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Chair: Kenneth Malcolm Merz,Jr.
Cochair:Erik Deumens
Major: Chemistry
The bacteriunHelicobacter pylorihas been implicated in numerous gastrointestinal
diseases and disorders. Approximately two thirds @f thw o populatos isnfected withH.
pylori, and current treatment options function poorly against advanced infections. In order to
survive in acidic conditions, the bacterium produces the urease endymddri urease, HP
urease), which hydrolyzesaa into ammonium and carbamate ions. Ammonium is then released
into the environment as ammonia, increasing the local pH and allowing the suntighydori
in the stomach lining. This thesis aims to identify or design a novel inhibitor of HP uremse as
means to effectively combat infections. First, we sought to gain a better understanding of the
system of HP urease through the use of molecular dynamics. Second, we docked the ligands
found in the ZINC database in order to uncover prospects for inlmbRiegarding the molecular
dynamics of HP urease, we conducted studies in three different environments. In an agueous
solution, we observed the wide open flap state discussed earlier by Roberts et al., in which a
similar flap state observed Klebsiella &rogenegKA) urease was described. In a simulation
with 10.5 M urease, we observed certain residues with high RMSF that acted as a net, shuttling

urease molecules into the active site; this suggested another possible means of inhibiting the

enzyme. In a30 mM ammonium chloride simulation, we observed the possible mechanism by
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which ammonium was expelled into the environment and deprotonated, which also suggested
possible sites for inhibition. Concerning our docking studies, we docked the 14 millionrgtsuct
within the ZINC database and obtained possible options. We tested these options experimentally
on KA urease to determine inhibitory activity; however, high levels of inhibition were not
observed. After these various studies were performed to undevstet might qualify as a good
inhibitor, a quantum mechanical study on urea and its interactions with all individual amino

acids was conducted. Though some trends were uncovered, nothing distinctive was confidently
observed. We hope that the work withimstthesis brings us closer to the discovery of an

inhibitor for H. pylori.
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CHAPTER 1
INTRODUCTION AND BACKGROUND OFRHELICOBACTER PYLORIREASE

The underlying causes of ulcers remained elusive for decades, with initial speculation
suggesting that they we= caused by streddowever, when thélelicobacter pyloribacterial
strain was first discovered in 1982, Australian researcher Barry Marshall hypothesized that these
bacteria may be linked to gastritis.a 1984 experiment, Marshall consumed a petri dighe
bacteria and within days developed symptoms consistent with gasTiitisse bacteria
commonly infect the lining of the stomach (Figur&)LSubsequently, the bacteria were linked
to gastric and duodenalcers, hepatic coma (liver failure), noicer dyspepsia and

adenocarcinoma (stomach cancer), along with other potentially fatal diéeases.

Figure 1. Stomach infected withlelicobacter glori. Image courtesy of Martin Oeggerl
(Micronaut and School of Applied Sciences NorthwesterriZanand and featured
as the cover image ofdlSeptember 6, 2011 issueRvbceedings of the National
Academy of Sciencésttp://www.mas.org/content/108/36.covexpansioh
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There exists an obvious healthcare and disease prevention gap between the richer, more
developed nations and the poorer, underdeveloped nations and regions. In these underdeveloped
areas, disease and infection run rampant throughout the popuigtiergas individuals living in
more affluent areas rarely experience these diseases at the same frdghasdyeen estimated
by many outl ets that approxi mat el elidolaattdr of t h
pylori, and the World Health Oagiization places its estimate at ténrds. It is further estimated
that around 4 percent of those infected die of diseases caused by these ddionigis the
percentage itself is low, 4 percentofhafit he wor | dés popul abumioen sti ||
of potential fatalitiesFigure 12 displays the percentage of the population infected kittylori
based on geography.

The goal of preventing these fatalities creates a dire need for efficient treatments for these
possibly fatal infection®One d the most difficult aspects of eradicatiHg pylorif r om one 6 s
system involves the environment in which it resides; by colonizing within the stomach Hining,
pylori is surrounded by an acidic environment, one that confers a natural defense against
avaiable antibiotics. Specifically, the high acidity contributes to the degradation of antibiotics
before they are able to effectively act upon aadelleloped. pylori colony. After the
discovery that. pylori was the main cause of ulcers, more work wasedo understand the
mechanism by whichl. pylori survives in such acidic conditionswas subsequently
discovered that the enzymatic hyiys of urea was a critical pkaising process for these
bacterial coloniedJrease [urea amidohydrolase EC 3.5}1s an enzyme that hydrolyses urea
into ammonium and carbamate ions (Scheri, thereby increasing thedpof the surrounding
system. In doing so, it counteracts the aciditthe stomach, creating a neutral environment that

allowsH. pylorito surviwe.
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Figure 12. Percentage of individuals in each region infected Witipylori Bioinformotics
Consortium Taiwanhttp://cbs.ym.edu.tw/cbs
01/index.php?option=com_content&view
=article&id=306&Itemid=332
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Scheme 41. Products of enzymatic urea hydrokysi

Urea is a molecule that is exceptionally stable within the pH rangd. ®fahd is present
in the stomach in 1:3.4 mM concentration$The stability of urea arises from the-30
kcal/mol of resonance stabilization as a result wbgen lone pair delocalization into the
car bonyl Whilk theratdof de@inposition of urea is quite slow, with altialbf 3.6

years at 38 °C, urease is able to enhance the rate of decomposition by approxiniafelg.10
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Despite the smallancentrations of urea present in the stomach, urease is able to effectively
utilize these amounts due to its high efficiency, with a Michaelis cond¢ahiof 0.17 mMm?

The means by which the nonenzymatic decasitjpm of urea proceeds are not entirely
clear, though two plausible mechanisms do exist (Sche®)eBoth cases involve
decomposition into cyanate and ammonium iimeugh elimination pathwaythough each
approach these products in slightly devianhiass. In the first mechanism direct elimination of
the ammonium ion occurs through intramolecular rearrangement of the molecule; one amine
group becomes protonated throdghowing deprotonation ofhe second amine group, and is
eliminated as ammonia. €dfree ammonia species is then further protonated by removal of a
proton from cyanic acid, producing cyanate and ammonium. The second mechanism differs in
that tautomerization occurs first, converting urea into a species featuring ahfumictional
growp. From here, elimination echoing the first mechanism occurs, followed by a similar

protonation of the ammonia via cyanic acid.
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Scheme 2. Nonenzymatic urea decomposition by elimination (top) and rearrangement
(bottom).

When catalyzed by ureggbe decomposition of urea follows a different mechanism

altogether, proceeding via hydrolysis and duage catalysis rather than direct elimination
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according to the reaction schematic presented by Karplus(8chkeme 13). This results in the
producton of carbamate rather than cyanic acid. The reaction begins via coordination of both
urea and a hydroxyl group (derived from water) with th& Min pair. Attack of the central

carbon by the coordinated hydroxyl group productetrahedral carbonyl adtbn intermediate,

Scheme 13. Enzymatic decomposition of urea within the generalized active site.
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which then eliminates an amide ion which is protomgtthe sidechairthiol of a cysteinavithin
the active site. The thiol and geaHpase are subseeptly regenerated prior to the next catalytic
reaction.

It wasn't until the pioneering 1926 work of Sumner in which the first enzyme, urease, was
crystallized® It was assumed until this point that enzymes could not be crystakifter the
first crystallized enzyme Jack Bean ureasewas produced, other types of urease were
crystallized, includin&lebsiella aerogeneA) and othersit was not until recently that HP
urease was crystallized. First reported by Ha et al. i, 20@ease is essential for the survival of
HP in the acidic environment of the human stomaahdiscussed elsewhere in the life cycle, the
presence of wurease i s cr uci arkgulationotehveonmentalv i v a l
pH. Urease is an enzyme that hydrolyzes urea into ammonium and carbamate, utilizing an active
site that is quite unique among enzymes in that nickel ions serve as the catalytici ceotens
like the aforementioned Jack Bearase, which was identified as the first niekehtaining
enzyme in 1977 Nickel is not the sole metal to appear in the ureases; for example, in the
Helicobacter mustelaerease, the active site contains iron idRE® urease specifically is a very
large enzyme, featuring 12 active sites and a molecular mass of 1.06 MDa as determined by mass
spectrometry.The dodecamer enzyme iflamoteteramer of homotrimers of heterodimers, an
( UsbstructureA singlea bdimer is depicted in Figured and the overall structure in Figure 1
4. The active sit¢Figure 15) of the enzyme possesses a bdikel shape and features 2 nickels
at the Iottom of the barrel, which are respectively peafad hexacoordinatéda water
molecule separately coordinates both"ins.Both a bridging hydroxide ion and a bridging
carbamylated lysine residue further atioate these nickel ionEach Nf* ion is coordinate by

a histidine residue as wefbne of the nickels is also coordinated with an aspaitattwelve
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active sites possess flaps that cover the entrance to the active sitekmyvitgsidues of the
adive site and the residues of the active-sttgering flap are listed in Table1l It has a large
hollow in the center that has ten entrances; 4 are alongftilé 8ymmetry axes, and 6 are along

the 2fold axes of symmetryHP urease is therefore a highly symmetrical enzyme.

Figure 3.Si ngl e Ub di meric subunit: chain b is col
(U): the active site cover?liongarefshoarpasi s gi v
purple spheres; tr an shpliees & the sedond mebiteffldn i gh |l i g

(B), (see results); active site residues in licorice (C); high RMSF regions are given in
bold yellow (D).
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Figure 4. Entire structure dfl. pylori ureaseEach trimeric subunit of the tetramer is
individually colored to depict the overall assemitl?* ions are depicted as purple
spheres.
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Figure 15. Urease active sitdli** ions are depicted as purple spheres.
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Table 11.Key regions and residues in HP ureddap residues refer to areas as outlined in the
crystal structureNumbering is accaling to Ha et af.

Region Residue Numbers and Tygfes

pentacoordinate ki LYSU21,9(,C®I SU248(UN), HOHKQ 74

hexacoordinate Ki LYsU219(Cc®l sU136( UN), HISY138
bridging' OH, H,O

Fl a-pelix@ U3 0322
GLU-HID-MET-ASP-MET-LEU-MET-VAL -CYS-HIE

Flap turn U3 0x8B29
HIP-LEU-ASP-LYS-SERILE-LYS

Fl a-pelix@ U3 3B 36

GLU-ASP-VAL -GLN-PHEALA -ASP

HI1 D, HI'E and HIP refer to hi gdazoldnitrogens, resgedtively.pr ot onat ed

The need to understand urease better is very important. Ever since it was shown that HP
infections cause ulcers and other diseases, it has been indicated that inhibiting HP urease is a
viable strategy that would help to kdff HP in the stomach lining of humans. Given that my
research directly involves the inhibition of HP urease, it is useful to consider all forms of
inhibition: competitive, noncompetitive, uncompetitive, product, and suicide inhibition.
Competitive inhibiion occurs when the inhibitor binds to the active site of the enzyme,
preventing binding of the substralost competitive inhibitors function by binding reversibly to
the active site of the enzymeuring initial efforts to identify potential HP ureaiséibitors, we
focused largely on competitive inhibition. Noncompetitive intniioi involves a molecule that
bindsto an enzyme in a location other than the active site, thereby changing the endymes 3
structure and allowing the active site to bind swtetwith the usual affinity but no longer in
optimal arrangementncompetitive inhibition involves an enzyme inhibitor that binds solely to
the complex created between the enzyme and the subBh@dect inhibition occurs when the
product of an enzymatireaction binds to the enzyme and inhibits its actitpduct inhibition
is a selfregulatory process$uicide inhibition is a form of irreversible enzyme inhibition that
occurs when an enzyme binds a substrate analogue and forms an irreversiblg tmoydg a

covalent bond during the normal catalyzed reaction.
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There have been multiple studies conducted on urease aimed at identification of
inhibitors of urease that operate via any of the aforementioned mechanid®g5, Dixon et al.
identified ptosphoramidate as a reversible inhibitor of uré8seenters the active site and
replaces a hydroxide and water located in the coordination site of HP UHeasaer, this
inhibitor is not specific enough and can bind to many other targets, de@dpootentially harmful
side effects if administered to humans. Sometime later, a group in China began studying the
effects of flavinoids on HP ureaséiao et al. performed a study on analogs of quercetin and HP
ureasée! There was some level of inhibition observed for green tea extract and quercetin, but
neither compound was able to compete with urea, which is the natural substrate of HP urease.
Matsubara from Japan further studied green tea extract, which westio contain a variety of
cateching? Subsequently, Benini and coworkers performed mechanistic studies on boric acid,
discovering that it was a tight binder; however, the issues tied to AHA also surfacednath bo
acid.Subsequently, Dominguez and coworkers studied phosphoramides, observing binding
behavior both computationally and experimentally; they concluded that both compounds were
reasonable inhibitorS. Abid andcoworkers ran docking studies on small libraries to identify
new scaffolds and identified a scaffold that demonstrated better potency then tHiGimedy,
Benini studied citrate complexed wiiporosarcina pasurii urease in order to propose new
patterns for new inhibitorS. They suggested that the most ideal inhibitors should possess three
elements: a nickel binding group, flexible carbon scaffolds, and propenhedligydrogen
bonding sites.

The research reported in this thesis describes efforts at ultimately identifying novel,
potent inhibitors of the urease enzyrGdapter 2 details the computational methods employed in

these studies along with appropriate backgtbln Chapter 3a 400 ns simulation of the HP
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urease enzyme in agueous solution is reported with particular focus given to motions associated
with the flap covering the active site cgviThe effects of a 10.5 Molution of aqueous urea, the
substratef the enzyme, on the structure and dynamics HP urease are detailed in Chapter 4.
Chapter 5 avers the effects of a 150Mhaqueous ammonium chloride solution on the enzyme,
where ammonium is an immediate product of the enzymatic hydrolysis olru@bager 6, the

results of docking studies where 14 million ligands were bound to the active site are reported.
Finally, Chapter 7 details the unique experiences of a blind graduate student pursuing a doctoral
degree in both the classroom and research envinatsiriacorporating multiple perspectives to

best illustrate the experience and provide insight toward the education of future blind scientists.
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CHAPTER 2
THEORY AND METHODOLOGY

2.1 Molecular Dynamics

Molecular dynamics (MD) is a powerful theoretical tatilized to elucidate motions
associated with proteins, as well as other chemical and biochemical systems, bottanthcro
micromolecular. MD involves the simulation of physical movement of atoms and/or molecules
of interest within an Nbody simulation usg molecular mechanicEollowing the significant
work of Metropolis et al. in 1958using adapted Monte Carlo simulation techniques, the
fundamentals of MD were constructed in tagel1950s through the efforts of Alder and
Wainwright” and by Rahmafi five years laterThe development of accessible computational
resources subsequently allowed MD to become a feasible technique for the study of molecular
systems. Typical MD simulations begin with a single starting position for all relevant atoms or
molecules irthe system of study. Then, using molecular mechanics, Newtonian motion
eqguations and force field calculations, the acceleration, and thus the movement, of the involved
atoms or molecules within a single time step are determirtehe determinations aieen
reiterated to construct a sufficient trajectory over a designated period oftimdrajectory
occurs within a set phase space, which is dependent upon the coordinates of position q (X, Y, z)
and momentum p (ppy, p,) of each particle of the systeThus this phase space is-6N
dimensional in natur€ Though MD is a versatile technique, as evident through its use in
biochemistry, biophysics, and materials science, it nonethelgssds several major limitations.
Time-step determination, for example, demands a balance between long lengths, which can
result in deviation of the trajectory to lepvobability regions of phase space, and short lengths,

which can become computationallgrdanding. The number of atoms in a simulation, reliance
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on quality and power of computational equipment, and the upper limit of computational time all
reflect additional challenges as well.

