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Filamenting temperature-sensitive mutant Z (Ftsgmf Mycobacterium tuberculosis

(Mtb) is an essential bacterial cell division protithat polymerizes into a structure called the “Z-
ring”. Here it has been targeted for drug discov&gmpounds that exhibit anti-tuberculosis
activity have been synthesized and used in criéibn conditions. Four crystal structures of
MtbFtsZ have been determined, of which two are laimnp the published dimer (PDB 1RQ7)
which exhibits lateral interactions; they belongR6; space group and crystals diffracted to
about 2.6A. The other two structures had two trBnier the asymmetric unit. The crystals
diffracted to approximately 3.5A and the structunese refined to aRqys in the range of 0.24-

0.28. These latter structures showed novel intemagtncluding a hinge-opening mechanism in
which Asn205, Asp207, and Asp210 from loop T7 obwmit A are within ~16A of the

nucleotide from subunit B. Additionally, subunitf@®m the trimer interacted with the central

monomer B via a newly observed T9 loop interactiwhere Glu231 from subunit B interacts



with Gly18 and Gly107 from the nucleotide bindingcget of subunit C. Since all these residues
are conserved it is plausible that this novel T@rimction could play a role in the biological
process in bacterial cell division. As a resultfual docking was conducted on these two newly
observed interactions (the T7 region and the T9)l@ath two small molecules of interest, SB-
P17G-A20, which is a tri-substituted benzimidazeled SB-RA-5001, which is a taxane.
Simulations revealed that one of the compoundsaate in the T9 region with a binding energy

better than -7.5kcal/mol.
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Chapter 1: Introduction

Tuberculosis

Tuberculosis (TB) is a deadly disease and the skedeading cause of death from
infectious disease worldwileMycobacterium tuberculosis (Mtb) is the bacterium responsible
for this potentially lethal sicknessPeople with the human immunodeficiency virus (H&rfe
especially vulnerable since Mtb becomes active vthenmmune system becomes weak making
this the number one opportunistic infectious disehst causes death among this populatfon
People with HIV are not the only population at higék. Diabetes, alcohol abuse, and drug
abuse are factors that increase the chances ateédf@eople to develop 8. Mtb is quickly
evolving and is out-pacing current treatments Iier disease, causing a major health coffcéin
action is not taken soon, it is estimated that ®B3@®150 million people will be infected by Mtb
and over 36 million will di&

TB is separated into latent infection of tubersigdo(LTB) and the disease TB. People
with LTB have less Mtb in their bodiédn LTB, bacteria are not active and cannot beapr
Thus, infected people do not show any symptomsamadot ill. However, as they age, their
immune system weakens and they can develop TBrderdo prevent this, people with latent
TB are prescribed medicatibn

People with TB carry the active form of the baieferThis active form can be spread via
the air when an infected individual speaks, sneezesughd The bacteria can survive in the air
for several hours depending on environmental camgft The diseased individual also exhibits
symptoms of TB which include a serious cough las8weeks, hemoptysis, chest pains, fatigue,
weight loss, loss of appetite, chills, fever, aighhsweat¥’.

Current treatment for TB depends on the diagntgeel either LTB or TB. People with



LTB have fewer bacteria and the treatment is dttbagward. They are prescribed Isoniazid,
Pyrazinamide, Ethambutol, and Rifampicin in variooigler and combinations; these are
considered first-line treatmentsHowever, people with TB usually require extendieatment,
especially if they are infected with the multidriesistant tuberculosis (MDR-TB) strain. MDR-
TB are resistant to Isoniazid and Rifampicin, twbtbe most powerful first-line druds
Medications used to combat MDR-TB include Pyraziiteen Ethambutol, Thioamides,
Cycloserine, Aminoglycosides, Cyclic peptides, PAfd Fluoroquinoloné& Unfortunately,
Mtb has evolved to become resistant even to thesens-line treatments. This strain of Mtb is
known as extensively drug-resistant tuberculosi®RXTB) and is resistant to Isoniazid,
Rifampin, Fluoroquinolones, and to at least onehef injectable second-line drugs, which are
Kanamycin, Capreomycin, and AmikatinThis resistivity is one of the main driving foscef
why it is important to find a new target to comb&k.

Filamenting temperature-sensitive mutant Z (FtsZz)

Filamenting temperature-sensitive mutant Z (Ftsd)ymerizes forming a structure
called the Z-ring (figure 1). It undergoes a pracealled dynamic polymerization (figure'2)in
this process, the cytoplasm of a cell ready toddivelicits nucleotide exchange with rapid
equilibrium in favor of guanosine 5'-triphosphatéT(P) bound FtsZ (figure 2A). Once the
critical concentration of GTP bound FtsZ is acheveolymerization begins forming
protofilaments (figure 2B). However, as polymenaatis happening so is GTP hydrolysis in a
process called “steady-state turnover” (figure Zo)ce the cell divides, regulation of GTP stops
and guanosine diphosphate (GDP) bound polymers ltegiisassemble, reverting back to GDP

bound monomers (figure 2D).
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MtbFtsZ was selected as the target for drug disgoeéorts because of its role in cell
division'®. Studiesidentified that one of the key steps in Mtb prafiféon is cell division which
is triggered by FtsZ' * In a study published by Respicio and co-workegsidue aspartate 210
in MtbFtsZ was mutated to a glycine which signifitg reduced polymerization (100-fold) and
lowered GTP hydrolysis (5-fold) when compared te #ild type, which led to poorer viability
of the FtsZ merodiploid straify

FtsZ, like tubulin, forms protofilaments which make the Z-ring’. Ojima and co-
workers have synthesized small molecules that éxhiftti-TB activity™™ ' 2° These novel
compounds have two modes of action: trisubstituteenzimidazoles which reduce
polymerization and taxanes that stabilized the Fmdymers> " ?° Albendazole and
thiabendazole are fungicides and parasiticidesitinbit septum formation in tubulth Studies
conducted by White, Reynolds, and co-workers idiedti FtsZ inhibitors which contain the
pyridopyrazine and pteridine pharamocophores, whrehsimilar to the benzimidazole moféty
2. Based on this knowledge, it was hypothesizet tte benzimidazole scaffold was a good
starting point for novel MtbFtsZ inhibitors Paclitaxel (Taxdl) is a microtubule-stabilizing
anticancer agent that was co-crystallizedifatubulin (PDB 1JFF). It was discovered to show
modest activity against drug-resistant strains db'fl This served as a “launching pad” to

develop taxanes that have been shown to exhiiifisignt anti-TB activity®.

