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EYXAPIZTIEZ

dtévovtog 610 TEAOG EVOG HEYAAOVL GTOYXOV, KO LE TNV OAOKANP®OT UG HOKPIVIG Kot
O0OKOANG Topeiag, VIOMO®m TNV ovAayKn vo aQlepdom AYEG YPOUUES ELYOPIOTOVIOG

avOpOTOVG LLE TOVG OTOI0VG GLVEPYAGTNKA KOl GLVVTNPEN OAO AVTO TO YPOVIKO SLAGTN LA

Apywcd, 6o MBela va evyoprotiow Ttovg emiPAémovieg kaOnyntéc pov Ap. T'edpylo
Apyovn, Avaminpot Kadnynm tov Tuquatoc ®vcikng [oavemommuiov Kompov kot Ap.
Enoapewvavda Aeovtion, Kadnynm tov Tuquatog Xnueiag Iavemomuiov Konpov. Tovg
ELYOPICTA YL TNV EUTIGTOCVVI TTOV €015V 6T0 TPOSOTO LoV OAL aLTA T XPOVIO, TNV
EMOTNUOVIKY KaBodNyno, ) Bepun VTOGTHPIEN Kot AUEPLOTH CLUTAPAGTACT TOVS, ALY
Kot Y10 T0 apei®mTo EVOLPEPOV TOVS, KOO’ OAN TN S1dpKELD TNG EKTOVIONG KO GUYYPOUOTS
g dwtpiPng awtng. H ovpPfoin tovg otnv vAomoinon g Awtpiig, amd v avadeon
tov 0patog péxpt v oAokANpwon 1ng, vipée kabopiotikn. Oa MBeha va TOovg
EVYOPLOTNC® YL TN SLVOUTOTNTA EKTOVNOTG SOUKTOPIKNG SaTPIPg TOL LoV £3MGAV Kol
Yoo OAEC TIG EVKOUPIEG TTOL OV TPOGEPEPAV OTAOYEPO GTN GLVEXELX, LECH TMV OTOIWV

Ehafa 1060 Yvmoelg aAld Kot epmelpieg Long mov Ba e cuvodeHovV Y10 TAVTA.

Emiong, 6o MBeha va evyapiotiow Oepud tv Emikovpn Koabnyntpu Ap. Zooio
Xoapardpumovg-Hayes «ai tov Kabnynm Koota Iatpikio, tov Tunpatog Xnueiog tov
[Tavemomuiov KoOmpov, ywoo 1 CULUUETOYN] TOLG OTIS EMITPOMEG AEOAOYNONG TNG
EPEVVNTIKNG HOV EPYOCIOG KO YO TIG TOAVTIUES TOPATNPNOCEL / VITOOEIEELS TOVG Yo TN
BeAtiomon g epyaciog avte. Emnpocheta, o Bera va evyapioticw tov AvamAnpo
Kafnynm oto Tpufua @vcikng tov Iavemotpiov Kdnpov Ap. Zmvpo Zkovptn kot Tov
Koabnynt\ Nico van der Vegt tov “Kévtpov Evpuadv Aempaveidv» tov Ilohvteyveiov
Darmstadt tg I'eppaviag (Center for Smart Interfaces, Technical University of Darmstadt,
Germany) yio. TNV €uyev] amodoyr| TOVG VO GUUUETACYOVY 0TIV EEETAGTIKY LOV EMITPOTT),

KaBdg Kot Yo T1G LOOEIEEIS TOVG GTNV EMUEAELD TOV TEAMKOV KEWWEVOL TG OATPIPNC.

Ba frov Tapdrenyn pov va punv evyopliotom to [Havemotmiuo Kompov ko 1o Topuvpa
[Tpowbnong ‘Epevvog yoo ™ ¥pnuotoddtnon Hov Kotd Tn Odpkew ekmdvnong ng
AdokTopikng pov Atatpipne.
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TéNog, éva pHeyGAo €uYOPLOT® OPEIA® GTOVE O1KOVG HOL OVOPMOTOLG TOV TAVTO MTOV EKEL

va pe otnpilovy Kot va e ELYLYDOVOLV Y10, VO GUVEYIG® TO SVGKOAO OVTO YDV

®a NBela va ekQPAC® £Vo LEYOAO EVYOPIOTD GTN Yuvaiko pov XtéAlo Avimviov, yio
ocuveyn evBdppouvon, v vropovn kat tn Pondela g O AT Ta YpOVIa. ZE EVYOPIOTM

TOL OOLV Kol EloaL TAVTA OITAN LOV. X& ELYOPIOTO Y10 OAQL. ..

To 1o peydAo gvyapltoTd omd OO TO APIEPOVE GTOVG YOVELG Lov Anuntpn kot Mapodia
OV NTaV TAVTO SimAa LoV OA0 awTo TO Ypoviko dtdotnua. Eipal svyvopwv yo é6co pov

€YoV TPOcPEPEL OAL OVTA Ta YPOVIOL KO GTyOoupa G€ ALTOVS XPMOOTAM TO TAVTOL.



ABSTRACT

The present Doctoral Thesis is a computational investigation of the effects of salts on the
conformational stability and on the helix-coil transition of model oligopeptides, aiming to
shed light on the mechanism of specific ion action on the protein folding process, a key
problem in biochemistry and biophysics. Current literature contains very limited
information on salt effects on protein conformations, although salts are known to affect the
stability and solubility of proteins, and have also been found to play a role in protein
aggregation phenomena leading to the formation of amyloid fibrils, nanostructures and
stimulus-responsive peptide-based systems. We have quantified the salt effects on the
helix-coil equilibrium of model peptides by checking the effect of salts on the
Ramachandran maps and computing the associated Lifson-Roig and Zimm-Bragg helix-
coil transition parameters as a function of salt concentration. Such a computation has never
been attempted before in the presence of salts and constitutes the major innovation in the

present project.

Because the equilibration times for oligopeptides or ions in solution tend to be quite long,
the high-efficiency replica exchange simulation method has been used, which is based on
simultaneous simulations of the same system at several temperatures. To our knowledge,
this is the first time that this method is applied to a mixed protein-salt solution. In addition
to its sampling efficiency, the method has provided insights on the conformational stability

and helix/coil equilibrium of the studied peptides at a wide range of temperatures.

The present study is divided in three parts. In the first part studies of ionic effects on the
stability of the conformation of the protein backbone are reported. These results were
obtained by performing simulations of the simplest possible oligopeptides: the properly
blocked alanine dipeptide (Ac-Ala-NMe) and alanine tetrapeptide (Ac-Alaz-NMe). In our
investigation of salt effects on the conformations of an alanine dipeptide, we found that the
“intrinsic” conformational states of the backbone, as described by Ramachandran maps,
are not greatly affected even by large concentrations of NaCl and Nal. In the case of an
alanine tetrapeptide, however, the Ramachandran maps show an increased tendency for
more compact conformations in the presence of salts, with Nal being more effective. Our
finding that compact conformations are enhanced by salts was associated with a
concomitant increase in the formation probabilities of the a-helical hydrogen bond (i/i+4),
and other hydrogen bonds (i/i+3, i/i+2). We were able to show that the enhancement is not



due to stronger ion-peptide interaction, or to a difference in the hydration of the peptide in
the presence of ions. We also verified that CI" ions prefer to stay away from the peptides,
while I" ions have a preferential interaction with the hydrophobic methyl groups, as was

also observed in previous oligopeptide simulations.

In the second part of the thesis studies of ionic effects on the stability of the a-helix
secondary-structural motif and the helix/coil equilibrium have been carried out. Here we
have simulated the model peptide Ace-(AAQAA);-NMe (AQ) in aqueous electrolyte
solutions. The use of this neutral peptide in which charge-charge electrostatic effects on
helix stability are absent, allows focusing on the salting-in and salting-out interactions of
the solution ions with the nonpolar and other peptide groups. From the simulations of this
peptide it was also possible to extract the parameters of the Zimm-Bragg and Lifson-Roig
statistical-mechanical models of the helix-coil transition and the average peptide helicity as
a function of electrolyte type, concentration and temperature. Our simulations show a net
stabilization of a-helical structures in the presence of high concentrations of NaCl, and a
net destabilization in the presence of high-concentrations of Nal. An important conclusion
of the analysis of these simulations is that the net impact of salt on the stability of helical
conformations is best understood by considering separately its influence on the helix
nucleation and propagation steps.

The third part of the thesis deals with the effects of ions on the strength of interactions
between solvent-exposed, charged side-chains in a-helix-forming peptides and the impact
of solvent-exposed salt-bridge formation on the a-helix/coil equilibrium. We simulated the
model peptides Ace-AAQAA-EAQKA-AAQAA-NMe (EK+3), Ace-AAQAA-EAQAK-
AAQAA-NMe (EK+4) and Ace-AAQAA-EAQAA-KAQAA-NMe (EK+5), which differ
from peptide AQ in that they contain oppositely charged amino acids (E, K) in positions
i/i+3, i/i+4 and i/i+5. Sequences EK+4 and EK+5 were found to have reduced helicities
relative to AQ; while, sequence EK+3 has increased helicity, which is highly correlated

with the formation of the intramolecular E — K salt bridges.

