and can be purified in denaturin

loaded after the purification from the Nickel column. The samples were loaded in the buffer containing 6 M
GnCl, 50 mM Tris, 300 mM NaCl and the respective imidazole concentration mentioned in the picture.

Mb_AroKE also forms inclusion bodies when expressefl.inoli BL21DES3 cells at 37 °C but it
is a weltfolded protein when expressed in ArcticExpress cells at2l0C, M. booneiis an
acidiphilic, hydrogenotrophic methanogen. It was isolated from an acidic (p¥.%).Cand
ombrotrophic (raiFfed) bog located near Ithaca, NY, U32A30]. The purifiedprotein has a

thermal melting temperature (Tm) of ~50 °C as seen by CD. It migrated as a single species in size

exclusion chromatography with an average molecular mass of ~51 kDa as determined by static

light scattering (Figure 3.20).
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Figure 3.20 Biochemical and biophysical properties of Mb_AroKE A) SDS gel of Mb_AroKE: The gel
shows the molecul ar weight of the monomer of the
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loaded after the purification from the Nickel column. The samples were loaded in the buffer containing 50
mM Tris, 300 mM NaCl and the respective imidazole concentration mentioned in the picture. B). Light
scattering of Mb_AroKE: 1 00 ¢ | Mb_ Ar oKE was |l oaded at a concentrati
an S200 size exclusion column and the mass of the eluted particles (gray profile) in the peak area was
analyzed with static light scattering. The horizontal axis of the curve shows volume in mL and the left axis
shows the UV absorption. The molar mass on the right is shown in the logarithmic scale. C). CD profile of
Mb_AroKE: 400 pL of Mb_AroKE at a concentration of 0;8 mg/mL was measured in the. The figure shows
the far UV CD spectrum, plotted in mdeg versus wavelength in nanometers (nm) of polarized light. D).
Thermal stability analysis of Mb_AroKE: 400 puL of Mb_AroKE at a concentration of O mg/mL was
measured at a temperature range from 20 °C to 95 °C. The temperature is displayed on horizontal axis
while CD (mdeg) is shown on the vertical axis. The protein is stable up to 85 °C.

3.4.2 Kinetic analysis of Mb_AroKE

Mb_AroKE K kinetics 30 °C

Rate (umol/min)
w

0 200 400 600 800 1000 1200 1400
[ATP] (uM)

Figure 3.21 Mb_AroKE K kinetics for ATP: The Figure shows the kinetic analysis of the K domain for
ATP for Mb_AroKE. The enzyme concentration is around 10 nM.

Initial kinetic assays showed an unexpected behavior. The kinetic activity for the substrate ATP
of the K domain waassessed in the same way as for Tm_AroKB and Fp_AroEK in section 3.3.2.
However, the kinetic analysis did not show a saturation even when an ATP concentration of 1.4
mM was tested. This behavior is different from what is observed for Tm_AroKB and Fp_AroEK.
Further, the binding affinity measurements performed with MST failed to show the binding of
SKM (data not shown).

A higher concentration to study the saturation has not been yet tested, but the requirement of a
high amount of substrate is already knownHccoli, which has two shikimate kinases, AroL and
AroK. Although AroL and AroK have greater than 30% sequence identity, their properties are very
different. AroL has the k of 160 uM for SKM and 200 uM for ATP, while AroK has aut6f 20

mM for SKM [244]. Both the chromosomal location and regulation are distinct for AroK and
AroL. While AroL plays the dominant role in the shikimate pathway, AroK potentially plays a

minor role in the pathway and might have other r{l&9)].
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In addition to the bifunctionahroKE, M. booneialso has another monofunctional AroK, which is

a 166 amino acid protein (Uniprot ID: A718LE45]. Interestingly, the bifunctional Mb_AroKE

has only been annotated as AroE. A multiple sequence alignment between the K domains of
Mb_AroKE, Mb_AroK, Ec_AroL, and Ec_AroK is shown in Figure 3.22. The figure shows that,

all the conserved sequence elements for AroK are present in all four Mb_AroKE, Mb_AroK,
Ec_AroL, and Ec_AroK, and they share more than 30% identity, which all functionallymeleva
residues conserved. Therefore, it could be that just like Ec_AroK, the K domain of Mb_AroKE

plays only a secondary role in the shikimate pathway and has other functions.

Mb AroKE 1 MK---RIVLFESRGESKEAIGTVLAQKLGVPFLDTDALVEQQAGRTIPEIFRDSGEAGER
Mb AroK 1 MK---NIILIGEREAGKS TTGVILAKTLGMGFIDTDILVQDRAGRILQEILDYEGPVAFL
Ec AroL 1 MT--QPLFLIGEBREEEENTVGCMALADSLNRRFVDTDOWLOSQLNMTVAE IVEREEWAGER
Ec AroK 1 MAEKRNIFLVEGEBMEAGKST I GROLAQQLNMEFYDSDOEIEKRTGADVGWVEFDLEGEEGER