Current Structural Model of FtsZ

As previously mentioned, FtsZ forms protofilametfiat evolve into the Z-ring. The
mechanism in which FtsZ accomplishes this is byrimsg the T7 loop into the nucleotide
binding site in a head-to-tail manner (figuré*3)rhe T7 loop contains amino acids Asn205,

Asp207, and Asp210 which are necessary for GTP diyslg*?® GTP hydrolysis is not



required for FtsZ to assemble into protofilamerdst is responsible for the conformatiol
changes that protofilaments unde during FtsZ assemtly 2 GTP bound FtszZ forms straig

protofilaments whilésDP bound favors the curved conforma (figure 4%,

GDP

N-terminal
domain

Helix H8

C-terminal

A B

Figure 3 Polymerization of the FtsZ in a heto-tail fashion. A) T7 loop (red) inserts into the featide binding
site. Green represents tRminal and blue is the-terminal domain. GDP igepresented in orange. B) Dime
crystal structure of MtbFtsitructure A this study). The two globular domadmns separated by the helix H8 sha
in yellow. Same color scheme as in figuiA.
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---q’ll I_ :‘-l . -
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Figure 4 Electron microgaph of straight protofilameformed with GTP (left) and minirings assembled wabP
(right). Scale bar applies to both. Figures adapted Lu et al. (2000)%,
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FtsZ is a GTPase activated protein that contairts di@bular domains separated by a
helix called H8 (figure 3) and has the tubulin sigme motif 103-GGGTGSG-109 (figure 5),
with one substitution where S (serine) is replasgtth T (threonine) in FtsZ, which can bind
nucleotides such as GTP, guanosine-diphosphate \GDE citraté" ° Switch | and switch Il
have been identified in MtbFtsZ to be helix sH2i¢notes switch) and the T3 loop, respectively
(figure 6).

Switch | in MtbFtsZ is spatially analogous to thepfdtein switch I. It contains the
highly conserved Asn41, Thr42, and Asp43 residueistware required for GTPase activfty®
Mutagenesis studies of the corresponding residi&s43 and Asp45, ifk. coli FtsZ (EcFtsZ)
showed a significant reduction in GTPase actiVity These three residues form an intricate
hydrogen bond network that is determined by thatidm state of FtsZ (figure %) When GTP is
bound, the side-chain oxygen of Asn4l is directethep andy -phosphate oxygen atoms by a
water molecule. Thr42 oxygen from the side-chaiardmates with Thr106 side-chain oxygen
which interacts withy -phosphate oxygen through a hydrogen bond. Thechdin of Asp43 is
directed away and interacts with Ala46 nitrogenratdVhen the switch is in the OFF position,
the side-chains of these residues flip their oagon, breaking the bridge. Once this happens,

the entire sH2 region takes the form of a betatstre@ loop and in rare cases remains a helix.
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Figure 6 Crystal structure of MtbFts chain Abound to GTRS (shown in green). Blue represents switch | (<
and switch Il (T3 loop)n their ON positio. OFF position for sH2 would take a beta sheet op lo@nformation an
the T3 loop would become disorder&DB 1RLU.

ASN-41

Figure 7: Stereo-view ofyldrogen network between thSphosphate (orange) and switch | residues Asn442;
and Asp43The blue segment (top) represents switcRed spheres represent water molecate$ black dash lines
represent hydrogen bonding. POBRLU.



Switch Il needs to be in the OFF position for switcto change conformations froa
helix to a beta sheet or l00pThe T3 loop becomes ordered when G)®(s the ucleotide and
is disordered in the presence of GDP, citrate, berwno ucleotide is present (figure®
Residues from the T3 loop, Leu66, Gly69, Ala68, atal70 become rigid when the nucleot
is GTP§)S?. The T3 loop collapsi inward when it interacts with these resid. Ala68 and
Ala70 coordinatedirectly to they-phosphateand Leu66 and Gly69 are stabilized by a w

molecule (figure 8AF. After GTP hydrolysi, this system is broken and switch Il is in its C

position, which allows switch | to take its betashor loop forr (figure 8BY>.

Switch |

A B

Figure 8:Comparison of the T3 loop (switch II) region. A) BB bound to FtsZ (PDB 1RL\ Switch Il is in the
ON position.B) GDP bound to FtsZ (structure A this st). Switch Il is in the OFF positio The red spheres
represent water molecules and the black dashlepgresent hydrogen bondin



In Methanococcus jannaschii FtsZ, GTP hydrolysis requires residues Asp235 asd
238, which are analogous Asp207 and Asp210, respectiv?® %° Asp235 and Asp238 polari;

the attacking water moleculdigure 9). Md" polarizes they-phoghate with GIn75, sever

water moleculesand thep andy-phosphates (figure 9).

Figure 9: MjanFtsZ crystal structuexhibits the complete GTP¢ active siteby bringing into close proximit
Asp235 and Asp238 from the T7 loop (P 1W5A). Residues Asp235 and Asp288larized the attacking wat
molecule (yellow) and the Mg (cyan) coordinates with GIn 75 (green) and polariteey-phosphate. Asn233
analogais to Asn205 of MtbFtsZ, which is necessary for GiyBrolysis Black dash lineslepic hydrogen bonding
and red spheres represent water mole.

Here we present a set of crystal structures of MtbRhat will aid in new dru

development. They are tihasis for computational studies to develop nova-TB agents.