As a general conclusion the present study shows that the addition of electrolytes affects the
helix/coil equilibrium of model peptides in several different ways and that separate
consideration of each factor can assist in the understanding of the net salt impact on

helicity.
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H mopovoo ddaxtopikn Satpifny €ivor o LTOAOYIOTIKY UEAETN NG EMidpAoNS TOV
OAATOV 0TI 0TEPE0OIATOEIKT) OTAOEPOTNTA KOl TNV 1GOPPOTIN EATKAG/TUYOIOV CTEIPMUATOC
OMYOTENTIOIWV, PE OTOYO TN OWPOTIC TOL UNYXOVIGHOD NG LOVIIKNG OpAomg oTnv
dwdkacio g TPOTEIVIKAG avadimiwong, mov eivar €éva Oepelddec TPoOPANUa o1
Boymueio ko ™ Proguokn. H tpéyovoa Piproypapio mepiéyel moAd mePLOPIoUEVES
TANPOPOPIES YLl TNV EMIOPAUCT] TOV OAAT®V GTIC SIOUOPPDOCELS TMOV TPOTEIVAOV, OV KoL TO
dlato elvar yvootd OTL €YoV eMMTOGCELS 0T otafepdtnTa Kol TN SHAVTOTNTA TOV
TPOTEIVAOV, Kat &yl Ppedel emiong 6Tt dSadpapatilovy pOLO GE PUVOLEVO GUGCOUATOCNG
TPOTEIVAOV TOV 001 YOOV GTO GYNUATICUO AUVAOEWDV VISV, VAVOSOUDV Kol GUGTNLATOV
nov PaliCovron og mentida ko avtanokpivovtal g TepParlioviikég deyépaoelg (Stimulus-
responsive peptide-based systems). ‘Eyxovpe npocdiopicel v enidpacn tov oAdT®V 6TV
100pPOTieL EMKOC/TUYOIOV CTEIPOUUTOS OMYOTENTIOIMV UEAETOVTOG TNV EMIOPOCT) TOV
aAdtov otoug xdpteg Ramachandran xot vmoAoyilovtag Tic mapopéTpous UETAMTOGONG
éMkag/tuyaiov onelpmdpartog Lifson-Roig kot Zimm-Bragg cuvaptioet g GuyKEVIpmONG
aAdtov. ‘Evag 1€1010G¢ vmoloyiopdg dev €xetl dte&oyBel ToTé TPONYOLUEVAOS GTNV TOPOLGIN

OAQTOV KoL OITOTEAEL TN ONUAVTIKOTEPT KovoTopio TG Tapovsag StaTpiPc.

Emeidn ot ypdvor €€l60ppOdmNoNG TG HOPLOKNG SVVOIKNG TOV OALYOTENTOIOV 1 TOV
WOVIOV o€ dloAvpoTo Tefvouy va ival apketd peydrot, £xel ypnoporombet ot datpifn
avt N LVYNANGg amddoong uébodog mpocopoimong replica exchange, n omoia &ivan
Baciopévn oTIg TOVTOXPOVEG TPOCOUOIDGEL; TOV {010V  CUGTHUOTOS GE  OLPOPES
Beppokpacies. Amd 0,1t yvopilovpe, ovt) eivor m wpdT| Qopd mov 1 péBodOC
epappoletar o éva petypo mentdiov pe wvro. Extdc amd ™ onpovtiky emtéyvven g
€E100pPOTNONG TOV TPOCOUOIDCE®V, 1 HEOOOOC €xel TAPACKEL AEMTOUEPELEG YO TN
oTEPEOOOTOEIKT]  oTOfEpOTNTOL KOl TNV 160ppoTio.  EAMKOG/TUYOIOL  OTEIPMUATOC

OMYOTENTIOIWV TV VIO PEAETN TENTIOIMV Y1 Eva €VPV PAGHA OEPULOKPAGLDV.

H mapovoa perémn dwaywpileton oe tpia pépn. To mpdTo HEPOG AVOPEPETOL GTY HEAETN
™G EMOPAONG TOV OVI®V GTN GTEPEOOATUSIKT OTAOEPOTNTA TS KVPLUG OAVGIONS TOV
nentwiov. H pedétn ovt) Pacicmnke 6 TPOGOUOIDCELS TOV OTAOVOTEP®V SVVOATAOV
nentdiov: tov dwmentidiov Alavivng (Ac-Ala-NMe) kot tov tetpamentidiov Alavivng

(Ac-Alaz-NMe) pe ta katdAAnlo TEpUOTIKG Gkpo. ATO TN UEAETN TG EMIBPACNG TOV

\Y



WOVIOV OTIC OLOUOPPOCELS TOV OUENTIO0N TG adaviving Bpédnke OTL O1 SIOUOPPDCELS TNG
KOpLog aAvcidog, OTmg meptypapovial omd toug xapteg Ramachandran, dev exnpedlovtot
akopo Ko amd vynAég ovykevipooelg NaCl ko Nal. Avtifeta, oty mepintoon  Tov
tetpanentidion Alavivng, ot yéptec Ramachandran vrodsikvoovy avéntiky tdon yio mo
ovumayeils JSUOPPOGES otV Tapovsia  aAddtmv, pe to Nal va €yet ™ peyaivtepn
enidpaon. H mapatipnon ovtn, 6Tt Ol GLUUTAYEIS SIOUOPOAOCELS OLEAVOVTOL TOPOVGIa
aAdtov, cvoyetiletor pe ocvvakdiovdn avénon ¢ mOAVOTNTAG GYNUOTIGUOD OECUMV
V3POYOVOL «TOTOL» O-Ehkag (i/i+4), ko GAAwvV decpmv vdpoyovov (i/i+3, i/i+2).
KotopOmoape va ociovpe 01t 1 avénomn 0ev oQeiletal OTIC 10YVPEC OAANAETIOPACELS
WOVTOV-TENTOon, 1| ot S1Popd €PLAATOONG TOL TEMTOIOV OGNV TAPOVLGIN OVIMV.
Eniong emPePardoope 61t ta 1ovra Cl” wpotipodv va mapapévovy pokpid omd To Tentio,
evad ta wvta I éxovv thom va aAAnAemdpolv e T VOPOPoPeg pneBviopddes, dmmg Exet

napotnpn0el o€ TPoNyYOHUEVEG TPOGOUOIDGELS OALYOTEMTIOIWV.

To debtepo UéPog ™G daTPIPNG HeAETd TV EMdpaoT TV OVTIOV GTN 6TEPEOSIATASIKY
otafepdnTa TNG 0EVTEPOTAYOVS SOUNG TNG 0-EAKAG KOl TNV 1o0ppoTtia EAKaC/Tuyaiov
onelpdpatog olyonentidiov. Edd épovpe mpocopoidost to mentidoio Ace-(AAQAA)s-
NMe (AQ) o¢ vdatikd dtakduata niektporvtdv. H yprion avtod tov ovdétepov mentidiov
610 0moi0 OmOVCIALOVY Ol GUECES MAEKTPOGTATIKEG GLVEIGPOPES POPTIOV-POPTIOL OTN
otafepdnTo. TG EMKOG, EMTPEMOVY VO EGTIACOVHE OTIC OAANAemdpdoelg salting-in
(evoldtoong) ko salting-out (e£aAdT®@ONG) TOV IOVI®V UE TIG I TOAMKES KO TIG VIOAOUTEG
TENTIOWEG OHAdES. ATO TIC TPOCOUOUDCELS OVTOV TOL TEMTIOIOVL NTay duvaTh 1 e0y®YN|
TOV TAPAUETPOV TOV GTOTICTIKOV HOVIEA®V TNG 100PPOTING EAIKOS/TUYOIOV CTEPDUOTOC
Zimm-Bragg kot Lifson-Roig kot 0o vroloyiopudg tng péong EMKOTNTAS GLUVAPTHGEL TOV
TOTOV TOV NAEKTPOAVTY, TNG GLYKEVIP®ONG Kot TG Beppokpaciog. Ot TPOGOUOUDGELS Lag
édeiEav Eekdbapn otabepomoinon TV doudV NG 0-EMKOGC GTNV TOPOVGio. LYNAGDV
ovykevipdoewv NaCl, xor Eekdbapn omootabepomoinon otV TOPOLGIN VYNADV
ovykevipooewv Nal. 'Eva onuoviikd copmépoacpo omnd v oavaivcn ovtov ToV
TPOCOUOIMoE®V givol OTL M emMidpacn TV oAdTOV OTn oTofepdTNTA TOV EAMKOEWDDV
Slopopem®oeV yiveton KaALTEpO KaTavont €EeTalovtog exymplotd TV €MPPON TOVG

otV €vapén Kot 0140001 TG EMKOC.

To 1tpito pépog g dSwTping peietd tnv emidpacn TV 1WOVIOV OV 6Y0 TGOV

aAAnAemodpdoemv petalld extefellévav 610 S1AVTN, POPTICUEVOV TAELPIKOV OAVGIOMV

Vi



nentdiov mov oynuatifovv a-élka. Meletd emiong v emppon TOV CAITOV GTO
OYNUOATIOUO YEQUPGOV CAATOV UETOED TETOI®V TAEVPIK®V opddwv. [lpocopowdoaus ta
nentidw  Ace-AAQAA-EAQKA-AAQAA-NMe  (EK+3), Ace-AAQAA-EAQAK-
AAQAA-NMe (EK+4) xar Ace-AAQAA-EAQAA-KAQAA-NMe (EK+5), 1o omoia
drapépovv and 1o memtidlo AQ o1o 0T TEPLEYOVY avtibeTa popTicpéva apvoééa (E, K)
otig Béoeig 1/i+3, i/i+4 and i/i+5. Ou akorovbieg EK+4 a1 EK+5 Bpébnkav va €yovv
ehattopévn eAkonta oe oyéon pe to AQ, evd 1 akoiovBion EK+3 éxst avénuévn

EMKOTNTA, TOL GYETICETON AUEGO LE TO CYNUATICLO EVOOUOPLOKDV YEQPLPOV ahdtog E — K.,

Xav yevikd cvumépacpo 1 mopovoa gpyocio €0e1&e OTL M mPooHNKN MAEKTPOAVTN
emnpedalel v 1ooppomion  EAKOG/ TLYOIOL OTEPOUATOG TEMTWOIOV UE TOAAOVC
SPOPETIKOVG TPOTOVS Kot OTL M EeY®PloTy EKTIUNGT TOL KABE Topdyovto Umopel va

BonBnoet ot Pabutepn Katavonon G GLVOMKNG EMLOPAONG TOV OAATOV GTNV EMKOTNTO.

vii
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1. Introduction

The identification of the mechanism of protein folding, a process by which a linear chain
of amino acids comes together to form a three-dimensional structure, is still an unsolved
problem in biophysics. Protein folding phenomena play a major role in life processes. The
understanding of the mechanism of secondary structure formation is thought to shed light
on the protein folding problem, as one of the most elementary processes in protein folding
dynamics is the formation of a-helices. The number of theoretical investigations of the
helix-coil transition is vast, either with focus on the stability and structure [Scholtz and
Baldwin, 1992; Chakrabartty and Baldwin, 1995; Vila et al., 2000; Garcia and
Sanbonmatsu, 2002] or on folding kinetics [Hummer et al., 2000; Monticelli et al., 2005].

