Computational Investigation of the Structure, Dynamacgl Functions
of Glyceraldehyde3-Phosphate DehydrogenaseAl®DH) Relevantd
Its Reactions with Nitric Oxide Donors

VinodbhaiParmar

A Thesis
In the Department
of
Chemistry and Biochemistry

Presented in Partial Fulfilment of the Requirements
For the Degree of
Doctor of Philosophy@hemistry) at
Concordia University
Montreal, Quebec, Canada

July2018

© VinodbhaiParmar, 2018



CONCORDIA UNIVERSITY
Schoolof Graduate Studies

This is to certify that the thesis prepared
By: Vinodbhai Parmar

Entitled: Computational Investigation of the Structure, Dynamics, and Functions of
Glyceraldehyde3-Phosphat®ehydrogenase (GAPDH) Relevant to Its Reactions with
Nitric Oxide Donors

and submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy Chemistry)
complies with the regulations of the University and meets the acceptédrstamvith respect to
originality and quality.
Signed by the final examining committee:

Chair

Dr. W. Brake

External Examiner

Dr. J. Gauld

External to Program

Dr. L. Kalman

Examiner
Dr. G. Lamoureux

Examiner
Dr. P. Pawelek

Supervisor
Dr. A. English

Supervisor

Dr. G. Peslherbe

Approved by

Dr. P.Pawelek, Graduate Program Director

August 14 2018

Dr. A. Roy, Dean, Faculty of Arts and Science



Abstract

Computational Investigation of the Structure, Dynamics and Functions of Glyceraldehyde
3-Phosphate Dehydrogense (GAPDH) Relevant o Its Reactions with Nitric Oxide Donors

Vinodbhai Parmar, Ph.D.
Concordia University, 2018

Glyceraldehyde3-phosphate dehydrogenase (GAPDH), aakethwn glycolytic enzyme, exhibits
moonlighting functions, including catalysis of glyceryl trinitrate (GTN) to release vasoactive
nitrite (NO2') or nitric oxide (NO). GTN catalysis generates thionitrate (E-CysNOy)
intermediateat thecatalyticthiol of GAPDH. Thus, we investigated decomposition of SN,
a model compound for-EysNO>, usingstateof-the-art quantum mechanidechniquesWe
showed thathewell-studied homolysis pathway, which releali€3; is energetically unfavorable.
Instead, hydrolysis and thiolysis pathways that reléd®¢ are energetically favorabl@he
releaseof NO;' upon the attack of anionic nucleopisile.g. OH or CHS') alongthe SN bond
is barrierlesswhich could explainthe instability ofthionitratesin aqueous solutiondVe also
looked at the effect of protonation on the stabilitytied STN bond of CHSNG, to mimic the
effect of proton donadn from the protein We found that G and Sprotonation stabilize and
destabilizethe Si N bond, respectively. We evaluatétk electronic structures of the protonated
isoforms of CHSNG: to ducidatethe observed stability/instability dhe SiN bond. Further
investigaton of nitrite releaseby hydrolysisof E-CysNO- in the active site of GAPDH using
guantum mechanics / molecular mechanics (QM/MBbhnique revealedsimilar activation
barriess as shown byhe QM methods

Each subunit of the GAPDH hortmtramer binds thecofactor nicatinamide adenine
dinucleotide NAD™). The tetramer biriINAD™ with negative cooperativity. We carried out

normal mode analysis and molecular dynamics (MD) simulations of GARBBE" to probethe



mechanism of negative cooperativity and define ghunitinteractionsthat contribute to this
phenomenonWe comparedhe dynamicsof GAPDH-NAD*, GAPDH-NADH, andapoGAPDH
andobservedtoncerted motions between subunits of GAPRAD* and GAPDHNADH. These
motions are lost in ap@APDH, indicating tlat NAD* binding induces these dominant and
functionally relevant motionsf GAPDH. We alsandicatedthe changsin the NAD bindingsite
residues and activaite residues that are observedhacrystalstructure of apovs.holo-GAPDH.

Many moonlightingfunctions of GAPDH depend on its oligomeric st simulations are
thus carried oufor the three oligomeric stateetramer, dimer or monomedur study showthat
thedimer and monomer are less stable tti@tetramerandfunctionally important mabns are
centered otheNBDs in tetramer and dimdbutthey are centered dhe Sloop in themonomer.
The importance othe dynamics of the $oop are highlighted. Thislisorderedoop in the dimer
and particularly monomer couldpromote binding of the GAPDH dimer and monomer with
multiple protein partners taffectdifferent functions.

We modeled GAPDH antthieseven in absentia homolog 1 (Siahl) prof@iotein interactions
By investigaing complexformationbetween thalifferent oligomeric states ofaeh protein we
show thatthe GAPDH monomer bindsnoretightly to Siahl1thanthe GAPDHtetramer Thus,
GAPDH monomer could stabilize Siahl and the complex could be translocated to the nucleus to
initiate apoptosis.

Overal, our study provides molecukevel insighs into novelfunctions of GAPDH. We have
highlightedtheimportanceof thedynamics ofits various structurallomains which contributeto

thedifferentfunctions of GAPDH.
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Chapter 1. Introduction



1.1 Preamble

Glyceraldehyde-phosphate dehydrogenase (GAPDH), weell-known glycolytic enzyme,
catalyze the reversible oxidation and phosphorylationgbfceraldehyde3-phosphateto 1,3
biphosphoglyceratén presence othe cofactor NAD* and inorganic phosphate GAPDH, a
homdetramer, is composed of four-BDa subunitsteferredto as subun#O, -P,-Q and-R. Each
subunit is composed d¥vo subdomainsnamelya NAD-binding domain (NBD; residue-151
and 315335), which adopts a&Rossmann foldand the glyceraldehyd8&-phosphate catalytic
domain (CTD; residue 15214). Each subunit of GAPDH bindsne nicotinamide adenine
dinucleotide KAD*) cofactor?

GAPDH isubiquitousin nature and abundant in cellhisledto investigatios of its various
physiological and pathological functions. GAPDH is now knowra asoonlightingprotein a
si ngl e apilitydotexhibiralemate functions apart from its classical functieor. example,
GAPDH exhibitsacyl phosphatas* and esteras€ activities endocytosi$;” RNA transport:®
DNA replicationl® DNA repair!!'? apoptosis®'# and many other physiological functioh¥
GAPDH also is implicated in pathological conditions like cancert®” Al z h e i®®fer 6 s,
Par ki ff€andHousn,t i ngt ss#®s di sease

These multifoldphysiological and pathologicdlinctions of GAPDHmay requireits post
translation modification, oligomerization, protginotein interactionsbinding of cofactorsor
exposure ointrinsically disordered subdomaif$®>?4ariousproteins likeHuntington proteirf®
the androgen recept@f ataxin?® b-amyloid precursoprotein?’ seven in absentia homolog 1
(Siah1)}* GOSPEL?® transferrirt® are knowrto interact with GAPDH. GAPDHsialso known to
interact with RNA%3! andsinglestrandedDNA .32 These proteitprotein or proteimucleic acid

interactions give rise to different functions. Apart frdminteractios with protein partners, eny



posttranslational modifications (PT#) such asS-nitrosation S-thiolation, sulphonation,and
phosphorylation are known to occur in GAPDH.
by altering itsconformation and/ooligomeric states, whichoelld triggera change in cellular
localization angbr interaction with other protein partners, aaltérits reactivity>33

GAPDH alsois a target for the drug design to combat protozoan parasitesdigkemania
mexicang¥ 3’ Trypanosoma cruzl" 3 Trypanosomdrucei®**° and Plasmodium falciparurf*?
These parsites relyon glycolysis for survival in a human host, thus selective inhibition of the
parasitc GAPDH is proposed as an effective strategy to cure diseases cassmth iparasitests
multifold functions andnvolvement indiseasenakesGAPDH one ofthe moststudied enzynme

over the lastlecadeé*3

1.1.1GAPDHG6s role in nitric oxide biochemistry

GAPDH is a known target for nitric oxide (NO), NO donors and reactive oxygen species
(ROS)#4 We observed thastimulation ofisolated humarerythrocytes byglyceryl trinitrate
(GTN), a prodrugjeads to a rapid increase in ATP* a welkknown vasodilator*’ We further
demonstratethat GAPIH interacts withGTN ard releases nitritNO,') and 1,2GDN asmajor
producs*® We found an increase in the rate of GARD&talyzedNO;' release from GTN upon
addition ofNAD*. These observationsplicate GAPDH in the formationof NO2' during GTN
biotransformation. Manyther enzymesare implicated in GTNbiotrarsformation including
cytochrome P450%° xanthine oxidase? glutathione Stransferasé! and mitochondrial aldehyde
dehydrogenase (ALDHZY.

The underlying mechanismof GTN biotransformationare not very well understoodit
producesNO;' and/or NO to rapidly trigger vasodilatiShHowever, he extent of N@ or NO

release from GTN remains the suttjef much debate, as does the relative contribution of these



two metabolites to the vasodilatory effect of GTiNaddition, the reaction mechanism involved

in the enzymatidioactivation of GTN has been debated for a long time. According to a recent
review* there seems to be a consensus thatl @iferacts with smalmolecule thiols or etive-

site thiols in proteinto form an enzyme thionitratde(Cys-NO,) complex.

An E-CysNO:; intermediate is observed the crystal structureof an ALDH2 triple mutant
variantfollowing reactiorwith GTN.>® The three mutation§301S, C303&ndE268Q, arén the
vicinity of the catalytic cystein€ys302. A +4@mu masadduct otheGTN-treated triplesariant
of ALDH2 was observed bynassspectrometrywhich was attributed tine E-Cys-NO- formation
at Cys302 Thus, we speculate that®sNO: is formed upon GTN binding to thecatalytic
Cys152 of GAPDHHowever, the mechanism of€&sNO> decomposition is ndnown Several
pathways forthe decomposition of ECysNO; are proposed based on computationadl an
experimental studies of smaiolecule thionitrate (RSNQ,).52°4%8 No detailed computational
studies have been carried out to rigorously investigate all the proposed pathways.

Depending onhe E-CysNO. decomposition pathway, theatalytic cysteine (Cys152 in
GAPDH) would be chemically modified taysteinedisulfide (Cysl52-Si S-Cysl56), cysteine
sulfenic acid(Cysl52-S-OH) due to hydrolysisor di-thiolsulfinate (Cys152S(O) S-Cys156)
and/or di-thiolsulfonate (Cys152S(QGp)i S-Cys156 due to homolysis Also, these different
pathways of decompositiarquiretheinvolvementof different residuesrhus understanding the
pathway involved in GTN denitration will help us identify thesiduesthat can be selectively
mutated to better undestand the complete mechanism of GTN denitration GAPDH.
Furthermore,E-CysNO.> decomposition could affect the functions and oligomeric states of
GAPDH by alteration ofits activesite. Thus, a detailed understanding of the GTN denitration will

shedlight on thepossiblefate of GAPDH. Alsounderstanding th&TN denitration mechanism



will inform the design of new NO donors that hdgererside effects ando not induceolerance
like GTN.59:60

Oaeet al synthesized smatholecule hionitratesandreported thasomet-alkyl thionitrates
were stablat room temperatur®-®?Recentrystalstructure of aromatithionitratesndicate that
they can be protected from decomposition layge cagdike structure.’3%4 The study ofthe
decompositiorof tertiary butylthimitrate (-BuSNQ) reveas its rapid decompason in aqueous

solutionat neutral pH? These reports raisguestiors about the stability ofhinoitrates.

1.1.2 Cofactor bindingto the GAPDH tetramer

GAPDH is an asymmetric horteiramer(subunitO, -P, -Q, and-R), which is functionally and
structurally a dimer of dimersSubunitO interactswith subunitP,-Q and-R as interaction acss
theP-, Q- and Raxes, respectively. The number of contacts across theaeeiagheorder P > R

> Q. GAPDHOG s theBdD-knbwan &Rossnrarndold, which is highly conserved in all
dehydrogenasé$ The mechanism dAD* binding and subsequent changes in the conformations
of the NBD were examinedin the crystal structures of the a@®APDH (NAD*-free) and hole
GAPDH (NAD*-bound) of Bacillus stearothermophill® The alenosine and nicotinamide
moietiesof NAD* bind awayfrom and close tahe activesite, respectivelyAccording to the
publishedstudy, the adenosine moiety ®AD™ binds first to apeGAPDH because it does not
require any conformational chandgeeveral attractive interactions lead ttwe tight binding of
aderosine moiety, which induces conformational changes to foritine binding site for the
nicotinamide moietglose tatheactivesite. However, this requiredAD* to move deeper into the
activesite and necessitatethermal fluctuations othe enzyme andtofactor to overcome local
energy barriersThese conformational changagatean Hbond betweethecatalyticCys152 and

His179residuesn theactivesite which enhances reactivity. The reactive thiolate form of Cys152



also stabilizes the positively alged Natom of the nicotinamide moiety ofNAD*. These
interactionsadditionallyoptimizethe phosphatéinding site®’

Considering that th&lAD™ bindingsite is mostly conserved iB. stearothermophilugand
human GAPDH/ structural changs induced bJWAD™ in the bacterial enzymmight also occur
in the human enzym@&AD™ binds inthe NBD of human GAPDH with negative cooperativity,
where binding of on&lAD™ decreasethe affinity of the nextNAD™, whichcauses looskinding
of additionaINAD* molecule$®®® However, he strudural details ofNAD™* binding to GAPIM
with negative cooperativity areot very well understood ithe humanenzyme

NADH also binds to GAPDH with negative cooperativity but b@8fold lessbindingaffinity
than NAD*.”® NAD* binding promotes tetramer formatiéhbut NADH binding results in
conformational changebatlead todestabiliation of thetetramer’®"3Also, NBD of GAPDH is
involved inthebinding of nucleic acisf:"*andglutathione conjugate’S:’® NAD* or NADH inhibit
the binding ohucleic acidto GAPDH* Thus,theeffectof NAD* or NADH binding on dynamics

of NBD could help understand the bindimgchaném of nucleic acidto GAPDH.

1.13. Oligomeric states of GAPDH

GAPDH is translated as 37 kDaonomerbut mainly exist asthe tetramer® However, PTMs
could give rise to dimers or monomét<?7® It has een shown that cellular localization and
oligomeric states of GAPDH lead toany ofits different function$®®! For exampé, GAPDH
exhibits dehydrogenase activitythe cytoplasmasthe tetramerSome literature reporiadicate
that the tetramer is the only active form of GAPBHyut a few reports suggest that thendr is
also activé?® The tetramer dissociaténto monomers at extreme péf in the pesence of

chemical denaturants such@sanidine or ure®2+8The monomers and dimers of GAPDH are



implicated intheaggr egati on that contributes to neurod

diseasé® GAPDH monomeris found in cells that are undergoing apoptdsisnd monomeric
nuclear GAPDH is implicated in DNA repai?’

Such literature reports raise various questions about GAPgHIcture and functioWhat
are the structural differences betwdba GAPDH oligomers™How do the different oligomeric
stategpossess different function¥Rere is no detailed understanding of the mechanism of GAPDH
oligomerizationdeoligomerization Understanding the GAPDH oligomerization process and
identifying the amino acids that contribute to the different oligomeric states will primgidgt
into the important physiological and pathological phenomena, including apoptosis and
neurodegenerative @iases involving GAPDH.

Cofactor removal from GAPDH (ap8APDH) increases internal solvation, which signals the
instability of apeGAPDH. Thusgxaminingthe effecs of cofactor binding or removal on tetramer
GAPDH would reveal the importance thie cofacta in theformationof GAPDH tetramer

lonic interactions between the positively char@g&D* cofactor and the negatively charged
thiolate ofthe catalytic Cys152 with a pk. of 6.03,%8 contribute to the stability of tetrameric
GAPDH. Hence, modification of Cys152 can decreasesthigility of thetetramer, giving rise to
monomers, dimers and other dematbGAPDH product§®®° that affect glycolytic function®:
Elucidatingprecisely how these electrostatic interactions influence the stability of each oligomeric
state is critical to understandirtg A P D Hddverse functions. Itsi important toestablishhow
changes in thactivesite control the formation of different oligomers. For example, what regions
of GAPDH are the most flexible, and what interactions are involved in the stabilization of the

dimer or tetramer compared to tm®nomer?