A wide assortment of algorithms and methods has been developetinos for the use
of MD. One such method is the Verlet algorithm, initially created as a computationally stable
alternative t o Z%Thé\erebdatgorithp js consklictetaby firsbobtaining
Taylor expansions for the forward and reverse tsteppsyd, each truncated at thhatder. These
Taylor expansions are then combinadd rearrangement results iquation 2.1.

no Yo c¢no nRo Yo wo Yo (2.3

The resulting equation dictates that the position of a particle of interesh gideticular
time step is dependent on its previous and current position vector, as well as its acceleration
vector. Said position is therefore independent of both velocity and momentum. Though this may
l'imit the applicat i omcontéxts\tésmudefalfobssudymmd gor i t hm i
momenturaindependent properties of a system using fewer computational resources.

To both reintroduce the velocity vector and provide a means to control temperature
within a model system, the Verlet method can beedtéurther to produce what is known as the
leapfrog algorithm. To produce the leapfrog algorithm, the Taylor expansions of the position
vector about t + @t/ 2 ar e rderaherscombinedttogoebdueend t r u

eguation 2.2.
nRo Yo Ao 0o =Yo Yo (2.2
Note that the position function is now dependent on a velocity function calculated one

half time step out of phase. This velocity function can be defined by performing similar Taylor

expansions on velocity to producqueatian 2.3.
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The result is a coupling of the position and velocity vectors, where the velocity can be
scaled to control temperature within the system. Note that in this method, force field calculations
are only peformed at integral time steps; hdilfne step velocities are determined from the
integral timestep force field calculations, not directly from the applied force fields.

2.2 Force Fields

The AMBER (Assisted Model Building with Energy Refinement) softwsekage was
utilized to conduct all molecular dynamics simulations and molecular mechanics based structure
minimizations®* To perform these studies an AMBER force field specifically designed for
protein analysisFF99SB, was employed. The basic functional forthefAMBER potentialis

presented inquation 2.42
o o i o6 — —

(2.4)
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This basic form consists of four unigue summations. The first summation represents the
bond term, which describesetimolecular mechanics between two bonded atoms using a simple
diagonal harmonic expression. The second summation describes the angular mechanics of atoms
in the system using a similar expression. The third summation represents the dihedral energies as
expressed by a minimal parameter set involving two central atoms. The final summation includes
the electrostatic terms, which are represented by a Ledoars expression andCaulombic

term.
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Table 21. Atom types that pertain to AMBER force fieltfs.

atom vpe description
carbon CT  any sp® carbon

c any carbonyl sp? carbon

CA  any aromatic sp? carbon and (Ce of Arg)

CM  any sp® carbon, double bonded

CC  sp? aromatic in S-membered ring with one
substituent + next to nitrogen (Cy inm His)

CW  sp® aromatic in 5-membered ring next to carbon
and lone pair nitrogen (e.g. Cd in His {(3))

CW  sp® aromatic in S-membered ring next to carbon
and NH (e.g. Cdan His {¢) and in Trp}

CR sp* aromatic in S-membered ring next to
twa nitrogens (Cy and Ce in His)

CB  sp® aromatic at junction of 5- and 6-membered
rings (T4 in Trp) and both junction atoms
in Ade and Gua

c= sp? aromatic in S-membered ring next to
two carbons {e.g. Cy in Trp)

CM  sp? junction between 5- and 6-membered rings
and bonded to CH and NH (Ce in Trp)

CK  sp® carbon in 3-membered aromatic hetween N
and N-R (C3 in purines)

0y sp? carbon in 6-membered ring between
lone pair nitrogens (e.g. C2 in purines)

nitrogen M sp’ nitrogen in amides

MNA  sp? nitrogen in aromatic rings with hydrogen
attached (e.g. protonated His, Gua, Trp)

MNB  sp® nitrogen in S-membered ring with lone pair
{e.g. N7 in purines)

MNC  sp® nitrogen in &-membered ring with lone pair
({e.g. N3 in purines]

M* sp? nitrogen in S-membered ring with carbon
substitnent (in purine nucleosides)

N2 sp? nitrogen of aromatic amines and
guanidinium ions

N3 sp nitrogen

OXYEEn O sp* oxygen in TIP3F water

OH  sp* oxygen in aleohols, tyrosine, and
protonated carboxylic acids

08  sp® oxygen in ethers

(] spT oxygen in amides

02 sp® oxygen in anionic acids

sulfur ] sulfur in methionine and cysteine
SH sulfur in cysieins

phosphorus P phasphorus in phosphates

hydrogen H H attached o N

HW Hin TIP3P water

HO  H in alcohols and acids

HS H attached to sulfur

HA  H attached to aromatic carbon

HC  H attached wo aliphatic carbon with
no electron-withdrawing substituents

HIi1 H attached to aliphatic carbon with
one electron-withdrawing subsriteent

Fiz H attachad to aliphatic carbon with
two electron-withdrawing substituents

H3 H artached to aliphatic carbon with
three electron-withdrawing substitusnts

HF  H anached to carbon directly bonded to
formally positive atoms (e g C next to
MNHs" of lysine)

H4 H antached to aromaric carbon with one
electronegative neighbor (e g. hydrogen-on
C35 of Trp. C6 of Thy}

Hs H attached to aromatic carbon with two

electronegative neighbors {e.g. HE of Ade and
Gua and H2 of ade)

2 Lee refs 5 and 6.
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2.2.1 Atom Types

Before construction of a force field of interest, deforis and categorization of atom
types is crucial. Atoms are categorized based on their hybridization and the other atoms to which
they are boned. Table 1 of Cornell et al. includes a list of atom types relevant to this discussion
of AMBER force fields (Table (&)).

2.2.2 Bond and Angle Parameters

Once we have defined these atom types, we can begin to discuss how said atoms interact
with each ther through descriptions of the resulting bonds and angles. The final goal involved
determining a set of parameters with which to characterize the nature of these bonds and angles.
To do so, we begin by determining starting values for the equilibriumleagth r and bond

angleq through Xray structural data, as well stretching constantsthikough linear
interpolation and bending constants,, Kkcom vibrational analysiszrom here, a simple

functional fragment was constructed and energy calculations were conducted tohabtain t
optimal set of parameters. Said calculations were performed usingdttt®@*asis set, which
was more computationally intensive and complex than the 33 ®asis set employed by
Weiner et ala decade prior to the Cornell et al. force fi&ié’

2.2.3 Dihedral Parameters

The dihedral parameters used in these studies were constructed similaolgeto
developed by Weiner et.&lIn both cases, parameters were firsimapted using simple
molecules, and then applied to molecules of increased size and complexity. This minimalist
design was maintained by largely avoiding the addition of additional Fourier components to
dihedral energy calculations unless necessary, suclmast he case of <c¢cl ear fg:

phosphorusester bonds, and various dipeptide and nucleoside dihedrals.
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2.2.4 VDW Parameters

Following a methodologyimilar to that used in OPLS, Van der Waals (VDW)
parameters for S@nd sp hybridized carbons as well as both aromatic and aliphatic hydrogens
T were constructed through Monte Carlo simulations on smalécule liquids using the 81G*
basis set. Remaining VDW parameters were taken directly from the OPLS model. As in previous
parameter sets, theD¥V set was built with a minimalistic approach; all atoms of similar type
were given a specific parameter, with select exceptions as dictated by the OPLS model. The
uniqueness of this model stems from the way that hydrogen parameters are assigned @nd treate
Namely, the sensitivity of hydrogen atoms to the bonding environment was focused upon.

2.2.5 Electrostatic Parameters

In addition to relying on electrostatic potentials taken from t8&®* basis set, the
parameters employed in this model involve ulse of multiple molecules and conformations, as
well as RES# fitting. The latter two address the underestimation of charge with regards to
buried atoms. Comparison with experimental values for liquid enthalpiesadvation energies
of methanol and Nnethylacetamide supported the quality of calculations involving these
parameters.

2.2.6 Force Field Types

The force fields used to compare this parameter set can be grouped into four categories:
force fields with rigd geometries, force fields with dampened/no electrostatic terms, simple
diagonal force fields, and complex force fields. Force fields of rigid geometry, such as the
ECEPPB® and FLEX (JUMNAJF® force felds, can allow for more effective study of
conformational space, but at the cost of increased conformational barrier energies. Force fields
with omitted or reduced electrostatic components, such as the TRIEBYBYL) and YETF®

force fields, are useful in the study of modelsevéhthe increase in accuracy for taking into
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account complex electrostatic terms do not justify the increased computational expense.
However, these force fields are not well suii@dstudying phenomena reliant on electrostatic
interactions, such as contsedphase propertie§imple diagonal force fields use simple

harmonic diagonal representations for bond and angle terms. Th&G&S field is an

example of a simple diagonal force field. Charge derivatiodsvdW parameterization may

differ between force fields in this category (which include Weiner. eEEIARMM*°, and

GROMOSY), though dihedral energy terms are typically repreeed with simple Fourier

expansions across all force fields (excusing differences in energy assignment to bonds). Complex
force fields, meanwhile, extend beyond simple diagonal functions, utilizing extra computational
resources to model necessary suisttieExamples include the MMZMM32 force fields for

small mol ecul es, ¥ hnethéiMerclaMokeculariFarce FiglgMMEF94). i e | d

2.2.7 Molecular Dynamics: Methodology

The AMBER suite of programs was utilized in order to perform all molecular dynamics
simulations and all molecular mechanizzsed energy minimizatioASThese calculations
entailed multiple steps of preparation. Described in this section are the various computational
steps involved in the simulations, with sample input files provided for each job type. To run a
molecular dynamics simulation, first it was necessary to prepanerotein, with was
accomplished using the tLe&mction found in the AmberTod¥ software suite. After this
step, the proper restart file is produced. Missing hydreg@ms are placed onto the protein, the
proper parameters are established for thbdyided sites and the protein is properly solvated and
placed in orthorhombic periodic box. The system was subsequently neutralized.

After this step, the geometry is relaxe® an energy minimum using a tstep

procedure. After reaching a satisfactory minimum, the system is allowed to reach equilibrium.
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During the equilibration process the temperature is raised from OK to 300K and following this
process the MD productionmican be obtained.

2.2.7.1 tLeap

The input required for tLeaig provided below.

source leaprc.ffo9SB
loadAmberParams metals.frcmod
loadoff ions08.lib
loadamberparams frcmod.ionsjc_tip3p
addAtomTypes{

{"HX" "H" "sp3"}

{"HQ" "H" "sp3"}

{"N5" "Ni" "sp3" }

{"O0" "O" "sp3"}
{"O0Q" "O" "sp3"}
{"OuU" "O" "sp2"}
}
WAT=TIP3P
frcmod = loadamberparams 1EJX_high.frcmod
loadamberprep 1EJX.prep
model = loadpdb "hptotal.pdb"
bond model.808.NI model.457.0Q1
bond model.808.NI modée486.ND1

bond model.808.NI model.512.NE2
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bond model.9741.NI model.9532.0D1

bond model.9741.NI model.9742.0

bond model.9741.NI model.9744.0

solvateoct model TIP3PBOX 10.0

addions model Na+ 0

savepdb model testhp.pdb

saveamberparm model testhp.prmtop testp.inpcrd

quit

In this tLeapinput file, the first line is the command to load the force field necessary to
run the MD simulation. The force field is FF99%Bwhich is a force field specialized for
proteins. Thehemical uniqueness of this system (due in large part to the nickel cations) required
creation of a set of specialized parameters, which were subsequently loaded these parameters
using the Al oadamberparamso commaeqgdiredagn set of
well , as well as the proper water model par am
frcmod.ionsjc_ tip3p.o0o After | oading these par
types within the force fi glointry@esior ead manafnidn i tT
model was specified in the |ine AWAT = TIP3P.
regarding the coordination of the?Nions with the bonded ligands* (1EJX_high.frcmod vs
1EJX.prep). The variable was subsequentlyraefiand the initial PDB of the system loaded,
defined fimodel .® The coor &cationt(l2coordisaette e of e
|l i gands, 12 coordinated to 6 ligands) was def

protein.residue number.atompnd el . r esi d. coordi nated atomo) .
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deciding to use an octahedr al box, hence the
using the ATIP3PBoxo wat erAfromthesurfacewfiteh wat er s
protein. Neutralizabn was accomplished by adding ions to the system. We determined that there

was a total chargeef 4 ; t o neutralize the protein, we us:/
model, using Nacations for neutralization. After finishing, we saved the PDB file coimtg

the changes, as well as the topology parameter file and inputCRD file.

2.2.7.2 Minimization

The minimization was conducted over two steps requiring separate input files. The first

of these input files, shown below, relaxes the geometry of onlyititeng pocket.
min0: everything else but the binding pocket kept fixed

&entrl

imin =1,

maxcyc = 100000,

ntmin = 2,

ntf =1,

ntb =1,

restraintmask="l(:H11,H12,H21,H22,A21,NI1,NI2,0NB,ON1,0N2,KCB)',
restraint_wt=10.0,
cut =8.0
/
Following the title |ine is the A&cntrl o |
which signifies the beginning of command input. A minimization calculation is selected using

the flag command of Ai miuns=eldd .i sT hees tnaubnbiesrh eodf wsi

39



1000000. The fAntmino flag determines the mini
sole use of the steepest descent method. All interaction in the binding pocket is calculated with
the fl ag FfAnyt foust 1toh.e nTionicnairzrati on at constant
commands restrict the geometry of all portions of the enzyme and solvent system that are not a
part of the active site. Setting ntr=1 enabled restrictions, then the restraintmasksflageddo
specify the atoms that need to be restrained.
Al (: H11, H12, H21, H22, A21, NI'1, NI 2, ONB, ON1, ON2, K
active site residues were restrained. The restraint weightlefined as 10 kcal/mél. This
restrairt is of the form k(dbd. Finally, a cutoff length was set for nonbonded interactions, using
the suggested value of’8
The second input file, relaxes the entire structure, allowing complete minimizatiors, and

shown below.
minl: min whole structure

&cntrl

imn =1,

maxcyc = 10000,

ntmin = 2,
dx0 =.000001,
ntf =1,
ntb =1,
cut =8.0
/
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As in the previous input file, the &cntrl flag signifies the beginning of the parameter list.