Because salts and other electrolytes are always present in high concentrations in biological
systems, understanding their effects on protein behavior at the molecular level is important

to quantify their interactions in a biological context.

More than 100 years ago, Hofmeister [Hofmeister, 1888] and Lewith [Lewith, 1888]
published experimental results showing the specific effect of various salts on the aqueous
solubility of proteins. By specific effects we mean those that do not depend on the
magnitude of the ionic charge alone. They are manifested when ions of the same charge
produce a different effect in a particular system. Since then, numerous experimental studies
have shown the importance of specific ion effects in a multitude of biological and
physicochemical phenomena [Collins and Washabaugh, 1985; Cacace, 1997; Kunz, 2010].
On the basis of the magnitude of their specific effects, ions have been ordered into
sequences (one for anions and one for cations), which are called the Hofmeister series.
Anions, based on their increasing salting-in potency for proteins, can be ordered in the

following way:
S04*, HPO,~, OH’, F, HCOO'", CH5COO', CI', Br, NOs', I, SCN’, ClO4

Although the Hofmeister series plays a significant role in a broad range of phenomena, its
understanding was slow in coming. Only in the last few years a clearer understanding of
specific ion action has started to emerge. Even today, with our much improved
understanding, we can still find several different ideas about the nature of specific salt
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effects, many of which have been proposed a long time ago; for example, a favorite
explanation of specific salt effects for a long time was that ions modify the structure and
properties of water. The character of water as a solvent for biomolecules would change in
specific ways in the presence of electrolytes, for example its local dielectric or microscopic
(cavity) surface tension might change. Based on such ideas it has become standard practice
to call ions on the left of CI in the anionic Hofmeister series ‘‘cosmotropes’’ or ‘structure
makers’’, whereas ions on the right of CI" are called ‘chaotropes’ or °‘structure

breakers’’.

The effect of salts on the helix-coil transition of peptides has been studied rather little
experimentally [Marqusee and Baldwin, 1987; Scholtz et al., 1991; Smith and Scholtz,
1998] and only very recently by MD simulations [Fedorov et al., 2007; Dzubiella, 2008,
Asciutto, 2010], although salts are known to affect the stability and solubility of proteins,
and have also been found to play a role in protein aggregation phenomena leading to the
formation of amyloid fibrils and nanostructures [Hamada et al., 2009; Klement et al., 2007;
Raman et al., 2005].

At high concentrations (c > 1 M) salt effects on proteins and polypeptides are pronounced,
highly sequence and salt-type specific, and typically lead to changes in protein solubility,
stability, and/or denaturation [Baldwin, 1996]. Although an order of magnitude higher than
the typical physiological conditions (¢ ~ 0.1 - 0.3 M), high salt concentrations play an
important biochemical role in the field of protein crystallization [Dumetz et al., 2007], in
food industry as fermentation additives [Dyer, 1951], and for the function and stability of
biotechnologically interesting halophilic (salt-loving) enzymes [Lanyi, 1974]. Additionally
the study of protein structures in high salinity solvents is instructive, as salt-specific effects
are amplified. From a computational perspective, salt effects can be examined more
efficiently in molecular dynamics (MD) simulations at high salt concentrations. Numerous
theoretical studies have focused on short oligoalanine peptides, which serve as models for
the study of peptide conformation dynamics and helix formation [Graf, 2007; Dzubiella,
2008; Dzubiella, 2009; Mu, 2003; Ohkubo, 2003; Feig, 2008]

In the past few years, research on specific salt effects has been reinvigorated by the advent
of powerful new experimental and computational methodologies. Regarding computations,

new ideas about salt effects have been tested when improved additive or polarizable force
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fields became available [Anisimov et al., 2005; Borodin, 2009; Horinek et al., 2009]. A
large increase of scientific work on the origin of specific ion action at aqueous interfaces
has resulted in new and significant insights [Kunz, 2010; Jungwirth and Tobias, 2006;
Gopalakrishnan et al., 2006]. In particular, the contribution of porizability to the attraction
of loosely hydrated ions to the free water surface, hydrophobic or hydrophilic self-
assembled monolayers, or lipid bilayers has been thoroughly investigated [Jungwirth and
Tobias, 2006; Jungwirth and Tobias, 2002; Dang and Chang, 2002; Archontis et al., 2005;
Archontis et al., 2006; Scwierz et al., 2010; Vacha et al., 2010].

Despite these recent advances, much less progress has been made in understanding salt
effects on protein stability and solubility. It is indeed surprising that this scientific area,
which initially triggered the research on ionic specificity [Hofmeister 1888], is currently
the least advanced. Current research in this area follows two main directions: There are
workers who try to understand the specific interactions of ions with protein surfaces
[Pegram and Record, 2008; Lund et al., 2008], (either direct or water-mediated [Shimizu et
al., 2008; Shulgin and Ruckenstein 2005]) or the salt-mediated protein-protein interactions
and the second virial coefficients of protein solutions [Bostrom et al., 2006]. These works
address the problem of protein solubility and crystallization from solution, and the surface-
mediated mechanisms of salting-in and salting-out. A different line of investigation,
originally carried out experimentally [Scholtz et al., 1991; Smith and Scholtz, 1998;
Maison et al., 2001; Graf et al., 2007; Xiong et al., 2009], but more recently and to a larger
extent computationally [Fedorov et al., 2007; Fedorov et al., 2009; Dzubiella, 2008;
Dzubiella, 2009; Asciutto et al., 2010; Heyda et al., 2010; Von Hansen et al., 2010], is the
use of specially designed oligopeptides and other related model compounds [Heyda et al.,
2010; Yu et al., 2010] in the effort to assess the specific ionic interactions with the peptide
backbone or with individual side chains, and the effects of ions on the secondary structure
of the peptides. These works address more directly the issue of protein stability and

conformation.

The work in this thesis falls in the second group of investigations. We have carried out a
computational investigation of the effect of salts on the helix-coil transition of model
oligopeptides, aiming to shed some light on the mechanism of specific ion action on the
general protein folding process. We hope that the new results in the present thesis may

open some new possibilities for the computational study of specific salt effects on protein
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conformations in solutions, including eventually the stability of halotolerant proteins, the
control of salt-responsive peptide solutions and the salt-dependence of fibril formation by
proteins associated with neurodegenerative diseases.

We have addressed several aspects of the impact of ions on the structural properties and

stability of oligopeptides. More specifically, we have studied ionic effects on:

1) The stability of the conformation of the peptide backbone.

2) The stability of the a-helix secondary-structural motif and the helix/coil equilibrium.

3) The strength of interactions between solvent-exposed, charged side-chains in a-helix-
forming peptide.

4) The impact of solvent-exposed salt-bridge formation on the a-helix/coil equilibrium.

To investigate question (1) we used the simplest possible oligopeptides: the properly
blocked alanine dipeptide (Ac-Ala-NMe) [Rossky and Karplus, 1979; Mezei et al., 1985;
Tobias and Brooks, 1992; Ishizuka et al., 2010] and alanine tetrapeptide (Ac-Alaz-NMe)
[Tobias and Brooks, 1991]. The alanine dipeptide serves as a model of the protein
backbone. It has a single pair of backbone dihedral angles (¢,y) and two peptide groups,
which can form an intramolecular hydrogen bond. It allows checking the specific ion
effects on the Ramachandran plot of di-alanine and the relative interaction of the ions with
the backbone peptide groups and the methyl side chain and blocking groups [Rossky and
Karplus, 1979; Mezei et al., 1985; Tobias and Brooks, 1992; Ishizuka et al., 2010].

The alanine tetrapeptide introduces additional dimensions [Tobias and Brooks, 1991]. With
the particular choice of N-terminal and C-terminal blocking groups adoped (see Chaper
4.2), it has three complete pairs of backbone torsional angles (¢i, vi) and four peptide
groups. Thus, it can form a variety of hydrogen-bonding interactions, including two i, i+3
hydrogen bonds encountered in protein S-turns (CyOy-N3Hns, C10:-NtHnt) and one i, i +4
hydrogen bond encountered in a-helices (CyOy-NtHnt). Thus, closed, “quasi-helical”
conformations are possible in this system, and the conformational space is greatly extended
with respect to the dipeptide. Even though no large scale secondary structure can be
formed by the tertrapeptide, an increase of “closed” conformations would immediately
signify that the presence of salts stabilizes the initial helix-formation step in this type of

oligopeptides, and vice versa.