1.2 Objectives and outline

The goal of this thesis is tgain molecular and structural insight nt o GAPDHOs rol e
bi ochemistry and other funct i onGINbiodctivationatd er st a
the molecularlevel, we investigated pathways proposed for decomposition-GlyENO;, the
intermediatdormed upon GTNeactionwith GAPDH. We show that GTN turnover is doubled in
presence of NAD*thus we carriedutmoleculardynamics (MD) simulationsf GAPDHNAD*

and GAPDH-NADH to investigate effeat of the cofactoon the dynamics of thectivesite We

compare the dynamiad holo- andapoGAPDH to identify cofactorinduced dynamic changes

The removal of NAD from the tetramerpromote monomerformation so we examinedthe

dynamics ofthe GAPDHtetramer, dimerand monomer These oligomeric states could play
important role in the moonlighting functions of GAPDH. The role of GAPDH one
moonlighting function, apoptosiss investigated to understand complex formation between
GAPDH and Siah1.

In Chapter 2 of this thesis, we u€HsSNO; as a model compound for-EysNO: to
investigate its decomposition with statkthe-art quantum mechanics (QM) calculations. We
investigated all the proposed pathway$°¢% for thionitrate decomposition using
CCSD(T)//MP2/augcc-pVTZ model chemistry? 8 in the gas phase and solvent effects were
includedimplicitly with the Polarized Continuum Model (PCN)*We specificallyinvestigated
E-Cys-NO. decomposition by reaction witthe anionic nucleophiles OH' and CHS', which
represent activated water molecules and activated thiols, respectively. Geometries and the
activation barriers for CE8NO; decompositionare compared with C¥SNO as amodel S
nitrosothol because ®itrosothiols are welknown NO donas. We also carried out benchmark

calculationsfor CHsSNO, decompositiorwith density functional theory (DFT) methods such as



BLYP and B3LYP and a different basis setvhich are relatively fastp find the best model
chemistry to use iquantum mechanics / molecular mechani@/A/MM) calculations of ECys
NO2 decomposition.

In Chapter 3 of this thesis, we investigate the effect of protonatioth@stability and
electronic structure of CG33NO,.. We usedCCSIOT)//MP2/augcc-pVTZ model chemistry to
investigate the geometry and decomposition of the protonated isomerss8NOHand the
electronic structures of the isomers were evaluated using natural bond orbital @B@xtural
resonance theory (NRTgs well aAIMALL and QTAIM analysis. The results areompared with
those forCHsSNGO, to explain the increase/decrease in the stability of the protonated isomers.

In Chapter 4 of this thesispfactordependenstructural dynamics of GAPD&fe investigated.
We carried out molecular dynara (MD) simulations of GAPDH tetram&rith boundNAD™ or
NADH (GAPDH-NAD* or GAPDHNADH) and apeGAPDH. We usethe CHARMM27 force
field and NAMD2.9% to carry outhe MD simulations. Multivariate statistical analysmincipal
component analysis (PCAJ**%'and crossorrelation analysis (CCA) asused to evaluate the
large MD simulations data. Further, n@mode analysis (NMAY°? 1%was carried out usinifpe
crystalstructure of human GAPDH (PDBUSF)%to investigate the globahotionsof GAPDH
and compared with the MD simulations trajectaries

In Chapter 5, we investigatde dynamicsof the three oligomeric stateof GAPDH the
tetramer, dimerand monomer to understand the conformational changesiuced by
oligomerization or deoligomerization tifetetramer We carried outhesesimulations in presence
of NAD" and evaluated subdomain and subunit dynamics obligemeric states. Wealso
compare the dynamics from MD simulations vitie global dynamics obtained from NMA die

crystal structures



In Chapter 6, we investigated the binding of GAPDH with Siah1 using molecular docking. The
studyevaluategomplex fomationbetween theligomeric states of GAPDHEndSiah1 Molecular
docking was carried out using wedervers and possible docking peseere predicted forthe
tetramer, dimeandmonomerof GAPDH withthe Siah1 dimer and monomer.

In Chapter 7QM/MM calcuations wergerformedo investigate the activation barrier foiEy/s
NO2 decomposition by hydrolysis at tlaetive site of GAPDH. The activesite residues within 4
A of catalytic Cys152, including His179 and Glu3iWere treatedin the QM part using
BLYP/TZV2P-GTH, while theremainingresidues of the protein atlde solvent molecules were
treated by MM using CHARMM force fielt’® We used the CP2K progralff for the QM/MM

calculations.
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Chapter 2. Barrierless nitrite release from thionitrates exposed on modeling

CH3SNO, decomposition: Relevance in nitroglycerin bioactivation
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2.1. Abstract

Organic thionitrates (RSNfPreleasevasoactive nitrite and nitric oxide and are key intermediates
in the biotransformation of organic nitrates like glyceryl trinitrate (GTN). However, mechanisms
of NO;' and NO release from RSNQare controversial. To address this, we performed a
comprehensive higlevel quantum chemistry investigation of RSN@ecomposition using
CHsSNQ; as a model compound. We find prohibitively high activation enthd@plfcid) for Si N

bond homolysis (> 40 k&/anol) or CHkSNG, concerted rearrangement (> 50 kcal/mol) although
the CHS(O)NO and CEHSONO products of these reactions undergo facile homolysis to release
NO (DHYcaic~ 6 kcal/mol). Gagphase hydrolysis of C4NO; by three water molecules to release
NO7' is substantially more favorabl®cac ~ 21 kcal/mol). The most favorable pathways,
however, involvanattackby OH or CH:S' perpendicular to thei$l bond DHYcac~ 17 kcal/mol)

or barrierless attackDHcaic ~ 0 kcal/mol) along thei®N bond to relese NQ'. Reactions with

the anionic nucleophiles model attack by an activated water or a neighbgsitegnateon an
enzymebound RSNQ@ (EiCysNOy), the intermediate implicated in GTN enzymatic
bioactivation. In sum, our calculations predict biologicalhable pathways for RSNO

decomposition with N@ releaséut not with NO release.
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2.2. Introduction

Organic nitrates are used in the treatment of heart distasascer pain managemefs,
osteoporosid? neuropathic pait® and as NGNSAIDs (nitric oxide-donatingnonsteroidal anti
inflammatory drugs}** Nitroglycerin (or glyceryl trinitrate; GTN) has been widely used as a
vasodildor for over 130 years. GTN acts as a prodrug and undergoes biotransformation to release
nitrite (NQ,') and/or nitric oxide (NO) to rapidly trigger vasodilatiiiThe extent of N@ or NO

release from GTN remains the subject of much debate as does the relative contribution of these
two metabolitesd the vasodilatory effect of GTN. Thatcletral 1*? reviewed evidence for NO or

NO;' release from GTN and discussed the reactions of organic nitrates with thiols. They suggested
mechanisms for NO generation in these reactions, including the formation of an organic thionitrate
intermediate, which was proposed over 30 years ago by Yetdes® GTN decomposition by
various enzymes witleatalytic Cys residues, including mitochondrial aldehyde dehydrogenase
(ALDH2) and glyceraldeyde-3-phosphate dehydrogenase (GAPDH), gives'Ndius 1,2 or 1,3

glyceryl dinitrate (GDN) as product&>>!4For example, we reportetthat in the presence of
dithiothreitol (DTT) to regenerate the thiol form of dstalyticCys, GAPDH catalyzes the release

of NO;' and 1,2GDN from GTN* Based on the observed products, a consensus emerges that an
enzyme bound thionitrate [Eys NOy) is an intermediate in organidtrate decomposition by
cysteine nitrate reductasssch as GAPDH?

From their synthesis of variousw-molecularweight aromatic and aliphatic thionitrates
(RSNQ), Oaeet al. reported that only-alkyl thionitrates are stable at room temperaftifé.
However, the crystal structure of an aromatic RaW@s recently reportétf andthe E-Cys-NO;
group also was observed in the crystal structure of an ALDH2 varidhese findings suggest

that RSNQ are viable intermediates in rate biotransformation.
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Figure 21: Proposed pathways for thionitrate (RSIN@ecompositionto NO,' and NO.525658.113.116
Hydrolysis by H,O or OH (activated water) as well dkiolysis by Ri' S’ (smaltmolecule thiolate or a
proteinbased cysteinate) relea®.’. SiN bondhomolysisin RSNQ produces highly reactive radicals
that recombine to give RSONO (sulfenyl nitjiter RS(O)NO ¢ulfinyl nitrite) and QN or S N bond
homolysis respectivelyreleaseNO. Alternatively,concerted rearrangementof RSNQ could generate
RSONQ In thiswork, we examine these pathways for R =:CH

Several mechanisms for RSh@ecomposition have been proposéef °&113116including
homolysis hydrolysis and thiolysis (Figure 21). For instancehomolysisof the SN bond is
implicated in the rapid decomposition tbutylthionitrate (RSN@ R= t-Bu) to RS(O)SR,
RS(@®)SR and NG® The mechanism of HSNOand CHsSNO. decomposition also was
investigated with quantum chemistry calculations. The MP4SBE&UG*//MP2/631G*

activation free energy barrieDG’cad for the rearrangement of HSN@ HSONO is 55.3

14



kcal/mol?® while the MP2/6311+G** activation enthalpy barrieDHYcai) for homolytic cleavage
of CHsSNQ; to CHS' + TNO: is reported to be 33.3 kcal/mdf Another computational
investigation of CH3SNO. decomposition with ROCCSD(T)//HF®L1+G* yielded similar
results for thdvomolysisand rearrangement pathwaysThus, the reported corafational studies
suggest that RSNQIecomposition vidnomolysisis not favorable.

Although NO release from RSNMas been the focus of theoretical work to date, various
experimental reports suggest that N@ the main product formed upon the decompmsibf
organic nitrates by proteibased thiols as seen in the catalysis of GTN decomposition by
ALDH252%8 and GAPDH*® A study onthe hydrolysisin an alkaline solution of an aromatic
thionitrate within a bowkhaped steric protection group (B produced a stable sulfenic
acid® consistent with the release of N@Figure 21). Also, the reaction of glutathione (GSH)
with peroxynitrite (ONOO) is reported to give GSNOwhich forms N@ and GSSG on further
reaction with GSH, pointing to thiolysis as a \&tpathway for RSN decompositiort!®
Interestingly, the GSNgH* ion is found to be stable to fragmentation in ESI/MS/MS
experiments®which suggests that some RSN®ight be more stable than assedr®-113

In order to rigorously examine the proposed mechanisms of NO asidéléase from RSNO
and to address the confounding issue of R&#ability, here we report a comprehensive quantum
chemical investigation c€HzSNO, decomposition to N& or NO via homolysis, hydrolysisand
thiolysis Figure 21). We also consider the reaction of MO, with OH' to approximate a water
activated by Hbonding in theactivesite of an enzyme such as GAPDtthereaghe attackon
CHsSNQ; by CHsS' serves to mdel thiolysis by an activated Cys residue, which likely occurs in
ALDH2. Throughout, we contrast GANG, and CHSNO decomposition since-18trosothiols

are wellcharacterized NO donors.
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2.3.Computational Methods

Molecular geometries of the reactantspdarcts and transition states (TS) were optimized with
secondorder MgllerPlesset perturbation theory (MP2)° and the augcpVTZ augmented
correlationconsistent basis s&tVibrationalanalysis was performed to confirm the nature of the
stationary points (energy minima, TS) and to estimate thermodynamic properties under the rigid
rotor-harmonic oscillator approximatiof?® while Intrinsic Reaction CoordinatelRC)?1?2
calculations were performed to unambiguously connect the TS to reactants and produces. Hartre
Fock wavefunction stability tests were performed for all intermediates and transition states and
confirmed the absence of opshell character. Electronic energies were further refined at the
Coupled Cluster with Single, Double and perturbative linedrizeple excitations [CCSD(T)]

level of theory?>®¢ Calculations were carried out within the restricted wavefunction formalism,
except in the case of (ogeshell) radicals where the unrestricted formalism was employed (spin
contamination was checked for and fouldbe insignificant). Solvent effects were included
implicitly with the Polarized Continuum Model (PCRif8using dielectric constants of 4, 30 and
78.4 to represent diethyl ether, methaaoldwater as solvents. The Gaws922 program was

used for all calculations.

2.4. Results

2.4.1.Model compound selection

HSNQ,;, CHsSNO», andt-BuSNO, were considered asadel compounds for Cy8lO2, which
itself is deemed representative of the thionitratermediatén an enzyme (ECys NO») such as
GAPDH and ALDH2. The calculated geometrieHENO,, CHsSNOy, t-BuSNG,, andCys NO-

are shown irrigure 22 while selected geometric parameters and charge distributions are collected
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in Table 21.The geometries of all four compounds exhibit similalN®ond lengths (1.776.785
A), which arein good agreement with the observeilNSbond lengths (1.780.790A) in the
recently published crystal structures of behlbped aromatic thionitrat€$:'?*However, the H

Si N angle of HSNQ@(92.79°) is 6- 12 ° smaller than theifSi N angle in RSN@(98.87105.15
°), which is close to the angle (100-437.9°) observed in the Bp§NQG; crystal structurest>124
Also, the partial charge of sulfur is significantly less positive in H5({@Q47) than in RSN©
(0.432- 0.470). Furthermore, we observed in the gas ptiegdHSNQ easily transfers a proton
from sulfur to a nearby nucleophile (data shbwr), which is not possible for RSNOHence,
based on geometry, charge distribution and reactivity, HI8I@ot a goodnodel for the larger
RSNQ. CH3SNO, t-BUSNG;, andCys NO> exhibit similar structural properties, 8@ selected
CHsSNO: as the smallest model compound to investigate the stability and decomposition of

RSNQ, including B Cysi NO-.

0.247

92.79

J
HSNO, CH,SNO, t-BuSNO, Cys

Figure 22: HSNQ, CHsSNGO,, t-BuSNG, andCys NO, gasphase molecular geometries optimized with
MP2/augcc-pVTZ. The H/R Si N angle (degrees),and the partial charge on the sulfur atom are indicated.
Note that in each structure the H& NO, atoms are in the same plane anel barrier for rotation around

the S N bond is ~8 kcal/mol (seext). In the plane of the okecule nucleophiles can attack the sulfur atom
along the BN bond or perpendicular to this bond eithns (top attack) ockis (bottom attack) to the R
group. Atack perpendicular to the molecular plane is not favored due to electrostatic repulsion with the

sulfur lone pairsKigure S21). O1 and O2 refer to oxygen atomnansandcisto R-group, respectively
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The O SiNO, atoms of CHSNG; in Figure 22 are in thesame plane, which also has been
observed in the crystal structures of bahhped aromatic thionitratés!'>124The barrier for
rotation around thei® bond is calculated to be 8 kcal/mol, which restricts ratadibthe nitro
group out of the plane. Also, the electrostatic potential map feBNB, (Supporting Information
Figure S21) reveals that nucleophilic attack on the sulfur atom occurs initBEND; plane to
minimize electrostatic repulsion between the nucleophile and the sulfur lone pairs perpendicular

to this plane.

Table 21. Geometric parameters and charge distribution for RSNO

Bond lengths (A) Angle (°) |Atomic partial charges
RSNO2

SIN NiO1lb NiO2b H/CISIN | S N Olb 0O2b
HSNO2 1.785 1.222 1.220 92.79 0.247 0.497 -0.429 -0.433
CH3SNO2 | 1.776 1.225 1.223 98.87 0.444 0.482 -0.438 -0.448
t-BuSNO2 | 1.776 1.226 1.224 105.15 0.432 0.487 -0.439 -0.458
Cysi NO2 1.779 1225 1.224 99.83 0.470 0.490 -0.433 -0.470

aGeometries are optimized with MP2/acgpVTZ in the gas phase and partial charges calculated with the Natural
Bond Orbital (NBO) module as implemented in Gaussian09.
b SeeFigure 22 for the definiton of O1 and O2.