A minimization cal cul at i on ,d0Gmirsmezhtierccycled Likevi t h t

the previous input, the steepest descent meth
flag. Exclusive to this input file is the initial step lengthof 000ps, | ndi cated by Ad.
0.0000010; this was to address an issue with

2.2.7.3 Equilibration

In the first of 2 steps of equilibration, we use the following input file:
hp equilibration
&entrl
nstlim=1000000, dt=0.002, ntpr=5000, ntwr=5000, ntwx= 5000,
tempi=0, temp0=300.0, ntt=3, imin=0,
ntb=1, cut=8, ig=1, ntc=2, ntf=2, gamma_In=2.0,
ioutfm=1, ntwv=-1, ntr=1, restraintmask="1-9744', restraint_wt=10.0
/
&wt TYPE="TEMPO', restraint_wt=10.0, ist ep1=0, istep2=500000,
valuel=0, value2=300.0, /
&wt TYPE="TEMPO', restraint_wt=1.0, istep1=500001, istep2=1000000,
value1=300.0, value2=300.0, /

&wt TYPE="END'/

The number of molecular dynamics steps to be performed was set to 1000000 using the

N

Anstdarmomet er. The time step |l ength was set u
this simulation. A series of flags to describe the frequency at which data of the equilibration is
printed out is then establ ivwxiee)d wihe ftthenepl & ei

an initial temperature of O K, which will then change over the course of the equilibration to the
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tempO parameter of 300. 0. Lardgevindydamics. Ifusingtthis3 0 i n
flag, we will need to definetheo | | i si on frequency | ater in the
no minimization was performed in this step. A constasitime condition was imposed via the

flag f@nt b=Hondédirderactionautaff of 8 ¥ia the cut parameter. It is

recommendd to use a random number generator to produce the value for the MD starting

vel ocity, which can be chosen to be baéded upo
The following fAntco f I*algorithrsto cosseaih altbondsal | ow t he
involving hydrogen. As such, forces do not need to be calculated for tHesedd; said

calcul ations are omitfte2lo ffrloang.SHRAK&E fugd mrmga tlhrec
provides the aforementioned collision frequency to be used in Langevin dynamics calculations.
The following fAiout f m=1tputtfajectory filste hinsry NletCOF. f or ma't
ANt wlivb= r e pr e s etput flag, imcudet to write velacities to a mdcrd

coordinate/velocity trajectory file. As demonstrated in previous input files, ntr=1 is used to

restrain atoms; in this case, the entire protein is restrained with a weight of 10

(Arestr a-bdd wareduce protein movement.

Beyond this initial setup, are two A&wto n
varying temperature. The first block operates
Between the®and 500000"s t ep (fissE€@PR=6000000), the par ame
OK to 300K (Avaluel=0.0, value2=300.00). Thro

second bl ock maintains the fitempOO0 parameter

rest of the=00xkls,s i(tistsdpep110000000). Note tF
set to 1.0 in this step. Finally, an addition
(A&wt =ENDO) .
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Subsequently, the second equilibration input file is executed, with the syntaaydispl

below:
hp equilibration NPT

&centrl

nstlim=5000, dt=0.002,ntx=5,irest=1,ntpr=1000,ntwr=1000,ntwx=1000,
tempi=300.0, temp0=300.0, ntt=3, imin=0,

ntb=2, cut=8,

presO = 1.0, ntp = 1,

taup = 2.0, iwrap=1,

ntc=2, ntf=2, gamma_In = 1.0,

ioutfm=1, ntwv=-1, ig=1,

/

In this input file, the number of molecular dynamics stepswass@t®09 ( finst !l i m =

50000). sTeep tiemgt hs were also set to 0.002 ps

coordinates, velocities, and box size fromphe e vi ous MD restart file, t
included along with an additional Airest=10 f
and velocities from the previous restart file
indicatethd r equency at which particular data is ex|

final (At empO0O0) Ilamgevindbyn damises drme 3P IOKyed t hr
flag, with the collision frequency specified further in the input. Minimizaigsoavoided in this

step using the Aimin=00 flag. Constant pressu
nonbonding interaction cutoffat8was empl oyed (ficut=80). Refere

set to 1 bar, and constant pressure dynamics are kedtitarough isotropic position scaling via

43



the Aintp=10 flag. Pressure relaxation time wa
out put structure, Aiwrap=10 ensured that the

files are kept in @rimary box. The bonds containing hydrogen were constrained using the

SHAKE algorithm through the fAntc=20 flag, sub
constrained bonds by including the fAnth=20 f|
frequency of 1.0, additional output was requested, formatting the trajectory file to a binary

Net CDF format (fAioutfm=10) asrdelfl |-Bg)Y iime wwdi
Finally, the random seed generation was set identically to the peewiput file.

2.2.7.4 Production

The production phase was initiated using the input file shown below.
hp equilibration NPT
&entrl
nstlim=50000000, dt=0.002,ntx=5,irest=1,ntpr=5000,ntwr=5000,ntwx=5000,
tempi=300.0, temp0=300.0, ntt=3, imin=0,
ntb=2, cut=8,
iwrap=0,
presO = 1.0, ntp = 1,
taup = 2.0,
ntc=2, ntf=2, gamma_In = 1.0,
ioutfm=1, ntwv=-1, ig=1,
/
The molecular dynamics step countwas set{t0@0 00 (fAnstl i mo) and t}
l ength to 0.002 ps ( fnskimoldtion. Thenflage desicabing ftequenayc q u i r

of data output were specified (Antpro, Antwro
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similar to its usage in previous inputs), setting each@0® Temperature was set at a constant

300. OK tvemap it=hae0 e Mp0aBdAd0A00 p adyaameEswenres. Langev
empl oyed via Antt=3,0 and minimization was ag
pressure was set using (Antb=206) and the nonb
( A c u)tThedunction of the remainder of the input mirrors that of the previous equilibration

file; coordinates were kept in a primary box
position scaling (fApres0=1. 00of n2t.p0=plso )( fatnadu pa=s2s.
hydrogen bonds were constrained by and omitte
the collision frequency was set to 1.0 (Agamm

established (lig=dwt)f m=1, nt wyv

2.3 QuantumMechanical Methods

The Hartred~ock (HF) approximation is a powerful method for determining appropriate
wave functions for manglectron systemslt exists as an updated form of the sahsistent
field (SCF) method, which was initially used by Hartreeaaneans of accounting for repulsive
electron interactions in Hamiltonians. The requirement for the SCF method arose when the
singleelectron operators derived from the maaigctron Hamiltonian (separable because it only
features kinetic energy and nuateattraction terms for single electrons) were modified to
include such pairwise interactions. This modification is shown in Equation 2.5, yletbe

single-electron Hamiltonian, and V is the repulsive term defined in Equation 2.6.

o Pn — ®Q 2.5
C i
®Q — > (2.6)
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In Equation 2.6} j represents, for an electronhgtcharge probability density; is defined as

the square of the magnitudetbé associated eigenfunction that satisfies Equation 2.7, the one

el ectron Schrodinger equation |Iinked to the <c
a7 (2.7)

This introduced a problem: the eigenfunctions must be known in order to detéyniihe

purpose of the calculation is to find those sirgjlectron eigenfunctions so that one may

determine the proper mukilectron eigenfunction for the parent mudtectron Hamiltonian,

shown in Equation 2.8, where the target eigenfuncfigg, is known as the Hartree product

wavefunction, and satisfies Equation 2.9

¢ 1 871 (2.9

o - ¢ (2.9

Knowing the correct eigenfunctions beforehand is therefore an unreasonable requirement. The
SCF methodcddresses this by first requiring a guess for the proper stggéon wave

functions, from which the operatdnsare built. These operators are then used with Eq. 2.7 to
derive a new set of wave functionghis new set, if sufficiently different frotine previous set,

is used to build a new set laf and the process is repeated until a set of eigenfunctions is
produced which is close enough to the previous set to achieve convergence. As a final change,
note that Eq. 2.5 requires further adjustmermirevent doubleounting of repulsive forces,

resulting in the eigenvalue of Eq. 2.9 becoming that shown in Equation 2.10.

(2.10

p $ ST
C i
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Unfortunately, the use of Hartreeoguct wavefunctions fails to take critical principles
regarding electron spin into accotuimhamely, Pauli exclusion. Suppose, for example, that there
exists a HP wavefunction for a system of two samie electrons shown in Equation 2.11.
W r Pl pr ¢l ¢ (2.1)
I n this wavefunction U indicates one of the t
exclusion principle, as it is not argymmetric. An alternative, known as the Slater determinant
(SD), can produce amti-symmetric wavefunction that satisfies the Pauli principle. The

generalized form of the SD can be written as

. p ...p 8 . P
P ¢ ...¢ 8 ..¢ N
w TA 6 a £ a S..une 8 ...a (2.12
0 .0 8 0

Where N is the electron total andepresents a spiorbital. When applied to the twelectron

model described previously, for example, the SD becomes

W M%r pl Pl ¢l ¢ I ¢l ¢r pl p (213

The SD is unique in that it accounts for several quantum mechanical properties. Not only is
particle indistinguishability addressed, but the concept of Fermi holes anespamedectron
interactions are inherently accounted for. Giveradgantages over HP wave functions, Fock
extended Hartreeb6s SCF method to include SD w
use with an MO basis set using linear algebra (specifically, Roothaan eqttptiessilting in
computationally fehBeschde( RHEtcalcteldatHmons eeT |
methodology is summarized below.

To begin, in place dfi, Fock operators are used, with the sirgjkctron operatdr

defined for an electron, i, in Equation 2.14.
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"0 gn = o 0 (2.14)

Note that the third term in the operator is defined aé BJ where J is the Coulombic repulsive
energy and K is the reduction of repulsive forces as a result of Fermi holes.d#fited, the
following secular equation must be solved for rogtsas shown in Equation 2.1bhe S

elements are from the overlap matrix and the elements F are defined in Equation 2.16.

0 Oy O Oy 8 O 0OY
O Oy O Cy 8 O ©OY
0 Oy O ©OCY 8 'O OY
o0 0s higo wslo 9 oy, By, 219

Each of the components in F follow specific notation. In the first and second terms, we have the

notation given in Equation 2.17 where g is an operatoiiaisch basis function.

§sSBOT % "o O (2.17
The final term is presented in Equation 2.18, where probability densities are represénted as
andu 5 for the first electron and g.andu g for the second.
S, %0 P %o P ‘Iﬂ%o C % ¢ >p > (2.18
Furthermore, in the same term, are the elemegisFEquation 2.19, which depict a density

matrix P indicating relative contributions of each basis function, where coefficigdefpacts

the normalized contribution tmolecular orbital by basisz.
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0 g & & (2.19

These coefficients are detamad by the secular equation (Equation 2.18)ich in turn requires

said coefficients to be evaluated. Thus SCF is required to detetine proper coefficients.
Prior to docking individual ligands, the structures require preparation. Ligands are built

by hand using GaussView to get a rough initial structure. If a particular ligand had multiple

possible minima, those initial structungsre all built. Then, using Gaussian, the Cartesian

coordinates of the ligands were placed into an input file and an optimization calculation was set

up at the B3LYP/&1+G* level of theory. The specific parameter line in the file was:
B3LYP/6-31+g* scf=xc opt=(calcall)
B3LYP refers to the hybrid density functional theory (DFT) method used in this optimization.
Specifically, it refers to the exchangerrelation functional formed from the linear combination
of the Becke 88 exchange functionaf®", theLee-YangParr correlation functional £, and
the VoskeWilk-Nusair localdensity approximation £°* 3° The complete functional is
expressed in Equation 2.20, wheréHs the HF exchange functional, commoratoDFT
methods.
O O w O O w O O 0O
(2.20
® O 0O

The 631+G* basis set is one of several sets included in Gausshich combines the&1G set

with additional d and ftype polarization functions on relevant atoms, as well as extra diffuse

functions for heavy atoms to better analyze systems containing large anions. SCF refers to the

self-consistent field calculain, which repeatedly calculates orbitals from the directly preceding

orbital until convergence is achieved. XQC acts similarly to the quadratically convergent

49



procedure (QC) in that a forced convergence is achieved; however, XQC adds an additional QC
stepin the event that convergence does not occur in adiidsr calculation. Finally, the opt
keyword prompts geometry optimization, with calcall indicating that, for the method being used,
force constants are computed for every point. Afterwards, the @gptihstructure was then used
for docking procedures.

For each amino acid, three additional input files were prepared for geometry
optimization, followed by charge determination. These files are discussed below in the context of
methylcapped alanine. Thedt of these files, CAPALA, focuses on structural optimization, and
contains the parameter line:

Opt=calcall B3LYP/6-31g(d) geom=connectivity n scf=xqc

As in the previous Gaussian input file, fo
derivative§ f or ces) are computed at every step. Si mi
an additional QC step to increase the odds of convergence if not attained Hol&rssCF
calculation. AB3LYPO still ref eously,andthet he hybr
specified3bhgédy, et s M 6 nr3&HGK aparbfrorh the omissiom dfther t 0
additional diffuse functionals. The fAgeom=con
optimization; in addition to the default inpsturce, this term adds a second input source
containing atom bonding data that specifies unique features in connectivity, including bond
orders. This term requires additional information within the com file, structured in the following
manner:
MN1Orderl N2 Order 2¢
Where M is an atom number, Nx are atoms bonded to atom M, and Order indicates the bond

order of that specified bond. In the case of CAPALA, said entry appears as:
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1220310 1110
2

3410510 710

The latter two input filesdndle charge distribution of the amino acid, incorporating the
optimized geometry included in the CAPALA out

features the following parameter line:

Pop=mk B3LYP/6-31g(d) geom=check guess=read n scf=xqc

Again, t he A3BLRBg(YAP)/ 6 and fAscf=xqgqco parameters ret
the terms exclusive to this com file is Apop-=
determination of atomic charges and the handling of species populations.capectfiis

parameter takes points as chosen by the Meilman scheme and creates charges that fit to the

el ectrostatic potential at those points. figeo
arising from the capala output to determine molecggametry. Said checkpoint file is also
involved through the Aguess=reado parameter,

calculations from the checkpoint file.

The parameterization line of the second input file, nbocapala, reads:

Pop=nbo B3LYP/6:31g(d) geom=check guess=read n scf=xqc

and is nearly identical to that of the mkcapala input file. However, this input specifies a
population parameter that utilizes Natural Bond Offi@ln a | y si s (sfoppospdtan b o o) ,
the MerzKollman scheme. This type of analysis places a greater emphgsswiseelectron

distribution in the context of atomic bonding.
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NHCH,
NHCOCH;

Figure 21. Structure of capala.
2.4 Density Functional Theory

To circumvent the inherent challersggnd disadvantages associated with the use of
wavefunctions to derive energies of a system, an alternative set of methods was built to rely upon
physical, observable phenomena. Early attempts at such methods separated the total energy into
potential and ketic components, and involved the use of functionalet is, functions whose
arguments are themselves functions. In this dagadtions 2.22.23), the functionals (V and T)
relied on a density function, hence giving rise to Density Functional Ti{p&f¥), a method

designed to work independently from wawgctions.

P

AR eYoe 2.21
o " T o)e} (2.21)
S T L. (o1Ke)
w C ST (2.22)
(0)
” e ‘ T nw T ey
Y | > Xy | QI (2.23)

These early attempts were, however, flawed in that they did not account for various key factors,

including the omission of the effects of correlation and exchange energies. This was first
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corrected through the usé hole functiongh to account for the shoxmingsassociated with
classical terms as shown in Equation 2.24.