To investigate question (2), we have simulated the model peptide Ac-(AAQAA)s-NMe in
aqueous electrolyte solutions. Experimental studies have shown that this peptide adopts
an a-helical conformation in NaCl solutions, with stability (average helicity) that depends
on the ionic strength of the solution [Scholtz et al, 1991; Shalongo et al, 1994; Smith and
Scholz, 1998]. The peptide has been employed in several computational studies of the
helix/coil equilibrium in implicit and explicit solvent, but not in the presence of salts
[Shirley and Brooks, 1997; Ferrara et al, 2000; Gnanakaran and Garcia, 2005]. The use of
this neutral peptide in which charge-charge electrostatic effects on helix stability are
absent, allows to focus on the salting-in and salting-out interactions of the solution ions
with the peptide groups and nonpolar groups. From the simulations of this peptide it is
also possible to extract the parameters of the Zimm-Bragg and Lifson-Roig statistical-
mechanical models of the helix-coil transition and the average peptide helicity as a

function of electrolyte concentration and temperature.

For questions (3) and (4), we have simulated the model peptides Ac-AAQAA-EAQKA.-
AAQAA-NMe, Ac-AAQAA-EAQAK-AAQAA-NMe and Ac-AAQAA-EAQAA-
KAQAA-NMe, which differ from the peptide of question (2) in that they contain
oppositely charged amino acids (E, K) in positions i/i+3, i/i+4 and i/i+5. Experimental
studies with the same systems have shown that the electrostatic interactions are not
completely screened even at 2.5 M NaCl [Smith and Scholtz, 1998]. The major objective
of the simulations is to determine the extent of these electrostatic interactions in the range
of concentrations and temperatures considered, and their impact on the stability of the
helix. Furthermore, the simulations of these charged model peptides can provide insights
on the interaction between the charged side chains and the distribution of ions around the

nonpolar, polar and charged groups.

To keep the systems simple, we have only used sodium chloride (NaCl) and sodium iodide
(Nal) as electrolytes. NaCl is generally expected not to give strong specific salt effects in
most systems [Collins and Washabaugh, 1985; Cacace et al., 1997; Kunz, 2010; Leontidis
and Aroti, 2009] while iodide is definitely a chaotropic anion and can be used to illustrate
potential side-chain or backbone interactions of the more hydrophobic ions [Fedorov et al.,
2007; Fedorov et al., 2009; Dzubiella, 2008; Dzubiella, 2009]. We have used a range of



electrolyte concentrations (0 — 3 M) to investigate concentration effects on the oligopeptide

structures.

The accurate sampling of electrolyte solutions requires long simulation times. To
accelerate sampling, we have used the powerful replica exchange simulation method,
which simultaneously propagates several replicas of the system at various temperatures
and allows the controlled exchange of conformations between different temperatures
(details in chapter 2.8) [Sanbonmatsu and Garcia, 2002; Buchete and Hummer, 2008].

1.1 Project Goals and Innovation

Protein folding is usually discussed theoretically in terms of (a) independent amino acid
residue conformations, described by two-dimensional (¢, y) maps of torsion angles, and
(b) phenomenological parameters describing the thermodynamics of a-helix formation. So
far the influence of electrolytes on the torsion maps and the helix-formation parameters has
never been assessed, although electrolytes are always present in polypeptide solutions and
affect protein conformation, stability and solubility (salting-in and salting-out phenomena).

In this work we have set the following scientific goals:

(@) To examine the effect of sodium salts (NaCl and Nal) on the torsion angle maps of
alanine dipeptide, a model test solute.

(b) To examine the effect of sodium salts (NaCl and Nal) on the preference of alanine
tetrapeptide for “special” conformations.

(c) To investigate the effects of the same salts on longer alanine-based peptides, with
known folding propensities towards a-helices. The formation of a-helices is usually
described by two parameters for helix nucleation and propagation. These parameters
are computed by the proposed simulations as a function of temperature and salt
concentration and type.

(d) To link the observed salt effects to actual local interactions, through examination of
pair correlation functions, hydrogen bonding patterns and other data available from the
simulations.

(e) To explain experimental data on a-helix formation by the same oligopeptides in the

presence of salts.



(f) To quantify the strength of electrostatic interactions between solvent-exposed charged
side chains in a helix and the impact of these interactions on helix stability in the

presence of ions.

Several aspects of this work are innovative:

(@) For the first time the effect of electrolytes on Ramachandran plots of the alanine
dipeptide have been examined. Even for this simple model peptide such information is
nonexistent.

(b) The Lifson-Roig parameters for helix formation have seldom been obtained from
simulation. In the present work they have been computed for a range of salt
concentrations and temperatures and for a number of oligopeptides of increasing length
and complexity.

(c) This is the first Molecular Dynamics study of model oligopeptides which have a pair of
oppositely charged amino acids at different spacing.

(d) Because both the peptides and the ions in solution take a very long time to sample the
available phase space, the replica-exchange method with parallel temperatures has been
used. This has been used successfully in the past for peptides [Sanbonmatsu and Garcia,
2002; Buchete and Hummer, 2008], but not extensively for electrolyte solutions and
certainly not for the combination of the peptides and salts in the same solution.

(e) A large number of different criteria have been used in the data analysis to quantify the
interactions between ions and specific polypeptide groups. Apart from computing all
relevant radial distribution functions, we have carried out careful analysis of local ion
excesses and local hydrogen bonding between ions and peptide groups. We have tried
to link this information to the effects of electrolytes on the Lifson-Roig helix-coil
parameters. Such a systematic attempt to link phenomenological thermodynamics to
local interactions has not been attempted so far.

(F) For the first time there is a very systematic sequential work on model peptides, in
which we add new interactions with each new model, using what has already been

learned from the previous models.



2. Basic Theoretical Background

2.1 Specific lon Effects and the Hofmeister Series

The effect of electrolytes in aqueous solutions on different biological and physicochemical
phenomena has been the subject of numerous studies since the late 19" century. The two
first influential works, which defined the area of specific salt effects, belong to Lewith
[Lewith, 1888] and Hofmeister [Hofmeister, 1888]. These authors examined systematically
for the first time the effects of salt solutions on the solubility of proteins. They found that
(@) the log(solubility) of many proteins in electrolyte solutions depends linearly on
electrolyte concentration, and that (b) a different log(solubility) vs. salt concentration curve
is obtained for each electrolyte irrespectively of the charge of the ions. Following this
pioneering work, a large number of experimental studies have shown the importance of
specific ion effects in all kinds of biological and physicochemical phenomena; ions in
aqueous solutions have been found to affect polymer cloud points [Schott et al., 1984], the
critical micelle concentration of surfactant molecules [Ray et al., 1971; Zhang et al., 1996],
pH measurements [Camoes et al., 1997; Bostrom et al., 2001, Bostrom et al, 2003], zeta
and surface potentials of lipid membranes [McLaughlin et al., 1975; Tatulian, 1983; Clarke
et al.,, 1999; Franks, 2002], the surface tension of electrolytes [Jarvis et al., 1968;
Weissenborn and Pugh, 1996], the enzymatic activity of biomolecules [Wright and
Diamond, 1977; Hochachka and Somero, 1984; Hall and Darke, 1995] etc. The two older
reviews that were published on the topic of specific salt effects and are still heavily cited
[Collins and Washabaugh, 1985; Cacace et al., 1997] contain more than 900 references to
the extensive experimental work carried out in the 20™ century. Depending on the strength
of their effects in several phenomena, ions have been ordered into sequences, which are
called the Hofmeister series or the lyotropic series. Typical Hofmeister series for cations

and anions are as follows:
Cs">Rb">NH," >K*">Na" > Li* > Ba®* > Sr** > Ca** > Mg**

SO,* > HPO,Z > OH > F > CH3COO > CI > Br > NO3 > I’ > BF, =~ ClO4 > SCN’



In the above sequences, ions are ordered mostly according to their ability to salt-out
proteins; the strongest salting-out ions are placed by convention on the left side of the
sequences. Anions were found to have much stronger impact than cations in several
phenomena. To return back to the protein solubility problem, anions that are located to the
left of CI" decrease protein solubility and therefore are called salting-out ions. Anions to
the right of CI" often (but not always!) have the opposite effect and thus they are called
salting-in ions. The CI" ion is said to be an indifferent ion and the direction of many

specific anion effects is found to change around the CI" ion.

For almost 100 years the precise origin of specific salt effects was very poorly understood.
Thanks to a strong revival of interest in the topic and the strong and persistent efforts of
many research groups, considerable progress in this area has been made in recent years.
The following discussion of existing theoretical ideas will focus mostly on anions, since
the systematic trends in the case of cations are less well-defined and the effects are often

weaker.

Different ideas about the nature of specific salt effects have been proposed: The main older
idea was that since ions interact with water very strongly they modify the structure of
water, especially regarding the populations of H-bonded clusters [Chaplin, 1999]. For this
reason anions to the left of CI" in the Hofmeister series have been called cosmotropes,
following the idea that they enhance water structuring (structure makers), while anions to
the right of CI" are called chaotropes or structure breakers. For ions with the same charge,
the other most important property is their size, quantified by their Pauling radius
[Leontidis, 2002]. Generally, cosmotropic ions have small Pauling radii, because of their
higher electric fields they are strongly hydrated, losing their water of hydration with
difficulty. The opposite holds for chaotropic ions, which are more weakly hydrated.
Another fundamental property of ions is their polarizability, which is the ability of their
electronic shells to undergo deformation in an electric field. Although, the polarizability of
an anion is related to its size and internal structure, it is often considered as a propery that
can dictate ionic behavior independently. In general, cosmostropic ions have small
polarizabilities and chaotropic ions large polarizabilities, although marked exceptions exist

(SO4% is a cosmotropic ion with high polarizability).