2.4.2.Decomposition of CHSNG; by homolysis

The two pathways investigated f6GH:SNO. decomposition by homolysis are shownFigure

2.1. Direct homolytic cleavage of theH:SNO- SIN bond gives the highly reactive nitrogen
dioxide (NO,) andthiyl (CHsS") radicals, which would recombine to form sulfen@H:SONO)

or sulfinyl (CHS(O)NO) nitrite. Homolytic cleavage of the (S)®bond inCHzSONO or the

N bond in CHS(O)NO would then generate the nitric oxi#éd) and sulfenyl (CESO) radicals.
Alternatively, CHs;SNO, may rearrange t€HsSONO via a concerted mechaniS$hkiThe profile

for these reactions is shownRigure 23 along with selected molecular geometries. The calculated
SiN bond length inCHsSNO: (1.776 A) matches the experimental value of 1-728090 A
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observed for aromatic RSN®y X-ray crystallography*>*2%andDHYcaic for CHzSNO, homolytic
cleavage tdNO, andCHsS*is 426 kcal/mol in the gas phase. The concerted rearrangement of
CHsSNOz to CHsSONO s less favorable, withHYcac = 51.7 kcal/mol. Our transition state (TS1)
and reaction profile for this rearrangement are consistent with previously published Tefdérts.
We performed further energy refinement with CCSD(T)facgVQZ//MP2/augcc-pVTZ but

the activation barriers for i® bond homolysis or rearrangement @:SONO (Supporting
InformationTable S21) change by only ~1 kcal/mol upon extension of the basis set to quadruple
zeta quality. Hence, energy refinement is carried out with a triple zetmd# hereafter for the

sake of computational efficiency.

CH5SNO, Ts1 CH,Se + *NO,
51.7 9 @
50 Concerted (53.1) |+ @
178 ] %‘“ rearrangement & @J @ CH;50+ + *NO
: 122 £ s0 426 9@
44
J . 8 Homolysis (44.2) + . ’
o 40_ ’,' .
98.87 :: , J‘J
o
Jd @ 301 9 138
> 7@ (13.6)
TS1 © 207 L2 —
= L 82
8 101 S 00 3 ‘
1.95 & ST S0
3075 132 04  ——t e (68) | @0
' CH,SNO, cH,s0N0  CHSS(OINO
121.90 10 T T T T T — F

I Intrinsic reaction coordinate (amu'2 A)

Figure 23. Modeling CHSNG, homolysis and its rearrangement @H;SONO and CHS(O)NO.
Geometries are optimized with MP2/acgpVTZ in the gas phas&he vertical axis represent#P2/aug
cc-pVTZ relative energies with respect to the reactants. Indicated on the graphgath@r DHYcai for

TS) values calculated with CCSD(T)//MP2/acgpVTZ in the gas phase and tbEcacthat further include
solvent effects with PCMvater are in parentheses. Energies/enthalpies in kcal/mol, distances in A and

angles in degrees )
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The most stable conformations GH3SONO and CHS(O)NO lie 78 kcal/mol higher in

enthalpy than theieHsSNO: precursor. Their weak elongated ($)0(2.10 A) and BN (2.43 A)

bonds can undergo homolytic cleavage to releaseSOMaNd™NO with a modesDHcarc = 6

kcal/mol. Note that the CG#$0"+ NO products lie 13.8 kcal/mol higher in enthalpy than the

CH3SNQO, reactant, indicating th&O release is endothermic but significantly less so than direct

NO:; release (42.6 kcal/mol) from GENO..

Table 22. Activation barriers DHYca; kcal/mol) of CHSNGO, decomposition by SN bond homolysis,
hydrolysis, reactiowith OH' and CHS'

CCSD(T)//MP2/aueccpVTZ?

CCSD(T)//IMP2/augcc-pVTZ(PCM-watery

Homolysis Hydrolysis Reaction with  Reaction with  Reaction with
(3 H0 top) OH' (top) OH' (bottom) CHsS (top)
Gas phase 42.6 20.9 ~C ~C ~C
PCM &=4436 20.7 9.0 22.3 12.9
PCM &=3442 20.6 16.1 28.4 17.0
PCM &=7 442 20.6 16.7 28.9 17.3

aGasphasemolecular geometries are used to calculiié..c values fornomolysis(Figure 23) and hydrolysis
(Figure 24a,bandFigure 25). Solvent effects are included using PCM with dielectric consfafits
diethyl ether (4), methanol (30) and water (78.4)
bMolecular geometries for reactions with Offfigure 26a,b) and CHS' (Figure 27) are calculated in PCiater.
4DHYcac~ O for the reaction of C}$NO, with OH and CHS' because the ions are unstable in the gas phase.

correspondir

The DHcarc values of the reactants, intermediatasd products with the inclusion of implicit

solvent are reported iRigure 23 for PCMwater and those evaluated with varying dielectric

constants are collectedTrable 22. TheDHcacvalueschange by < 1 kcal/mol when solvent effects

are considered adHYcacfor direct $ N bond homolytic cleavage or rearrangeme@kSONO

or CHsS(O)NO increases by ~1.5 kcal/mol. Thus, solvent effects are negligible despite the large

increase in the dipole moment@HsSNO: from 4.44 D in the gas phase to 5.61 D in R@ister

since a similar trend is observed for all chemical species (SuppémformationTable S22). In
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summary, NO release fro@H:SNO> via homolysis is unfavorable since it requires steps with

prohibitory high activation barriers in the gas phaseiarsblvent

2.4.3.Decomposition of CHSNQO, by hydrolysis

The products ofCH3SNO: hydrolysis are HONO and GHOH (igure 21). The calculated
profiles for the reaction d@H3SNO; with a single water molecule are displayedrigure 24a,b
along with selected molecular geometries, while activation barriers are colleciadblan 23.
Water can attack the sulfur atom from the top of th&GIO. plane Figure 22) to give TS2t
(Figure 24a) or from the bottom of this plane to give H$ZFigure 24b). Both pathways are
characterized by prend postreaction complexes lying-5 kcal/nol lower in enthalpy than the
reactants and products. Both F82nd TS2b exhibit an elongatedi 8l bond (2.32 and 2.12 A),
a relatively short 8O(water) separation (1.96 and 2.03 A), and an elongated wakéh6nd,
consistent with their role as precursdo the CHSOH and HONO products. The reaction is
endothermic by ~8 kcal/mol aridHYcac is large, 50.0 and 45.2 kcal/mol ftive top and bottom
attack, respectively. As observed fommolysis the inclusion of implicit solvent effects haa
negligibleimpact on theédHYcac values Table 23).

Hydrolysis and watemediated reactions often involve proton shuttle between multiple water
molecules. Thusthe inclusion of additional explicit water molecules can significantly alter a
reaction profile by forntig stabilizing hydrogen bond& 13° so CHzSNO; hydrolysis also was
investigated with two to four water molecules. Interestingly, two water molecules form a ring with
CH3SNO: in top attack (TS, Figure 25, Figure S2.2a)abut, due to stericonstrairns enforced
by the methyl groupthe second water acts as a spectator in bottom attackTFe@ure S22b).
Similarly, due to steric constraints imposed by the methyl group, the react@H:8NO, with
three and four water molecules occur from the top of il RO plane only. TS geometries with
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one to three water molecules are all consistent thighformation of CH:SOH and HONO as

reaction productsHigure 24a,bandFigure 25) butDHYcacc drops by 16 kcal/mabn going from

two (37.2 kcal/mol) to three water moldes (20.9 kcal/molTable 23). A slight increase occurs

when a fourth water (estimat@H.ac of 22 kcal/mol, Supporting Informatiohable S23) is

introduced, indicating that three water molecules provide optimum ring strain and hence the lowest

activation barrier.

(a)

TS2-t

1.33
196, @L09
7

232

77.09
(b)

°
£
T 401
=
3 304
—
[+
c
[} 20
2 76
F 0l (9.1)
- 10 e —
& 0.0 CH,SOH
0 w—— +HONO
CH,SNO,
-104 +H,0
rya /L
YFa T T T 7/
5 25 0 25 5
Intrinsic reaction coordinate (amu'2 A)
TS2-b
45.2
(46.7)
50_
S 40
E
3
< 307
>
3 o @ 7.6
g 207 . @ (9.1)
@ J.'f’ ! | —
2 10+ "~ CH,SOH
© +HONO
° 0.0
[ Qo =
CH.SNO, ™
-104 +H,0

/L y
7 /

fam T T T T T g —7
-10 75 5 25 0 25 5 75

Intrinsic reaction coordinate (amu'? A)

Figure 24: Modeling CHSNGO; hydrolysis by one water molecuM/ater attack fronthe (a) top and (b)
bottom of the €SI NO; plane of CHSNG,. See caption® Figure 22 andFigure 23 for details.
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Table 23. Activation barriers PHcar, kcal/mol) for CHSNO; hydrolysis®

1HO 1HO0 2HO 2HO0 3H.O
top bottom top bottom top

Gas phase 50.0 45.2 37.2 39.9 20.9
PCM &= 528 463 384 424 20.7
PCM &= 541 467 38.9 433 20.6
PCM &= 543 46.7 38.9 434 20.6

aDHY¢qc calculated with CCSD(T)//MP2/aug-pVTZ for gasphase geometries. Solvent effects are included with
the PCM model and dielectric constats)) f or di et hyl ether (4) methanol (30

TS4 t

J 1.40

2.02

92.59

2 H,0 37.2 3 H,0 20.9

Figure 25: Transition state in modeling GENG, hydrolysis by two and three water moleculéter

attack from the top of theiGi NO. plane. See captionis Figure 22 andFigure 23 f or deHeai | s. Tl
values (kcal/mol) indicated under each transition state structure are calculated with GG8EX/Bug

cc-pVTZ in the gas phase.

2.4.4.Decomposition of CHSNG; by reaction with OH

As mentioned above, water can be activatedienucleophilicattack in enzymactivesites
by hydrogerbond donation to neighboring residues. Thus, to mimic hysiolyith a highly
activated water, we examined the @EHsSNO; reaction. Due to the questionable relevance of
the results from gaghase calculations fanonic speciegFigure S23a), thereaction profiles for
OH' attackfrom the top and bottom of ti@ Si NO, planearecharacterized in PCMvater Figure
2.6a,b. OH attackfrom the top Figure 26a) or bottom Figure 26b) of theCi Si NO2 planeis
highly exothermic DPHcac = -25.4 kcal/mol), but not as much as in the gas phase. Attack from the

bottom (TS5b) or top (TSE) of the G Si NO2 plane gives a transition state with an elongated S
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N bond and a nasceni @ bond that is a precursor for @OH and N@ formation Figure
2.6a,b). However, the barrier for attack from the t@{cac= 16.7 kcal/mol) is remarkably lower
than that from the bottonDHYcac= 28.9 kcal/malFigure 26a,bandTable 22), which we attribute
in part to distortion of the ICSI' N angle. Relative tthe CHSNQO; reactant ffigure 22), the G Si
N angle is compressed by only 20 ° in iS&ut expanded by 37 ° in TSb Additionally, TS5t
has a stabilizing OHONO bond which is absent in T$6 Since OH attack from the top is 4
kcal/mol more favorable than hydrolysis with three water moleculebl¢ 22), RSNQ is
predicted tdbe less stablevi t h 1 ncr easi ng aptikesiteclose toman activatedn z y me
water molecule.

Attempts to locate a TS foneattackof OH' alongthe § N bond with an @w--- Si' N angle
of ~180 ° were unsuccessful. Thus, we calculated the potential energy curve (PEC) by scanning
the distance betweenddi)---S, while relaxing the geometry. Theartd PEC reveals barrierless
attack along thei®N bond (Figure.6c¢), which explains why we failed to locate a TBe O(OH
)---S distances are 1.6, 2.3 and 3.8 A inlAB5-1 and C5l complexes, respectively. The NBO
charges of these structures show argh transfer from OH-0.984 t0-0.433) to NQ' (-0.483 to
-0.986) going from C%to A5-I (Table S4). NBO analysi®eveat an NBO interaction betweea
lonepair of o1’ a n d  Ti)w(tiSstabilization energy of 50 kcal/mol for structure-BF able
S2.5 and Figure 3.4), which destabilizes thei 8 bond. This NBO interaction is absent in-A5
and C5l. Thus, the charge transfer from Oté NO;' with SiN bond breaking favored due to
strong interactions betwe@rone pair of OH and sulfur makes the attaok OH' alongthe S N
bond barrierless. Alstheelectrostatis ur f ace s h o ws -holepoa the stulfuratem ¢c har ¢
in CH3SNGO,, which favorsabarrierlessattack of anionic nucleophile along theNsbond (Figure

S2.1).
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The barrierless attack of Oldlongthe SN bond was further confirmed by QM simulation of
CHsSNQO; and OH complex. We started QM simulation withdd)---S distance of 3.8 A and
relaxed geometry of the complex by following the negative energy gradient using our own code,
which uses @ussian09 for geometry optimization (Figu&5}. The calculation was carried out
using MP2/6311+G(d,p)(PCMwater) and further energies were corrected for selected geometries
with CCSD(T)/auegcc-pVTZ(PCM-water) (Figure 3.5a). It reveals similar reactiazoordinates

as seen with relaxed PEC (Figur23h-d vs Figure2.6c).

2.4.5.Decomposition of CHSNQ; by reaction with CHS'

Proteinbased thiols, particularly those involved in enzyme catalysis, are frequently in an activated
thiolate form*3%133 Accordingly, the reaction dEHsSNO, with CHsS' was investigatedRigure
2.1). Because this reaction also invoha®onic species, the ggshase profile reveals a highly
exothermic reactionDHcarc -29.5 kcal/mol) alongvith the pronouncedstability of the pre and
postreaction complexes and no activation barfegre S23b). Therefore, we also characterized
the CHS'/CHsSNQ; reaction profile and stationary points with P@dater Figure 27). SN
bond elongation andaptial disulfide bond formation characterize FS&s a precursor of the
products, CHSSCH and NQ'. Notably, DHYcacin PCM-water for attack from the top of ti@i

Si NOz planeby CHsS' and OH are very similar (~17 kcal/moFable 22). Although CHS' is a
stronger nucleophile than OHresumably S5+t is stabilized by the Hhond interaction between
OH' and the ONO moietyRigure 26a).As seen for OH attack of CHS alongthe S N with an
S--S-N angle of ~180 ° is barrierless (Figl®@b). The Grss)---S distances are 2.0, 2.8 and 3.5
A in structures Ad, B6-1 and CB6l, respectively. As similar to OHthis barrierless attack also
involves a charge transfer from €#i (-0.975 t0-0.018) to NQ' (-0.493 t0-0.990) going from

C6- to A6-l (Table S6). The NBO interaction betwearone pair of Srzs' a n d i) hasS
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stabilization energy of 42 kcal/mol for structure-Bévhich favors the barrierless attack (Figure
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Figure 26: Modeling thereaction ofCH;SNO, with OH' where the nucleophile attacks from the (a)dop

(b) bottom of the €SI NO; planeand (c) along thei®N bond (see Figure 2.2Panels (a,b) show IRCs,
whereas panel (c) shows the relaxed potential energy curve (PEC) calculated f@theSdistance
scan. Geometries are optimized with MP2faogpVTZ(PCM-water). The vertical axis represents
MP2augcc-pVTZ(PCM-water) relatie energies with respect to the reactants. Indicated on the graph are
the DHcac (or DHYcae for TS) values calculated witt€CCSD(T)// MP2/augcc-pVTZ(PCM-water)
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the relaxed PEC calculated for tBe-S distance scan. See captiaagigure 22 andFigure 26 for details.

2.5. Discussion

2.5.1.Si' N bond homolysis and concerted rearrangement in RSNO

Homolytic deavage of the 1IN bond inCHsSNO; is unfavorable PHYcac = 42.6 kcal/mol). The
previously reported MP2/811+G** DHYcaic values (33.3 kcal/mal)? and ROCCSD(T)//HF/6
311+G* (38.3 kcal/mobt” underestimate the stability of thé 6 bond in CHSNG; as higher

level model chemistries predict higher activation enthalpies. The preserphases
CCSD()//MP2/augcc-pVTZ calculations provide one of the best estimates of this barrier, which

increases only slightlyDHYcac = 43.9 kcal/mol, Supporting Informatiofable S21) upon
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extension of the basis set to quadruple zeta quélgyce the prohibitiveomputational cost of
such calculations is not warranted. Notably, Db cac for SiN bond homolysis ifCH3SNO; is

10 kcal/mol higher than that calculated with CCSDBFIR/CBS for the corresponding
nitrosothiol, CHSNO OHYcac = 32.4 kcal/mol):3* Also, an experimentdDH? of ~ 25 kcal/mol

has been reported foi 8 homolysis in-BuSNO*®suggesting that RSNO are considerably more
labile than RSN@ but a comprehensive experimental examination of their relative stabilities is
lacking.