I
~— Q1 °Ql n Q1Ql

” . o . "|‘ QI .20
sl Is C sl 7Is

& CO

P P
1 G
Specifically,h corrects for selinteraction error anthcludes exchange and correlational
energies, which were both accounted for in early models by Slater excEajuggidn 2.2

which took advantage of the fact that correlation corrections were insignifmaupiaced to

exchange corrections.

o’
T 1 'Ql (2.25)

0" W
P
While these early models found widespread use in-stdite physics, they lacked

practical applications in chemistry due to calculation errors and a basis in unproven theories. The
transition to modrn DFT models began with the proofs of two crucial theorems by Hohenberg
ard Kohn. The first, the HKK Existence Theorem, demonstrates that grestate density can be
used to determine external potential; the second, tKevidriational Theorem, statesatthis
aforementioned density adheres to aatemal principle, and that the energy expectation value

can be calculated atown in Equation 2.26.

& 0o & O © 0
(2.26)

This appears to be no different from MO theory, as reliance on a Hamiltonian (and thus a wave
function) to calculate energy remains an issue. The difference occurs when the Hamigtonia
treated as an operator for Rmberacting electron systems. By choosing a-imaracting

version of the system of interest as a starting powmith the same grounstate density as the

original systeni one can write the resulting energy functioas
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(2.27)
Where T, is the kinetic energy of the noninteracting system,i&/the nucleaelectron
interaction, \( is classical repulsion betweeneleains, and &T and &V ar e

and repulsive contributions, respectively. These terms can be rewritten as

e (2.28)

o 0..

Q.0 0 "

whereg, the term that <c¢ombi ncerselatiamleneagy. 8y fieeihg i s o0

orbitalsc that minimize E (in a manner akin to HF theory), we satisfy

M ... -..
(2.29)
Where {is defined as

5 p W S ,
Q —-n . - (@) w 2.30
C sl 7I's sl »s (230

, 1 0O

w T (2.31)

DFT largely diffes from HF and MO theory with regard the degree of approximation;
whereas HF theory is an approximation constructed from exact components, DFT is an exact
theory whose equations must then be solved approximately. Compared to other methods, DFT is,
as a what, computationally efficient, but handling of noncovalent interaction$ amare

importantlyi inaccuracies based on the exchange interaction approximated confer limitations.
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24 1 Jacobds Ladder

The ongoing pursuit of complete chemical accuracy withrcegaDFT can best be depicted

through aBiblicallyy nspi red concept kvimoh depictssasierdrehngad b6s | ad
density approximations in which each upward rung builds upon the previous rungs, slowly
ascendi ng t owbkchetisal axaabyl{Fegare 2)nlothe context of DFT,

continually climbing the ladder by adding more terms and corrections to the exchange

correlation functional is a primary, if not THE primary, goal. The major limitation, of course, is

tied to computational efficianry and resources; computational chemists can only climb the ladder

as fast as developing theory and computationa
ladder succinctly demonstrates the overall strategy with regard to DFT; by incorporating
systematiciterative improvements to current functionals, the methodology can continually

improve until the ideal goal of total accuracy can be reached. In the next section, the rungs of

J a c o b 6 & lochl dahgityeapproximation (LDA), generalized gradient appnation (GGA),

metaGGA, and exact exchange (EXKwill be discussed in detail.
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Chemical Accuracy
(1 kcal/mol)
EXX — Partial Exact

Correlation
(Generalized RPA)

EXX —Caorrelation
(hyperGGA)

metaGGA

GGA

LDA

Hartree World
Figure22 . Jacobdés Ladder; a recurring goal of DF]

2.4.2 ExchangeCorrelation Functionals

Improvement of the accuracy of DFfandas e nsi on of -ihwleesthed s | adde
determination of the exchangerrelation functional k. Recall that exchange energy refers to
the interactions between identical particles, and that correlation energy stems from interactions
between electrons i quantum system, usually quantified by the difference between the HF

limit of a system and its exact energy. This functional is dependent on electron density such that
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o " T- 7T aQl 2.2)

where the energy densigy is defined as

W o
S A (2.33)
M

and electron spin, a concept not mentioned above but crucial for later calculations, is

;O T (2.34)

Several general strategies haverbemployed to approximate the exchangeelation
functional, each represented by a successive
approximation (LDA), involved the determinationegf at a position r solely from the local
density valueWhile this could technically be used in any system where a position results in one

specific density, functionals determincthis wayareusually derived from uniform electron

gas systems. In doing so, the exchange energy can be calculated as

B A BT ST
¢¢ P
Where spin is set to 0 for an unpolarized system, and quantified elsewhere (in the latter case, the
approximation is referred tas local spin density approximation [LDSA]). Correlation energy is
noticeably more difficult to procure. Ceperly and Alder employed MC techniques to calculate

correlation energy to high degrees of accuracy, and Voskopbpbsed local functionals bake

on those calculations:
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- — a4 S0 a7 22O (2.36)
| Wl o Mo o I
RY) - i o
@ OO0 i Hi
D CO .. MO @
%OAJ —
NMw w cC 1 w
WhereA, X0 b, and c ar@ set oempirical constantsandrs is defined as
e Y
i -
TH ”O (2.37)

The result is unintuitive and mathematically difficult, but provides a good treatment ahsyste
with spatially uniform electron densities.

In most molecular systems, however, aotform densities are to be expected. As such,
improving on LDA by incorporating local change of the density may lead to increased accuracy.

By including such a correctn, the generalized gradient approximation (GGA) is developed:

The Becke (B) exchange functional was among the first to incorporate a gradient correction,
featuring accurate asymptotic behavior for energy densit@sighificant range as well as an
optimized empirical parameter. Other exchange functionals followed suit, though some instead
forwentempiricalparametersind focused on rational function expansions (B86, LG, P, PBE,
mPBE). Popular correlation functionafeeanwhiledirectly relied oreither8.29 (such as B88,

P86, or PW91), oon computed correlation energies entirely rather than indladerection
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terms (such as LYP). Combining functionals from either set (such as B and LYP to form BLYP)
produced compite exchangeorrelation functionals for use in the literature.

Current functional development extends beyond LDA and GGA. One example involves
metaGGA, which incorporates the second derivative of the local density. Both exchange (BR)
and correlation (La) functionals were developed to go beyond the gradient corrections of GGA,
though any improvement in performance @tabGA over GGA can sometimes be negated by
calculation instability (such as in the case of computing the Laplacian of relevant densities)
Functionals can also be constructed to better control the extent of interaction, such as in the case
of the adiabatic connection method (ACM), which relies on the fact that, based on the Hellman

Feynmartheorem,

0 w_9 _w_®_ (2.%9)

Where & is the extent of i nterelectronic inte
expectation value curve such that

O O a0 ©
(2.40)

Or, if we choose a =4z,

(@) p 0O 0O
(2.41)

The ACM is one subtype of the exaptchange (EXX) method. Several popular examples
include the B3PW91 functional, which adopts-pa@@ameter scheme while combining B and
PW91 functionals:

0 p OO WO h® O X
(2.42)
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Where a, b, and c are calculated optimized values (0.20, 0.72, 0.81). This was eventually
modified to the B3LYP functional expressed in Equation 2.43, whishshrece become one of
the more prominent functionals in existence due to its accuracy and performance, and is the
functional most commonly used in this work.

0 p MO 60 0® p 0O 0O
(2.43)

2.5Docking

Docking involves the placement of ligands onto a particular active site, analyzing and
subsequently scoring its favorability to binding in its current orientation. This method plays a
large role in structurbasel drug design, given that evaluation of ligands may reveal novel
inhibitors or other medicinally useful molecules. Multiple scoring functions have recently been
devel oped to evaluate | arge numbers o 1igand
which provided a faster, more flexible means of binding affinity evaluation, and VALIDATE
which sacrifices much dhe speed gained in the Bohm approach to increased accuracy (in
training set evaluations, VALIDATE obtained a crosdidated estimate of error of 6.5 kJ/mol,
opposed to the 9.3 kJ/ mol of Bohmdéds met hod) .
modifications of the ChemScot&function, a function that closely follows the philosophy behind
Bohmés design while improving upon it. Such i
large proteidigand complex databasedding to increased robustness and reliability without
compromising speed (8.68 kJ/mol vs 9.3 kd/mol).

2.5.1 ChemScore

The overall ChemScore scoringnfttion is shown in Equation 214
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w0 w0 wo "Q wiQ w]
(2.44)
w0 "Qi w0 "Qi w00
BeyondgiGo, the equation contains four terms, each describing antgfmero which ligand and
receptor atoms are assigned. In each tggghwas determined via multiple linear regression; we
will instead discuss the remaining components of each term here. In the first term, we define the
hydrogen bond term as including pissible hydrogen bonds that occur between any ligand and
receptor atom. These functions are defined similarly to the Bohm piecewise hydrogen bonding

term shown in Equations45 and 246.

o P E¥Y® ™ B
I’
o Yih & v o
Q Yi Q7 245
P — Q™ vBY TEUB (2.45)
U’
Ny Tt Y 1 B
o p QW omd
g 2.46)
— M omn . (
0 .
Y |‘|P o Q®mnJIY grrd
'
g T N Y
The terms or and o@U involve deviations of bon

metal term, includes all acceptordaacceptor/donor atoms as well as all metal atoms. The
simple contact function, f(r), is represented in Figur8(g). The third term, the lipophilic term,

includes a similar function as the metal term shown in FiguB§dp.
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(a) (b)

1.0 1.0

(1) 1) |

0.0 ‘ >

0.0 >
0.5 + VDW Ligand R1 +3.0

Ligand-Receptor Distance Ligand-Receptor Distance

Figure 23. Contact fumtion f(r) included in both the (a) metal and (b) lipophilic terms, where
AVDW | igando represents the vaistadeson Waal s
the xaxis are inA.*®

Finally, the fourth term includdsozen rotational bonds, which involve’sgp® and sp-spf

bonds (involving nofterminal groups) where all involved atoms are impaired by the receptor,
introducing significant entropic terms. Given the differing contributions by lipophilic and non
lipophilic atoms, Hy is defined in Equation 27 below, where N, counts frozen rotatable bonds

and the P and P& f un cdipoghihcheaey@tonmston eithenrsidecohshid g e s

bonds.

O p p pfo O I 0 1 I (2.47)

2.5.2SP Qide

ChemScore provides a valuable basis upon which to build improved scoring functions to
better study binding affinity in different cases. The gpated ligand dodkg with energetics
(Glide) scoring functioff, for example, incorporates modifications to the ChemScore function
that perform a more comprehensive ligand analysis without sacrificing significant speed. The
standadd preci sion (SP) Glide function accompl i sh
using hierarchical filters to identify ligand orientations within a particular active site. After

filtering potential ligands using the physical properties of theptr, an exhaustive set of
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ligand conformations are used to conduct prescreening of the phase space relevant to each
ligand, reducing the amount of intensive computational work that will be required for each
ligand. Ligand minimization using an OP1/A force field followed by Monte Carlo analysis of
torsional minima results in a select few hits, which are then subjected to scoring by the
GlideScore function, an adjustment of the ChemScore function unique to SP Glide shown in

Equation 248.

o

YO 0 Qi
o) QYI QY
o) QY QY
e (2.48)
0 QY QY
0 Qi 0 @)
0 w 0 O o O

Ol 1 OAA@BI 10
All four terms from the ChemScore function can be found here, with some modifications
The first lipophilic term is kept identical to that of ChemScore. The hydrogen bonding term is
split into three summations, taking into account the charges of the acceptor and donor atoms. The
metatligand term, while maintaining the same functional fasrits ChemScore counterpart,
only considers interactions where anionic acceptors are present, noting that anionic ligand
coordination is typically favored. Furthermore, SP GlideScore only observes the best metal

ligation in cases where multiples are digered, and factors in increased favorability of an
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anionic ligand should the metal ion have a positive charge iapygrotein Locked rotational
bonds are treated as they were in the ChemScore function.
The first of the three unique Glide SP termsjdered f r om Schsit®@di nger 0s
mapping facility, tracks the presence of polar,-hgdrogen bonding atoms within hydrophobic
areas, and includes their influence appropriately. The next two terms include energies arising
from Columbic and VDW interaans between ligand and receptor. These energies were
reduced for version 2.5 of GlideScore, as original energies (except in some cases) led to
significant inaccuracies. The final new term addresses the solvation requirements of the ligand
and protein of iterest, as well as their impact on ligand positioning. These solvation effects were
obtained by including individual, explicit water molecules in docking simulations.

2.53 XP Glide

Despite the noticeable advantages gained by using SP Glide, Faeahdetermined
that additional modification could be done to further enhance the scoring function. The result,
named Extra Precision (XP) Glid&improves upon the SP Glide model through the introduction
of additioral terms that take hydrophobic enclosure of ligand atoms, as well as unique hydrogen
bonding motifs, into accounthough more precise, XP Glide sacrifices computational efficiency
and as such is an alternative to, rather than a substitute for, SP Gkd¢PTGlide scoring
function is given in Equation 29 with the binding and penalty terms shown in EquatioB8 2.
and 251, respectively.

80 1 EAAODBI Ol 0 0 (2.49)

(2550)
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O O O _ (2.51)
The overall functional form is similaotthat of SRGlideScore, with Coulombic andaa

der Waals energy terms treated similarly to SP Glide, angd.mBnd Enovic_pardefined as they
are in ChemScore. Between the bind and penalty term groups, however, six new terms unique to
XP Glide have ben added. The first of these new termgskeiosure €nhances the treatment of
interactions between lipophilic ligand atoms and lipophilic protein atoms by quantifying the
impact of local geometry, specifically in the instances where ligand atorea@dosed by such
protein atoms (enclosure requires a®l@tgle between protein atoms, as defined by Friesner et
al.). The second and third termsp En_motirand By cc moiis iNClude particular neutradeutral and
chargedcharged hydrogen bonds tliia special set of conditions as listed by Friesner et al.
(Table (22)). As opposed to SP Glide, which substitutes the ChemScore hydyogérierm for
three terms dividing the pairs by charge relationship, XP Glide maintains the ChemSzmrd H
tebmwhi | e accounting for the aldoddnotfspas definedbynp a c t
the set of conditions in Table-@. The fourth term, &, addresses any instances aftacking
and similar interactions; though ndrivial, this term typically catributes far less to the binding
score than other terms. The next termsds imposes desolvation penalties through the use of an
explicit water model to evaluate the solvation of charged or polar groups on either the ligand or
protein. This constitutethe most novel term of XP Glide relative to other scoring functions and
as such required modifications to the sampling algorithm to avoid issues when applying such a
penalty to random ligands. Finally, thg, Erainterm imposes contact penalties, whaccount

for the change in torsional angles from ideal values by ligands in certairdoddgag models.
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The following ligand docking study was conducted with Glide through the Maestro
modelling environment. Relevant options were first adjusted unde3dttings tab of the Ligand
Docking window. Within the AReceptor Grido su
Next, within the ADockingo subfield, the Stan
opposed to HTVS, SPeptide, and XP Gl& given that it was appropriate for the quantity of
ligands to be screened. Under Options, flexible docking was enabled, as opposed to rigid
docking, refinement, or scoring in place. This flexible docking was further adjusted by enabling
the sampling of yramidal nitrogen inversions and ring conformations, as well as setting bias
sampling of torsions to Anone. 0 Given the use
penal ties were involved by sel ectHnalg fiadd Epi
Aenhance pl anarmgirtowpsfo ovars] deasted kct ed t o remov

Table 22. Limitations on the pair types that can be included in tite Bn_motif and Ehb
__cc_motifterms, as listed by Friesner et'al.

conditions for not applying the special pair hydrogen-bond scores

1gnore poor quality hydrogen bonds (<0.05 Epy,_pair)

ignore pairs involving the same neutral protein atom

ignore pairs involved in a salt bridge if the electrostic potential
at either ligand atom 1s above the cutoff

ignore salt bridge pairs if either protein atom is involved in a
protein—yprotein salt bridge

ignore ligand donor/donor pairs that come from NHj,
where x > 2 groups, the nitrogen atom is not in a ring
and has no formal charge

ignore formally charged protein atoms with more than eight
second-shell waters in the unligated state

ignore charged—neutral hydrogen bonds unless the protein
atom is in a salt bridge

ignore pairs of different neutral acceptor atoms on the ligand

neutral hydrogen-bond pairs must satisfy ring atom and
hydrophobicity environment criteria as outlined in section 2

1gnore ligand hydroxyl to protein hydrogen bonds if the protein
atom has zero formal charge
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Next, various adjustments were made under
obtained from a file, using the appropriate .sdf files. The corresponding range was set to cover
the entiresetoilgands. @AUse input partial chargeso wa:«
default from the associated force field. The defaults for ligand type restrictRO® atoms, 50
rotatable bondg were maintained. Van der Waals radii scaling values were afstcak default,
with a scaling factor of 0.8 and partial charge cutoff of 0.15

The next several available categories required relatively fewer modifications. Underneath
ACore, 0 core pattern comparison was set to #d
Within AConstr asitwa so einahlbolwe dnarFKuerrt her mor e, s
added by selecting AMust match at | east 10 an

was unchecked, allowing the constraints to play a role in the actual docking process. Under

A T oornsail Constraints, o0 fAapply torsional constr e
ASi milarityo tab, fAdo not use similarityo was

The final AOutputo tab, which controll ed t
additional chamwgeswerfiWriilted ipmacd udes receptor)o

viewable with Maestro Project Table. The file itself was written in Maestro format. A cap on

written poses per docking run was set g0@0 and a limit on poses per ligand was set to 5.