To explain specific salt effects Collins and Washabaugh [Collins and Washabaugh, 1985]
have developed a molecular model, based on the idea that the water surrounding an ion can
be divided into three layers. The first layer is adjacent to the ion, and is equivalent to the
well-known first solvation shell. The third layer represents the water in the bulk solution
and the second layer has properties determined by the other two layers (it could be
described as a second hydration shell). The main default of this model is its complexity
(involving the interactions between the three hydration shells) and inability to provide solid
quantitative information. Following the same idea regarding the water structure around
ions, and also some experimental insights, many biologists [Chaplin, 1999] consider low-
density and high-density water close to biological interfaces and examine the way the two
water regions are affected by ions.

Ninham and Yaminski [Ninham and Yaminski, 1997] suggested in an important paper that
the origin of the Hofmeister series could be due to the existence of dispersion interactions
between ions and surfaces, and ions and water molecules. Due to the fact that the classical
Gouy-Chapman theory of electrical double layers cannot explain the mechanism of action
of Hofmeister ions, they claimed that an ionic dispersion potential acting between ions and
any interface must be included in the theory of electrostatic effects. The new extended
model can be used to explain the results of several experiments, as long as the ions do not
form chemical bonds with surfaces. Bostrom et al., [Bostrom et al., 2001] explained the
surface tension of electrolytes using the concept of dispersion forces. They added ion
specificity into their electrostatic calculations using a dispersion potential and retaining the
main picture of Onsager and Samaras [Onsager and Samaras, 1934], which assumes the
existence of a layer free of ions close to the water surface. The results in their highly-cited
paper do not agree however with recent molecular simulations of electrolyte solution
surfaces, which demonstrate that anions have a higher affinity (higher concentration) for
the free water surface than cations of the same charge [Jungwirth et al., 2000] while large,
polarizable anions exhibit strong concentration peaks close to the water surface [Jungwirth
et al., 2002; Archontis and Leontidis, 2006]. It should be denoted that these simulations

used a polarizable model for water and ions.

Another qualitative model suggests that ion specificity arises as the result of a fine balance
between ion-water and water-water interactions [Collins, 1997]. Recent computer

simulations studies using Monte-Carlo and Molecular dynamics giving emphasis to
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hydration interactions support this idea while focusing on electrolyte effects on the

hydrogen-bonding network of water [Karlstrom et al., 2002; Hribar et al., 2002].

Kim D. Collins published another significant study in 2004 [Collins, 2004]. We quote here
his main idea that he summarized in the following rule: The law of matching water
affinities: oppositely charged ions in free solution form inner sphere ion pairs
spontaneously only when they have equal water affinities. Making use of different
techniques (Sephadex G-10 gel sieving chromatography, Jones-Dole viscosity B
coefficients, and solution neutron and X-ray diffraction) he showed that small ions of high
charge density (e.g., sulfate, phosphate, the carboxylate, sodium, and fluoride) are strongly
hydrated (cosmotropes) whereas large monovalent ions of low charge density (e.g.,
ammonium, chloride, potassium, and the positively charged amino acid side chains) are
weakly hydrated (chaotropes). When the ions are small (hard or cosmotropic) the
surrounding water molecules are tightly bound to the ion, while when the ions are big (soft
or chaotropic) the hydration shell is loosely bound. The discrimination between these two
types is based on the relative strength of ion-water interactions compared to water-water
interactions. The horizontal line illustrated in Figure 2.1 between Na* and K" for cations
and CI" and F for anions is roughly defined by the strength of water-water interactions
(ideal behavior, no preferential interactions). Water is here considered to be a zwitterion
with a cationic portion of the (interpolated) ideal cation size and an anionic portion of the
(interpolated) ideal anion size at the horizontal line, also illustrated in Figure 2.1. The
strongly hydrated ions above the line in Figure 2.1 are referred to as “small”, the weakly
hydrated ions below the line as “large” and water (at the line) as a “medium-size”
zwitterion. Two strongly hydrated small ions of opposite charge experience a very strong
reciprocal attraction. They can therefore attach to each other forming direct ion pairs and
expelling the hydration spheres between them. Although the electrostatic attraction
between the weakly hydrated large ions is much smaller, their hydration spheres are so
loosely bound that the chaotropic ions can also form direct ion pairs expelling hydration
water between them. In contrast, when we consider one small and one large oppositely
charged large ion the attraction of the large ion is not strong enough to force the small ion
to lose its hydration shell. As a consequence, a couple of a large and small ion cannot form
strong ion pairs; it forms by necessity only water-separated ion pairs. This explanation of

‘like seeks like’ is illustrated in Figure 2.2.
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Figure 2.1: Division of the group IA cations and the VIIA halide anions into [strongly hydrated]

cosmotropes (water structure makers) and [weakly hydrated] chaotropes (water structure
breakers). The ions are drawn approximately to scale. A water molecule is represented as a

zwitterion of radius 1.78 4 for the anionic portion and 1.06 A for the cationic portion [Collins,

2004].
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Figure 2.2: lon size controls the tendency of oppositely charged ions to form inner sphere (contact)
ion pairs. Small ions of opposite sign spontaneously form contact ion pairs in aqueous solution;
and large ions as well; mismatched ions of opposite sign do not spontaneously form contact ion
pairs in aqueous solution. A large monovalent cation in this picture has a radius larger than

1.06 4; a large monovalent anion has a radius larger than 1.78 4 [Collins, 2004].

The idea of Collins [Collins, 2004] is fruitful, even if it is an oversimplification. For
example, as an ion approaches an interface, ion-interface and water interface interactions

must also be considered besides ion-water and water-water interactions.
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Vlachy et al. proposed a Hofmeister-like ordering of charged headgroups of surfactant-like
molecules and combined the proposed headgroup ordering with the law of matching water
affinities [Vlachy et al, 2009]. The following Figure 2.3 shows the results. Of all the
considered anionic headgroups, carboxylate turns out to be the hardest, whereas sulfate and
sulfonate are soft headgroups. Their charge density and the resulting strength of the ion-
water interaction compared with water-water interactions is the single parameter that
determines their behavior. The detailed geometry of the headgroups, the resulting water
geometry and ion polarizabilities are other properties that may also have an impact.
However, Collins’s law of matching water affinities coupled to the headgroup charge
densities may qualitatively explain many experimental findings, especially those
concerning micelles, polyelectrolytes and vesicles.

Li* Na* K* Rb* Cs* NH,*

W
©©000.4
hard A} ? soft

RCOO~ R,PO, RSO, RSO,

Liny s

carboxylate phosphate sulfate sulfonate

50,2 ©OAcT OH CI” Br NOS clo,”
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v

RN(CH )}

trimethylamonium headgroup

s

Figure 2.3: (a) Ordering of anionic surfactant headgroups and the respective counterions
regarding their capabilities to form contact pairs. The green arrows mean strong interactions
(close ion pairs). (b) Ordering of anionic counterions with respect to their affinity for the

trimethylammonium headgroup [Vlachy et al., 2009].

13



The observations that surface potential varies widely for different salts of the same valence
provided evidence for differential partitioning of salt cations and anions at the air-water
interface [Frumkin, 1924; Randles, 1957]. Within the past 15 years, MD simulations,
surface spectroscopic measurements, and electrospray ionization mass spectrometry have
provided additional evidence on the idea that the cation and anion of a salt partition
differently between the surface and the bulk solution; in fact it is now believed that some
anions actually accumulate at the surface [Petersen and Saykally, 2006; Jungwirth and
Tobias, 2006; Archontis et al., 2005; Archontis and Leontidis, 2006]. Pegram and Record
[Pegram and Record, 2007] developed a solute-partitioning model for individual ions
between bulk solution and the air-water interface and used it to analyze the available
surface tension data [Kumar, 2001; Washburn, 2003] by determining partition coefficients
of Hofmeister anions and cations between the bulk solution and the air-water interface.
They demonstrated that the relative rankings of the cation and anion partition coefficients
generally agree qualitatively with the Hofmeister series obtained from ion effects on
biopolymer processes. Figure 2.4 contains the comparison that they created. The left
column in this graph contains ion partitioning coefficients between air-water surface and
bulk electrolyte solution. The right column provides the qualitative ranking of the ions,
provided by von-Hippel from examination of the interactions of protein surfaces from
water [von Hippel et al, 1964]. Figure 2.4 shows that the anion partition coefficients
derived from surface tension increments (STI dy/dm,) are correlated (both in rank order
and approximate magnitude) to the Hofmeister series of anions. In this study, anions range
from almost complete exclusion from the air-water surface to moderate surface
accumulation. Relative to the sulfate anion (which was taken to be completely excluded),
COs? is also almost completely excluded while F-and HO™ are more weakly excluded from
the air-water surface. For Br, NO3 and I there appears to be an approximately uniform
distribution while for CIO3’, SCN™ and ClO,4 a moderate surface accumulation is predicted.
For cations, Figure 2.4 reveals a significant shift in magnitude of partition coefficients.
Alkali metal cations and GuH™ are widely separated in both series, but the Li*, Na*, K,
and Cs’ cations are almost completely excluded from the air-water surface. The overall
good agreement of the series obtained from surface tension with the Hofmeister rankings,
suggests that a dominant factor for ion specificity must be the partial dehydration of the
ions. The Pegram and Record analysis [Pegram and Record, 2007] predicts that Na* is
completely excluded and CI" is only moderately excluded from the surface, in agreement

qualitatively with MD calculations [Jungwirth and Tobias, 2001]. The large shift between
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cation STI-derived partition coefficients and inferred placements in the biopolymer
Hofmeister series (as shown in Figure 2.4) suggests that cations interact relatively better
than anions with protein surfaces rather than with the air-water surface. These two
observations lead to the conclusion that the thermodynamics of transferring cations and

anions from the bulk to a surface are dominated by different interactions.
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Figure 2.4: Comparison of single-ion partition coefficients K,, for partitioning of ions between
bulk water and the air-water surface with relative Hofmeister rankings of anions and cations for

processes which expose protein surface to water (e.g., unfolding) [Pegram and Record,2007].