As reported previous8E the barrier for concerted rearrangement 08RO, (DHY caic= 51.7
kcal/mol, Figure 23 and Supporting Informatiofiable S21) is too high to be of biological
significance Hence, given the high barrier for @NO, homolysis, the biological relevance of
CH3SONO and CHS(O)NO formation Figure 21) also is questionable. Nonetheless, Didtaic
for theCHsSONO intermediate (8.2 kcal/mdtjgure 23 and Supporting Informatiohable S21)
is comparable to the MP2&L1+G** value (7.5 kcal/mol)*? CHsSONO and CHS(O)NO were
previously found to be isoenergetifdand we f i nd a kehlimolfinethreieDAlgce o f
values. For homolysis of thef®@ or S N bond to releas®O and CHSA(Figure 21), the reported
MP2/6-311+G** DHYcaicis ~13 kcal/moki2 while we estimat®HYcac ~ 6 kcal/mol Figure 23),
suggesting that NO release ieagetically more favorable than previously reported. Thus, the high
barriersfor their formation combined with their low stability would explain why RSONO and
RS(O)NO havenotbeen isolated during RSN@ecompositior$>18Overall, the higtDHYcaic for
homolysisand rearrangement suggest that RSBI@ stable at room temperature as reported for
t-BuSNQ. This compound decomposes only above 100° to give the disulfide (RSSR) and thiol

sulfonate (RS(®SR)®!
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2.5.2.Hydrolysis and thiolysis of RSN

DHYcarc for gasphaseCHsSNO: hydrolysis by one water (45.2 kcal/mdtjgure 24b) is ~3
kcal/mol higter than that foSi N bondhomolysis(42.6 kcal/molFigure 23). However, adding
three water molecules lowers the barrier to ~21 kcal/fgufe 25 andTable 23), making
hydrolysis considerably more favorable th&omolysis and more in keeping with the
experimentally observed hdife of ~10 min fort-BuSNG in aqueous solution at neutral §H,
and alkaline hydrolysis of stericalprotected BpeSNQ; to the sulfenic acid within 10 mitf.
Examining the structures in Figurdgab andFigure 25, we notice that the transih states with
one and two water molecules are highly strained with large deviations inkhigo&dlength(0.5
and 0.6 A) and CSiN angle (21 and +16 °) from the GISNQ; reactant FFigure 23), which
would explain the high activation barrietta. contrast, the $N bond and CSIN angle in the
transition state structures with 3 water molecufégure 25) deviate much less from their values
in the CHSNQ; reactant. Thus, reduced strain and reorganization significamr the DHY caic
for hydrolysis Table 23).

Notably, DHYcaic (45 kcal/mol) for hydrolysis of the correspondingigosothiol, CHsSNO, to
HNO and CHSOH by two water molecules is ~8 kcal/mél higher than that for C¥$NG;
hydrolysis (37 kcal/mol). Thus, the propdssulthydryl pathway for NO generation involving
RSNQG reduction to RSN&3136would be energetically more favorable if RSNO undergoes
homolysisbut not hydrolysisAlso, the experimentally observed depression of NO release from

GSNQ in the presence of GSH confirmsthat thiolysis competes witlomolysis
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(a) \. ¢ His179

Glu317

Figure 28: Active-site of GAPDH and ALDH2.(a) Catalytic Cys152 is converted to GyNO; on the
reactionof GAPDH with GTN#® Glu317 is positioned to activate a water molecule for nucleophilic attack
on Cy$ NO; but Cys156 is too far away to attack Cys152.GhjalyticCys302 is converted to GyNO,

on the reactionof ALDH2 with GTN.>® Either Cys301 or Cys303 is positioned to attackiG¥3, and
Glu268 alsactivatesa water molecule for possible hydrolysis. Distances (black font) in A.

The barrier is lowered further bipp attack of OH or CHS' on CHsSNO, (DHYcae ~17
kcal/mol, Table 2.2). However, when the nucleophile attacks along théo&nd, the activation
energy dramatically decreases to 0 kcal/mol (Figure 2.6¢ and FigureRavb)ableelectrostatic
interaction bawveen the nucleophile and teehole on the CEBENG, sulfur atom gives rise to this
somewhat unexpected barrierless pathway. Notably, the rapid decomposition-SNBpdn
alkaline solution and its stability in aqueous acetic &ticbrroborate arrierless hydrolysis by
OH' but not HO. The sulfenic acid prodedon RSNQ hydrolysis is unstable and may undergo

further reaction depending on the experimental conditit/s.

2.5.3.Decomposition of ECys NO2 in GAPDH and ALDH2

NO7' release from ECys NOzin GAPDH is likely catalyzed by a water molecule activated by

conserved Glu317 at ~6 A from the catalytic Cys152 (Figure 2.8a). Hence, based on our
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calculations, the barrier for NOrelease from ECys NO. should fall within 621 kcal/mol
depending on thextent of activation of the water molecule as well as its line of attack on the
sulfur atom. The efficacy of GTN turnover by the Glu317GIn variant of GAPDH, which remains
to be investigated, should indicate the importance of water activation.

Theactivesite of ALDH2 possesses three potential nucleophiles, Cys301, Cys303 and a water
molecule activated by Glu268 (Figure 2.8b). ALDH2 variants with these residues singly, doubly
or triply mutated exhibit significant loss of GTéenitratingactivity,>® indicating that all three
residues are somehadmvolved in catalyzing N@ release from GTN.

Both GAPDH and ALDH2 catalyticallgenitrateGTN in the presence of a reducing substrate
(e.g., dithiothreitol) This will reduce the sulfenic acid or disulfide formed muncleophilicattack
on B Cys NO: (Figure 2.1) back to the thiol. Since ALDH2 turns over GTN (38 nmol rmimgf
11381 0-fold faster than GAPDH (2.6 nmol mirmg 1)*® and our calculations uncover a barrierless
pathway for N@ release (Figure 2.6¢ and Figure 2.7b), we speculate ti@xsENO, formation
may be rate limiting in the enzymes.

Rearrangement ofiEEysi NO- to sulfenyl nitrate with subsequent NO release (Figure 2.1) also
has been proposed for ALDH2 However, given the high barrier we find here for SNQG
rearrangementDHYcac ~52 kcal/mol, Figure 2.3), any ALDH@atalyzed NO relse, which is a
minor pathway of GTN decompositiGh likely occurs via some undefined mechanism that

remains to be unveiled by further investigation.

2.5.4. Benchmarking DFT for future QM/MM calculations.

The present quantum chemistry calculations provide insight into the R®BEIvity in he gas
phase andn solvent Since theprotein environment athe activesite influencesthe activation

barrier for E Cys NO. decomposition, quantum mechanics / molecular mechanics (QM/MM)
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calculations are underway to include neighboring residues in GAFQHre 28a). To that effect,
we compared the performance of computationally efficient dehsitgtional theory in
reproducing the geometry of GENG, calculated with MP2/augc-pVTZ (Table 24). The $N
bond lengths calculated wiB3LYP/6-311+G(d,p) ad BLYP/6-311+G(2df,2pd) are close to its
MP2/augcc-pVTZ counterpart but a smaller basis set tends to predict slightly loineb&ds.
Comparison of the activation barriers famSbond homolysis, hydrolysis, reaction with Oahd
CHsS with CCSD(T)//MPZ2Zaugcc-pVTZ values as reference data indicates tRatYP/6-
311+G(d,p) andBLYP/6-311+G(2df,2pd)reproduce acceptable activation barriers tbese
reaction pathwaygTable 2.5) Thus, as the hybrid B3LYP model is computationally more
intensive than BLYPwe consider BLYP/&811+G(2df,2pd) to be the best compromise in terms
of reliability and computational cost for further QM/MM investigations with large QM zones

centered on thactivesiteand including relevant nearby residues.

Table 24. Selected gaphase geometric parameters for €GO, calculated with different model

chemistries

_ Bond lengths (A) Angle (°)
Model chemistry
SIN Ni 012 Ni 022 CiSIN
MP2/augcc-pVTZ 1.776 1.225 1.223 98.87
BLYP/6-311+G(2df,2pd) 1.860 1.229 1.229 100.1
BLYP/6-31+G(d,p) 1.877 1.238 1.239 99.75
B3LYP/6-311+G(d,p) 1.831 1.214 1.213 99.58

aSeeFigure 22 for the definition of O1 and O2.
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Table 25. Activation barrier DHYa, kcal/mol) for CHSNGO, decomposition bynomolysis hydrolysis,

reaction with OHand CHS' calculated with different model chemistries

_ Attack byC OH Attack by
Homolysis  EoYSis by oo CHS from
bond®¢ top™
CCSD(T)//MP2/augcc-pVTZ 42.6 20.9 16.7(0) 17.3
BLYP/6-311G+(2df,2pd) 35.0 18.2 13.5 12.5
BLYP/6-31+G(d,p) 33.9 14.9 12.3 11.4
B3LYP/6-311+G(d,p) 32.7 20.8 17.2(0Y 17.4

a Activation barriersalculated in the gas phase.

b Attack from the top of th€-S-NO; plane (see caption figure 22).
¢ Activation barriers calculated in PGMater.

d Attack along SN bond is barrierless (0 kcal/mol)

2.6. Conclusions

CH3SNO: is the smallest model compound representative of larger RS as proteibound
Ei Cys NO.. From our investigations using higével quantum chemistry calculations, we find
that directCHsSNO. homolysis or its concerted rearrangement have prohibitively high barriers
(DHYcaic ~ 43 and 52 and kcal/mol, respectively, Figure 2.3). Hence, while faicle ®nd
homolysis in CHSONO or $N bond homolysis in CES(O)NO yield NO DHYcac ~ 6 kcal/mol),
theformationof these intermediates from GENO: is highly unfavorable. Therefore, NO release
from RSNQ by mechanisms proposed in the literature (Figureéz2¢3::3.115s highly unlikely.

In contast, hydrolysis or thiolysis of GI3NO; to release N can be barrierless @itackby
OH' or CHsS'. This explains the aqueous instability of BEINO; at highbut not low pH®* and
the experimental halffe (~10 min) oft-BuSNQ in neutral aqueous solutiGh.In sum, our
findings from highlevel quantmn chemistry calculations are consistent with the low aqueous

stability of thionitrates observed experimentally.
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Decomposition of an enzym®und thionitrate, E2ysNO,, maybe close to barrierlesi$ an
activated water molecule and/or an activated cystsisigitably positioned to attack the thionitrate
sulfur atom. Thus, we speculate that the-laéing step inthe catalysisof GTN denitration by
GAPDH and ALDH2 is ECysNO> formation.Our highlevel quantum chemistry calculations
will serve as a benchark for QM/MM investigations of N release from this intermediate,

which will provide critical information on the biotransformation of GTN atiter organic nrates.

ealy
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Bottom

2.7.Supporting Information

Figure S2.1: Electrostatic potential map of$SNQO, calculated with MP2/augc-pVTZ. The grey arrows
indicate rotation of the structure by @0 give the top and bottom representations or by 18Ghow the

two orientations with the IS NO; plane in the page. The sulfur lone pairs (short black arrows) force
nucleophilic attack in the iGGI NO; plane rather than perpendicular to this plane while thele on the
sulfur atom (short blue arrow) favors attack by ionic nucleophiles alongitieb&d (Figure 2.6@and

2.7bof the main teXt The electrostatic potential range is selected to highlight the lone pairs on sulfur.
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Figure S22: Modeling CHSNG; hydrolysis by two water moleculed/ater attack from the (a) top and (b)
bottom of the €Si NO; plane of CHSNQO, See captions to Figuz2 and Figure2.3 of the main text for

details.
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Figure S23: Modeling the gaphasereaction ofCH3;SNO, with OH and CHS. (a) TheOH' nucleophile
attacks from the bottom* and (thie CHsS' nucleophile attacks from the top.*See captionto Figure2.2
and Figure2.3 of the main text for details.

" The reaction profile for OHattackfrom the bottom of th€i Si NO; planeis shown alongvith selected
molecular geometriesPanel (a) shows that this reaction is highly exothermtbergas phaséHcac = -

41.6 kcal/mol) and the preand postreaction complexes separated by the transition state are dramatically
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more stable in the ggghasehan in PCMwater (Figure 2.6b). A methyl hydrogen has been transferred to
OH' in prereaction complex Ab, which is connected to TS¥via a second intermediate complex {C7

b) where OHis now bound to a methyl hydrogen. Ohiis shifted to the sulfur atom in 87 which
promotes cleavage of thé&$ bond to give the N&)i7 CHs;SOH ionmolecule posteaction complex, B7

b. While the gagphase OHCH;SNO; reaction has a negligibHYc.. relative to the reactants (Table 2.2),
the largeDHYqac 0f 55.1 kcal/mol from the stable preaction complex renders it unfavorafliae inclusion

of implicit solvent shifts the entire reaction profile by ~20 kcal/mol, essentially the difference in the
solvation free energyDGson,cai) of OH' (1 80.5 kcal/mol) and N (i 64.4 kal/mol) in PCMwater (Table
S2.79).

™ Similar to the OM/CHsSNG; reaction, the CES/CHsSNG; reaction in panel (b) also involves ionic
species. Thus,thegash ase profil e reveal s Hac-28.5 kgahrol) alomgwith h e r mi ¢
the pronouncedstability of the preand post eacti on compl exes alHd~Ono act

kcal/mol).

(a)

w
(b) QJ‘ 'e
L
-0.02 0.02
L, I E—

Figure 2.4: NBO interactions showinga) donor orbita(n(O,,;)) and (b) acceptor orbitgli * Ny of

structure B8. n(O,,;) Y 0 * {N$ NBO interactionwith stabilizationenergy of50 kcal/mol, which is

absent in complexes Asand C5I. Chemcraft was used to visualize the orbitald NBOmodue was used

for the calculations as implemented in Gaus$an0
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Figure 2.5: Reaction profile for the attack of Okilongthe SN bond. (a) Potential energy curve
calculated for OHattack along the i3\ bond calculated with MP2/811+G(d,)(PCMwater) (red line)
and selected constrained O(Q+S distance wittMP2/augcc-pVTZ(PCM-water) (black lim). Indicated

on the graph ar®Hcac values calculated with CCSD(T)/awg-pVTZ/IMP2/6-311+G(d,p)(PCMwater)
(red) and CCSD(T)//MP2/aucc-pVTZ(PCM-water) (black). The reaction profile shows the barrierless
attack of 1" alongthe S N bond. The structurgb-d) representhe geometry of reaction coordinates with
O(OH)---S distancéA) of (b) 3.8 (c) 2.3 and (d) 1.71 calculated with MP283.1+G(dp)(PCM-water).
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Figure 2.6: NBO interactions showing (a) donor orbifa{S_,, ;)) and (b) acceptor orbitafi (* Ny of

H3S

o

structure BH. n(SCHss'r) Y G * {N$NBO interaction withstabilization energy of 42 kcal/mol, which is

absent in complexes AGand C6Il. See caption to Figure23!.

Table S21. Relative enthalpiesDHcac or DHYcaic kcal/mol) for CHSNQO, homolysis and concerted

rearrangemertt
CHsSNO, CH:SA +, TS1 CH:SONO CH:S(ODNO CH:sSOA +
Gas phage 0 42.6 51.7 8.2 7.0 13.8
PCM =4 0 43.6 52.6 8.7 7.0 13.7
PCM &=30 0 44.2 53.0 9.0 6.8 13.6
PCM 4£78.0 44.2 53.1 9.0 6.8 13.6
Gas phase 0 43.9 52.0 8.0 6.8 12.4

aSee Figure.3 of the main text for the reaction profile {6H;SNO; homolysis and rearrangement@éi:SONO
and CH3S(O)NO. Geometries are optimized with MP2/ezigVTZ in the gas phas&he DHcaic (0r DHYcac for TS)
values are calculated with CCSD(T)//IMP2/axggpVTZ except where indicated.

® DHcaic/DHYcacin the gas phase.

¢ DHcarc /DHYca1c for thegasphase optimized geometriesICM solvent with dielectric constants) (for diethyl ether
(4), methanol (30) and water (78.4).