10



Chapter 2: Materials and Methods

Protein Purification

Protein purification was carried out by Dr. Souy@bhowdhury, who was part of the
Ojima group of the Institute of Chemical Biologydarug Discovery (ICB&DD) at Stony
Brook University (SBU) and who also kindly provid#éee protein for these crystallization trials
and taught me the various steps in protein putifica as reported in Whitet al.*2. E. coli
expression plasmids constructs that carry the g from Mtb were used to grow bacteria
expressing MtbFtsZ. In order to grow these colgnsedective Luria-Bertani (LB) media was
used. Protein expression was induced with 1mM IRiEGpropyl f-D-1-thiogalactopyranoside)
and cells were pelleted and flash frozen for sterd&lglls were later thawed and suspended in
50mM Tris pH 7.5, 500mM NaCl, 100mM KCI, 0.1% NP-40d lysed in a cell disrupter.
Centrifugation was performed and clear lysate wdded to Ni* His-bind resin. Protein was
washed in 50mM Tris pH 7.5, 300mM NaCl, 100mM KQI1% NP-40, and 10mM Imidazole
and eluted inN5OmMM Tris pH 7.5, 500mM NaCl, 100mM KCI, and 500mMidazole The
protein was concentrated to 3mg/ml and checkedguBradford assay. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) wandacted to determine protein purity
(figure 10A). The N-terminal 6xHis tag affinity waemoved with thrombin treatment (0.25
units biotinylated thrombin/ mg tagged FtsZ profeifio remove biotinylated thrombin, uncut
FtsZ protein, and free cut off affinity tag weremm@ved by successive passes through
streptavidin agarose and fresh?’harged His-bind resin. Further filtration was pemied by
size exclusion chromatography using an Akta driSaperdex S200 60/16 column in 50mM Tris

pH 7.8, 200mM NaCl, 100mM KCI storage buffer (figutOB). The protein was then flash
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frozen and taken to Brookhaven National Laborat(L) for crystallization trials and

diffraction experiments.

10.2 -
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10'0 A Peak 1

9.8
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Peak 4

9.4

0.D. 280nm

9.2

9.0 -
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Fractions in ml

A B

Figure 10: A) SDS-PAGE gel that shows most of thagin is 40kDa with very few contaminants. B) FPh®file
of MtbFtsZ without the His tag. Peak4 was the pesdd in this study and represents a dimeric for@0&Da. The
rest of the peaks represent higher order strucfarais (protomer weight of MtbFtsZ is ~40kDa) tlsme greater
than 80kDa. Figures kindly provided by Souyma Rotiry.

Protein X-ray Crystallography

Protein crystallography is a major “tool” enabliBglimensional structure solutions from
a crystal>. The major steps in protein X-ray crystallographye, protein purification,
crystallization, irradiation to X-rays, phase detaration, followed by model building and
refinement (figure 1£¥. It is the most often used technique to deterrstnactures; in fact over
88% of all structures deposited in the protein dagak (PDB) have been solved by X-ray
crystallography and 10.5% by nuclear magnetic rasoa (NMRJ*. The remaining <0.5% are

solved by techniques such as SAXS, electron miomscand neutron diffractidn
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Figure 11 The major steps in protein-ray crystallography. From left to righprotein purification, crystalliztion,
irradiation to X-raysphase determinati, model building, and cycles of refinement.

X-ray crystallography is a technique used to detegrthe position of atoms or molecu
in a crystal®’. Monochromatic Xrays in the range of 5 to 20keV arsed to irradial a sampl&.
At these energies, more than 90% of tt-rays do not interact with the sam*3. The majority
of X-rays that interact with the sample is through thetpelectric effect, which deposits ene
and is a direct cause of radiation dan®’. In order to extend the lifetime of the sampleadare
usually collected at 100K The remaining -rays interact by Compton scattering which cat
backgroundnoise and Rayleigh scatter®’. In the latter,electrons interact with the incide
photons and are scattered by plarhkl) to produce a diffraction pattéfn The relationship
between electron dseity and a diffracted wave is represented quation 1 whichincludes the
structure factor amplitudeF(hkl)| and the phase, . The intensity of theliffracted beaml
(“spots” observed in the diffraction pattern) ofa@ating crystal in the incident-ray beam is
measured and thus(hkl)| is obained (equation 35. However, is los' during the

experiment and indirect methods are requiress is known as the phase prob®.
Equation (1) -
In the above equation, is electron density at position awids unit cell

volume®,
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Equation (2) = (#)3 (n%) V..I,LPT|F (hkl)|?

In equation 2,4 is the wavelength (energy) of the incident wasshe electronic charge,
mthe electronic mas¥/, the volume of the crystal and the volume of the unit cell; andP
are the Lorentz and polarization correction factordT refers to the proportion of X-rays that
are not absorbed by the crystal

Among the different methods used to solve the @hasolecular replacement (MR) is
the most often used and it was the method usedterdine the structures presented ffere

MR uses a known molecular model to aid in soltimgyunknown crystal structufe The
known model usually has a sequence identity grehger 25% and the-carbons typically have
a root mean square deviation (rmsd) of 2A or’fe§® perform MR the model structure needs to
be rotated and then translated in the unknown cglit To rotate the model structure, three
angles need to be specified , y) and to translate; three vectors need to be peavi{d, b, c).
Thus, if there is one molecule in the asymmetriit cell, which is the smallest unit of volume
that contains all structural information that caproduce the unit cell, MR becomes a 6
dimensional problef™*. Programs split this 6-dimensional problem to t@limensional
problems, rotation and then translafforThe solution is the best match between the piedlic
structure factors (calculated model) and the oleskstructure factors (unknown model). Then
the initial model is refined against the observedcure factor combined with the calculated
phases until convergences of the R-factor Bpd The R-factor also known as thgek is a
statistic that is used to determine the error et se€f. The Riec is used in conjunction with

Ruork 10 make sure there is no bias towards the modélvilas used to determine the initial

phase¥’
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Crystallization

Protein crystallization was developed in the™1€entury to provide a means for
purification of specific proteins at a time wherer were few other alternativds Protein
crystallization served as a test to verify that Hanple was purified and was a laboratory
curiosity’®. There are several factors affecting protein affisation such as protein
concentration, precipitant type/concentration, p¢hperature, time, and many more including
the method used; this is why crystallization is thettle neck” in protein crystallograpfy
Vapor diffusion is a common method used to cryig@linacromolecular molecules (figure 42)
This method has a closed system which includesehgent solution and the drop, composed of
protein and reagent solution in various quantiied combinations. The concept behind vapor
diffusion is rather simple. Water leaves the drap &ravels to the reagent solution by passive
diffusion. This, in essence, increases the pratencentration and precipitant concentration, and

if the nucleation zone is reached, crystals mayrb® grow/>.