More useful models must not be based on the air-water surface, which is devoid of ion-
surface interactions. A more complex “partitioning” model, accounting for both sodium
complexation with liquid head groups and anion partitioning within lipid monolayers is
described by Leontidis [Leontidis and Aroti, 2009]. The partitioning parameters suggested
by such a comprehensive model correlate well with several measures of ion specificity,
such as ionic volume, von Hippel chromatographic parameters, or viscosity B-coefficients.
The competition of cavity and ion hydration terms formed the basis of the model for the
partitioning chemical potentials. The model leads to a very good correlation of the
partitioning chemical potentials with a function of the ionic radius, showing that specific
anion effects on zwitterionic lipid monolayers mostly depend on ionic size. Thiocyanate
and acetate ions are two notable exceptions from this correlation. Their charged
distribution is not spherically symmetric; therefore they are expected to have orientation-

dependent interactions with the water-lipid interface.
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It is obvious from the above broad spectrum of alternative explanations that it is still not
clear in all situations whether ions act through precisely defined, specific, local
interactions, or through more delocalized collective interactions. Elucidation of the
mechanism of action of the Hofmeister ions in a particular experimental situation or
molecular dynamics simulation often gives a better understanding on numerous ion-

specific phenomena, and has a strong impact on biology and chemistry.

2.2 Solvation

2.2.1 Water

Water is a special liquid both from a physical and from a chemical point of view. The
extensive hydrogen bonding between water molecules leads to a high boiling point and
unique solvating abilities. The water molecule is dipolar with a dipole moment of 1.86 D
[Clough et al., 1973] in the gas phase and 2.6 D in the liquid phase [Silvestrelli and
Parrinello, 1999]. The significant dipole moment results from the relatively electron-poor
hydrogen atoms and the electron-rich oxygen atoms. The oxygen atom of a water molecule
can form hydrogen bonds with electron-accepting hydrogen atoms of other molecules.
Hydrogen-bonds are formed when the two lone electron pairs of the oxygen atom partly
donate their electron density to the hydrogen atoms of neighboring molecules. The energy
content of a hydrogen bond between water molecules is roughly 5.6 kcal/mol [Suresh and
Naik, 2000]. Ideally, every water molecule could donate and accept two hydrogen bonds,
as depicted schematically in Figure 2.5. This happens for all water molecules in ice I,
which has a crystal structure built up from tetrahedrally coordinated water molecules
[Bernal and Fowler, 1933]. Even in the liquid phase, the water tetrahedrons created by
extensive hydrogen-bonding are a prominent feature of the liquid structure. A snapshot of a
typical pure liquid water simulation at 300 K is shown in Figure 2.6. Several tetrahedrally
surrounded water molecules are found in this structure, along with a large number of water

molecules that are only partly coordinated.
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Figure 2.5: Representation of hydrogen bonds (dotted lines) between water molecules [1,].

Figure 2.6: Snapshot of liquid water. Hydrogen bonds are represented by the dotted blue lines
[Heuft, 2006].

A quantitative way to examine the structure of a liquid is to use radial distribution
functions (RDF). The RDFs for pure liquid water at 300 K are shown in Figure 2.7. The
structured nature of the liquid is made clear by the sharp and well-defined peaks in the
RDFs. The first O-H peak is at 1.8 A and represents the hydrogen-bonded O—H pairs. The
normalized integral of the peak corresponds to exactly 1 oxygen atom and 2 hydrogen
atoms, in complete agreement with an average tetrahedral coordination of the water

molecules.
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Since the hydrogen bond interactions dominate the structure of liquid water, it follows that
they also affect the dynamical properties of water in many ways. For example, the
diffusion coefficient of water molecules is rather small for such a small molecule. However
it should always be remembered that the hydrogen bond network is highly dynamic with
hydrogen bond continuously breaking and forming. This dynamic behavior must be taken

into account in the analysis of the behavior of aqueous solvation shells around ions.
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Figure 2.7: Rdf of pure liquid water, O—H (dashed line), O-O (dotted line) and H-H (solid line)

[Heuft, 2006].

2.2.2 lons in Water

A disruption of the hydrogen bond network is caused when ions are introducted into liquid
water. The water molecules rearrange in the presence of the ions, and for this reason the
hydrogen bonds between water molecules are broken increasing the energy of the system.
lons however interact quite strongly with water through formation of hydrogen-bonds but
also through ion-dipole interactions. These ion-water interactions compensate for the loss
of water-water hydrogen bonds and result in a negative free energy of solvation. The
strength of ion-water interactions depends on the size and the charge of the ion. According
to Ninham’s idea the polarizability of the ions also plays a significant role [Ninham et al.,
1997]. In addition, there is a marked difference in the way that the anions and cations
interact with water. The first solvation shell of anions is more compatible with the natural

structure of liquid water, hence the free energy of solvation of anions is more negative than
18



that of cations of the same size [Grossfield, 2005]. Figures 2.8 and 2.9 present typical
pictures of the first solvation shells of water molecules around positive and negative ions.
These images do not provide the whole story however, especially when considering large
ions. The local water network is extensively disrupted by large ions, beyond the first
solvation shell. Thus the solvation of large ions is more complex, with conflicting

interactions contributing. It is, often found that large ions have smaller free energy of
solvation than small ions.
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Figure 2.8: A cation surrounded by water molecules [Heuft, 2006].

Figure 2.9: An anion surrounded by water molecules [Heuft, 2006].

The four halide ions, F, CI', Br and I, often serve as prototype solutes to study ion-water
interactions in detail. The total charge and outer electron configuration of halide ions are
identical, but there are considerable differences in the ionic sizes and masses. In order to

understand the relative strength of anion-water interactions, in this series the X (H,0) (X =
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F, Cl, Br, 1), we tabulate enthalpies of the hydrogen-bonds between these anions and water
in Table 2.1, together with the radii of the ions [Weast CRC Press, 1975].

Table 2.1: lonic radii of the common halide ions and hydrogen bond energies for X (H,0).
a.[Weast CRC Press, 1975] , b. [Weis et al., 1999] and c. [Hiraoka et al., 1988].
ion ionic radius/A*  AHYkcal/mol

fluoride 1.33 262+0.8°
chloride 1.81 -14.7 £ 0.6°
bromide 1.96 -11.7 £ 0.4°

iodide 2.20 -10.3 £ 0.3¢

lons are often classified either as a ’structure-maker’ or a ’structure-breaker’ depending on
their overall influence on the structure of bulk water. This is a quite old idea that still
permeates physical chemistry and biology text books [Dill, 2002]. However recent studies
[Grossfield, 2005; Omta et al., 2003] have revealed that the structure making or breaking

effect of ions is only limited to the first or second solvation shell.

The hydration number (number of coordinating water molecules and the geometry of the
coordination sphere) can be obtained from X-ray and neutron diffraction experiments.
These techniques are too slow, however to yield information on the dynamics of ionic
solvation. Dynamics can be probed with Fourier Transform Infrared (FTIR) spectroscopy.
In this method however the signal of the coordinating water molecules tends to be
obscured by that of the bulk water molecules. Nonlinear pump-probe spectroscopy has
provided significant insights into the dynamics of ionic solvation. In this method, water
molecules in the first hydration shells of the ions are selectively excited using a pump laser
pulse, and their dynamic response is probed by a second, probe laser pulse [Kropman and
Bakker, 2001]. The time resolution of pump-probe experiments is currently in the range of
femtoseconds, so they can provide properties such as the residence time and the rotational
reorientation time of water molecules in the first solvation shells. This powerful method

still cannot be generally applied to all ions.