9 DHcaic /DHYcaic calculated with CCSD(T)/auge-pVQZ//IMP2/augec-pVTZ in the gas phase.
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Table S2.2 Dipole moments (D) of all reactants, prodyetsdcomplexes

Chemical species Figure! Gasphasé g:(:4|(\:/| gg\é g=C7l\g_ 5
CH3SNO; 2.3 4.44 5.21 5.57 5.61
CHsSONO 2.3 2.87 3.56 3.98 4.00
CHsS(O)NO 2.3 3.55 4.28 4.67 4.96
CHsSA 2.3 1.73 2.04 2.19 2.21
NOA 2.3 0.66 0.74 0.79 0.79
H-0O 24 1.99 2.18 2.27 2.28
HONO 24 2.30 2.60 2.74 2.76
CH:SOH 24 2.15 251 2.71 2.73
2H,0O 2.5 2.65 2.81 2.87 2.88
OH' 2.6 1.50 1.77 1.90 191
NO,' 2.6 0.67 0.78 0.85 0.85
CHsS 2.7 3.53 4.38 4.82 4.87
CHsSSCH 2.7 2.25 2.74 3.00 3.03
CHsSNO:i H20 top TS2t 22a 3.07 3.55 3.79 3.82
CHsSNO:i H20 bottom TS2b 2.2b 6.28 7.43 7.94 8.00
CHsSNO.i 2H,0 top TS3t 25 4.95 5.81 6.20 6.24
CHsSNOsi 2H,0 bottom TS3b S2.2b 6.02 6.97 7.38 7.42
CHsSNO,i OH' top TS5t 2.6a 4.32 4.32 4.76 4.80
CH3SNO.i OH' bottom TS5b 26b 4.45 5.65 6.21 6.27
CH3SNO:i CHsS' top TS6t 2.7 5.66 7.13 7.81 7.88
CHsSNO.i OH' bottom TS7b S2.3a 4.47 5.54 6.07 6.13
CHsSNO;i CHsS' top TS8t S2.3b 5.90 7.30 7.96 8.04

aFigure in the main text that displays the structure of the chemical species.

®Dipole moments calculated withCSD(T)//MP2/augcc-pVTZ in the gas phase.

¢Dipole moments calculated with CCSD(T)//MP2/aaggpVTZ for gasphase geometries with solvent effects
included using the PCM model with the dielectric constagtef(diethyl ether (4), methanol (30), and wa{és.4).
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Table S23. MP2/6-311+G** activation barriersDHYca, kcal/mol) for CHSNO, hydrolysis?

1HO 1HO 2HO 2H.O0 3HO 4HO

top bottom top bottom top top
Gas phase 56.6 51.3 45.7 46.0 26.7 28.0
PCM &=:597 52.5 46.2 48.2 26.4 26.9
PCM& =3 0 60.9 52.9 46.3 49.0 26.3 26.6
PCM &= 610 52.9 46.3 49.1 26.3 26.6

aDHYcac calculated with MP2/811+G** for gasphase geometries (less than 8% deviation in bond lengths compared

to MP2/augcc-pVTZ). Solvent effects are included with the PCM model and the dielectric conétéhis

of

ether (4), methanol (30), and wateB#). The MP2/6311+G** barriers overestimate the€CSD(T)//MP2/auecc-
pVTZ counterparts by-8 kcal/maol; i.e., by 12, 16 and 20R#r hydrolysis by 1, 2 and 3 water molecules, respectively.

The CCSD(T)//MP2/augc-pVTZ barriers for hydrolysis by 4 watenolecules are thus estimated as221kcal/mol

by scaling the MP2/811+G** data by 20%.

Table 2.4. Charge distributiofin the CH;SNQG---OH' complexes

aThestructures A8, B5-I, andC5-| arefrom the PEC calculated witiiP2/augcc-pVTZ(PCM-water). The charges
arecalculated with the Natural Bond Orbital (NBO) module as implemented in Gaussian09.

-S
-NO,'
-CHs
-OH'

A5-| P B5- P C5|P
0.522 0.503  0.472
-0.986 -0.610  -0.483
-0.099 -0.037  -0.005
-0.433 -0.857  -0.984

® The OoH')---S distances are 1.6, 2.3 an@ R in A5-l, B5- and C5l structures, respectively. See Fig@réc for

the structures.
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Table 2.5. NBO interactios in the CH;SNG;, andCHsSNO,---OH' complexes

NBO interac CHSNG -OH - CHSND
A5lP B5IP cslP

n( ©4) Y G *S(N) - 50 - -
n( 01)Y G *S(N) - 14 20 2 4
n( 02)Y G*S(N) - 18 25 29
n( 02)Y G *NfO1) - - - 28
n( 02)Y G*NfO1)192 28 29 -
n( 02)Y ~ *N{O1)23 - - 261
n(S) Y *N{O1)- - - 30
n( O1)Y G *NfO2)24 29 29 29
n(S) Y &*NfO2)- 06 05 04
n( 01)Y ~ *N{O2) - 230 244 -
n(S) Y *N{O2)- 31 40 -

n( &) Y a*C(H) - - 10 -

n( &) Ya*sc) 06 - - -
n( N) Y @ *S(Oo4) 05 - - -

@ NBO interactions calculated using geometries optimized with MP2laygy/TZ. We report the stabilization
of the NBO donor
® The Oon')---S distances are 1.6, 2.3 and 3.8 Athie A5-I, B5-1 and C5l structures, respectively. See Figiéc
for the structures.

energiesE®,

orbital Y

Table 2.6. Charge distribution on G3$NQ,---CHsS' complexes

acceptor

A6l P B6-I ° C6-l P
-S 0.054 0.402 0.488
-NO  -0.90 -0593  -0.493
-CHz -0.047 -0.0%®  -0.020
-CHsS' -0018 -0.770  -0.975

orbital

aThestructures Ad, B6-l, andC6- arefromthe PEC calculated with MP2/auag-pVTZ(PCM-water)(Figure 2.7b)
Thechargesrecalculated with the NBO module as implemented in Gaussian09.
b The ScH,s)---Sdistances are 2.1, 2.8 and 3.5 A inlAB6-1 and C6l structures, respectively. See Fig@réb.
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Table S27. Solvation free energyDGsoicai kKcal/mol) for CHSNG; homolysis, hydrolysisandthiolysis

Homolysis
CHsSNO; CH:SA ANLO TSI CHsSONO CHsS(O)NO CHsS O, ANO
PCM &= -25 -1.1 -04 -16 -2.0 -2.6 -2.5 -0.2
PCM &= -37 -1.6 -0.6 23 2.9 -3.9 -3.6 -0.2
PCM &= -39 -1.7 -0.6 24 3.0 -4.0 -3.8 -0.2
Hydrolysis
HO 2H20 CHsSOH HONO TS2t TS2b TS3t TS3-b
PCM &=.-27 -48 -2.3 -1.9 -2.3 -4.1 -6.1 -4.8
PCM &=:-39 -68 -3.4 -2.8 -3.5 -6.2 -8.8 -7.0
PCM &= -40 -70 -3.6 -2.9 -3.6 -6.4 9.1 -7.3
Reaction with OH'
OH' NO, TS4-b TS5t TS5b
PCM &=:-605 -48.8 -42.4 -40.2 -41.9
PCM &=:-788 -63.1 -56.2 517 -544
PCM &=7-805 -644 -57.6 -52.7 -b55
Reaction with CH3S'
CHsS CHsSSCH TS6t TS7-t
PCM &=.-489 -1.5 -385 -38.9
PCM &=:-647 2.3 -51.1 -50.7
PCM &= -65.8 2.4 -52.3 -51.8

a Calculated with CCSD(T)//MP2/auce-pVTZ usingthe PCMmodelwith the dielectric constantse] for dietyl
ether (4), methanol (30dnd water (78.4).
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Chapter 3. Effects of Protonation onthe Electronic Structure and Reactivity

of Thionitrates: A Computational Investigation of CH3SNGO;
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3.1. Abstract

Thionitrates(RSNQ), active intermediates in nitrate biochemistaye shown to be stable ihe
presence adnacidicenvironmentThus, we investigateitieeffectof protonation on the electronic
structure and reactivity of GI3SNO, asa model thionitrate. We show thaetcomplex electronic
structure ofCH3SNG; calculated witmatural resonance theory (NR@an be explained biyree
resonance structuresth characteristicsvith a singleSi N bond,a doubleS=N bondand $---N*
ionic stucture The contribution of theesonancstructure withdoubleS=N bond characte3 %)
increases upon Protonation (13 %)whereasthe S'---N* structure 6 %) increases upon-S
protonation (42 %). Thisxplairs thealtered $N bond stabilityof to homolysis(~ 43 kcal/mol)
upon Qprotonation~ 90 kcal/moland Sprotonation(~ 30 kcal/mol) Also, our studyshows that

O-protonationis more favorablewhich stabilized®RSNG them inanacidicenvironment.
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3.2. Introduction

The interest irunderstanding the reactivity and stability of thionitrates (R9NPiked recently
after they wereproposed as active intermedmia organic nitrate decompositifi!'® Crysal
structures of small aromatibionitrates®®64115124gnd cysteinghionitrate E-CysNOy) in the
triple variant of mitochondrial aldehyddehydrogenase (ALDHZ® indicate that RSNQG: are
stable However tertbutyl thionitrate {-BuSNQ) readily decomposes in neutral aqueous
solution® Hydrolysisin aqueous alkaline solutiasf the bowl-shaped aromatic thionitratBpg-
SN, produceghe sulfenic acid in 10 min at room temperature, whereas the reaction does not
proceed eveafter 4 h with aqueous acetic acid in CR@F withaqueousetrahydrofurantroom
temperaturé* Additionally, protonated glutathione thionitrate (GSNOis resistant to
decomposition at a collision energy of 25 eVtle electrospray ionization source of a mass
spectrometr.}!® These reports suggest that the stability and reactivity of thionitchtasgein
different environments.

Protonation and deprotonation are fundamental steps in many chemical and biochemical
reactionsEspecially,theni cr oenvi ronment provided by acidic
activesite can change the pKa to protonate deprotonate reother resdue. Moreover, the
reactivity and stability of reaction intermediate®influenced by protonation or deprotonation.

For example, the reactivity @&-Cys152NO: in the activesite of glyceraldehyde3-phosphate
dehydrogenase (GAPDHY could be alteredf neighbouring His179 becomesotonatedSee
Chapter 2 Figure 2.8. Thus, studyingthe effecs of protonation orRSNG reactivity could
provide insight into the stability SNG in anacidicenvironmentThe gasphase proton affinity

(PA), represented anegativeenthalpy change upon protonation, is useekjaresghe ability of
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a molecule to accept a protohb initio calculations are often used to predict-gasse proton
affinities due to difficulties in experimental measureméht?!

The energetics ®SNQG decomposition pathway§igure 2.1)ndicate a very high activiain
barrier for homolysi§>1'211hutsmall activation barriers for hydrolysis and thiolysismeticted
by our computational stud{Chapter 2) The eactivity of RSNG are reported in various
computationaP®12117and experimentdi:6>11514%studies However there are noeports on the
electronic structure dRSNG. Thus, ve investigatedheir resonance structures using £SO,
as a model compound. The effect ©HsSNQ; protonation on its resonance description is
evaluated to revedlow anacidic environmenimight alterits reactivity. We further looked at the
homolysisand hydrolysis of protonated isomers of SING; to predictthe changes iIRSNG

decompositiorat low pH

3.3. Computational Methods

Molecular geometries of the reactants, products and transition states (TS) were optimized using
secondorder MgllerPlesset perturbation theory (MP23§93119143144gnd the augc-pVTZ
augmented correlatieconsistent basis séf.Vibrational analyses were performed to confirm the
nature of the stationary points (egg minima, TS) and to estimate thermodynamic properties
under the rigidrotor-harmonicoscillator approximationt?® while Intrinsic Reaction Coordinate

(IRC) 21122 calculations were performed to unambiguously connect the TS to reactants and
products. Electronic energies were further refined at the Coupled Cluster with Singihée Biod
perturbative linearized Triple excitations [CCSD(?JP¢ level of theory. Solvent effects were
included implicitly with the Polarized Continuum Model (PC#¥$8and dielectric constants of 4,

30 and 78, representative ditthylether methanoland water as solvents. The Gaussian3%

program was used for all calculations. Natural bond orbital (NB@)d natural resonance theory
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(NRT) 146148 gnalyse were carried out usindpe NBO 5.0 program#®1*0wWavefunctions for the
optimized reactants, productand TS were obtained using the MP2/acmgpVTZ method.
Bonding interactions were determined from computed electron densftigsjsing the AIMAII

programt®!within the Quantum Theory of Atoms in Molecules (QTAIM>253 Atomic charges

were determined using the NBO approach and AIMAII as implemented in Gaussian09.

3.4. Results

Our previous investigations intdSNO,, CHzSNO2, t-BuSNQO; and CysNOz indicate that sulfur
is significantly less positive in HSN@ompared to RSN&R= Methyl, tert-Butyl, andCysteine).
Additionally, the HSI'N angleis 6-12 ° smaller tharthe Ri Si'N angle Thus, CHSNG; is a
minimal model compound to repres@iCys-NO> (See Chapter 2)

There are three protonation sites CH3SNG;, the two oxygen atoms (CiSNOH'-1,
CH3SNQ;H'-2) andthe sulfur atom (CHS(H)NQ,") (Figure 3.1). The €&-NO, atoms are in the
same plane in C¥$NO, (Figure 2.2 and its thregorotonated forms. The -dtom in the O
protonated isomer is also in the same plane, whereas it is the planein the Sprotonated
isomer. We have shown @hapter 2thatthe Si N, Ni O1 and NO2 bond lengths (Table 3.}
CH3SNQO, calculaed with MP2/augcc-pVTZ are in good agreement withe recentlypublished
crystal structure of bowshaped aromatic thionitratéé:12*O-protonationshortenghe S N bond
to 1.676 A (CHSNO:H*-1) and 1.678 A (CEBNO:H*-2), which is close tthe S=N bond length
of ~1.5 A% whereasS-protonationlengthenghe S N bondto 2.298 A The lengthening of the
Si N bondis consistent with the calculated NBO charge€H:S(H)ING:" (Table 3.1), wherehie
CHsSH moiety has +0.7 chargehereas N@moiety has +0.3. Thus, it might partially behave as
a CHSH'" and NQ. The charges on the sulfur atom become more posititleei®-protonated

isomers £0.690 and+0.678 in CHSNO;H'-1 and CHSNO;H'-2, respectively), whereas it does
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not change ignificantly upon Sprotonation(Table 3.1) The changes ini®l bond length and
charges orhe sulfur and nitrogen atoms point towards different reactivities for the protonated
isomers compared to GHNO.. The calculated proton affinities (PAdicate that O2
(CHsSNO:H'-2; PA=180.6 kcal/mol) possess the highddf than CHsSNOH'™-1 and

CHsS(H)NG:" (Figure 3.1)

CH,SNO, CH,SNO,H*-1 CH,SNO,H*-2 CH,S(H)NO,*

178.2 180.6 166.4

Figure 3.1.Geometrienf CH;SNG; and its protonated isomei®@ptimized geometries for pianation of
oxygen (Ol}Yranstothecarbonatom (CHSNQO:H*-1), oxygen (O2kisto the carbonatom (CHSNGH*-

2) and sulfur (CHS(H)NG,Y) are shown. Geometries were optimized with MP2feaigVTZ in the gas
phase. The proton affinities (PA; kcal/mol) calculated with CCSD(T)//MP2ayay/TZ are reprted

under each protonated isomer.

Table 3.1 Geometric parameters and charge distribution fosSDHD, and its protonated isomets

Bond lengths (A) Angle (°) |Atomic partial charges

SIN NiO1° NiO2 CiSIN S N 01° o
CHsSNG 1.776 1.225 1.223 98.87 0.444 0.482 -0.438 -0.448
CHs:SNOH™-1 1.676 1.339 1.206 97.39 0.690 0.407 -0.447 -0.234
CH3:SNOH*-2 1.678 1.206 1.341 102.16 0.678 0.408 -0.216 -0.461
CHs:S(H)NG* 2298 1175 1.176 97.42 0.491 0.743 -0.207 -0.233

aGeometries are optimized with MP2/aagpVTZ in the gas phase and partial charges calculated with the Natural
Bond Orbital (NBO) module as implemented in Gaussian09.
bSeeFigure 31 for the definition of O1 and O2.
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Figure 3.2.Resonance structures of €FNG, CH:SNOH*™-1, CHSNOH*-2 and CHS(H)NG*
calculated using NBO and NRT analyses with their associated resonance weights in $esc&igure

S3.2 for all resonancgtructures.