Cover slip

Protein &
reagent solution

Reagent
solutior

Figure 12: Hanging drop vapor diffusion method. Tthep contains 1:1 protein to reagent solution. The
concentration of the precipitant [ppt] is one halthe drop with respect to the reagent solutioaté&¥ vapor travels
from the drop to the reagent solution to equilibrite [ppt], which results in supersaturation @& grotein. This
forces the protein to interact and nucleation b&gin
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MtbFtsZ was crystallized by the hanging drop vagiffusion method (figure 12§ “°
Crystallization condition reported by Leumyal. was used as the initial conditf3nSeveral
crystallization conditions were screened. The aftgspresented here were obtained in 0.1M
NaCitrate pH 5.6, 0.3M NIDAc, 15% PEG 4000 with a volume of 500uL and thetgin,
which had a concentration of 3mg/ml, was incubatétl the small molecules of interest which
are SB-P17G-A20, SB-P17G-C2, and SB-RA-5001 (alghatlhese crystals contained GDP, no
GDP was added to the crystallization conditiond)e Wway in which these small molecules
where incubated was prior to forming the drop, alsrolume of drug was added to the protein
from a stock solution to vary the concentratiorfg; the concentration range was from 0.1mM
to 5mM (table 1). This was repeated for all thregdeuoules. It is worth mentioning that it was
not until the addition of these small molecules wes crystals began to diffract. Soaking was
also attempted for all these drugs. However, ndribeocrystals that were soaked had good data
statistics. SB-P17G-A20, SB-P17G-C2 were synthdsiae described in Awastlet al.?° and
kindly provided by Divya Awasthi in Ojima’s labomy. Briefly, these compounds were
synthesized by a series of reactions includingtgukisn, acylation and cyclization. The starting
material was 2,4-dinitro-5-fluoroaniline, a commielly available compound. The final products
were derived from an intermediate and purified ef@omatography. SB-RA-5001 was also
provided by Divya Awasthi and purified accordingHoanget al.*’. The drop was a 1:1 reagent
solution to protein ratio. Crystallization was merhed at 20°C and placed in incubators to keep
the temperature within +/-1°C. Initial crystals,iefhwere grown in solution without drug, grew
to ~100um but did not diffract (figure 13A). Additial screening was performed using seeding
techniques (figure 13B) and additive screeningtgmis from Hampton Research (HR2-420)

®2 These techniques aided in obtaining crystalshidter diffraction quality” (figure 14). The
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crystals were soaked in mother liquor containingo3§lycerol and flash cooled for diffractic

studies athe National Synchrotron Light Source locateBNL.

Cat whisker

Praein & reagent solutic

Crystal

B

Figure 13 A) Initial crystals of MtbFtsZ that did not difict grown in 0.1M NaCitrate pH 5.6, 0.3M |,OAc, and
20% PEG 4000. Bar scale represents :m. B) Seeding technique in which a cat whisker waga#tnd gentl
rubbed against the initial crystals and then swigedugh a fresh protein drop in an attempt to iobtaigher
quality” crystals. Since crystallization is mos#ytwc-step process (nucleéan and growth), seeding allovfor the

control of nucleation.

B C D

Figure 14 Crystals of MtbFtsZ. All crystals grew in 0.1M Narate pH 5.6, 0.3M N4OAc, 15% PEG 4000 wit
minor differences. The same protbéiatch was used (no His tag) and the protein coraiont was 3mg/ml. Prote
with His tag produced poorly diffracting crystals) Protein was incubated in 5mM -P17A20. B) Protein fron
crystal B was incubated in 0.1mM SBL7-A20. C) Protein from crys$t& was incubated in 0.5mM -P17G-C2.
D) Protein from crystal Divas incubated with 0.5mM $-P17G-A20.Scale bar for A and B represent 100un

150pum. The red box is 100um in D.

Flashcooling is a technique used in protein crystallpgsawhere crystalare submerged
in liquid nitrogen (LNR) very quickly and store¢ until data collectionHowever, since wate
forms ice, it is necessary to first transfer thgstal from its crystallization drop to a cr

solution drop usually made of 30% glyce® 3 If this is done,data is collected at cr-
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temperatures (100K), which was the cin this study; this alsanitigates radiation damage
the biological samplé3

Data collection strategy

Data for all three crystals A, B, and C were cdbeca beam-lineX6A; a bending
magnet beantine equipped with an Area Detector Systems Cotpora(ADSC) Q270 CCL
detector”. Data were collected at the Selenium K edge (G8yvith a 200pum beam (flux ¢
the order of 1x19ph/s). The firt crystals that grew were crystallized without aeynpound an
were screened manually15 samples/ 3hours); none diffracted. Thus, th®raounter wa:
used, enablinghe testing of several hundss of crystals\ith a screening time (16 samples/22
minutes) (figure 1p Of all the crystals screened, few gave dataudficsent quality to enabls
structure solution. Crystals A, B, C, and D repn¢ssructures A, B, C, and [respectively

(figure 14).

Figure 15 Automounter at the X6A protein crallography beamline. The automourgedewa is capable of
housing four pucks, meaning it can hold up to 64pas
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Diffraction data from crystal D were collected BetNSLS on the X25 beam-line. The
major differences between X6A and X25 are the deteand the X-ray source. X25 is equipped
with a Pilatus detector; it is a silicon pixel ardetector working in photon counting mode. This
newer technology allows for a faster read-out tané reduced noise, as opposed to the more
traditional phosphor CCD detectors. X25 uses arulator X-ray source producing a brighter
beam and as a result X25 has a flux of 4.8%i0s at 11.5KeV (1.1A) with a 100um beam.

The fact that each crystal has different diffracticharacteristics is the reason why a
crystallographer must use different collection tegées, and in some cases different beam-lines

to collect dat&. Table 1 shows the data collection strategies fmeeach crystal.

Table 1: Ligands used and collection strategieg#ah crystal.

Crystal A B C D
Ligand¥ SB-P17-A20 SB-P17-A20 SB-P17-C2 SB-P17-A20
Method Co-crystallization Co-crystallization Co-stgllization Co-crystallization
Concentration (mM) 5.0 0.1 0.5 0.5
Wavelength (A) 1.0781 1.0781 1.0781 1.1000
Detector Distance 300 260 400 550
(mm)

Oscillation range ( [ 0.5 0.2 0.5 0.2

)

Beam (um) 125 150 150x125 (HxV) 100
Exposure time (s) 30 20 30 1

¥ Ligands used in crystallization trials but nonergvobserved.