In the last 30 — 40 years, computational research has also provided much useful
information about aqueous ion solvation. With molecular dynamics (MD) one can follow
the motion of atoms with a temporal resolution of femtoseconds. Hence, MD provides a
direct way to investigate certain properties that cannot be studied in experiments or can be

studied only indirectly.
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The precise computational method and the ion-ion and ion-water interaction parameters
play a critical role in the accurate computational investigation of aqueous electrolyte
solutions [Brodsky, 1996]. Numerous methods, ranging from simple forcefields
[Jorgensen, 1983] to advanced ab initio simulations [Laasonen et al., 1993] have been
applied in the study of pure liquid water. The introduction of an ion to the system
complicates the models used considerably. The problem of aqueous ion solvation has been
found to be sensitive to the polarizability of both the water molecules and the ions [Stuart
and Berne, 1996], the geometrical constraints on the water model (if water bonds are held
rigid or are flexible), many-body effects, and other subtle effects. In the case that any of
these are not implemented correctly in the algorithm there could be consequences for both
structural and dynamical features of the system. Efforts to implement all or most of these
effects using advanced forcefield models or ab initio type techniques, results in large
increases of the required computer power. The availability and power of computer clusters
and supercomputers, in recent years has enhanced the capabilities of computational
methods tremendously, and has allowed the investigation of progressively more

complicated models.
2.3 lon Binding to Biomolecules

The stability of protein conformations in electrolyte solutions depends on a number of
factors, such as the macromolecular net charge, and salt type, concentration and valency
[Baldwin, 1996]. Effects of the specific chemical nature of the salts that go beyond the
valency are usually classified as Hofmeister or ion-specific effects. Hofmeister originally
[Hofmeister, 1888] arranged ions based on to their ability to precipitate or ‘salt-out’ egg
white proteins. The effects of cations on protein structures are generally less pronounced
than those of anions. The Hofmeister ordering was found not to be entirely fixed however.
It is affected by the solution pH and the protein iso-electric point (pl). For example, in
second virial coefficient measurements of lysozyme, (with a pl in the range of 10 to 11) it
was found that protein association is induced by anions such as iodide and thiocyanate
[Piazza and Pierno, 2000] which are supposed to be “salting-in” ions. A “reverse”
Hofmeister series was in fact observed in these measurements. A systematic SAXS study
revealed that a Hofmeister reversal for pH < pl is observed for several small proteins, such

as a-crystallins, y-crystallins, ATCase and Brome Mosaic Virus [Finet et al., 2004].
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A number of recent investigations examine ion specificity of protein association as largely
depending on interactions between salt ions and the macromolecular surface [Zhang and
Cremer, 2006]. For pH < pl, anionic adsorption reduces the total macro ion charge thus
reducing the repulsion between the cationic biomolecules. It thus assists complexation. The

opposite effect can be observed for negatively charged proteins (pH > pl).

The Hofmeister reversal can be obtained by combining the Poisson-Boltzmann continuum
electrostatics with ion-specific dispersion forces between small ions in solution and macro-
ions [Bostrom et al., 2005]. According to their polarizabilities, larger ions such as iodide
and thiocyanate have stronger dispersion forces with the macromolecular surface than do
smaller ions, such as chloride and bromide. While dispersion is indeed ion specific,
additional important mechanisms are also ion specific and may be dominant in certain
circumstances. Protein surfaces are not uniform. They are formed by polar and nonpolar
groups to which salt ions have very different affinities. For example, large anions are
attracted to hydrophobic patches on surfaces via surface-modified solvation and
polarization [Jungwirth and Tobias, 2006; Lund et al., 2008]. Direct ion-pairing [Bjerrum,
1926; Jagoda-Cwiklik et al., 2007] between ions and charged surface groups may exist

under several circumstances. It is also highly ion-specific [Vrbka et al., 2006].

Simulation work on proteins, oligopeptides, and amino acid residues has shown that
sodium and potassium bind differently to biomolecules [Vrbka et al., 2006; Dzubiella,
2008]. In general, it has been observed that the affinity of sodium to protein surfaces is
more than twice that of potassium. The cationic attraction stems mainly from pairing with
acidic carboxyl groups on glutamate and aspartate, and with backbone carbonyl groups.
The same simulations have also shown that hydrophilic anions (e.g. F~ or SO,%), although
strongly repelled from hydrophobic domains, can bind to specific groups of the protein

surface.
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2.4 a-Helix Structure

Proteins contain regular regions of the polypeptide chain, folded in specific conformations
called secondary structure. The first such secondary structure that was theoretically
proposed and experimentally confirmed was the o-helical structure. The scientific
community has been captivated by the elegant simplicity of the a-helical structure. It is
stabilized by hydrogen bonding between the backbone carbonyl oxygen and the peptide

amide four residues away.

Pauling, Corey and Branson were the first to theoretically describe the a-helix in 1951
[Pauling et al.,, 1951]. Their ingenuous model was supported by X-ray analysis of
haemoglobin [Perutz, 1951]. The first protein crystal structure that was analyzed was that
of myoglobin, in which most secondary structure is helical [Kendrew et al., 1960]. Since
then a-helical domains have been found in most globular proteins. The a-helix is the most
usual secondary structure in proteins, with ~30% of residues found in a-helices [Barlow et
al., 1988]. The a-helix motif is obtained by a combination of an orthogonal circular
rotation and a linear translation of the protein backbone. More specifically, the a-helix is
formed by a linear translation of 5.4 A per turn and a circular rotation of 3.6 residues per
turn. The i to i + 4 hydrogen bonds between backbone carbonyl and amide groups are the
major driving forces for the stability. The carbonyls in the a-helix serve as hydrogen bond
acceptors for the peptide N-H donors four residues away. Such a hydrogen-bonding pattern
can be best satisfied if the backbone dihedral angles ¢ and y are constrained to a narrow
range of values around -60° and -45°, respectively. When the a-helix is viewed with the N-
terminus at the bottom and the C-terminus at the top (as shown in Figure 2.10), all the
carbonyls point up and all the N-H groups point down. The interior of an a-helix is tightly
packed by the backbone atoms -C,CONH-, while the side chains point away from the helix
axis. Therefore, the side chains spaced “i, i + 3”, “i, i +4” and “i, i + 7” are close in space
and interactions between them affect helix stability. On the other hand, the side chain pairs
are on opposite faces of the helix when the spacing is “i, i + 27, “i, i1 + 5” and “i, 1 + 6”, and

thus do not interact in significant ways.

The backbone dihedral angles ¢ and y can describe the conformation of polypeptides.
Most theoretical ¢, w combinations are sterically excluded, allowing only the broad
region and narrower o region in the (¢, ) map. The succession of the sterically allowed ¢,
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w angles naturally positions the backbone NH and CO groups towards each other for
hydrogen bond formation. Hence, strong hydrogen bonds are created in the most stable

conformations.

@ Carbon

) Hydrogen
@ Oxvgen
0 Nitrogen
@r group

Figure 2.10: The right-handed a-helix [Cantor and Schimmel, 1980].

2.4.1 Ramachandran Plots

Each residue in a polypeptide chain has two bonds about which restricted rotation is
allowed. Depending on the values of the angles of rotation, defined as ¢ and y, different
structures may be formed (Figure 2.11). Consequently, the configuration of a protein
backbone may be described with the specification of these two angles for each residue.
With these conventions, the backbone conformation any single residue in a protein can be
described by a point on a diagram with coordinates ¢ and y. When all residues of a protein
are found in a particular secondary structure (an a-helix, for example), their points on
(o, w) space would overlap. Thus, a single point on a (¢, v) diagram also describes a given
secondary structure. Such diagrams are called Ramachandran plots, after the biochemist
who first made extensive use of them. A major advantage of the Ramachandran plots is
that they allow to immediately distinguish the sterically allowed structures from those that

are not allowed. A Ramachandran plot for poly-alanine contains three different possible
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regions (Figure 2.12). In the top-left region the (¢, w) values correspond to parallel and

antiparallel B sheets and the collagen helix. The other major observed region corresponds

to right-handed o helices and a smaller third region to left-handed a helices. Although we

see the left-handed o-helix in Figure 2.12, this region is not usually as favored

energetically as the region of the right-handed form and is therefore not observed

experimentally.

Figure 2.11: Rotation around bonds in a polypeptide chain. Rotation is allowed only about the C,

— N and C - C, bonds. The angles of rotation about these bonds are defined as ¢ and . The

extended conformation of the chain shown here corresponds to ¢ = 180°, w = 180° [C. Levinthal,

1966].
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Figure 2.12: Ramachandran plot which shows allowed values of ¢ and w for L-alanine [Stryer,

1997].
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2.4.2 Thermodynamics of a-Helix Formation

Pauling assumed that hydrogen bonding is the main source of stability of the a-helix
[Pauling et al., 1951]. However it was soon found that such a description of the mechanism
of the stabilization of a-helices is not sufficient. The complexity of the mechanism of helix
stabilization was addressed in the second half of the 20™ century by John Schellman from a
thermodynamic point of view [Schellman, 1955]. Even though considerable work has been
done in this area there are some details of the thermodynamics of the helix-coil transition
which still need elucidation [Scholtz et al., 1992; Chakrabartty et al., 1995; Rohl and
Baldwin, 1998]. From the structure of an a-helix, it is clear that the arrangement of the i to
I + 4 hydrogen-bonding pattern by the peptide backbone is enthalpically the driving force
for helix formation [Schellman, 1955]. There is also no doubt that the helix formation
limits the configurational freedom of the side chain, thus leading to an entropy reduction
[Padmanabhan et al., 1990; O’Neil and Degrado, 1990; Creamer and Rose, 1992; Blaber et
al., 1994]. In fact, residues with smaller side chains (such as alanine) suffer a small loss in
the configurational entropy, while for large side chains the opposite occurs (see e.g. the
valine case [Creamer and Rose, 1992]). The loss in configurational entropy is so important,
that it was proposed as the major factor that defines the helix-forming propensities of
different amino acids [Creamer and Rose, 1994]. Blaber et al. [Blaber et al., 1994]
examined the validity of this idea, by calculating the loss of side-chain configurational
entropy for all residues. The computed AAS values for nonpolar residues were found
similar to the ones computed by Creamer and Rose [Creamer and Rose, 1992]; however,
Blaber et al. found little correlation between helix propensity (AAG) and entropy loss
(AAS) when considering both polar and nonpolar residues. Luo and Baldwin [Luo and
Baldwin, 1999] noted that despite the good correlation between AAG and AAS, entropy
can explain only a 50-70% of the difference in AAG even for nonpolar residues. The lack
of correlation between AAG and AAS for all residues, and the smaller than unity slope of
the AAG versus T.AAS plot (Figure 2.13) for nonpolar residues implies that different

amino acid residues contribute in different ways to the enthalpy of the helix-coil transition.
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Figure 2.13: Correlation between the configurational entropy (T.AS) change upon the helix—coil
transition for nonpolar side chains according to Creamer and Rose [Creamer and Rose, 1992] and
the universal helix propensity scale of Pace and Scholtz [Pace and Scholtz, 1998] (AAG,). The
solid line is a linear fit AAG, = 1.41.T.AS-0.1 (r = 0.94). The dashed line has a slope of 1 and is

drawn for comparison [Makhatadze, 2006].
2.4.3 The Quest for Enthalpy of the Helix-Coil Transition