Multi pl e options enabled by def auldockiger e unchec
minimizati ome®i diWe iitet eacti on scores, o0 AWrit.:
to input | igand geometries. 0 Aft eganddackimgl et i ng
job was started. The job name was set as fd[ da

Asubmit 8x1x1 150hrs. o On the monitor window,
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CHAPTER 3
MOLECULAR DYNAMICS STUDIES OF HP UREASE IN AQUEOUS SQOITION

The following chapter has been adapted fidolecular Dynamics Study of Helicobacter
pylori Urease published in the Journal of Chemical Theory and Computation in 2014
(http://pubs.acs.ordoi/abs/10.1021/ct50000%8, with permission from the American Chemical

Society

3.1 Introduction

Urease has received computational interest in recent years, via both Quantum Mechanical
(QM) and Molecular Dynanas (MD) approache$dusiani et al. used density functional and
docking methods in a 2001 study to further investigate the mechanBnpasteuriiurease
hydrolysis and used steric and electrostatic criteria to distinguish the two most likely mechanistic
pathways'’ Both MD and QM studies have been utilized in our laboratory in order to probe the
pathway of urea decomposition in an attempt to further elucidate the mechanism of catalysis,
with the MD study focusingn B. pasteuriiurease’® Carlsson and Nordlander used density
functional theory to probe the nature of urea coordination to the nickel active site while studying
the hydrolytic mechanisi?.Valdez and Alexandrova utilized their QM/DMD method in order to
probe the natural selection of two®Nions in the urease enzyme active site, whereas nature
selected two Ziii o n s -laétamased) enzymes that share similar hydrolytic funtliBarros
et al studied the Jaburete2Ec protein, derived from urease, which has potent insecticidal
properties in another MD studyAn older study by Manunza et al. probed only the active site of
K. aerogenesirease in their investigation of urea and the urease inhibitgh& Nityl)-
phosphoric triamide and acetohydroxamic acid binding to the dinickéF site.

These urease enzymes share a conserved set of residuesicgnapnobile flap

positioned over the active siterevious MD simulations oK. aerogenesirease, a much smaller
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enzyme thand. pylori urease, revealed a third flap state we refer to as theopieie flap state

which is notably distinct from the previdyknown open and closed flap statdspired by

our simulations on the ureasekafaerogeneswe conducted MD simulations ¢h pylori urease

in order to ascertain whether a widpen flap state is observed in this enzyme as well.
Furthermore, we analyzed other regions of the enzyme and finally investigated the behavior of
the sodiumHerein we present the results of the first [gibwlation orH. pylori urease, which

spans a 40@sduration on this large protein (148,648 atoms in the protein and 307,839 )n total
Importantly, this simulation provides us with up to 43(400ns *12 flaps) of flap motion

information if the motions are not correlated (weak, if any, correlation has been noticed between
the flaps based on this simulation).

3.2 Methods

A 400nsmolecular dynamics simulation was run on the ureastettobacter pylori.
This was conducted using the PMEMD version of Ambét*1%on an M2090 GPU using the
FF99SB force fieldWe used the PDB structure 1E9Z as the starting fdihe PDB contains
one twelfth of the total structure, therefore PyM®las used in order to reflethe structure
eleven times, thereby generating the entire dodecameric HP urease stiinwoeline
protonation server H++ was used to obtain the correct protonation states of the amino acids
throughout the structure at a pH of 7£°We took extra care with the nickel coordination site,
which is located at the bottom of each of the twelve active gitbended model was created
with the aid of the tLeap facility of AmberTools version?*svhere bonds involving Ni ions
were defined; subsequently, hydrogen atoms and water molecules were added to the entire
structure The prepared model was neutralized with the addition dfaf4ons and solvated with
a periodically replicated octahedral water box using tLeap using the TIP3P triangulated water

model.A total of 53,048 water molecules were used to hydrate the strutheenetal
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parameters developed by Roberts et al. witiMAi&++/MCPB utility of AmberTools forK.
aerogenesireasd’ were modified by utilizing previously developed Lenndmhes parametefs
(R* and() for Zr** as parameters for the Niradii.

The energy minimization of the structure was performed using -@tage procedureve
first minimized the nickel coordination sites by imposing weak harmonic positional restraints of
10 kcal/(mol A?) on all abms outside the Ni coordination sphere. The steepest descent method
was first used for 1xPGsteps to minimize the active siubsequently, the entire structure was
relaxed and minimized using steepesicdat for 1x10 steps. The initial step length was
decreased to 1xT0A. After minimization we equilibrated the structure employing a-stage
process. In the first stage, the temperature was raised from 0 to 300 K ovestépstof MD
with a step size of .002 ps (2 fs) in the canonical (NVT) ensenihls applied a weak harmonic
positional restraint on the whole protein. After the system was brought to 300 K, the simulation
was run for 10 ps in the isobaric, isothermal (NPT) ensemble after removal of all the harmonic
restraints. The temperature cahtwas performed using Langevin dynamics with a collision
frequencyo of 2.0 ps'in the first and 1.0 p5in the second equilibration staggHAKE®" was
used to constrain all hydrogeontaining bonds durinigoth equilibration steps.

The production MD run was procured over 400 ns in the isobaric, isothermal (NPT)
ensemble, which was acquired using 2.6xt8ps, with a 0.002 ps time step. The temperature
was kept constant at 300 K using Langevin dynamicsavitbllision frequency of 1.0 Pswhile
the pressure was maintained at 1 bar with a pressure relaxation time of 2.0 ps. SHAKE was again
used to constrain all hydrogeontaining bondg-or the calculation of the ndsonded
interactions, we made use of herticle mesh Ewald method and a cutoff distance/fnas

employed while computing the losrgnge electrostatic interactions. Frames were saved every
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5x10° steps (10 ps), providing 4x1frames. The frames were analyzed for flap stitiining

residue sparationsyoot mean square deviatioRNISD), atomic fluctuations (RMSF) and

correlation matrices using the ptraj utility of AmberTools versionRMISD was obtained for

each atom in the entire protein with the first frame of the trajectory as the oefenmath gives an
average deviation of the protein geometry from the reference structure at each point over the
simulation timeWe also separated out the residues involved in the motion of the active site
covering flaps and obtained the RMSD for each a$eliEhe RMSF was computed on a per

residue basis, using the alpha carbon of each residue as the reference point and providing a time
averaged value.

Throughout our discussion of the residues we will identify both the residue numbering
accordingtoHaetaf U and b chains), as well as807.he resi
For the purposes of this analysis the flap covering the active site was considered to span residues
U3 @B47 (5425 85) wi t Hetlh ex fciormpto slé d320(5425608,thatudru e s U3 0 4
composed320(6618)87R)3 and Hhleéi xe s @G4rdpe83859)arhe U
helices are extended from the helical section described by Hiiataider to account for all
residues intheflap e gi o n t-hekcal chardctempat sonik point during the simulation.

3.3 Results
3.3.1 RPoot Mean Square Deviation

TheRMSD (Figures 3-1 through 35) was obtained for the entire structure and of each
flap individually using the first frame after egbiiation as the reference point. The RMSD of the
entire structure levels off approximately 23into the simulation at a value of approximately
2.5A. For the flap that remains closed (flap 1), the maximum RMSD found over time was 1.87
A and overall thiglap undergoes only modest fluctuatiéinr the sembpen flap state displayed

in Figure (31) (flap 5), the maximum observed RMSD is approximately Blap 5 was
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observed to have an RMSD that did not vary appreciably from 2ffer 150ns. In the wide
open flap (flap 11) the RMSD reaches 588nd after twethirds of the simulation remains
around 3.8A before dipping slightly over the final 50ns, although at a value well above the total

simulation RMSDFurther RMSD plots for the remaining flaps arevided in Figures (&)-(3-

4).
RMSD for Total H. pylori Urease and Representative Flaps from MD Run
6
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3 —Flap 5
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Figure 31. RMSD of the entirdH. pylori urease structure (purple), and the closed (blue),-semi
open (red) and widepen (green) flap states.
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Figure 32. RMSD forH. pylori urease flaps 2 (blue), 3 (red) and 4 (green)
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Figure 33. RMSD forH. pylori urease flaps 6 (blue), 7 (red) and 8 (green).
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Figure 34. RMSD for H. pylori urease flaps 9 (blue), 10 (red) and 12 (green).

3.3.2 Root Mean Square Fluctuation

TheRMSFof each dimer was obtained and representaéselts are shown in Figure-(3
5) for the three flap states (remaining RMSF plots are provided in Figu6q3a8)). RMSF
was det er mi nedhrbdn af eachdresolud/et lef Une fiaver age RMSF
standard deviationo as the thresRewltdatHPor a r e
urease consists of twel ve i dEachdimeraéntaibsonedi mer s
binding pocket with two Ni ions and one flap, which will be referred to as flag?1to
differentiate between themfter plotting the RMSF of each dimer it was apparent that there

were repeating regions of high flexibility.

It was expected that the residues-34f the f|
(542-585) would have high RMSF values and this was indeed true for all twelve dimers, with the

exception of the first, where the flap was observed to remain essecitiaiy . The other
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regions that have high RMSF val uelB6(10@L06most i n
b 2 282 (2262 3 2 ) 65 (298300 3 ) ,-39%)(B28683 3 ) , HASA774T7S3B(Bable (3

1)).T he H06QL00106) region lies within a bridgin a small group of amino acids that link

two approximately 100 amino acid regiohke ar t he -emali mfané e23®si dues
(226-232) that make up one of the 8 vertices of the dodecameric struldteisee amino acids are

part of a Gterminus etension of the beta chain as compared to the ureagesaefogenesand

B. pasteuri Re s i d w85 $29830)are located on the interior of the dodecamer near a

vertex where ion density is observed in the MiDgation {ide infrg). Finally, the residues

U5 &85 (776783) comprise the loop portion of an ancillary flap close in proximity to the flap
covering the active sit®©f note is the observation that in the dimer where the flap remains

closed, these ratuies have the highest observed RMSF of any of the remaining 11 dimers.

fact, in this di m&a3(7&kd9)hs obsernsedtdhaee f r om U533
® p1-p238 01-0569
7
6
5
2,
: | |
Tl ]
LT Nyt A ‘M»-Jw w‘j \ .~,.W:\=v.‘xv.m.“"~{~»’f Ut Lk

0] 100 200 300 400 500 600 700 800
Residue Number (PDB Numbering)

Figure 35.RMSF f or Ub di me r sopenémeenk semupeh (red)gndoked wi d e
(blue)flap states with sequential numbering from the PDBQT). Residues 2238
corr es po-ohdin dndresidiese 280 7 f o fchmin.t he U
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significantly higher RMSF value8ased on an analysis of the trajectory, this final high RMSF

region is most moke when the active site covering flap is closed, and exhibits the least amount

of motion when the flap is in the wid®en state.
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Figure 36. RMSF forH. pylori urease dimers 2 (blue), 3 (red) and 4 (green).
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Figure 37. RMSF forH. pylori urease dirars 6 (blue), 7 (red) and 8 (green).

76



—Hap9
—Hap 10
—Hap 12

RMSF() ngstroms)
w

\ i
| J )l \ L 1 “‘\ ' i
| '*‘\‘&Nl&v{"‘:!k‘hu”?‘ K V@f W) SR AW

0 100 200 300 400 500 600 700 800
Residue

Figure 38. RMSF forH. pylori urease dimers 9 (blue), 10 (red) and 12 (green).

Figure (39) depicts the B factors from therdy structure of Ha et lplotted against
scabd RMSF values for the dimer that adopts the woiden active site flap conformatiofhe
RMSF profile matches up quite well with the experimental B factors, which supports the
reliability of our molecular dynamics simulatio@ne of the particularly intesting high RMSF
regions spannkd9 5 -6630andihes group 8f &ndino acids constitutes the
loop portion of what has been identified as a second mobile flap in the active site region (Figure
(3-10)). This flap has a profile similar to thegerimental data for inhibitor complexeskf
pasteurit® andS. pasteuri’ reported by Beningtal Thi s f | ap -helioessi sts of
spanningrésd u e sU3JB7 B(2651)0 a+tud 1 0 36843 shdthe loop portion, just as
the flap that covers the active si@ne of the key differences observed in the two flaps during

the MD simul ati onhaevlaisc & sh awe rweéh i-lielied chacattdrintbie o | o0 s ¢

active site covering flap, the helices are quite rigid in this secondTitagloop is observed to
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be highly flexible in each of the twelve Ub
positioned near one of the verticasttallow direct access of molecules into the hollow,

suggesting it may affect entrance into and egress from the internal cavity. While a number of
hypotheses are possible we speculate that this flap may serve as an entrance/exhaust conduit that
allows forthe exit of hydrolysis products from the active skealysis of the MD trajectory

reveals one sodium ion clearly passing through the first flap (residues 371 ; -U5%333 a n d
other ions briefly interactindoue to the large accumulation of sodium ions in the hollow, the

low occurrence of Naion interacion with this flap may be a concentration issue and studies
underway with higher ion concentration (Nend NH;") would be better able to support or reject

the proposed conduit hypothesis.

160

=P Factor
140

e=—=RMI-* 20
120
100

||J‘(\

A

0 100 200 300 400 500 600 700 800
Residue Number

Figure 39. H. pylori urease Xray B factors versus scaled RMSfor the dimer reaching wide
open flap state (flap 11). The RMSF has been multiplied by a factor of 20 for easy
visual comparison with the urease B factors.
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Figure 310. Positions of the second active site flap (blue), the flap covering the actiyeedite
and the active site.