Data analysis

Data were processed with HKL2000 and statistics sirewn in table 2. Crystals
diffracted to ~3.5A and as high as 2.3A (figure IB)ystals A and B have better statistics than C
and D and have the unit cell parameters of theighdad structure (PDB 1RQ7). Crystals C and
D have different packing as shown by their unii garameters and poorer diffracting power

(table 25°.

19



Figure 16 Diffraction of crystals. A, B, C, (from top to bottom)epresents their respective cry:
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Table 2: Crystallization Conditions, Data and Refirent statistics from MtbFtsZ.

Crystal A B C D

Space group R6 P& P2 P22:2,

Unit cell parameters (,ED ) |a=b=88.84c|a=b=289.16,c| a=123.9, a=73.08,
=180.1, =179.8, b=72.85, b=181.0,
a=p=90.0, a=p=90.0, c=162.5, € =220.2,
y=120.0 y=120.0 o=y =90.0, oa=p=y=90.0

S =99.6

Matthews coefficient* 2.5 2.6 3.0 3.0

Solvent content (%)* 51.1 52.0 58.3 59.4

Molecules in ASU* 2 2 6 6

Resolution (A) 30-2.55 (2.59-50-2.34 (2.384 50-3.57 (3.634 50-3.50 (3.56-
2.55) 2.34) 3.57) 3.50)

No. of unique reflections 26241 34200 34564 38133

Completeness (%) 98.7 (93.6) 99.3 (98.8) 98.7 99.0 | 99.6 (95.8)

Mosaicity ( [1) 0.65 1.0 0.95 0.90

Multiplicity 3.1 (3.0) 16 (15.4) 3.6 (3.5) 5.8 (4.1

Rineait (%) 12.8 (73.3) 9.5 (95.9) 15.7 (79.7) 17.0 (J9.1

OO Ole(01 1 )OF 12.7 (1.9) 31.2 (3.5) 9.1 (1.7) 8.9 (1.8)

Refinement statistics

Resolution (A) 38.87-2.55 44.59-2.34 44.01-3.57 49.79-3.49
(2.65-2.55) (2.41-2.34) (3.70-3.57) (3.60-3.49)

No. of reflections 25839/1318 32058/1624 28159/1422 34660/1730

(working/test)

Rwork8 17.9 (27.0) 16.9 24.4 27.5

Rereel 23.4 (31.6) 21.8 31.3 35.8

Wilson B factor (&) 39.9 22.8 94.4 63.0

AverageB factor (&)

Protein atoms 40.6 29.0 120.4 69.2

Water molecules 374 28.5 0 0

R.m.s. deviations from

idealtt

Bond lengths (A) 0.007 0.026 0.012 0.011

Bond angles ( [1) 1.10 2.68 1.63 1.63

Ramachandran plotfi

Favored regions (%) 98.6 96.6 73.8 74.9

Generously allowed (%) 1.2 3.2 19.2 18.7

Disallowed regions (%) 0.2 0.2 7.0 6.4

Rotamers}i

Poor rotamers (%) 3.85 10.3 19.9 21.9

* Are statistics from Matthews Probability Calcwaf® >’ t Rinear = Spit 2t |1; (hkD)—< I(hkD) > | /X pia X:(hkD)
Bt 001 Ols(0 1 D)0 is the meani(hkl) over the standard deviation of the mddgnkl) averaged over all

reflections in a resolution shell.Ryor = Ykt |1 Fobs| — |Feacl |/ 2onkil Fobsl, Where|Fyq| is the observed structure-
factor amplitude andlF.,.| is the calculated structure-factor amplitudeR,§ is the R-factor based on 5% of the

data which were excluded from refinement. t1 Ascdbed in Engh and Huber, (199%) 1+ Are statistics from

Mol Probity °°.
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Molecular Replacement

Phases for crystal A were solved by MR using Ph&®sen the ccp4 suite with PDB
2Q1Y as the search moffel® The structure from crystal B was also determibgdVR using
Phaser and structure A was used as the search .niRigstix was used for the refinement of
structures A and B. Crystal C needed more analysis and proved tohadlenging. Several
phasing programs were utilized which included, BhaBalbes, and Molrép ** °* °3 phenix's
automated MR program solved the phases and fifiakraent was done by PheffixStructure
from crystal D was solved by MR using Phaser anacgire A was used as the search model as
well.

Docking

Docking is a method in which computer simulatigmedict the preferred orientation of
one molecule to another to form a stable conffila¥hen the preferred orientation is known,
one can use this to predict binding affinity betwdabese two molecules based on scoring
functions. One can think of docking as a “hand4owvg” analogy where the hand represents the
ligand and the glove the recegtborDocking attempts to find the overall best fitidtoften used
in drug discover’.

In this study, docking was conducted with smalllenales (ligand) and our structure D
(receptor). The computer calculations were doneh wite software Autodock4 using the
Lamarckian genetic algorithm for conformationalrskind’’. A genetic algorithm is a heuristic
search that emulates the natural selection prBtessLamarckian genetic algorithm has an
added feature which allows individual conformatiemsearch their local conformational space,
finding local minima, and passing this informationthe next generati6h The PDB files of the

macromolecule (structure D) and the ligand werepqueessed (converted from PDB to
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PDBQT). Hydrogen atoms were added to the struddufiéee and the number of torsions for the
ligand was set to most atoms. The grid box size seas0 126x126x126. The X, Yy, z, center for
the T7 loop region was set to 8.316, 43.334, and5%4 respectively; which is GDP. For the T9
interaction the grid box center was set to 9.5@&2175, and -3.123 for X, y, and z, respectively;

which is Glu231.
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Chapter 3: Results

Structures A, B, C, and D

Structures A and B both crystallized as a dimeru@are A was superimposed onto
structures 2Q1Y, 2Q1X, and 1RQ7 and they exhibitedrbon rmsd of 0.197, 0.221, 0.176 A,
respectively”. There was no structural difference observed exiceghe rigidity of the T3 loop
when compared to 1RQ7, which contained @3 PThe T3 loop (Switch 1) becomes rigid when
the nucleotide is GT#B*. When there is an extra phosphate group, a hydrogavork is able
to stabilize the T3 loop as described previoustuge 8). This confirms the findings of Leusg
al.®.