The most stable conformers of t®e and Sprotonatedsomershave the €CSi NO, atomsin
the same plan@asCHsSNQ,. Theactivation barrier forotation aroundhe Si N bond of CHSNG,
is 8 kcal/mol(See Chapter 2which is smalletthan thebarrier for N bondrotation( © 1 0
kcal/mol) in RSNOs$>° However it is 13 and 10 kcal/mol for GISNOH*-1 and CHSNQH*-2,
respectively (8ucture TN3 inFigure S3.1a). Théess stable conformers tfie O-protonated
isomers are 4 (TN1) and 7 (TN2) kcal/mol higher in enthalpy than their respective stable
conformers. Throtation barrieof 10 kcal/mol forthe S N bond of TN1is expected due toi$l
bond strengtheningipon Oprotonation. Thehigh rotation barrierfor the O-protonated isomers
can forcenucleophilic attaclonthe stable conformeibut not in TN3In contras, the Sprotonated
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isomer has a very smathtation barriedue toit weak $ N bond Thus nucleophilic attack could
occur in either conformation shownhigure S31b.

The SN bond length changes significantly uponr @ S-protonation influencing the
resonance betwedhe SiN, NiO1 and NO2 bond. NRT analysis of CEBNG; reveals three
major resonancetrsictures (al, a2 and aBjgure 3.2) based on the nature of thieNSond.
Resonance structure al (85% resonance weighg biagleSi N bond, a2 (3% resonance weight)
with a doubleS=N bond and a3 (6% resonance weight) with ae-I$ bond. Structure al is a
combination of adl and ai2 resonance structures (Figure $3vith a resonance weight of 43%
and 426. The resonance structuresland a2 arise from the NBO interaction between the lone
pair of atomO2 to the” -antibonding orbitabf Ni O1 (no2Y *~ %oz interaction), giving rise to a
strong stabilization of 261 kcal/mol that weakens N=O1 (Figure S3.2 and Table@#parotes
N=02 formation. In contrast a2 (S=N, 3% resonance weight) arises from ng€ = fo1
interactions witha stabilization energy of 30 kcal/mol. Similarlge1Y ~*sn (24 kcal/mol) and
no2Y U*sn (29 kcal/mol) interactions weaken theNsbondby contribuing to a3 (S---N bond,
6% resonance weight) formation.

CH3SNQG; O-protonation taCHsSNO2H*-1 andCHsSNO;H*-2 leadsto decrease resonance
weight forthe Si N bondstructuresvith resonanceveightsof 76% (b1) and75% (c1) (Figure 3.2),
respectively from 8% in CHkSNG. As expectedheresonance weight éfie S=N bond increases
to 14% (b2) and 1% (c2) due to strong stabilizationtbiensY * o2 (90 kcal/mol,CHzSNO,H*-

1) andnsY * fo1 interaction (86 kcal/mol, CH3SNO.H*-2) compared tahe CH3SNG; (30
kcal/mol fornsY * #o1) (Table 3.2). The increased resonance contributitime@=N bond agrees
well with the shorter 8N bond length inCHsSNOzH"-1 and CHsSNO.H*-2 compared to

CH3SNO: (Figure 3.1). In contrasthe S=N resonance contribution69% upon Oprotonation to
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CHsSNOH' compared td.3% for CHsSNO.**® The decreased resonance weight of b3 and c¢3 to
3% compared t@3 (6%,CHsSNO,) is due to loss afhenoiY " *sy andnoiY ™ *sn interactions,

respectively.

Table 3.2. Stabilization energiegkcal/mol) for NBO interactions in GSNQG, CHSNGH'™1,
CHsSNQOH*-2, andCHsS(H)NG,* 2

NBO interactions CHsSNO CHsSNOH™1 CH:SNOH™2 CH:S(H)NOs*
n O1) iNy Y24 - 21 126
n 02) iN)y Y29 23 - 135
n( 02) i01) Y 28 40 09 23
G (iS) i®1) & 02 01 - 05
n( 02) io1) ¥ 261 - 57 281
n( S) i01) 30 - 86 -
n( 01) 102) Y 29 10 42 24
n( S) 102) 04 08 06 -

G (iS) i®2) & 01 - 01 05
n( O1) i02) V- 58 - -
n( S) i02) - 90 - -

aNBO interactions are calculated BYRT analysis on geometries optimized with MP2faagpVTZ.

The resonance structure walsi N bond(d1) decreases to %in CHS(H)NOG:" from 85%
(al) in CHSNO.. Whereastheresonancetructurewith no S---N bond (d3) increass to 426
from 6% (a3) in CHSNQO; due tostrong stabilization of NBO interactions likeiY 0 % (126
kcal/mol) ancho2Y O %n (135 kcal/mol) Similarly, theresonance contribution f&---N increases
for CHsS(H)NO' (51%) compared to CE5NO (10%)!°® The dramatic increase in the resonance
weight of d3 andx lack ofresonancstructureswvith S=Nbond are consistemtith the large EN
bond length in CEB(H)NG,".

An analysis othe topology of the electron density of ¢€3INC, and its protonated isomers

(Figure 3.3) suppors$ the NBO findings. While the calculated QTAIM charges vary from the

52



NBO charges, they maintain a similar trend (Table 3.1 and Table 3.3). Upoot@hation, he
partial positive charge on the sulfur atom increases this atombecomes more positive) by
+0.430 and+0.423 for CHSNQH"-1 and CHSNQGH'-2, respectively, with no significant

changes observed uporptonation (Table S3.1).

Table 3.3Electronic properties including electron densityy,  '€)Aend ellipticity ésw), atomic partial
charges (g, guat the SN bond critical point of CEBNQ;, and its protonated isomet$

Electronic properties

rsn® esn qs gN
CH:;SNO 1.238 0.471 0.372 0.418
CHsSNGH*-1 1.357 0.955 0.802 0.181
CH3sSNQGH™-2 1.345 1.000 0.795 0.185
CHsS(HING' 0.480 0.111 0.346 0.753

aSeeFigure 31 for structures.

®Values are calculated with MP2/aag-pVTZ using QTAIM.
¢Electron density at the SN bondtical point  sn).

4 Bond ellipticity at the BN bond (esn).

Table 3.4. Activationbarriers (kcal/mol) forhomolysisand hydrolysisof the protonated isomers of
CHsSNG,

Homolytic cleavage of i\ bond Hydrolysis of
CHSNOH™-1  CHiSNOH™2  CHeS(H)NQ,*  CHeSNOH'™-2
Gas phase 91.1 88.7 29.6 29.9
PCM &4=4 731 71.1 24.3 i
PCM &=3 697 67.8 23.1 i
PCM &4=7 693 67.4 23.0 38.3,38.7
Gas phase 92.5 90.r 29.8 T

a Activation barriers calculated with CCSD(T)//MP2/aagpVTZ (except whereindicated) for the gaphase
geometries and solvent effea included with PCM model and dielectric consténtiigted

b Activation barrier calculated with CCSD(T)//MP/aug-pVTZ(PCM-water)

¢ Activation barriers calculated with CCSD(T)/aagpVQZ//MP2/augcc-pVTZ in the gas phase.

As previouslyindicated S-protonation weakens thé IS bond. This can be confirmed through

electron densityr() as there is a known power law relationship betweeand bond length.
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Thereforey provides aneasure ofhe bond strength’/1°8As expected, the short B bond upon
O-protonation Table 3.1) results in an increase in electron densityea&th bond critical point
(rsn) of 0.119e-A"% and 0.107e-A"® for CH;SNO:H*-1 and CHSNQO:H*-2, respectively. In
contrast, the longeriSl bond upon Srotonation yields a lowarsy of 0.480e-A'3(Table S3.2
As later discussed-frotonation seeslawering of the activation energy foi 8§ cleavage (Table
3.4), which can be represented in a lowering ©f;.

Further electronic details can be obtained by examining the Hessiaitloé ellipticity at the
bond critical point éscr), as denoted throughe following equatiomescr = [l 1/ 27 1], provides a
measure of the accumulationroin a given plane wheile andl > represent the negative curvature
along the interatomic surfa¢e® which indicatesvhether bonding has- or p- chamcter (single
or double bond). As such, it provides valuable insight into validating-tttearacter found from
the NBO calculations and resonance weights from the NRT resglisialues close to zero
indicate a more cylindrical bond (single or triplendacharacter) and values close to one indicate
a more elliptical bond (double bond character).38R0;, with a large SN singlebond resonance
contribution (8%86), hasa esn of 0.471 Table 3.3 and Table S3.2) which still captures the small
S=N double bod resonance (assn is not0). Upon Oprotonation,esn increases to 0.955 and
1.000 (CHSNO:H*-1 and -2, respectively) which is in line with the increasetime weighted
resonance of S=N (Figu&2), although to varying degrees. Upoiptonation, the doubl=N
bond resonance is lost and a significant decrease in bond ellipticity is obs=nved {11).

Homolytic SiN bond cleavagef CH3SNO;H*-1 and CHsSNO;H*-2 to give CHsS A a n d
A H O Ni@sanactivation barrierH’ca of 91.1 and 88.7 kcal/mol in the gas phase, respectively
(Table 3.4). Furtherefinement of energies with quadruple zeta basis setsc@pyQZ) changes

DHYcaic by only ~1 kcal/mo] indicatingthat theenergies are convergeuthetriple zeta basis sets.
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The DHYcac valueschangesignificantly uportheimplicit inclusion of solvent effectdn fact, the
DHYcaic valuesdecreaseramatically uporanincrease irsolventpolarity. This could be due the
stabilizationof theionic forms ofthe reactantssincewe have showiior CH:SNQG, (Chapter 2)
In Chapter 2 we have also observed thahe inclusion of solventeffectswith the gasphase
optimized geometrieprovidesenergetics close tthose obtained witlPCM-water optimized
geometriegFigure 2.6, 2.7, and S2.3) . The gamseDHYcac value for $N bond homolytic
cleavagen CHsS(H)NQ;* to CHSH'A  a n dis 28.8lKaal/molThe nclusionof solvent effects
similary affectsthe S-N bond homolytic cleavage in tigH:SNOH" isomers. OverallCHsSNO>
O- and Sprotonationincreases and decreaes activation barrier for isN bond homolgis

respectivelywhich correlates well with thei 8! bond length irthe protonated isomer

TS1
50 - (38.7)
3
9 g
©
Q
] =
210 / , 2.08 -
) g o
A\ 1475 ° 3
(5]
T < CH,SOH
2.33 s +NO*-H,0
x (-9.6)
J 10 - CH,SNO,H*-b (-14.5)  —
+H,0 -
-20 [//Il T T T T T T T II///

20 15 -10 -5 0 5 10 15 20
Intrinsic reaction coordinate (amu'?2 Bohr)

Figure 3.3 Reaction profile for hydrolysis dZHsSNO;H"-2. Geometries were optimized with MP2/aug
ccpVTZ(PCMwater). The relative enthalpies reported at each stationary point are calculated with
CCSD(T)/IMP2/augcc-pVTZ(PCM-water).Energies in kcal/mol, distancasA and angles in degree$.(
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S/N\OH S/OH

CH3 CH3
Scheme 1Hydrolysis of CHSNOH*-2.

The DHYcarc for heterolytic cleavage of GIS(H)NQ* to CHSH + NQ* is 29.4 kcal/mol in
thegas phasand 12.3 kcal/mol with implicit inclusion of solvent using P@Mter due tdoetter
solventstabilization of N@" compared taCH3S(H)NG:* (qfGsov,calc= -71.6vs. -57.0 kcal/mol).
Thus, heterolytic cleavage of GB(H)NOG" is energetically moregavorable compared to
homolytic cleavage. ThBHYar for heterolytic cleavage of GS(H)NG:" to CHSH' + NO;' is
>100 kcal/majrendering it to be highlynfavorable

Scheme 1 represeritee pathway for hydrolysis of GG3NOH*-2. The reaction profile in the
gasphase indicates that the TS is not connecteatidaorrect reactants and phacts due tdhe
ionic reactant (OH (data not shown)A similar trend is observed in our previous study of
thionitrate decompositio(Chapter 2 Figure S2.R Thus, we calculated the reaction profile with
the implicit inclusion of solvent effects using PGMater. The reaction profile for the bottom
attack of water on the sulfur atom (TS1) is characterized byame postreaction complexes,
which are 15 kcal/mol more stable thahereactants and products, respedtiv&éhe TS1 exhibits
anelongated BN bond (2.10 A) as well asitialization of § O(water) bondormation(2.33 A)
(Figure 33), indicative of the precursor ftiieformationof the desired products (GBEOH + NO-
H20). The reaction is exothermic by ~1Gakeol andDHYcacis large at 38.7 kcal/m@Figure 33

& Table 3.3. Overall, hydrolysis of CEENO:H"-2 is energeticallyunfavorablewith one water
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moleculebut additional water molecules could lower the activation barriehasisin Chapter 2

for CHsSNOQ..

3.5. Discussion

O-protonation of CHSNG; at 02 (CHSNO:H", 180.6 kcal/mol)eadsto astrong $N bond
The O2 atom 0€HsSNO, possesssthe highest PA, which is slightly smaller théwe PA of the
O-atomof CH3SNO (185.8 kcal/mol)By contrastthe Sprotonationwealens the BN bond and
the Satomhas the highest PA in GANO (186.1 kcal/mol}?’ andthe smallest in CHSNG;
(166.4 kcal/mol). Thigproperties correlatvell with the observedhe increasein CHsSNO'?’
decomposition antheincreased stability of C}NQ;, ®4in acidicaqueousnvironments

We are interested in the decompositiolCgsNO: formed at the catalytic Cys152 of GAPDH.
Active-site His179 is protonated in glycolytically active form of GAPIN¢utral histidine haa
higher PA (~238 kcal/mo'}° thanthe O-atomof CHsSNQ,. Thus,E-Cys152N0O; in the GAPDH
activesite might notextract aprotonfrom His179 However, seric constraints in thactivesite
could force interaction between CysiNP, and protonated His179, which could
stabilize/destabilizéhethionitrate depending omhetherthe interactioroccursatthe Cys152N0;

S or O atoms We have proposetthatthe slow turnover of glyceryl trinitrate (GTN) by GAPDH
(2.6 nmol mint mg'?) 8 compared to ALDH2 (38 nmol mihmg' 1) **°to bethelack ofadditional
cysteine residues (Cys301 and Cys303 in ALDH2) to catai#zysNO; (Cys152NO; in
GAPDH, Cys302NO2 in ALDH2). Although bottproteinscontaina glutamic residue (Glu317 in
GAPDH, Glu268 in ALDH2)to catalyze ECys-NO> hydrolysis(Figure 2.8) Our current study
revealghat protonated His17®aystabilizeE-CysNO- in the GAPDH active siteandslowdown

GTN decompositiorby GAPDH.
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The increased contribution of resonastr@cturesith S=N (structures b2 and d2igure3.2)
to 13 % upon Gprotonation (Figur&.2) leads to a strongi 8l bond, which increase3HYcarc for
homolytic cleavage in both GBNOH*-1 and CHSNQOH™2 (~90 kcalnol, Table 3.2)
compared to CEENO, (~44 kcal/mol)(Chapter 2) Thiscould explairthe reported high stability
of GSNQ in ESIMS if GSNQH* forms in the ESI8 since CHsS(H)NO:" does not have a
resonance struate with S=N and the contribution to resonance structure with -ib®nd
increases significantly1@% resonance weight). Thus, theNsbond is elongated and enthalpy of
homolytic cleavage is very small (~29 kcal/mbhble 3.2).

Hydrolysis of CHSNO:H*-2 by one water molecule hasDHYcaic (38.7 kcal/mo) thatis 10
kcal/mol smaller thatthe hydrolysis of CHSNQ; by one water moleculdYcac ~47 kcal/mol).
The decrease iDHYcac for CH;SNO;H*-2 hydrolysisis due tothe increase in S=Nesonance
contribution which makes th& atommore positive Table 3.} andfavorsnucleophilicattack on
this atom NonethelessPHYcaic (38.7 kcal/mol)remains high buthe addition of more water
moleculesmight decreasehis barrier as seen for hydsais of CHSNG, (Table 2.3. The
resonance structurd evith asingle $ N bondcontributes to the positive charge otheN atomof
CHsS(H)NG:", whichcould favor the nucleophilic attacks & atomin CHzS(H)NO;" compared
to CHsSNGQ,. Also, protonationfavors nucleophilic attack a6 atomdue to increase in positive

chare at this atom

3.6. Conclusions

We conclude that thionitratd RSNQ) can berepresented bthreemajor resonance structures.
These resonance struates predict and rationalize RS @eactivity in different chemical
environmers. Oi protonation ofCH3SNO- to CH3SNO-H" increases the stability ofi 8 bond

whereas Bprotonation to CES(H)NG," decreasetfts stability. Additionally, Gprotonation and
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S-protonation increase the positive o ofthe S and N atomsespectively, leading to increased

reactivity towards nucleophiles.