Table31. Hi gh RMSF regions and residues with U/b
corresponding sequential numbering from the PDBQT).

Residue Range Amino Acids

b1ea 06 -1061 00 ILE-GLU-ALA-ASN-GLY-LYS-LEU
h226b 2 3 2 -2822 26  ALA-LYS-SERASP-ASP-ASN-TYR
U6-065 -803)9 8 ASN-PROSERLYS-GLU-GLU
U38J895 683 26 GLY-ARG-LEU-LYS-GLU-GLU-LYS-GLY

U53J% 45 -783) 76 VAL-ASN-PROGLU-THR-TYR-HIS-VAL
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Analyzing the RMSF values of the flaps covering the adites(defined as residues
U3aUB 47 -58%42 for our analysis) we observe that
di mer, r eld3 28 6665 BB thethighest RMSF values as expected based on the
known flexibility of this regionCompaison of the two alpha helices[e s i d u-632 23084 2
560)thatma ke up the first-Unh47T 56556 thesecerslasd ues U330
determined from the MD simulationgveals that the residues comprising the second alpha helix
have much higher RMSFalues than those of the firgtdditionally, we observe that the loop
region residues have the higheW32RMEMEF6E64al ues,
el even of the twelve Ub dimers, these |l oop re
resi dues ol3 4 h-e853uBAEnAS expected, the highest RMSF values in the loop
region are observed in the flap (flap 11) that reaches theapiee statelNo flap residues were
found to have hdimgrihatRéébEervedto rénmim thé)dosed flap state
throughout the MD simulation.

3.3.3 Active Site Access Flap Motion Analysis

Having been previously implicated in allowing urea access to the active site, we focus
our attention in the next several sections on an enhanced awdlyssbehavior of the active
site covering flap over the course of the MD simulatdistances between points on the flap
and opposite points at the access point are used to probe the extenopéfiapy, and the
di stances between the critical H teBtéyBoPtle r es i du
active site are studie#finally, free energy maps constructed using these distances are used to
elucidate the flap states that can be reddawytified in theH. pylori urease structure over the

duration of the MD simulation.

80



3.3.4 Critical Distances

The flap motion was assessed by measuring the distances between three points on the flap
and three facing points at the distal end of the flafherproteinThe first distance compares the
separation between | LEU328 and ALAB170. The I
and the ALAD170 r +bading neghborisg residue evleen thesflap isrclosed.

The remaining two distances involve thé p s -bdlices ahdethe Corresponding nearest
neighbors upon flap closure. These distances
and ALAbB173, where the HIS and aG&iXtipsThese dues a
are illustrated in Fjures (311)ai.

We characterized the states associated with flap motion by recording and analyzing
measurements of these three distances for each of the twelve flaps. FgRyeliblays
representative | LEU328/ AL Ab-@péntandsve@apendlapi ons f o
statesln the closed state, the separation of these residues varies only slightly, oscillating within
the 13.516 A range, with slightly more variation observed in the sepein state where the
separation is observed to fluctuatévisen 12 and 2. In the wideopen state, the distance
between these residues increases dramatically to overR8 separation remains high until
the last 5ns, where it rapidly declines to about 20 This is in accord with the visual inspection
of the protein. Flap 11 is the only flap that adopts a clear-oe® state conformation. It is
already known in the literature that there is an open state for the flaps that involves the loop
region and a part i #élicest mshauld beinotay that fenevatiom ofthée t h e
crystal from the unit cell reveals the existence of prepeatein contacts that preclude the

observation of the widepen flap state in the-Kay structure.
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Figure 311.Representative conformations illustrating residue separation in the closed (row 3),
semiopen (row 2) and widepen states (row 1). The first column perspective is
headon, the second angled and the third perpendicular with respect to thHeldleap
residues depict the | LEU328/ALAD170 separ
and silver shows GLUU330/ALAB173.
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Figure312.Separ ati on between residues | LEU328 and
representing the closed (blue), sespen (red) and ide-open (green) flap states.

HI SU320 is a critical residue proposed to
mechanism foK. aerogenesindB. pasteuriiurease® *®*and displacement of this residue is
thought to be essential in reaching the wigen flap state, allowing urea access to the active
site. The corresponding residuekh pyloriu r e a's e i Bigurd (383)JsBdv8 that in the
flap that achievesthewidepen st at e, t he HonStard araundB|clvded 7 sep
to the value observed in the closed flap state, but as the simulation proceeds, the separation of
these residues reaches a maximum ol 2®&ith distinct separation from the seopen state
occurring approximately 100ns intoetBimulationThe trajectory clearly reveals a marked
displacement of the histidine in achieving the wighen state both in comparison to the closed
and sembopen statedn the closed state this separation is nearly constant at approximétely 7

while inthe semiopen state the separation is roughlyAl0
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Figure 313.Separ ati on between residues HISU332 and
the closed (blue), seroipen (red) and widepen (green) flap states.

The separation between GLUU330/ALADB173 is
| LEU3 28/ AL Acks]with thedfdrnset saparation reaching a maximum of&-B0the
wide-open state (Figure {B4)). This separation is also observed to narrow over the last quarter
of the MD run and begins its decline siiightly
the wideopen flap state all the identified residue pairs have separations that vary in phase with
one another, which is in contrast to the sepen flap state that has been reported previously in
the literaturé. The semiopen flap state is observed in the other 10 flaps and in these cases the
| LEU328/ ALAB170 and GLUU330/ALAB173 separatio
while the HISU322/ GLYU47 separation fobuctuate
separatonsThi s behavior is expected, since | LEU32S8

apart and are more likely to move in a concerted fashion. It is further pointed out that each of the
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distances discussed is shorter in thea){ structure, 12.87fdr LEU3 28/ ALAbB170, 4. 9

GLUU330/ ALAB173 and 3.85 for HISU322/ GLYU47.
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Figure 314.Separ ati on between residues GLUU330 and
representing the closed (blue), sespen (red) and widepen (green) flap states.

3.3.5 NiHIS Distances

One of the mechanisms proposed in the literature for the hydrolysis of ukea by
aerogenesi r ease involves HISU320 on the IThiep inter
hydrogen bonding interaction with the histidine is thought to be critical for urea hydrolysis and
this residue c or H @gop dhe ypothesis is that BievEdpen flap state
will have this histidine removed far enough from thekel centers to permit a molecule of urea
to enter the active site and interact with the pentacoordintéoNi In order to analyze this
separation over the course of the MBndshe mul at i

two Ni** ions for eactirame were extracted and plotted (Figurel63-(3-18)). As expected, the
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closed flap (flap1) had very small ranges in which the separations between Hatmland the

histidine were observed to vary between 9 and\ 1Bor the wideopen flap (flap11jhe

separations range from 9 to &7 a 9fold increase in the ranges spanned by the flap1 distances.

In the other 10 cases we observed flaps that are beginning to showpeldap state
characterThis is typically manifested as the unravelingofdnett n ot  blelicés thato f
make up the flagFor example flaps 2, 5 and 8 have ranges from 9 #, 1¥hich clearly reveal
that the HIS residue is far away enough for a urea molecule to enter the actife Ritethe

other flaps, they have raeg of separation spanning from 9 toAL4
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Figure 315. Ni**/ H 1 S {T3d&tance fluctuations for the various flaps.
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Figure 317.Flap six, sevenandeigh separ ati ons Kgandeaoh Niionhe HI SU:
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Figure 318.Fl ap nine, ten and twel v-€yasdeacaNidoni ons be
In order to further probe the importance of this key HIS residue, we extracted and plotted

the distanceb et we e n t -iNeto bith I UdhLf@ each flapAll but 2 flaps exhibit

regions where theN/Ni** distance dramatically increas@epresentative separations over the

course of the MD simulation are presented in FigugBfor the closed, sertipen and wide

open flap states, with remaining plots presented in Figur28)@-24). In the flap that remains

closed throughout the entire simulation, the minimum distance between the HI$322 the

pentacoordinate Kiiis 4.5A. This pentacoordinatnickel is the closest of the nickel ions to the

H1 S U&N2nhearly all casedsor the first flap, which was observed to remain closed, the

maximumUN/Ni?* separation is &. As for the other 10 flaps that exhibit a sempien flap state

there are sharpeaks indicative of large increases in théNi** separation and the maximum

found in the 10 flaps that exhibit a seagien flap state is 2. As for the wideopen flap state

the distance gradually increases reaching a maximum Af\@thout a clear sha peak as

exhibited by the other flapt the open flap sate the minimum distance is generally arodnd 5
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The rapid increases in thbl/Ni**s epar ati on indicate that the
a 180° rotation at a particular point in time flésg in a significant increase in the observed
distance between the atorddso of note is a region from 5000nsin flap 5 where th&N/Ni*
separations invert, and Ni2 is closer to tNethan Nil1.This is the only flap where this inversion
is observedind corresponds to an instance where the imidazole ring rotates 90°.
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Figure 319. Separation between both active sitt'Nions and -ANfe thedwids U3 2 2
open, closedand a representative seapenstate.
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Ni2*/HISa.322-N, Separation for Flaps 7 and 8
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Figure322.F| ap seven and eight s dpaadeachNidon.s bet ween

Ni2*/HISa322-N, Separation for Flaps 9 and 10
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Figure 323.Flapnineand ten separati o-NgwmndleahNieren the HI SU
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Figure324.F| ap t wel ve separ at-NgandseachtNéionrween the HI SU
3.3.6 Free Energy Maps

In order to further elucidate the various flap states, relative free energy maps were
constructed based on the methodology described in @oa&° These maps were produced by
first ascertaining the probability of any two of the residue separations described above coexisting
in any given frame of the 40,000 collected during the simulaifibese probabilities were then
utilized to determine the relative free energies of the statdsguiation3-1, where R is the ideal
gas constant, T the temperature anth® probability of any two distinct residue distances
coinciding in a randomly select®D frame.The data was processed using ahauase script.

P Glative= -RT InR (31)

The first three relative free energy maps were produced based on the separations between
the residue pairs | LEU328/ ALAB170,Thell SU322/ GL

vari ation observed in the separations between
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largest range of distances among the three residue pairs analyzed, ranging fromA0The37

GLUU330/ ALADB173 separation dAamthedd SfUB@M / &G prrUctx

distances were found to take values from 5 td\2Brom a general observation of the three free

energy maps produced it seems that t-heix | oop r

ending in the Glutamatéhen the alpha helixendin wi t h HweSmaBz the free

energy maps produced using the distances described above we observeewitlap state in

each plot. InFigure25) we have the HISU322 to GLYU47 di

ALAD170 thithe tesadneegmaration ranges of ~¥b et ween | LEU328 and |,

and~19Abet ween HISU322 and GLYU47 we observe | oc

above the minimuml he c¢cl osed state occurs at distances

and 7 t o 8 GiL YduveéldlsoDlhs8nZ MAny interim states, with one intermediate

state that is very evident located at distances of 16 o2& par at i ng | LEU328/ AL A

Hl SU322/ GLYU47 separfation of roughly 9 to 10
The second free energy map (Figure€@)wasd er i ved from the GLUUS3S?:

and HI SU322/ GL YTth4e7 Hsl eSpUa3r2a2t/iCGolnYsU 47 separ ati ons

smal |l er than t hos eWeadnol3érvd theadipenslapstatd at 3 .

separations of 18 between HIS and GLY, and 2623Abet ween GLUU330 and A

The energy well associated with the wijgen flap state resides approximately 2.4 to 2.8

kcal/mol above the minimunThe minimum observed in this plot resides at distance ranges of 6

Af or GLUU330/ ALAB10o73 Hd rSdl 3. Abthistplot WeloBserve large

ranges of stable energies while keeping the H

GLUU330/ ALADP173 distance varies implying more

and the alpha helix it is locateah.
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Figure 325. Relative free energy diagram constructed based on the separation between
| LEU328/ ALADP170 (I LE/ALA) anRegodd SU322/ GL Y
identified as local minima representing the closed, s#anh and wid@pen states
are boxed.
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Figure 326. Relative free energy diagram constructed based on the separation between
HI SU322/ GLYU47 (HI S/ GLY) and GLUU330/ ALAGD

Figure(327) di splays the GLUU330/ALAB173 versu
plotted in a free energy malo. this free energy map we can observe at least four distinct
regions. One at which Db®2hj)YheanGLUUBGBBALADALG
i) distances are | arge, anot he-t5Apand whi ch bot h
| LEU328/ ALAD170 ( ~ @ and} othki regiors:rome@tsvhieghthe s ma

GLUU330/ ALAB173 dilé6tahcandsthar geE(UR2BA) ALAD17
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Figure 327.Relative free energy diagram constructed based on the separation between
| LEU328/ ALAB170 (I LBELABAY3aO0&GLOBLBUABRO/

is small, and a second where t#2Aa&ndBEI328/ ALAD

GLUU330/ ALADB173 distande is intermediate (~17
A final free energy map (Figure-@&3), see Sl) was developed based on the separation

between théd | S U-808 @nd both nickel ions. In this free energy map we are able to observe

three distinct states, all energetically accessible, that define the closedpssmnaind wid@pen

flap statesThe different states occur at approximately/16 1518 and 2-24 A distancesThis

map clearly illustrates the presence of the three flap states.
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Figure 328.Relative free energy diagram HIS3RENi** constructed based on the separation
between (Nil HIS and Ni2 HIS).

3.3.7 Additional Structural Features

There «ist additional features of the. pylori urease structure that are of interest aside
from the aforementioned active site fl&ome of the discussed features below are reaffirmations
of, and further elaboration on, the behavior of structural aspects eh#tyme that have been
previously described in the crystallographic studies, such as the presence of the interior hollow.
Finally, we comment on the distribution of sodium ions during the course of the simulation as
ion channeling has been hypothesizetdaritical in both the hydrolysis process as well as in

the accumulation of ammonia/ammonium in the hollow.
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3.3.8 Radius of Gyration

We obtained the radius of gyration for the urease enzyme, as well as the maximum radius
(Figure (329)). The radius of gsation is the average distance of all atoms from the center of the
protein.For H. pylori urease the radius of gyration ranged from0&0 61.8A over the course of
our simulation At the 230ns mark the radius leveled off and oscillated between 61.68d.

The maximum radius, which lists the maximum radius of urease, ranged from 88 &n@6can

be partly attributed to the motion of the flaps located on the protein surface.