Subunit A has clear differences from subunit Brfrstructures A and B (figure 17). The
most noticeable is the lack of a nucleotide in subb8. This leads to structural changes of
several secondary structures. In subunit B, ofcaires A and B, the T4 loop collapses inward
into the nucleotide binding pocket and helix H8 deputward ~5A. Arg140 located in helix H6
has a large movement of 13.7A. Many of the claGdiPase-activating proteins (GAPS) have an
‘arginine finger’ that reaches into the active Sitét has been suggested that this is to stabilize
the charge produced during nucleotide hydrol{siEhis movement of the arginine is the reason
why helix H6 becomes disordered in subunit B ofictires A and B. The switch | region of
subunit B from structures A and B is more disordeanad takes the form of a loop. According to
Leunget al., the switch | region should take the form of a tstaet and in some cases retain its
alpha helix shape as mentioned eaflieDespite this loop form from subunit B in struesirA
and B, switch | still retains its functionality lmacse loop T3 cannot close when switch | takes the
form of a loop (figure 18). These major changesrsee be affected by the absence or presence

of GDP.
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Figure 17 Subunits A (A) and B (B) from crystal A. Strucalidifferences between the subunits shown in
Notice the absences of the T8 loop in B and thggsmated movement of Arg140. The T3 loop is abséanbt®th
subunits.

Figure 18: Suerimposition of subunit A from 1RL (light blue) and subunit Bred) of structur A from this study.
In subunit B the sH2 region becomes a loop and the T3 loogsebe in it's OFF position to avoid clash
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Structure B was superimposed onto structure A @ dno-carbon rmsd of 0.392 A,
indicating that the structures were virtually threm®. To date, structure B is the highest
resolution structure of MtbFtsZ with bound GDP (&8, figure 16). It was crystallized in the
same conditions as A, except that it was incubaféud 1mM of SB-P17G-A20 instead of 5mM.
SB-P17G-A20 is a tri-substituted benzimidazole that an MIC of 0.16ug/ml against the
H37Rv strain of MtB".

Structures C and D exhibited similar interactiorss ane another. Structure C was
crystallized in similar conditions as in A and Bcept that it was incubated with 0.5mM SB-
P17G-C2. SB-P17G-C2 is also a tri-substituted beitazole that exhibited an MIC of
0.06pg/ml against the H37Rv strain of Mtb. Thetfgst of crystals were “fished” and diffracted
to ~8A. The drop was clear and 2 weeks later crysagipeared. These new crystals were
irradiated and one diffracted to ~3.5A (figures 14®BC), which was adequate to obtain a
structure. When structures C and D were superinthdkea-carbon rmsd was 1.065A, which is
an indication that the structures are very simifamoticeable difference is that in structure C
only one of the central protomers contains GDP t(e¢protomers in structure C and D are B
and E). In structure D, both central protomers freath of the trimers contain GDP. It is
noteworthy to mention that structure D crystallizedP22,2; and structure C crystallized in P2
Just like in the drop from structure C, the first sf crystals diffracted to ~8A.

Initially, structure C was thought to be a dodeeam@mnd was analyzed in the P1 space
group. After the determination of structure D, itasvclear that structure C had similar
interactions. Superimposition to structure D regdahat this was in fact true. Structure C was
indexed as a RZand a model was built with the aid of structur€iBure 19); it was two trimers

just as in structure D.
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Figure 19: A) Two trimersABC and DEI in the asymmetric unit from crystal. GDP is represent as orar
spheres. The six subunise represented as follows: A is salmon, B is gr€eis purple, D iGray, E is cyan, and F
is yellow.

In figure 19 there are two trimers, ABC and DEF, which exh#ilar interactions
These trimers are held together by interactinvolving the switch | regiomn structure (. The
highly consered amino acid GIn45 from chair interacts wih Lys33 from chain . (figure 20).
Chain B interac with chains E and F (figure ). GIn45 from chain Bnteract: with Ser298
from chain E.Arg60 from chain | forms polarcontacts with Asp51 from chain F and Let
from chain B hydrogen bondo GIn45 from chain . Given the fact that the highconserved
residue GIn43rom switch | is involve in thse interactionds indicative that the could possess
some biological relevance. However, Ser 298 and@rare not conserved. Additional stuc
will be needed in order to further investigate the relevamicéhese interactions, including s
directed mutagenesis.
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Figure 20:Interactions between the trimers whGIn45 from chain E (cygrhydrogen bonds to Lys33 frc chain
A (gray).

Figure 21 Interactions between titrimers chain B (green), chain E (cyan), chaiyellow).
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The four trimers from structure C and D revealedeahanteractions. It was not until
recently, that one of them has been repdtteigure 22 represents how trimer ABC from
structure D exhibits these interactions. The Thlé@m chain A brings Asn205, Asp207 and
Asp210 within 16A of GDP from chain B (figure 23)hese subunits are part of the same trimer.
It has been well documented that these residuesequired for GTP hydrolysid 2* 2% 72 Helix
H11 from chain A “sits” on helicegl, H7 and loop T6 from chain B. There are no polar
contacts involved in this interaction and it res&sba hinge-opening mechanism for the
insertion of the T7 loop into the nucleotide binglipocket. This interplay appears to be a
conformation following GTP hydrolysis because tlielaotide is GDP. Between subunits B and
C, Glu231 from subunit B inserts itself into theclaotide binding pocket of C (figure 24). In
the T9 interaction, chain B inserts the T9 loopated in the C-terminal domain into the empty
binding pocket of chain C. Glu231 from the T9 Idup into the binding pocket and interacts
with Gly18 and Gly107. Gly18 is highly conservedoatighout all FtsZ proteins and tubulin.
Gly107 is part of the highly conserved tubulin sigime motif. Glu231 is semi-conserved. This is
indicative that this interaction could possessdgalal validity. Studies have shown that regions

from the C-terminal domain do interact with othestging®.
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Subunit £

Subunit ¢

Subunit E

Figure 22: A) Trimer ABCfrom structure D showir how helix H11 (yellow) “sits” on helicesl, H7 and loop Tt
(all shown in red), the T7 loofblue) within 16A of GDP (orange andthe T9 loop interaction in which Glu2:
(green) is inserted into the nucleotide bindingksd«
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Figure 23:Subunits A and B from structure D, witl close up of the T7 loop interactioAsn205, Asp207, an
Asp210 (blue) from subunit A awthin ~16A from GDF (orange) of subunit B.