3.7.Supporting Information

CH,SNO,H*-1 (0) TN1 (4.1)

(a)

TN3 (12.6)

TN4 (14.0)

CH,SNO,H*-2 (2.4) TN2 (9.2)

1.71

102.59

(b)
TN5 (1.9) CH;S(H)NO," (0)

231
AT ‘ 2.30
95.21 J
s 97.42
TS-
> J

Figure S3.1Geometries of conformers &) O- and(b) S-protonated CEENQG,.. See captionso Figure
3.1 of the main texfor details. The values in parenthesepresentHcac (DHYcac for TS) in kcal/mol

calculated with CCSD(T)//MP2/awgp-pVTZ. All structures areninimaexcept indicated as TS.

59



al-l ‘o al-2 B a2 0 a3-1 ‘g a3-2 b a3-3  of
a3% || 2% | 3% | % || 2% | T
N7 N*\ . /N+ Ny LN +N
CH;SNO, & N | s Sg | & | s Ny | & Sa | w Ngn
tl:H3 c|:Hz CH; CH; CH; c‘:H3
br1 M b2 L, M b2 M b3 M ba . M
8% 68% "‘3 14% 9 3% 'T 3% 9
CH,SNO,H*1 N N N3 N N
R 7 o | s SN | &7 e | g, 5 g
ng lIZHg LH;; CHs CHs
cl-1:g cl-2:8: 2 B 3 & [
68% 7% ‘ 13% 2% m 4% ”
NT H N H NY H +N H Nt H
CH3SNOH™2 | o o7 | 57 S | 57 I & o
CH; CH; CH, CH; CH,
di-1 ‘g~ di-2 D dz d3-1  ‘g* d3-2 " d3-3 - da
23% ‘ 21% | 26% ‘ 8% m 9% ‘ %o,
+ H\../N+\ - P~ /N+\ T N L T *N AN N
CH,S(H)NO, T o T-+ o T, o T, " NS \S T
CH, CHs CH, CHy (‘3”3 CH, R4

Figure S3.2Resonance structures of €N, CH;SNOH*-1, CHSNGH*-2 and CHS(H)NG,* with

their associated resonance weights in perddm.resonance structures are calculated using NBO and NRT
analyses.

ot

CH35NO CH35NO;H*-1 CH:5NO,H*-2 CH5S(H)NO,*
3 2 3 2! 3 2 3 2

W

Figure S3.3.Molecular graphs of C¥SNG, CHs$SNGOH*-1, CHSNGH*-2 and CHS(H)NG*. The
molecular graphs are calctgd using AIMAII from MP2/auegcc-pVTZ optimized geometrieAtoms are
represented by large spheres: carbon (grey), hydrogen (white), oxygen (red) and nitrogen (blue). Bond

critical points are indicated by small red spheagslring critical points bysmall yellow spheres.
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Table S3.1QTAIM Atomic partial chargegn model systems

Atomic partial charges

qs gN qor qOZ
CHsSNG; 0.372 0.418 -0.432 -0.440
CH:SNQG:H"-1 0.802 0.181 -0.643 -0.293
TN1 0.694 0.232 -0.626 -0.256
CH3:SNQ:H"-2 0.795 0.185 -0.277 -0.655
TN2 0.733 0.258 -0.236 -0.627
TN3 0.521 0.405 -0.235 -0.613
CHsS(H)NG" 0.346 0.753 -0.186 -0.203
TN5 0.329 0.761 -0.184 -0.194

3 SeeFigure 31 and 8.1 for structures? Values calculated with MP2/atag-pVTZ using QTAIM.
¢SeeFigure 31 for the definition of O1 and O2.

Table S3.2Electronic properties (electron densityde,  €],Aond ellipticity [escr]) at the bond critical

point of selected bonds in model systénis

Electronic properties

Bonding
I'scp® €scp®
CHsSNG, SN 1.238 0.471
CHsSNOH*-1 SN 1.357 0.955
O1-H 2.271
N-O1 2.554
TN1 SN 1.321 0.968
O1-H 2.308
N-O1 2.544
CH3:SNQGH*-2 SN 1.345 0.999
O2-H 2.264
N-O2 2.534
TN2 SN 1.295 1.064
O2-H 2.330
N-O2 2.557
TN3 SN 1.097 0.564
O-H 2.245
N-O 2.706
CHsS(H)NG* SN 0.480 0.111
TN5 SN 0.472 0.074

aSeeFigure 31 and 8.1 for structures.
b Values are calculated with MP2/aag-pVTZ using QTAIM.
°r scpandescpvalues for the bond defined in the second column
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Chapter 4. NAD Cofactor Binding Alters the Dynamics of Human
Glyceraldehyde 3-Phosphate Dehydrogenase (&PDH) as Revealed i

Multivariate Statistical Analysis and Molecular Dynamics Simulations
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4.1.Abstract

Glyceraldehyde-phosphate dehydrogenase (GAPDH) is a Aketlwn homotetrameric
glycolytic enzyme. Each GAPDH subunit bindsnicotinamde adenine dinucleotide (NAD)
cofactor The cofactor inthe oxidized (NAD") and reduced form (NADH) exhibits different
binding affinity but binds with negative cooperativitRemoval of cofactor has been shown to
affect the structure dhetetramer. Thus, we carried out molecular dynarsigsilations of three
forms ofthe tetrameiGAPDH with NAD* (GAPDH-NAD™) or NADH (GAPDH-NADH) and
apoGAPDH to investigate the effect of cofactor tramerdynamics We show thathe NAD-
bindingdomains (NBDs) are more flexible and the adenine binding groove is open@ydapioH
compared to GAPDHNAD* and GAPDHNADH. Principal componerdnalysis (PCA) of MD
trajectories and armal mode analysis (NMADf the crystal structure of GAPDH reveahn
asymmetryin tetramer due to motionsf the NBDs interacting acrosthe R-axis, which is
influenceal by the Sloop. We show that interaction acras® R-axis isimportant for negative
cooperativity an@xplairshowNAD* bindswith negative cooperativity to GAPDAVe also show
that GAPDH tetramer behaves as a dimeiGf® and QRlimers.We also show that the reactivity
of the catalytic Cys152 is inflmeed byNAD* binding. Overall, air findings shed light on the

complex characteristics ttfie structuraldynamics of GAPDH.
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4 .2. Introduction

Mammalian glyceraldehyd®-phosphate dehydrogenase (GAPDH) is a homotetrameric
enzyme composed of four &Da subumits, O, P, QandR. Each subunihas a nicotinamide
adenine dinucleotide (NAD)indingdomain(NBD; residues 4151 and 315335 anda catalytic
domain(CTD; residuesl52-314) (Figure4.1). Binding of the oxidized cofactolAD*, promotes
GAPDH tetrameformation/* but exhibits negative cooperativity such that the binding of the first
NAD" (K1 = 1.4x 10'1°M) is followed by progressively weaker binding for the secdd<3.8
x 10°M), third (Ks = 1.0x 107 M) and fourth K4 = 2.8 x 10® M) cofactor®®®® The reduced
cofactor, NADH, also binds to GAPDH with negative cooperativity but it binds less tightly (i.e.,
Ki2<50x 107 Ks=25x 10%M andK4 5.0 x 10°M) thanNAD*,’® and destabilizes the
tetramer’>’® However, oxidation ofthe catalytic cysteine residugresumably to the
sulfenic/sulfinic acidwe ak ens GAP DHOMAD aK1$3ih 1 6.4 %y 10F M)rand
cooperativity is lost® In contrastNADH (K3 = 3.0x 108 andK4=7.0x 10° M) has higher affinity
thanNAD™ for oxidized GAPDH® Changes in the affinity of oxidized vs. reduced GAPDH fo
NAD (NAD* or NADH) are associated vhitconformational differences in the NBD oridation
of catalytic Cys152°

Cofactor removal giveapoGAPDH, which for the yeast protein has ~ 7 % higher volume due
to increased internal solvation compared to GAPDH with bduwA®* (GAPDH-NAD™). This
signalsinstability in apocGAPDH ! which as demonstrated forabbit muscle GAPDH has
increased tendency to dissociate to the monomer and undergo slow aggrégatéimteractions
between the @R and PQ subunis across the faxis (Figure4.1a) are weakened, and t&doops
(residues 18P05), 62183 which partly cover theactivesite and cofactor binding sitgFigure

4.1b,c), are disordered foine apo form ofCryptosporidiumparvumandGroup B Streptococcus
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protein TheNBD isrotaiedby 4.8° relative to the CTD and the residues that IN#AD* are more
flexible in apeGAPDH of PalinurusversicolorandBacillus stearothermophill&1®4The crystal
structure of GAPDENAD™ from Kluyveromycesnarxianus(radius of gyration 33.%\) is more
compact than its apBAPDH (radus of gyration34.6 A).26° This isconsistent with reports that
NAD* binding promotes tetramer formatiéh.

No computationastudies orhumanGAPDH focuson theeffect of NAD* or NADH binding
on the dynamics of its suldlomains(NBDs and CTDs However, nolecular dynamics (MD)
simulations evaluatechangesn tetramericTrypanosomaruzi GAPDH after addingNAD* to
the crystal structuref apcGAPDH % NAD* binding switches thepoGAPDH tetramerto a
closed conformation as monitored in this study by a decrease in the angle dgfihedc atoms
(T. cruzi residue numberingdf GIn91 (close tothe adenine moiety), GRB6 (close tothe
nicotinamide ringland $r207 (middle ofthe S-loop).1%® This angle definethe movemenbf the
S-loop towards and away from the NBD. The simulations also show that the NBD is more flexible
than the CTD and a singMAD " fluctuates awafrom its bindingsite during 50 ns withowtausing
noticeable changes in the dynamics of this suldfhit.is important to note that this simulation
reports a single 50 ns MD simulation, without commenting on the reproducibility of the results.

The goal of thistudy is to investigatior the human enzymenfactordependensubunit and
subdomain (NBD and CTpdynamics othe apeGAPDH tetramer and the tetramer wittAD*
(GAPDH-NAD") and NADH (GAPDHNADH) bound. The onlyMD simulatiors of human
GAPDH-NAD™ focused orthe activesite, in particulat the oxidation sensitivity ofhe catalytic
Cys152 This studyimplicatedCys156 incontrolling Cysl152oxidationindirectly by stabilizing
H-bond donation from Tyr314 to Thr153, which is close to Cys§5importantly, Thr153

activates HO> for an attackon Cys152Sincethe oxidation sensitivity of Cys152 is critical in
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GAPDH activity, we examine e how NAD binding influences the relatiwientations of
Cys152, Cys156, Thr15andTyr314.Protozoan GAPDH has been propossa targetto treat
protozoan born disease duethie selectivityof human GAPDH vsTrypanosomatid GAPDH¥!

36.40.168\\/e thus compare the dynamics ofa regionthat provides selectivitin human GAPDH

with respecto inhibition of Trypanosomatid GAPDHSs

4.2.1. Overview of GAPDH structure

The GAPDH homotetramer contains subt@jt-P, -Q and-R, which interact acroshe P-, Q-

and Raxes as shown in Figure 4:balt has been proposed that the GAPDH homotetramer
behaves as a dimer of diméfg®*where dimes OP and QR (Figure 4.1b) located actbeQ-

axis actas two semindependent dimerdNote that most intesubunit interactions occur across
theP-axis, between O:P and Q:R. There are also numerous interactionglaeRssis but much

less across the-@xis? Each subunit has an NBD, a Clandan S-loop, which is at the tetramer
interface (Figure 4b) and covers thdehydrogenasactivesite andthe nicotinamidebinding of

the cofactor This moiety binds close to the catalytic Cys152, which is partially solvent exposed.
The deprotonated Cys152 and protonated His179 are stabilized by a sthmmgl khteraction
(Figure 4.1c). Cys156 on the same helix as Cys152 is buried inside the protein matrix, which

hinders disulfide bond formation betweeng@éwo cysteine@-igure 4.1c).

66



Figure 41. Structure ofhuman GAPDH (PBD 1U8F)@ab) The condarystructure of the GAPDH
tetramerindicating the molecular axes defined relative to subOniSubuniP, -Q and-R interact with
subunitO across th&-, Q- and Raxis, respectively. fiere is a decreasing number of contacts across these
axesin the order 6P > R > Q. Note that the tetramstaidimer of OP (blue) and QR (green) dimeith
subunits interacting acrogbe P-axis in eachdimer. The cofactor NAD* of each subunits shown as
magenta sticks(c) SubunitO showingthe NAD-binding domain (NBD; reidues1-151 and315335;
cyan),catalytic domain (CTD; residues 1824; grey)and theS-loop (residues 18205; orange)which
covers theactivesite as well asthe nicotinamide moietpf NAD™. Inset: activesite residues Cys152,
Cysl156andHis179 in gren sticksand the nicotinamidmoiety of NAD in magenta sticks.
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4.2.2. NAD cofactor polypeptide interactions in GAPDH

From the coordinates ¢dfumanGAPDH (PDB 1U8F), wegenerated 2D ligandplot using the
Ligand Interaction Diagram module Bchrédinger Maestro 11.1 (Maestro, Schrédinger, LLC,
New York, NY, 2017Yo visualizethe interactios of NAD™ with its binding site Figure 42). The
NAD* moleculecanbe divided into three partheadenosine ribose group (away from duive
site), the phosphate groupatthecente}, and nicotinamide ribose group (close¢heactivesite).

It has been previouglproposed that adenine moiety binds first to inittaefolding ofthe NBD
andthenthe nicotinamidemoietybinds to complete the foldingf GAPDH?

The alenine ring is buried in a hydrophobic pockatming T-shaped - interactiors with
Phe37and Phel02 othe other sideof theadenineing. Theaminogroupof theademsne points
towardthe protein matrix(Figure S4.1andforms Hbond interaction witlthebackbonecarbonyl
of Arg80. The wo hydroxyls ofthe adenosine ribosaredirected towardshe protein matrixand
donateH-bonds to Asp35.The peptide N atons of Argl3 and llel4 donatil-bonds to the
phosphate groups. The hydroxyl group of Serl22 doratddondto the O atomof theribose
ring of the nicotinamide ribose.