Radius of Gyration and Maximum Radius
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Figure 329. Radius of Gyration (blue) and Memxum Radius (red) dfl. pylori urease.
3.3.9 The Hollow

H. pylori urease has an internal hollow with an estimated volume of ~145 A1&6d4t
has been hypothesized that this hollow acts as a reservoir of ammonia/ammonifi#véons.
chose ¢ track the behavior of sodium ions present in our simulation in order to see if this cation
accumulates in the hollow as wdfirst we took the entire trajectory and centered it on the

origin. In characterizing the residues outlining the hollow, we olegskthat the first residues that
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we encounter as we move in from the centehe hollow were glutamatesnore specifically
the U505 glutamates. These residues do not ha
standard deviationo selection criterion, impl
Further analysis was performed by taking the average structtire ehzyme over the entire
40,000 frames produced by the simulation, setting the origin as the protein center of mass, and
generating an average PDB structiihile the net charge of all residues within&of the
protein center of mass i$6 (36.4% ototal protein charge), the innermost residues of the
protein (within22A0f t he center of mass) are the twelve
net-12 charge nearest the hollow center and extension of the radius from the center of mass to 23
A introduces the first positively charged residue, a single lysine, as wetkasatiiditional
glutamates for a net charge-@#. This should permit the hollow to accommodate and stabilize a
large positive chargéf this is indeed the case, the sodium ion distribution over the course of the
MD run should reflect this fact.
The radiadistribution function of the Naions from a dummy atom placed at the origin
was calculated over a $6radius with 0.58 bins using the average PDB structukeong the
more interesting observations is the fact that of the 44 sodium ions in the syst@verage
over the entire 408s 30 of these Naions were found in the hollow within 20.260f the
dummy atom located at the protein center of mass as illustrated by the integrated radial
distribution function in Figure 30). We observe eight distihpeaks within the first 20.24 in
the radial distribution function at 0.75, 2.25, 6.75, 8.75, 11.25, 15.25, 16.75 and\1#ha5
there are eight minima within the same span at 1.75, 5.25, 8.25, 10.75, 14.75, 16.25, 17.75 and
20.25A and the values of ¢hrespective maxima and minima decay over this span until reaching

zero at 20.2% (Figure (331)). Figure (332) depicts one hemisphere of the first shell of atoms
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encountered from the dummy atom placed at the center of mass, with the glutamate residues
highlighted to illustrate their position as the innermost residues of the héligure (333)

depicts the maxima in the Nen radial distribution function as shells extending from the center
of mass and terminating at each respective maxiriin® highlghted sodium ions (blue

spheres) clearly illustrate the regions of highest probability of locating a sodium ion within the
hollow, and these regions are shown out téZfom the center of mas¥his depiction further

supports the conclusion that the lbwllis an apt reservoir for positively charged ions.

Na* Radial Distribution Function
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Figure 330. Nd Radial Distribution Function From Origin.
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Figure 331. Na+ Radial Distribution Function From Origin

Figure 332. First shell of atoms for one hemisphere of HP ureakgamateresidues are
depicted as van der Waals spheres.
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Figure 333. Crosssection illustrating the respective maxima in thé Ma radial distribution
function up to 20 from the protein center of mass using concentric grey and black
spheres that terminaté@ach maximum in the functioNa’ ions are depicted as blue
van der Waals spheres and the residues shown in licorice are residues witoh 22
the center of mass (all glutamate residues).

3.3.10 Sodium lon Distribution

The trajectory was further anaba to determine the sodium ion distribution in blur
pylori urease MD simulationNe did this by placing, over each frame of the simulation, a grid

with 1 A® cells and counted the number of times a sodium ion appeared in any giverhizll.
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generated &aistogram that provides a representation of the sodium ion distribution over the
40,000 simulation frame#.was shown that most of the sodium ions were found in three major
parts of the protein (Figure{34)). The first major concentration is observedhe ovoid holes

of the twofold symmetry axesThe second major location where sodium ions were found is by

the active site flapsslap 1, the closed flap, had the highest concentration of sodium ions out of
the 12 flapsThe third major region with a ¢in distribution of sodium ions is the internal hollow

and as observed in the radial distribution function, this region had the highest probability of a
sodium ion being present. This is consistent with observations made while examining the hollow,

as Nd ions were observed throughout the simulation in this cavity.

Figure 334.Na’ ion distribution (red).
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3.4 Conclusions

We have reported the first MD simulation on Hhepylori urease enzyme and made
several important observatiorfarst we identified thgresence of a third flap state, known as the
wide-open flap state, which will provide direction for the development and identification of
novel inhibitors ofH. pylori ureaseWe have also further elaborated upon a flap located in the
posterior of the abte site cavityThe simulation reveals that Nens are capable of channeling
through this flap into the hollow, specifically when the active site cover flap is in the closed
stateThe twelve glutamate U505 r e sricalintezes fromr e, on
the protein center of mass and are the only residues encountered extending un2he
center of mass of the average PDB structure, providing a net negative twelve charge (negative
fourteen when the radius is extended ta33This accumulation of negative charge (31.8% of
total H. pylori urease charge at a radius of®2%om the average PDB center of mass) helps
explain the larger distribution of sodium ions observed in the int&ékeralso were able to
observe that there were digtt regions of the protein in which the protein was very mobile.
Furthermore, there were distinct regions with high likelihoods dfilNapresence during the
MD simulation including the internal hollow, which clearly exhibited the highest concentration
of sodium ions over the course of the simulatibime ovoid holes centered about the il
symmetry axes also exhibited high sodium ion concentratfadditionally, the flap that
remained in the closed state had a highiNa distribution. These findigs will aid in
understanding the structure and function of the urease enzyme, as well as assist in the strategy
implemented in the design of inhibitorstéf pylori urease as, particularly the widgen flap
conformation allows for a host of new, largehitvitor molecules hitherto considered

inaccessible to the active site cavitjiese larger compounds could be designed in order to
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either enter the active site cavity or bind to the flap in order to block opening to the wide open

state from conformationalccessibility, or binding and blocking urea entry into the site itself.

105



CHAPTER 4
MOLECULAR DYNAMICS STUDIES OF HP UREASE IN0.5M AQUEOUS UREA

4.1 Introduction

Urea is widely known and used as a denaturing &j&enerally, the requirements for
protein denaturation by urea are concentrations exce8dihgnd temperatures over 20 °C.
Muthuselvi et al., reported that urea concentrations greater theinwidre required to denature
myoglobin®® In orde to elucidate the interaction between urea and proteins, numerous MD
simulations have been conductatlependent studies published by Tirdelives and
Jorgensoff, as well as Caflisch andakplu$® used MD methods to probe the impact of urea as a
denaturant on barnadgoth groups reported that observation of denaturing effects on barnase
requires a long MD simulation time and an elevated temper@&uszent study by Camilloni et
al. reported that urea denatured protein L in MD simulations with temperatures of 400 and 480
K.%* They also ran a 300 K simulation where the relatively small protein remainesiniatilie
conformation after 20 n€ai et al. used MD methods in order to probe the effect of urea
concentration on protein aggregatf3rinally, Moeser and Horinek presented a model for urea
denaturation proposing equgtle chain and backbone contributiéhs.

Recettly, we reported the first full MD simulation on HFUwhich entailed a 400s
simulation that revealed a wiawen flap state similar to that observed in an earlier simufation
onKlebsiella aerogenegrease. Herein we describe the results of our MD simulatidt on
pylori urease in 10.M aqueous ured.o our knowledge this is the first MD study inporating
high concentrations of urea in a simulation on urease. The large concentration of urea was
chosen in order to sample the widest possible range of urea/urease interactions without requiring
unattainable simulation timescal®ge compare these ressto a 50s trajectory orH. pylori

urease in aqueous solution (1f¥beyond what was previously reportéd).
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4.2 Methods
4.2.1 Structure Preparation

As in our previous MD efforts on aqueous HP urease, wetedl®®B structure 1E$Z
as the starting point and utilized PyMBtto perform the reflections required to generate the
dodecamerThe H++ online protonation server was used to obtain the correct protonation states
of the amino acids throughout the structure at a pH 6f?’%ollowing our previous
proceduré’® The bonded model was created with the MCPB component of the tLeap facility
(AmberTools version 1.53"to define the Ni* coordination site and subsequently the hydrogen
atoms and water molecules were addéelitralization was achieved via the addition of 44 Na
ions and the structure solvated by a periodically replicated TfR8FRhedral water box using
tLeap.A total of 25,321 water molecules were used to hydrate the structure and 4,788 urea
molecues were added to the systefine metal parameters developedKomerogenesirease by

Robertset al®®

with the MTK++/MCPB utilityof AmberTools and to be consistent with our
previous effot®, were modified utilizing previously developed Lenndmhes parametéf{R*
andQ) for Zn** as parameters for the Nion.

4.2.2 Minimization and Equilibration

The energy minimization of the structure was performed using the FE98%8rce
field using a twestage proceduravhere wdirst minimized the nickel coordination sites by
imposing weak harmonic positional restraints of 10 kcal/(%®lon all atoms outside the Ni
coordination sphere. The steepest descent method was first used fostépsGo minimize the
active siteSubsequely, the entire structure was relaxed and minimized using steepest descent
for 1x10" steps. The initial step length was decreased to LA1@\fter minimization the
structure was equilibrated in another tatage process. In the first stage, the temperatvas

increased from 0 to 300 K over 1X¥1€leps of MD with a step size of .002 ps (2 fs) in the
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canonical (NVT) ensemble, placing a weak harmonic positional restraint on the whole protein.
After the system was brought to 300 K, the simulation was rub0f@s in the isobaric,

isothermal (NPT) ensemble after removal of all the harmonic restraints. Temperature control was
achieved using Langevin dynamics with a collision frequemoyf 2.0 ps" during the first, and

1.0 ps' during the second equilibratictage SHAKE®’ was used to constrain all hydrogen
containing bonds during both equilibration stdgmg-range electrostatic interactionsnee

computed using the particle mesh Ewald method with Arc8toff.

4.2.3 Molecular Dynamics

A 500nsMD simulation was run ohlelicobacter pyloriurease in 10.% aqueous urea
using the PMEMD version of Amber 42 **on an M2090 GPU using the FF99SB force field.
The production MD run was procured over 500ns in the isobaric, isothermal (NPT) ensembile,
which was acquired using 2.0X1steps, with a 0.002 ps time step. The temperature was kept
constant at 300 K usj Langevin dynamics with a collision frequency of 1.0 ypile the
pressure was maintained at 1 bar with a pressure relaxation time of 2.0 ps. SHAKE was again
used to constrain all hydrogeoentaining bonddg-or the calculation of the nevonded
interadions, again we made use of the particle mesh Ewald method and a cutoff distance of 8 A
was employed while computing the lerange electrostatic interactions. Frames were saved
every 5x18 steps (10 ps), providing 5xiframes.

4.2.4 Analysis

All frames were analyzed for the flap state defining residue separatmrtsnean
squared deviatiorRMSD), atomic fluctuations (RMSF), and correlation matrices using the
PTRAJ utility of AmberTools version 1.RMSD, which gives an average deviation of the
proteingeometry from the reference structure at each point over the simulationvasie,

obtained for each atom in the entire protein with the first frame dfdfectory as the reference
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We also separated out the residues involved in the motion of the sittigevering flaps and
obtained the RMSD for each of theSe RMSF (root mean squared fluctuation) was computed
on a per residue basis, using the alpha carbon of each residue as the reference point and
providing a timeaveraged valuél'he solvent accedse surface area was determined using
NAccess V2.1.%° which implements the method of Lee and Rich&ritsthe area determination.
The secondary structure assignments were made utilizing the DSSP program of Kabsch and
Sander? Urea residence times with regions of high RMSF were determined usiniga co
developed to record all urea molecules within 2 A of any residue of each region of interest based
on 501 PDB files (for the equilibrated structure and taken atresicWe generated histograms
for each region and each dimer that show the number othatare within 2 A for over 106s
We also plotted for each region of each dimer the total number of urea molecules that reside
within 2 A as a function of timélhe chosen distance cutoff is tight in order to account for the
great amount of difficultyri determining optimal hydrogen bonding angles for 4,788 urea
molecules over 500 PDB files.

Throughout our discussion of the residues, we will identify them both by the residue
numbering accordingto Hetal (U a n § asfvell@astfeiresidu@ numbering from the
PDB (1-807).For the purposes of this analysis the flap covering the active site was considered to
span r es-B4d (54258 WB OWi t thetl H ex fciormgpto slé d320(F42 r esi due
560),thet ur n c o mp o3RP(B61506f7 )U3a2n3d hlee¢ i xe c@4r¢ps8l U3 30
585).T h ehelldes are extended from the helical section described tey &lan order to
account for alll r e s i d ulelscal charactertatesonfeiptadgringrthegi on t

simulation.
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4.3 Results

Over the course of the molecular dynamicsusation of HPU in a 10.5 Mqueous urea
solution, the RMSD slowly climbs from 2.0 to 225over the first 40tsand remains at nearly
2.5A for the remainder of the simatlion.In the active sitecovering flaps of dimers 3, 4, 5 and 7
the RMSD spikes in the last 100 to 2@ The average radius of gyration levels off at ~300 ns
into the simulation and remains at a value between 60.2 and 60k maximum radius,
approximately 90 A, is observed on multiple occasions, at approximately 300, 450 and 500
Over the latter half of the simulation, a radius maximum between 87 and 89 A is generally
maintained.

4.3.1 Protein Denaturation?

The solvent accessible surface area (8A& both HPU in water and in aqueous 10.5 M
urea was determined for the equilibrated structures and at edthndofthe simulationwWe did
this to determine if the protein was denaturing during our simulation timescale. It has been
shown if the prot@ undergoes denaturation, it experiences an increase in the surface area that is
accessible to the solveft®® In both simulations there was a significant increase in the total
SASA (Table 41) from the initialstages of the simulation to the 1@ point.This could be in
part due to the protein relaxing from initially being in a crystal conformation. Aftend 0@
increase levels off and there is only a modest increase in the SASA over the remainder of the
MD simulation.Furthermore, when comparing the simulation incorporating urea to the one
featuring only water, the increase is larger in the aqueous simulation indicating the protein is not
denaturing (at the timescales employed) due to theM@&ncentrabn of urea found in the
solvent.Beyond this analysis it seems likely that urease is less sensitive to urea than other
proteins simply because urea is a substrate of this protein and as such urea would locally be

expected to be present in concentratiaghér than the background.
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Table 41. Total solvent accessible surface area for thiay<structure oH. pylori urease and
evaluated at points along the MD simulations on both the aqueous urease and the
urease in aqueous 1Vburea.

H. pylori urease H. pylori urease + urea
Total SASA (K) % Increas®  Total SASA (KX) % Increase
X-Ray 234281.9 234281.9
Equilibrated 248967.6 6.3 243999.1 4.1
100ns 281311.5 20.1 273445.3 16.7
200ns 287003.8 22.5 281490.2 20.2
300ns 287774.2 22.8 284452.5 21.4
400ns 291730.1 24.5 287777.2 22.8
500ns 292556.0 24.9 288403.3 23.1

%Percent increase in SASA referenced to theyXstructure
Over the duration of the simulation of the SASA, we find that side chains are much more
exposed than the backbone of theyema as expected (Table2]. A general increase in
exposed surface and thereby the percent increase in exposed side chain and main chain occurs
over the simulation, with the respective contributions of the side and main chain atoms to the
total remainingelatively unchanged. The relative contributions to the total SASA following
equilibration shows that the side chain comprised 87.2% of the exposed enzyme surface and the
main chain contribution was 12.8%ollowing equilibration, the side chain SASA cornsed
85.1% of the total, with the remaining 14.9% accounted for by main chain atbths. 100ns
mark the percentages decline to 84.9% and 15.1% for side chain and main chain, respectively
and remains stable at these percentages over the duration 00tisestimulation, where the
respective percentages of exposed side chain and main chain surface area are 84.5% and 15.5%.
These results show that more nowlar atoms than polar are exposed on the surface:
39.4% of the exposed surface is comprised of @itans, while 60.6% come from nqolar
atoms as evaluated fromrdy structure (Table-8). After equilibration, the distribution is
57.0% and 43.0% between npalar and polar, respectivelyhe distribution remains relatively

unchanged throughout the 508 simulation (56.7% and 43.3% at the simulation end).
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Table 42. Side chain and main chain accessible surface areés fylori urease in 10.5 M

urea.
Side chain Main chain
SASA (A% % Increasd SASA (A% % Increase
X-Ray 204176.9 30105.2
Equilibrated 207698.3 1.7 36300.7 20.6
100ns 232283.8 13.8 41162.0 36.7
200ns 238586.8 16.9 42903.6 42.5
300ns 240693.0 17.9 43760.3 45.4
400ns 243522.6 19.3 44255 .4 47.0
500ns 243832.3 19.4 44570.5 48.0

®Percent increase in SASA referenced to thexstructure

Table 43. Polar and nowpolar accessible surface areasHompylori urease in 10.5 M urea.