Figure 24: Glu231 (greeffijom subunit E interacts with Gly18 and Gly107 frosubunit C in structure .
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Subunits B and @xhibil some structural differenceés structure D (figure 2). The T3
loop (residues 62-68)jom suburt C was rigid when compared to Residues 170 and 171 frc
the T6 loop are rigid in subunit as electron density was clearly observEige N-terminal end
of helix H8 (residues 17280) is ~ 3A away from the nucleotide area in subGniThere is al
rmsd greater than 3A for residues -266 from the T10 loop betweesubunit: B and C. This
could be explaied by the flexibility of the T1 loop in subunit C where no density we

observed.

Figure 25 Differences of subur B (left) and subunit C (righfyom structure D shown in blt

Subunit A from structure had many missing features due to crystal packirogvever,
the data was enough tdtain a mode When superimposed to subunit B, there were regib|
interestwhere the rmsd was greater than Most notably werehe highly coiserved Glyl8
which has an rmsd of 338and Gly105 of the tubulin signiare motif that hagin rmsd of 3.A.

Subunits A and C were very similar. Tl only had one residue in which the rmsd \
greater than 3AGly104, which has ¢ rmsd of 3.2A. The overall structure haso-carbon rmsd

of 1.0A. This is less than subur A and B, which have-carbon rmsd of 18R, respectively.
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This indicates that subunits A and C are very simibut subunit B is the least similar when
compared to subunits A and C.

Docking Results

Computational studies using the Autodock programewgerformed focusing on two
regions of structure D. The first region was th@eidr'9 interaction which involves subunits B
and C. The second is the T7 region which is betveedinits A and B. The simulations revealed
that compound SB-P17G-A20 is nestled within helies H5, and H6 in the T9 region and
forms a hydrogen bond with Asnl142 from chain C wattbinding energy of -7.73kcal/mol
(figure 26). In the T7 region, the compound intésagith Leu166 from helix H8 with a binding
energy of -7.65kcal/mol (figure 27). Compound SB-B®@01, which is a taxane that exhibits
anti-TB activity, was also docked in these two omgi’. Crystallization was attempted with this
compound but no crystals were of high diffractiarality. In the T9 area, SB-RA-5001 interacts
with 1le225 and Asn189 with a binding energy of9-&kcal/mol (figure 28). In the T7 area, SB-
RA-5001 forms no polar contacts and lays near GDFhas a low binding energy of -

5.43kcal/mol (figure 29).
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Figure 26: Results from Autodock. SBL7G-A20 (cyan) interacts with Asn142 of chaifwheat from structure D
in the T9 region. Glu231 from chain (gray)is shown in green where it is inserted into theleatide binding
pocket of chain C.

~

Figure 27: SB-P17@20 (cyan) interacts with Leu166 from chain B (graythe T7 region, which is between ch
A (blue) and chain B. GDP is shown in orange inrtheleotide binding pocke
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f y I s S/
Figure 28: Stere@iew of Autodock results of S-RA-5001 (purple) interacting witAsn189 and Ile225 from heli
H8 and beta she@?, respectively in the T9 regic Glu231 is shown in gree@DP is in orange, chain B is in gre
chain C is in wheat.

S 7 |

ASN-205  Asp-207 ASN-205  ASP-207
ASP-210 ASP-210

Figure 29: Sterewiew of docking results of S-RA-5001 (purple) in the T7 region. SB-R#001 lays near GD
(orange) and forms no polar contacts.
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Chapter 4: Discussion and Perspectives

Discussion

As previously mentioned, initial crystals were dwaed with X-rays and did not produce
a diffraction pattern. To make sure this was noisafated case, approximately 30 crystals were
screened, which all yielded the same result. It m@suntil compounds SB-P17G-A20 and SB-
P17G-C2 were included in the crystallization coioditdid crystals produce diffraction patterns.
This is indicative that despite not being obseribdse potential drugs may interact with the
protein.

Structures A and B are consistent with previouslist&’. Both support the fact that the
T3 loop is a switch involved in GTP hydrolysis basa in these structures, no electron density is
observed for the T3 loop when GDP is bound (subuAijt and when there is no nucleotide
(subunits B), indicating high flexibility. Howeveif, GTP is the nucleotide, there is electron
density observed for the T3 loop as reported byngetial. (2004Y°.

The other two structures show conformational déifees. The hinge-opening observed
in structures C and D is consistent with a reced#dposited structure (PDB 4KWE). The T9
loop interaction is however a new interaction, meeported before.

Lu et al., (2000) proposed that FtsZ could provide the mdtitee for constriction of the
Z-ring %, In their study, they determined that GTP boursZRireferred a straight conformation
and GDP bound FtsZ a curved conformation (figureLBt al., (2013) further supports Let
al., findings™. They determined the crystal structure of a simglered MtbFtsZ protofilament
(PDB 4KWE). Superimposition demonstrates that stmes C, D and 4KWE exhibit similar
hinge-opening interaction (figure 30). Mutagenestisdies determined that this interaction is

biologically relevant and that Leu269 is a key desi that serves as a pivot. In their model
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(figure 31A) the T3 loop of GDP bound MtbFtsZ takes a “red’ (R) conformation while GTI
bound MtbFtsZ has a “tense” (T) conformation. Whiea T state monomers assemble, th
loop “cuts” they-phosphate and coordinates with the T3 loop. Théo®f is now in the R ste
and MtbFtsZ pivots at Leu26MMtbFtsZ is bound to the membrane via FtsA andbie topull
the membrane inward (figure BL Free energy calculations showttttas mechanism genera

enough force for constriction.