The nicotinamide ringits in a hydrophobic pocket but théotinamideribose groups more
exposed to the solvent. Tincotinamideamidepoints toward a polar groovandacceptsan H-
bond from Asn316. The catigminteraction between Nof NAD and Tyr320 aa distanceof 5.6
A and its ionic interaction with the catalytic Cysliolate at 5.6 A holds the nicotinamide in
place. Also,an indirect H-bond to the Glu317 via a bridged water molecule further stabilizes
nicotinamide moiety at the acthste. The nicotinamide ribose ring formsH-bond with Ser122
while itstwo hydroxyl groug pointtowardsolvent In contrast, adenine ribse ring points toward

protein matrixwith the hydroxyl group forming H-bonds with Asp35. Similar to the ribose
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groups, the phosphate groups are partly solvent exposed and stabilizdubbg Hiteraction with
Argl13 and llel40verall NAD* forms 11 Hbond inteactions with water molecules atite NAD-
binding site is partially opewith solventexposed phosphate groups and ribose rings.
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Figure 42. Interaction map oNAD™* binding human GAPDH (PDB 1U8FAIl possible interactions
showingH-bond, catior’, “-", hydrophobic¢ polar interaction®f NAD* with GAPDH. Thick and thin
magenta linefndicatethe interactionof NAD* with polypeptide (7 interactions) and water molecules (11
interactions), respectivelyfhe distance (green dotted line¢tween S atom of Cys152 and positively
charged N atom of NADis shown to highlight the ionic interaction between these two atbhes.3D

structural imag®ef theNAD* interactionds shown inFigure S4.1 of the Sl

4.3. Computational Methods

4.3.1.Normal mode analysis (NMA) using the anisotropic network model (ANM)

NMA is an efficient method t@redict largescale motions of subdomai a protein.NMA

decomposes the global dynamics of a proteinantollection of normal modes corresponding to

69



large motions of its subdomains. NMA was performed to visualize the backbone dynamics of
NBD, CTD and the Soop ofhumanGAPDH. We focus on a few lofirequendeslarge amplitude
modes that are expected to belevant to function and removeandom high-frequency
modest®*"%We used the backbomeoms(C, CU N, O) andNAD" of the crystal structure of the
human GAPDH tetramer (PBD 1U8F) after addihgcoordinates of fourth NAD* in subunit
O, which is in the apdorm in the crystal'®®

NMA was performed using the AN¥P 194 of ProDy'’%. In ANM, thebackboneatoms(i.e.,
nodes)within acut-off distance of¢ are connected by elastic springs watforce constant and

the molecular potentidV(harmonic potentialis expressed as

w G Y Y

i

C s
Here,M is the number of springsY 'Y the distance between nod@snd with respect

to thecrystalstructure andG is the element of the Kehhoff matrix corresponding tiie inter

residue contact between nod@nd’QThe second derivative dfgenerates 8N x 3N Hessian

Matrix H, which is decomposed in 36l nonzerolqeigenvalues and their corresponding

eigenvectored’! The modeglefined bythe lowest frequencieslescribefunctionally relevant

motions ofthe protein and are analyzed h&fe!"2

4.3.2.Molecular dynamics (MD)simulations

All-atom MD simulations describe the motions and conformations of a system at the atomic
level. MD simulations of a protein allows to visualize the motions of residues #ua sensitive
to binding of a molecule (i.e. cofactothe quaternary/tertiary structural changtés motions of
ions/water molecules arttie stability of subdomains. We investigated the effect of cofactor on

motions of subdomain and residues witthie cofactor bindingsite and thectivesite using MD
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simulations. In therystal structure of human GAPDH (PBD 1U8B)bunitO is in the apo form
105 50 we superimposed subwit on subuni to copythe NAD* coordinates to the lattewe
replacedNAD* with NADH by adding a hydride (Hl to the positively charged Matom ofthe
nicotinamide moiety of eaddAD* andapacGAPDH was generated by removing the tHigeD*

from the crystal structuré he protontion states of the residue sal@ins were assigned using
PROPKA'"® and we manually deprotonated Cys152 and protonated $islforma strong H
bondinteraction between these residues. Cys152 has pKa of 6B APDHNAD* and we
retained the Cys15BR1is179 Hbond interaction in GAPDHNADH and apeGAPDH.

The three forms of GAPDH were hydrated in a Hafer of TIP3P water from the protein
boundary and 0.15 M Naand Cl ions were added to represesitysiologicalconditions MD
simulations were performed using the CHARMMZ2%74force field and NAMD2.9° program
The system was subjected to 20,000 step€onjugate gradient minimizah and1 ns of
equilibration before production runs of 100 ns were carriedSiotulations were performed in
the NPT ensemble 800 K and 1 atm using Langevin dynamics and the time step was set to 2 fs.
Five independent simulations of 100 ns (5 x 100were run for each form of GAPDH and the

results were analyzed usiMiD 7°. Good Turing statisticalanalysis was carried out to analyze

the convergence of the MD simulations trajectoriés.

4.3.3.Principal component analysi§PCA)

Unlike NMA, the MD trajectories include nonharmonic moverteaf the residues and generate
accessible conformational ensembles. However, the motions ailg hghidimensional and
include darge number of degrees of freedom. Multivariate statistical analysis such as PCA reduces

the dimensionality of the data and extracts dominant motionstireMD trajectories-’’
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To carry out PCA, bsed on the €coordinates from the MD trajectories, the covariance matrix
Cis constructed:
# a2 &0 2 &6 0o
Ris the N-dimensional configurational vector composed of instantaneous@dinates of the
N residues of the protein aréRdis the average position over the trajectdtyis a N x 3N
symmetric matrix that is diagonalized by orthogonal coordinate transformiatidine principal

components (PCs) are derived from the eigenvalue decompositidn of

# s bb

Herepds the® PC (r eigenvector) and-ds thecorrespondingigenvalue of matri. The PCs

are ordered in descending order with respestd®he s-oscalewith the magnitude of the motion
along p¢00.101 Thus, PC1 (§z) and its variances ; define the shape and size of the dominant
motions of the @ atoms of the protein over 5 x 100 ns MD trajectoriesour analysis
Visualization of the PCA and ANM results were carried out using the Normal Mode Wizard

(NMWiz)1"t of VMD.
4.4. Results
4.41. Convergence ofthe MD trajectories of GAPDHNAD*, GAPDH-NADH and goo-

GAPDH

We carried ouall-atomMD simulations othethree forms of GAPDH over 100 ns. Five replicates
were obtained for each formf GAPDH. The convergence of ea@d®0 nsMD simulations
trajectories wagvaluated using Goedluring statistical analysis (Figure S4.2a). This approach

reveals that the trajecies are converged after 50.m5lso, the rootmeansquare deviation
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(RMSD) of the fluctuation of all €atoms from their reference crystal structure at each time point
over 100 n3vID trajectoriesdoes not change significantigr each GAPDH formThus, theMD
simulations are stable over 100 ns for the three forms of GA@HRjtre S4.2b) sawe used 100

ns MD simulations for further analysis.

Root mean square fluctuation (RMSF)tbé Cy atoms from their reference crystal structure
over a concatenated 5 x 10fls MD trajectoryreveat increasing subunit flexibility going from
GAPDH-NAD* to GAPDHNADH to apoGAPDH (Figure 4.3. The atoms in the NB@and the
S-loop are more flexibe compared tahose in theCTDs for the three forms of GAPDHowever,
the subunitof GAPDHNADH and apeGAPDH show more variation than those of GAPDH

NAD™. In contrastthe dynamics othe CTD are largely insensitive NADor NADH binding.
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Figure 43. Rootmean square fluctuations (RMSF)tbe Cy atoms of (a) GAPDHNAD?, (b) GAPDH-
NADH and (c) apeGAPDH. RMSFs wee calculated using concatenate x 100nsMD trajectories
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4.42. Crosscorrelation analysis (CCA)f Cyatoms of GAPDH fromthe MD simulations

CCA indicates whether the motions between two atoms are correlatéidorrelated or
noncorelated. Thus, CCA shows how atom®ve with respect to each other, highlighting the
global motions of a proteiCorrelated and anticorrelated motiaesealresidueghatmove at the
same time in the same and opposite direstigspectivelyWe carried out CCAIsing theMD
trajectoriesand foundho significant differences ithhecrosscorrelated motions between GAPPBH
NAD" and GAPDHNADH (Figure 4.4a and Figure S4.3). Howevérr highly anticorrelated
motions between subunits GAPDH-NAD areclearlyabsenin apoGAPDH (Figure 4.4b)This
indicates that subunit motions in apBAPDH are not concerted motioasd thatconcerted inter
subunit dynamicare lost on NAD removal

Looking closely at the crosorrelated motions iGAPDH-NAD™ reveas that subdomain
NBDo exhibit highly anticorrelated motions wittubdomainCTDp located acrossthe P-axis
(Figure 4.4a). Similarlythe NBD and CTDof subunits interacting acrofise P-axis and @axis
show anticorrelated motions but nonabated motions betweethe NBDs of these subunits.
However, there are anticorrelated motions between \N&mI NBLk interacting across xis,
which indicats the NBDs move away from each oth&imilar anticorrelated motions are also
observed forNBDp and NBLy, of interacting across faxis. The inter and intrasubdomain
motions between and within NB&nhd CTDof each subunit can be examined by inspection of the
four squares at the diagonal. The bottom and top corner of the sqiaeali@igonalrepresats
the NBD and the CTD, respectively (Figure 4.4a). Therenaostly noncorrelateanotions
between NBD and CTDr{ter-subdomainputhighly correlated motions within themselves (intra

subdomain).
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Figure 4.4. CCA of t-NA®"atd{h apaGaRDE. CEA is damidd ouBusiRgRe H
Cyatoms of concatenated 5 x 100 ns MD simulations traject@aeh square represents a subunit and the
di agonals show the correlated motions of weach
axes indicate NBD, CTIand S-loop of each subunit, respectively. Note that similar coosselated
motions are seen for GAPDNAD* and GAPDHNADH (See Figure S4.3).

4.43. CCAof the motions oNAD™* and backbone atomom the NMA of the crystal

structure of GAPDHNAD*

A significant amount of information about dynamieflostery andmechanisntan be extracted
from protein crystal structuressing NMA, which allowghe global motions ofa proteinto be
extracted from changes in th@ay coordnates by applying harmonic forc€8 However, NMA,
unlike MD simulations, does not include anharmaihictuationsand is computationally less
expensiveCCA analysis based ahe results oNMA will give us an overview ohow large or
globd motions ofthebackbone atomaf a subunitnfluence the motions afnother subunitCCA
of the GAPDH-NAD™ crystal structure calculated from NMA&ifure S4.4preveals similar cross

correlatednotions between subdomains (NBD and & shown by CCA aheMD simulations
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trajectories (Figure 4.4a). This confirms ttfaé 5 x 100 nsMD simulationscapture most ofthe
global motions othe subunits.

Cofactor NAD™ is essentialfor the dehydrogenase activitpf GAPDH. Thus, we also
visualized crosgorrelatel motions ofNAD™ with thebackbone atoms alie protein(Figure S4.4
and Figure 4.5)The motions oNAD* arehighly correlated with the backbone atoms ofaten
NBD and weakly correlated with itasvn CTD (Figure S4.4h We note thaNAD "o andNAD"r
exhibit highly antcorrelated motions with NBDs interacting across thaxi®, as shown in Figure
4.5a.In contrast NAD*s andNAD*q bound to the less flexible NBDs show less correlated and
anticorrelated motions within their own subunit and subunits interacting acrossatie (Rigure
4.5b and S44b). Here again, there is less cragsrelation between NBD backbone motions and
NAD™* bound in the more flexible NBD#&dditionally, motions of NBDs interacting across the P
and Qaxes are noncorrelated with motiond\#D™* in the opposite subunits (Figure S4#b

Overall the motions oNAD™ are weakly correlated wittme CTD of its own subunit and non
correlated withthe CTDs of other subunits (Figure 4.5aamd Figure S4.4H). However,
exceptions are tHeighly anticorrelated motionsf NAD*o with residuesl53-173 and 21229 of

the CTDr andthe correlated motions witihe Sloopg and S-loopr (Figure 4.5 and Figure S4.4b

f).
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Figure 4.5 Crosscorrelation analysis (CCA) of protein backbone atoms @, C, O) with NAD*
calculated usingNMA. Correlated (redube) and antiorrelated (blue tube) motiord (a) NAD*o (cyan
spheres)b) NAD*» (cyan spheresyith backbone atomsf other subunits Note that we show cross
correlated motions dIAD* with other subunits onlyNAD* hashighly correlated motions with backbone
atoms of its own subunit (i. &dAD*o with backbone atoms of subitrO, SeeFigure S4.4b)NADo has
anticorrelated motions with NB&and residues 15873 and 212290of CTDe but correlated motions with
backbone atoms @&-loops and Sloopo. S-loopo and Sloope are norcorrelated witiNAD*o and appear
as thin grey lines likamther backbone the image. The crosorrelated motions dIAD*p, NAD*q and
NAD*r with backbone atoms of other subunits are identicdNAD"o but there are more motions in
subunitO and-R (thick tubes) compared to subuRitand-Q (thin tubes) (Figure S4.4%. Plots of cross

correlated motions of aNAD* are shown in Figure S4.4b

4.44. PCA ofthe MD trajectories of GAPDHNAD*, GAPDH-NADH, and apo-GAPDH

It hasbeenshown thatglobal protein dynamics can be describedabgpw number of collective
degrees of freedoA® Thus, filtering the main modes of collective motions flogal fluctuatiors

could be used to separate functionally relevant mofimms random fluctuatins PCA separates

dominant persistent motion from random motidaring MD trajectories. The principal
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components withithe highesteigenvaluesdescribethe main modes that could be functionally
important!%177

PCAof 5 x 100 ns concatenated MD trajectoéshe three forms of GAPDH wasrried out
andthefree energyandscape (FELwas plotted to visualize the conformational samptihgach
form. FEL is a plobf two variablesderived from the MD trajectorigg.g, principal components,
RMSD, radiusof gyration, torsion angleetc) vs. the free energy. The free energy is estedat
from the probability distribution of the frequency of each variable. Thus, the FEL idettiéies
relative population of two conformational states. The ERlculated using PC1 and PGdure
S4.5ac) for the three forms of GAPDH revealsaticonformabnal sampling islistributed around
the crystal structure with more conformations sampled by GARNAD*. We show only
intrasubunit motions by superimposinige four subunitof a given form of GAPDHFigure
S4.5df). For example, Figure S4.5d shothe superimposition ofhefour subunits of GAPDH
NAD* and itsconfamational states are different frofimose iInGAPDH-NADH (Figure S4.8)
and apeGAPDH (Figure S4.9. This highlights the variation in the subdomain motions in the
three forms of GAPDH.

The first three principal componen®C1, PC2, and PQ8&veal that the major and functionally
important motions are centered on the NBD as showrThg square fluctuationsdicatethe
mobility of each G atomalongtherespective PCs (Figure S4,.8)hereashe arrows mdicate the
direction of motionof each G atomalongthe respective PCs (Figure SB.GAPDHNAD* and
GAPDH-NADH show similar directions of motions along PC1 and R&fact,NBDo and NBLx
move in opposite directionin all three forms of GAPDHFigure S4.7) NBDp and NBLy, of
GAPDH-NAD™ and GAPDHNADH also movean opposite direction but ithe same direction in

apoGAPDH (Figure S4.7a, d, g, b, e, h).
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Examiningthe motions along PC1 for GAPBNAD " reveal concerted motioms decreasing
amplitude:NBDr > NBDo > NBDp~NBDq (Figure 4.6a,b). NBb and NBLk interacting across
R-axis showhigher fluctuation than the NBDs dhe othersubunis interacting across the same
axis. Maeover, the direction of motioof NBDs interacting acrosthe R-axis is opposite

indicatingthatthe NBDs move away from each other.
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Figure 4.6.The nobility of the Gyatoms of GAPDH asevedled by PC1.(a) Square fluctuation of eachy C

atom in PC1. (b) Arrows s hodoGyatomgin 8lBDuU(ldue)eCTD (gneen} uat i o
and Sloop (orange). Note that the arrows reviked concertedmotion of decreasing amplitude NBD

NBDo > NBDr ~ NBDq. TheNAD™* cofactos are omitted for clarity.

4.45. Square fluctuations othe backbone N, @, Cand Oatomsfrom NMA of GAPDH-

NAD* crystal structure

Thelow-frequencynormal modes calculated with NMA reveal functionally important motions of
a protein similar tahe principal components witkhe highest variance or largeeigenvalues.
However, as mentiad previously, NMA is computationally less expenghan MD simulations

For the GAPDH tetramer, the amplitude of thewvestfrequencymode (normal mode 1; NM1)
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showsthat residues in the CTD and-IBop have superimposable low fluctuations. NBéand
NBDr of the subunits interacting acrab® R-axis ae almost twice as flexible dlse second pair
of NBDs (NBD- andNBDy) that interacticross the same axisigure 4.7 Subunits interacting
across the €xis (NBDo:NBDq and NBDr:NBDp) and the P-axis (NBDo:NBDp and
NBDq:NBDR) (Figure 4.1)also have one more fieble and one less flexible NBCNote that
similar behavioris revealed by PC1 alhe MD trajectories of GAPDFNAD " except the NBRis

more flexible than NBin PCA (Figure 4.6as. Figure 4.7a).

Figure 4. 7Normal mode analysiiNMA) of GAPDH-NAD™ carried out using ANM(@) Square fluctuation
of Cy atoms of each subunit along normal mode 1 (NMMgte that NB and NBDx exhibit higher
flexibilities compared to NBRPand NBLy,. (b) Squarefluctuations ofeach subunit in thO@P andQR dimers
extracted fronthetetramer along NM1Subunits inthe OP/QRdimersrelate to each other across the Q

axis.

When we break the tetramer into its dimer of dimers (OP anda@Q& examinghe square
fluctuationsof the subunitén the dimers (Figte 4.7b), we agaiolearlysee thatheNBD exhibits
high flexibility compared tothe CTD and tke Sloop. Remarkably, the NBas identical
flexibility in all subunitsand is more flexible than gMNBD in the tetramer. Thus, we conclude
thatthe asymmetryin the tetramer occuracrossthe R-axis. FurthermoreNBDp and NBLy, are
stabilized in the tetramday interaction acrosthe Raxis
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