Non-polar All polar
SASA (A% % Increasd SASA (A% % Increase

X-Ray 141933.6 --- 92348.2 -
Equilibrated 141806.6 -0.1 102192.4 10.7

100ns 156404.5 10.2 117040.7 26.7

200ns 161719.3 13.9 119771.5 29.7

300ns 163253.5 15.0 121200.0 31.2

400ns 165316.7 16.5 122460.5 32.6

500ns 165990.5 16.9 122411.8 32.6

®Percent increase in SASA referenced to thexXstructure

4.3.2 Root Mean Square Fluduation

Over the course of the simulation, we obsdrvgh RMSF regions that differ slightly
from those observed in the aqueous lPasesimulation, and the average RMSF values for the
urea run were decreased in comparison to those for the originauaddeareasaimulation
(Figure (41)). One check for the denaturation of the protein was observation of the average
RMSF at 10tnhsintervals (Figures (£)-(4-6)). While there is a modest increase in RMSF from

100 to 20(ns there is no increase in aveea@MSF for the remainder of the simulation.
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Figure 41. Overlay of the average RMSF plots for HP urease and HP urease in 10.5 M aqueous
urea 50(hssimulations.
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Figure 42. Average RMSF per residue of dimerd 2 (100ns).
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Figure 43. Average RM% per residue of dimers12 (200ns).
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Figure 44. Average RMSF per residue of dimerd 2 (300n9).
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Figure 45. Average RMSF per residue of dimerd 2 (400ns).
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Figure 46. Average RMSF per residue of dimerd 2 (500ns).
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All of the high RMSFregions are found on the surface of the protein and reside mostly on the
beta chain, which envelops the protdihese high RMSF regions form horseshoes around the
protein and lead to the opening of the active site, of which the loop region is a high RMSF
region.These regions contain multiple polar residues and bonds making them good binding
candidates for the highly polar urea molecule.

We compared RMSF values of tHe pylori run in a 10.5 M agueous urea solution to our
earlier HP urease run in waterdaobserved that the baseline RMSF value is about the same for
both.The high RMSF values are larger for the original run than the run withlordee original
aqueous run the region that had the highest RMSF value was the loop region, while the region
wit h the highest RMSF v a3boua5 to683)twhigh isthe '@xdaustun wa
fl ap, 0 whereas in the aqueous simulation, the
highest RMSFThe exhaust flap of the urease run has slightly migSF than both the loop
of the active sBIE64668¢)i ngdfthp -BBEMBE| ary f|
791]). In the original run there is a region of high RMSF that resides on the interior of the
protein, lining the hollow region, composed  r e s 68 (238 $o 3UBtifat is not observed
in the HP urease run in aqueous ufeaonclusionthe urea run has lower RMSF values
indicating the protein moves but not as mucindke original run and that it is not being
denatured by the uréa.

These regions of hi gh Rdi&@n-form pleorsdéshoe shapedr | y t
region on the adjacent dimer that surrounds the loop of the active site covering flap (Figure (4
7)). We find that the horshoe region attracts molecules of ur@dd infra) and contains three
points that are equidistant from the loop of the active site coveringMeypothesize that this

could allow for the shuttling of urea molecules towards the active site for subseqtry and
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possibly facilitate urea transport to the active site region. Urea is a highly proficient enzyme
(kea=1650 &), which requires a high flux of substrate molecules reaching the activé Eitese

high RMSF regions are on the surface and we have done extensive studies of the number of urea
molecules that interact with these areas throughowdrthiee simulation\{ide infrg. These

horseshoes are symmetrically oriented about the dodecameric strudtuneytidri urease as

shown in Figure (@) of the supporting information.

Figure 47. Horseshoe of high RMSF regions surrounding the loop (resifi64 to 568) of the
active sitecovering flap (D4 and D5 refer to the dimer on which the residues are
located): 564 to 568 RED (D4); 7-7/B1 BLUE (D4); 5568 GREEN (D5); 104111
ORANGE (D5); 113130 BLACK (D5); 177184 CYAN (D5) 222238 PURPLE
(D5); 239255 ICEBLUE (D5).
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Figure 48. All 12 horseshoe shaped regions of high RMSF that individually surround the loops
of the active site covering flap.

4.3.3 Active Site Flap Characterization

We previously used a number of characterization techniques tol@revidence for the
existence of three wetlefined states for the active site flap. These studieséacan the three
residue pairs relevant to the characterizatio
(Il LE566/ ALA170), HISU322/GLYU47 (HIS560/ GLY28
(GLU5S68/ALAL173) (GLUS68/ALAL173). We first plotted critical separations betweeseh
residue pairs to probe the opening of the active site flap, revealing several flaps through the
simulationi specifically flap 4 that exhibit three unique separation states. Subsequent free

energy maps revealed clear local minima that were assigried tinique flap states in the case
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of | LEU328/ ALAP170 (I LE566/ ALA170). The ot her
minima at large separations. We suspected that this occurred due to the fact that the

corresponding residues are contained withgihalhelices that unravel as the flap shifts states.

Further study into the changes in secondary structure associated with each residue of interest
resulted in observations consistent with this possib#ityexpanded discussion of the active site

flap isfound at the conclusion of the supporting information.

4.3.4 Urea Distribution

To examine the distribution of urea molecules on the surface of the protein we created a 1
A3 grid around urease and at each point we summed the number of urea moleculesyeesent
the entire 50@s simulationOverall, urea molecules are found in high density around regions of
high RMSF.The second point is that urea is foundhigher densityat the large ovoid holes to
the hollow but at lower density at the holes lined &y thelices.Urea seems to be found
around both hydrophilic and hydrophobic residlr®a is not found in the hollow at the center
of the protein and is not observed until we reach A t&dius from the center of mass of the
protein. Urea mostly intera&t wi t h | oop regi ons <delices. he protein

4.3.5 First Solvation Shell

The composition of the first solvation shell was determined for the aqti#dusease
andHP ureas@lus aqueous urea simulations at b@ntervals along the respéeat trajectories,
in addition to the equilibrated structures. The bulk solvent in our urea simulation includes 25,321
water molecules and 288 urea molecules, a water to urea ratio of 5.28d chose to select
any water or urea molecules within 2 A oétprotein surface as residing within the first
solvation shell (Table ¢4)). Following equilibration and at points taken every h6@long the
trajectory, the water to urea ratio at the protein surface is significantly less than the ratio present

in bulk solvent.The highest ratio of 4.55 water molecules per urea molecule was observed
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following equilibration and the ratio settled at nearly 4:1 for the remainder of the simuldt®sn.

total number of molecules present in the first solvation shell forghecaus urea simulation was
considerably less than the total in the aqueous HPU run, an observation easily accounted for by

the relative sizes of the urea and water molec\l#sle the total number of urea molecules

increased postquilibration, the rati@f water to urea remained much lower than that in the bulk

solvent due to a corresponding increase in the number of water mol&@dugesan be attributed

to the -makirmgd upreoperty of wurea, which posses:
sites ad can order multiple water molecules while remaining in contact with the protein.

Table 44. Composition of the first solvation shell (water or urea molecules witdiroRthe
protein surface) for the aqueous HPU and HPU + aqueous urea simulations.

HPU HPU + Urea HPU +Urea HPU+ Urea HPU + Urea

Entry Water Water Urea Total Water:Urea
Equilibrated 6022 4359 957 5316 4.55
100 ns 7906 5461 1351 6812 4.04
200 ns 8114 5630 1319 6949 4.27
300 ns 8242 5675 1398 7073 4.06
400 ns 8252 5754 1469 7223 3.92
500 ns 8327 5710 1453 7163 3.93

4.3.6 Urea in Active Site Cavities

We further analyzed the trajectory to determine whether urea molecules were
approaching any of the twelve active sitesten of the twelve dimers, urea molecules are
observed within 1@ of the active siteln the active site of dimer four, we see multiple urea
molecules entering beginning at 34§ with urea coming within 6.7 A of the pentacoordinate
Ni?* (Figure (49)). This accumulation of urea in the active site cavity is in starkrast to the
low amount observed in the closed and sepen states (Supporting Information, Figured
and (411)).In the closed state at 108 no urea is observed in the active site cavity (Figwe (4
10)) as expectedit 250ns, the active siteovering flap has been in the seopen state for

nearly 150ns and still only two urea molecules have begun to migrate into the cavity (Figure (4
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11)).Only after the wideopen flap state has been achieved does the rapid migration of urea into
the caviy commence for dimer & he observation of the large amount of urea in this particular
dimer is noteworthy, as this is one of the active-stteering flaps that opens the widest, and

opens at an earlier point in the simulation than the otheVglsee th largest influx of urea

molecules in dimer 4 and dimer 5, two flaps that reach the-opdea state.

Figure 49. Snapshot showing accumulation of urea in the active site and flap of dimer 4 at 400
ns(wide-open flap statelSnapshots at 100 (closed) &b (semtiopen) are included
for comparison (Figures {40) and (411)).
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Figure 410. Snapshot showing accumulation of urea in the active site and flap of dimer 4 at 100

ns(closed flap state).
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Figure 411. Snapshot showing accumulation of aiie the active site and flap of dimer 4 at 250
ns(semtopen flap state).

In dimers 48 we observe urea molecules within 7 A of the pentacoordinatesgime as
close as 2.85 Ain conjunction with the active siteovering flap of dimer 4 reaching thedei
open state at 346 we further observe urea approaching the pentacoordingtatNi distance
of 6.7 A (357ns), a second molecule draws within 3.19 A and a third urea molecule is 3.85 A

from this nickel ion near the conclusion of the simulatifimere was a large influx of urea within
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10 A of the fifth active site during the simulation, concomitant with the activesitering flap
reaching the wid@pen stateFor Dimer 6 a urea molecule is within 10 A of the pentacoordinate
Ni?* at 150 ns, and dvas within 3.4 A of the pentacoordinate’Nat 347ns This urea molecule
remains within 10 A of the metal ion for the remainder of the simulafierihermore, in dimer
three, urea is observed to approach within 9 A of the pentacoordifate Ni
Residue sparations indicate dimer 7 opens approximatelyr®ioto the simulation
(I LEU328/ ALAB170 [ | LES5O®6=29ANAeTiil]lodse par ati on o
corresponding with an observed influx of urea into the active site cavity over this dufédjos.
1 and 10 stay closed throughout and there is little urea observed to approach the adtap site.
12 opens slightly over the final 108( | LEU3 28/ ALAB170 [|I LE566/ ALADI1
A), however there was little influx of urea into the active sitgtga
In the active sites of dimers 5 through 7, while the quantity of urea observed is lower than
in dimer 4, urea molecules do approach the pentacoordirfdtenbich more closely, at distances
of 3.19, 3.44 and 3.23 A for active sites of dimers five asid seven respectivelyigure (412)
depicts the approach of a urea molecule to thedsdinate Ni* with the carbonyl in position for
binding to the metal, a posited first step in the urea hydrolysis mech&fifsfm.

4.3.7 Urea Residence Times and Saturation of High RMSF Regions

For this analysis we wrote a code that tracked the distance of every urea from every high
RMSF region selected and we listed the urea that are within 2 A of these regisigavals.
We chose 2 A because it is a tight constraint and this is necessary due to complications
associated with attempting to detail all hydrodpemding anglesThen we took the 9 high
RMSF regions on the 12 dimers and binned the urea that residedrfand€econslor longer
We constructed a histogram that shows the quantity of urea for different time intervals exceeding

10 ns over the entire simulation.
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Figure 412. Urea molecule (bottom center of image) nearing pentacoordinatefiimer 5 at
331ns.

The region for B ,bwhriecshi dwlse sonfe55f the reg
closest to the loop of the active sitevering flap, does not display a large quantity of urea
molecules that interact for an extended duration (Figue8j}l Dimer 3 hal 11 longresidence
urea molecules and dimer 12 had only 1 such Reag i o Ab 1b61110-D¢1} if &loop
C 0 n n e c {regiong tha2 malkes up part of the horseshdese than one molecule of urea per
residue is in close contact with this region (Figi#d4)). For the region composed of residues

b 113 3 0 -180)vie3ee a much higher number of urea interactions (Figdi®)4In
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dimers 3 and 11 we have over 100 urea molecules interacting for 10 onsnbhés region is
the loop region located ohé outside of the protein connecting regions of the beta chain found
on the surfaceDimer 9 has no urea interacting foroverrddT he r e g-b © 8 4 B184Y 7 7
is one of the regions that are the closest three points of the horsélldamers exceptor
dimer 11 have values between 1 and 32 long residence urea molecules, typically with only one
such molecule (Figure {#6)). Dimer 11 has 323 long residence urea molecules, which is the
highest value observeBR.e gi on b©222 t o b2 3n8ourfdaearZthebvoid®i@8) i s
to the entrance of the hollowhere are three dimers with high numbers of urea molecules that
interact, namely dimers 3, 7 and 11 which come together to form one of the ovoid holes (Figure
(4-17)).Region al] to al7 (239-255) isthe beginning of the alpha chain and is the inner segment
of the horseshoe and one of the three closest points to the activevatag flap.This region is
very near the active site flap of the adjacent didmethis particular histogram we don't @pge
very high values of urea residing for over 10 ns (Figug8y. The dimer with highest value is
dimer 8, with 24 urea molecules that reside for over 1Mpst of the dimers have 13 such urea
molecules, with only 2 long residence urea moleculesrgbd for dimer 1, which stays closed.
These results are easily explained by the reg
We also compared the low RMSF regions of the protein to the high RMSF regions in
order to ascertain whether there wasemany interactions with urea throughout the simulation as
found in the high RMSF regionklost of the low RMSF regions are not found on the surface of
the protein and are therefore not as exposed to the solvating solution as are the high RMSF
regions tlat tend to reside on the enzyme exterior. The few regions that were exposed to the

surface of the protein had very few urea molecules within a cutoffiof 2
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Figure 413. Distribution of urea residence times for high RMSF regiot685
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Figure 414. Distribution of urea residence times for high RMSF region100.
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High RMISF Region 113-130 Urea Residence Time Frequency
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Figure 415. Distribution of urea residence times for high RMSF region-13@3.
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Figure 416. Distribution of urea residence times for high RMSF region19%.
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Figure 417. Distribution of urea residence times for high RMSF region-222.

Figure 418. Distribution of urea residence times for high RMSF region-239
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