Subunit A

Subunit E

Figure 30 Superimposition of structure subunits A and B (blue) ontsubunits A and B of PDB 4KWE (gre.
GDP is showrin orange for AKWE and blue for subunit B from sture D
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Monomer Monomer Monomer
T3"R"state GTP-bound T3"T"state

>

GTP catalytic site
hydrolysis Pivott
point
Curved longitudinal dimer Straight longitudinal dimer
A

SEROANOONDRDNORRNAORERBORROANRDNRDIRNERD

B

Figure 31 A) Schematic representation of the ste-state turnover in MtbFtsZ. B) Model representatié straight
protofilaments pulling on the cell membrane whesythurve Figures taken from Lét al. (2013 ",
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Perspectives

Subunits A and B from structure D and C exhibit T loop interaction (figures 24).
FtsZ has been shown to interact with other proteirguding itself®> ** 7 ™ A crystal structure
of FtsZ from M. jannaschii revealed the insertion of the T7 loop into the eatte binding
pocket of another FtsZ monomer completing the G&Rasive sit€’. MtbFtsZ was crystallized
as a dimer that revealed a lateral interaction a®lUIA-FtsZ complex in which SulA interacts
with the T7 loop to prevent polymerization was alsolved® ™ SulA inhibits FtsZ
polymerization as a result of an SOS signal. Th& Sfgnal is a mechanism that inhibits cell
division due to DNA (deoxyribonucleic acid) damaayel begins to repair the damaged DRA
In E. coli, ZipA is a protein that anchors FtsZ to the ceimbrané&®. A ZipA-FtsZ complex
revealed that this is mediated by 17 residues fiteenC-terminal domain of FtsZ, residues 367-
3833, These residues bind to the ZipA/M185 calityRecently, MtbFtsZ was crystallized with
the T7 loop in relatively close proximity (~16A) tiee nucleotide binding site by kf al. (2013)
and ug'. However, the insertion of the T9 loop into thecleotide binding pocket is a novel
interaction. GIn231 inserts into the nucleotidedong pocket and represents the classical lock-
and-key model (figure 24). Residue Gly18 and theeutide binding pocket residue Gly107 are
highly conserved through all FtsZ proteins and lmb&In231 is conserved throughout all FtsZ
proteins. This may be an indication that this iat&ion has biological validity. To date, not much
is known about the lateral interactions of protofients from MtbFtsZ. This new interaction
may help with understanding lateral interactionsveen protofilaments as this new interaction
could be how protofilaments link to one anothercéwing to Strickeet al. (2002), the Z-ring
is comprised of protofilaments that have an avetaggth of 80 subunifa In one of the model

proposed by Strickeet al. (2002), the Z-ring has protofilaments of lengths 80, and 160
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subunits. Since the #ng acts as a singistructure these protofilaments must interact with
another.From protofilaments, we are proposing a nl on Z+ing formation via the newl
de<ribed T9 interaction (figure ). An FtsZ monomer interacts with Glu231 from the [dop
from a protofilament. Another protofilament can nmteract with this monomer via the T9 lo

interaction again, linking therotofilaments

/

Figure 32: The semtircle is a transverse cre-section of 200nm at the division, which represahts model
proposed by Strickeat al. (2002)”°. The black lines around the se-circle represent FtsZ protofilament distributi
in the Z-ring. The schematic is a clage of our proposed model (left) which is MtbFtgibtofilamentsinteracting
via the T9 loopand to the left is a schematic of our trimer fraimustures C and C Glu231 from T9 is shown i
green, the T7 loop is shown in blue, and GDP isshim orange

Docking studies were conducted and interactionsithalved conserved residues wi
of particular interest because conserved residuaallysare involved in biological process
The interaction Asn142 and SBL7C-A20 from docking calculationdoes not seem biological
relevant because Asnl42 is nwonserved (figure 4). On the other harndde T7 interactiol
between this compound and Leu from helix H7 is semeonserved (figure 4Despite Leul66

being semi-conservethis interaction wit SB-P17G-A20does not seem promising becaus¢-
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P17G-A20 inhibits polymerization. According to dowk studies conducted by Wei, L. from
Ojima’s laboratory, SB-P17G-A20 should interactmiés@ T7 loop region, in close proximity to
Asn205, Asp207, and Asp210, which are the resideesssary for GTP hydrolysis. The taxane
SB-RA-5001 interacting with 1le225 and Ser244 cobélof interest as both these residues are
highly conserved (figure 4). Compound SB-RA-50040dhas a different mode of action from
SB-P17G-A20 and SB-P17G-C2 in which it promotesymparization by stabilizing the
protofilament structure. The simulation in the Tégion for this compound seems to not be
relevant because this taxane does not form any potgacts and has a low binding energy of -
5.43kcal/mol further supporting that the interastaf SB-RA-5001 between 1le225 and Ser244
could have biological validity.

Currently, only two structures have been solvedhwdbompounds that stabilized the
protofilament which are PDB 3VOB and 1JBEF’ 3VOB is Saphylocuccus aureus FtsZ
(SaFtsz) with PC190723 and 1JFF is tubulin, whilhe eukaryotic homologue of FtsZ, with
taxol. In SaFtsZ, a novel hydrophobic cleft wasnfdwnear the T7 loop, in which PC190723
binds to (figure 33). The compound interacts wihresal residues from the T7 loop, helix H7,
and beta sheet’7, 8, f9, andp10. The mechanism in which this compound stabilithes
protofilament is by stabilizing the T7 loop in suahway that the residues necessary for GTP
hydrolysis are not in position to allow the reawstiw proceed. In the 1JFF structure, the taxol
pocket is above the T7 loop and next to helix HTh@ C-terminal domain (figure 34). These
structures where superimposed to the docking stdgh involved the taxane SB-RA-5001,
lleu225, and Asn189 (figure 35). The docking regdalhat SB-RA-5001 is in relative close
proximity to PC190723 and Taxol. All of the moleesilare located above the T7 loop and next

to helix H7 (in MtbFtsZ case helix H8) in the C+#tenal domain and given the fact that all these
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molecules havéhe same mode of action is a good indication thiatgreliminary docking sdy

has elucidated a promising bdeefuture computer simulation

Figure 33: Crystal sturcture of SaFtsZ with boui@llB072: (dark blue)and Mg ion is shown as gre
sphere. PDB 2VOB (cyan).

Figure 34 Crystal structure of tubulin with bound Ta (yellow). PDB 1JFKgreen.
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Figure 35: Superimposition of MtbFtsZ (red) thisdst with SE-RA-5001 (purple)2VOB, and 1JFF (same col
scheme as figure 33 and 34, respectively). GDRadsm as stick:

In conclusion this study has reveal new interactionsin which the T9 loop interac
with the nucleotide binding pocket in a l-and-key fashiorand the T7 loop residues: Asn2|
Asp207, and Asp210 are in close proximity to theleotide. Docking studyhas elucidated a
promising basefor future computer simulations. Combined with theve interactions

discovered, this has providegbassibli foundation for novel drug development to combat
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