Mb AroKE 58 AREREAVSGLPDR-DAITATEGGVVMDPANMEHLRKESVCVLLSADPNVIGHRLAHAP--
Mb AroK 58 TTEEKAIISLNCT-GTMIATGGSVVMSPKAIAHLKKTGVIVYLELSFAAMKRRLANIT--
Ec AroL 59 ARETAALEAVTAP-STMIATGGGIILTEFNRHFMONNGIVVYLCAPVSVLVNRLQAAPEE
Ec AroK 61 DREEKVINELTEKQGINLATGEGSVKSRETRNRLSARGVVVYLETTIEKQLARTQRDK--

Mb AroKE 115 --RPALTSLSP-TDEITAMLKHRRPAYAAAADFCIDTGRTTAGEAAEKILTLLGAGSIPD
Mb AroK 115 -=-NRGIV-LLP-GQTLRHMFDQRVPLYENYADLTVRCSKKDAESVVQEIVIGFQTG----
Ec AroL 118 DLRPTLTGKPL-SEEVQEVLEERDALYREVAHIIIDATNEPSQ-VISEIRSALAQT----
Ec AroK 119 -KRPLLHVETPPREVLEALANERNPLYEEIADVTIRTDDQSAKVVANQITHMLESN----

Figure 3.22 Sequence alignment of the K domains of Mb_AroKE with Mb_AroK, Ec_AroL and Ec_AroK: The
figure shows the sequence alignment of the K domains of the two SKs found in M. boonei with the two SKs found in E.
coli. The Mg?* coordinating aspartates are highlighted in yellow color, Walker A consensus sequence (Glyi XXXXi Glyi
Lysi Thr/Ser; X is any amino acid) is highlighted in green color, and the Walker B consensus sequence (ZZi Aspi XXi
Gly; Z is a hydrophobic amino acid) is highlighted in cyan. The figure shows that although Mb_AroKE and Mb_AroK
share more than 30% identity, they are not identical just like Ec_AroL and Ec_AroK. In addition, the Mb_AroKE is more
similar to Ec_AroK than to Mb_AroK or Ec_AroL.

3.4.2. Crystal structure of Mb_AroKE in complex with SKM and phosphate

Initially, Mb_AroKE crystallized in a complex with SKM amhosphate. The crystals diffracted

to 1.99 A. The crystal structure of 4YOA was used as the search model for the AroK domain and
the crystal structure of 2HK9 was used as the search model for the AroE domain, for molecular

replacement. Again, the crystatentained one Mb_AroKE monomer in the asymmetric unit.

Again, just like in the Tm_AroKB and Fp_AroKE structures, Mb_AroKE also has a rigid interface

77



connecting the two domains and all the active sites are solvent accessible. The additional linker
forms anadditional helical hairpin which is packed against the E domain. SKM is bound to AroE
and a phosphate from the crystallization buffer is bound to the AroK domain. The structure of K
domain is similar to the previously reported and discussed AroKs wiffettiele lid disordered.

Even though SKM was present in the crystallization buffer, it did not bind the K domain of
Mb_AroKE. This further strengthens the hypothesis that the K domain of Mb_AroKE plays a

secondary role in the shikimate pathway.

The structee of the E domain is similar to previously reported AroEs and contains the bound SKM
in the catalytic domain (Figure 3.23). The two conservegpaaspt i de pr ol i nnes whi
s h e e thelix ace Ptd216 and Pro267.

Figure 3.23 Crystal structure of Mb_AroKE in complex with SKM: The figure shows the crystal structure
of AroKE. The N and C termini are marked. The AroK domain is shown in green and the E domain is shown
in cyan. The alpha helical linker between the two domains is shown in gray. SKM bound to AroE is shown
as red sticks. Phosphate bound to AroK is shown as red and yellow sticks

78



Most interestingly, the observed domain arrangement in Mb_AroKE is entirely different from
Fp_AroEK

3.6. In silico models of a hypothetical tetrafunctional AROM complex

Owing to the large size and low stability, the actual domain architecture of the AROM complex
has been elusive since its discovery in 1960s. Therefore, using the respective orientations of four
domains in four bifunctional enzymes as constraintsothgiical tetrafunctionah silico models

of the AROM complex were constructed, using the structures of Tm_AroKB, Fp_AroEK and
Mb_AroKE. These enzymes together with At_AroDE constitute the four domains B, D, E, K of
the AROM complex (Figure 3.24). To thead, the homologous domains of the bifunctional fusion
enzymes were superimposed using secondary structure superimposition in [CE&DTTwo

different models, one based on AroEK and another one based on AroKE were constructed.

Figure 3.24. Pentafunctional AROM complex and the crystal structures of four bifunctional enzymes
for the hypothetical tetrafunctional models: A) the five enzymatic activities of AROM complex, B) crystal
structure of At_AroDE (PDB ID: 207S), C) crystal structure of Tm_AroKB (This study), D) crystal structure
of bifunctional Fp_AroEK (This study), E) Crystal structure of bifunctional Mb_AroKE (This study)

To build the AroEK based model (Figure 3.25), the E domain of AroEK was superimposed on the
E domain of AroDE (Figure 3.25.B}he resulting AroDEK showed no steric clashes. Then the K
domain of AroKB was superimposed on the K domain of AroDEK and the resulting AroBDEK
(Figure 3.25.C) showed no steric clashes. As AroKB exists as a dimer, the same procedure was
repeated for the send monomer of AroKB (Figure 3.25.D). The complete model is also shown

in surface representation in Figure 3.25E.
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