A direct calorimetric measurement of the enthalpy of helix-coil transition is difficult to
make. AH is generally quite difficult to measure accurately. In addition there do not exist
good simple model systems [Scholtz et al., 1991; Richardson and Makhatadze, 2004]. A
major source of uncertainty in the DSC measurements is the fact that the helix-coil
transition is not sharp, but rather occurs over a broad range of temperatures. Isothermal
titration calorimetry (ITC) can measure the enthalpy of a transition when it is triggered by
changing some system variable at a fixed temperature. It is not possible to use denaturants
such as urea or guanidinium hydrochloride in ITC experiments, because their dissolution
and dilution in water contribute large enthalpy changes and tend to mask the helix-coil
transition itself [Makhatadze and Privalov, 1990]. However, it is possible to trigger the
helix-coil transition by the specific binding of a metal ion to a high-affinity site. Metal ions
also have considerable dilution heats, but the situation is easiear to manage. Bierzynski and
co-workers [Siedlecka et al., 1999] were the first to introduce such a model system, using a
peptide sequence cut from the Ca(ll)-binding loop of calmodulin, which forms a helical
structure in the C-terminal part of the molecule when a metal atom binds to its N-terminal.
The enthalpy of the helix coil transition is obtained in this case by measuring heats of
metal binding to sequences of increasing length. The combination of CD measurements
with ITC has proved that the enthalpy of the helix-coil transition does not depend of the

peptide length [Lopez et al., 2002; Goch et al., 2003].
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A considerable advance was achieved by using a particular peptide sequence as a host for
12 different amino acid residues (see Table 2.2) which are placed at a fixed guest position
in the sequence [Richardson et al., 2005]. The guest residues were selected to probe
differences in size, shape, hydrophobicity and hydrogen-bonding potential. They included
the natural amino acids alanine (A), glycine (G), valine (V), leucine (L), isoleucine (1),
phenylalanine (F), asparagine (N), glutamine (Q), serine (S), and threonine (T), and also

the nonnatural amino acids norvaline (J) and 2-aminobutyric acid (B).

Table 2.2: Abbreviations for Different Peptide Sequences in ITC Experiments [Richardson et al.,

2005]%,

Peptide name Peptide sequence Ah, kcal/mol
P2A Ac-DKDGYISAAEAAAQ-NH; | 0.89 £0.08
P2B Ac-DKDGYISAAEABAQ-NH; | 0.91 +0.09
P2F Ac-DKDGYISAAEAFAQ-NH; | 0.86+0.10
P2G Ac-DKDGYISAAEAGAQ-NH; | 0.40 +0.08
P2l Ac-DKDGYISAAEAIAQ-NH, | 0.74+0.11
P2J Ac-DKDGYISAAEAJAQ-NH; | 0.89+0.10
P2L Ac-DKDGYISAAEALAQ-NH, | 0.95+0.10
P2N Ac-DKDGYISAAEANAQ-NH, | 0.56 +0.10
P2Q Ac-DKDGYISAAEAQAQ-NH; | 0.53+0.10
P2S Ac-DKDGYISAAEASAQ-NH; | 0.67+0.13
P2T Ac-DKDGYISAAEATAQ-NH, | 0.61 £0.11
P2V Ac-DKDGYISAAEAVAQ-NH, | 0.60+0.10

®In addition to the standard single-letter abbreviations for naturally occurring amino acid
residues, the following abbreviations were used for nonnatural amino acid residues: norvaline, J;
a-aminobutyric acid, B.

Differences in the enthalpy of the helix-coil transition between different amino acid
residues (Figure 2.14) were measured in this work. Alanine has an enthalpy of helix-coil
transition of 0.9 + 0.1 kcal/mol. This is a small, positive value, shared with other amino
acid residues, which are nonpolar but not f-branched side chains, such as Leu, Phe, as well
as with nonnatural amino acid residues norvaline (J) and amino butyric acid (B). Amino
acid residues with B-branched or polar side chains have an even lower enthalpy of helix-
coil transition at ~0.6 kcal/mol. Gly, which does not have a side chain, has the lowest
enthalpy of helix-coil transition at 0.4 kcal/mol. Since there is no side chain, glycine can
sample the largest ¢/y space on the Ramachandran plot among all amino acid residues.
This flexibility affects the backbone accessibility of this residue, which is the largest.
Moreover, glycine lacks the favorable van der Waals interactions that add a significant

enthalpic component [Loladze et al., 2002; Makhatadze and Privalov, 1995]. The addition
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of the side chain and of the C, atom adds favorable van der Waals interactions but also
creates steric hindrances, thus decreasing the solvent accessibility to the backbone. This is
further decreased if a side chain is B-branched, as in Val or Thr. A decrease in solvent
accessibility in the helical state results in the exposure of more polar backbone with
negative enthalpy of hydration upon the helix—coil transition [Avbelj and Baldwin, 2002;
Baldwin, 2002; Makhatadze and Privalov, 1995]. This in turn results in a lower enthalpy of
AH, for B-branched side chains. It is not easy to understand why amino acid residues with

polar side chains such as Ser, Asn, and GIn have lower enthalpy.
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Figure 2.14: Comparison of the enthalpy of helix formation 4h, obtained for different amino acid
side chains [Richardson et al., 2005]. Horizontal lines are drawn at -0.9, -0.6, and -0.4 kcal/mol
[Makhatadze, 2006].

The difference in the enthalpies of the helix-coil transition for different amino acids
residues helps rationalize the observed thermodynamic propensity scales in enthalpic and
entropic terms. In Figure 2.15 one sees a comparison of the thermodynamic propensity
scales made by Pace and Scholtz [Pace and Scholtz, 1998], AAGpsgs, With the entropy
changes upon the helix—coil transition, T.AAS, as reported by Blaber et al. [Blaber et al.,
1994] and Creamer and Rose [Creamer and Rose, 1994]. A sum of T.AAS and AAh, is also
reported in the table for a direct comparison with AAG. The observed thermodynamic
propensity is better described by the T.AAS + AAh,. It is evident that both enthalpic and
entropic components define the thermodynamic helix propensity scale. For some amino
acid residues (such as Q and S), the decrease in enthalpy is a decisive factor, while for
others (such as F or J) entropy is the major determinant in agreement with the earlier
conclusions of Creamer and Rose [Creamer and Rose, 1992]. Finally, there exist amino

acid residues for which both enthalpic and entropic contributions are equally important.
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Figure 2.15: Comparison of helical propensity scale, 44Gpgs — [Pace and Scholtz, 1998] black
bars with the change in configurational entropy upon the helix—coil transition T.44S only, gray
bars, or with the sum of T.44S and the enthalpy of helix formation A4h,, patterned
bars.Configurational entropy changes upon the helix—coil transition are taken from Blaber et al.
(1994) with the exception of those for nonnatural amino acids B and J, which were taken from
Creamer and Rose (1992). The enthalpy changes are from Richardson et al. (2005). All parameters
are calculated relative to alanine [Makhatadze, 2006].

2.5 Helix-Coil Transition Theories

Peptide conformations are described mostly by using bond lengths, bond angles, and
torsional angles rather than atomic coordinates. Conformational properties vary most
strongly with torsional angles, which are consequently used to classify local
conformations. The three main-chain torsional angles ¢, v, and  (see Figure 2.16) define
the conformation of the polypeptide backbone, hence its secondary structure [Edsall et al.,
1966]. Excluding proline residues, o is almost always close to 180°. With this convention
a sequential list of values of (pi,i) for all residues i specifies uniquely the conformation of

a polypeptide.

Figure 2.16: Perspective drawing of a section of a polypeptide chain representing two peptide
units. The limits of a residue are indicated by dashed lines. The recommended notation for the

backbone atoms and for bond rotations is shown [Edsall et al, 1966]
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Using molecular models it can be proved that the polypeptide chain can be represented as a
sequence of "isolated" pairs of conformational angles. The two angles ¢; and w; in each
pair are strongly interdependent, but they are very weakly dependent on the conformational
angles of neighboring residues [Brant, 1965]. (The x-proline sequence is an exception
[Schimmel, 1968]). The successful virtual-bond model for the polypeptide chain is based
on this assumed separation into independent residue conformations [Flory, 1969]. Two-
dimensional energy maps which explore the stability of protein and peptide conformations

are also based on this idea.

In this molecular model and energy-based picture, solvent molecules are typically ignored.
Conformational probabilities do depend on the solvent; however, so it is proper to deduce
them from free energy maps (i.e., the potential of average force or of average torque,

[Lifson and Oppenheim, 1960]), and not from steric or energy considerations.

Despite the fact that solvent molecules may affect chain conformational probabilities, it is
mostly assumed in helix-coil theories that the independence of residues persists for the
random coil also on a free energy basis. It is obvious however that the formation of helices
or other secondary structures introduces longer-range interactions and results in

interdependent local conformations.

In the following discussion we will adopt the notation of Qian and Schellman [Qian and
Schellman, 1992]. During a-helix formation the carbonyl of peptide group i is hydrogen-
bonded to the NH of peptide group i + 4. This is a basic assumption in the
thermodynamics of helix formation. Formation of a helical hydrogen bond fixes four
consecutive peptide units, which means that the ¢ and y angles of the three intervening
residues must acquire specific values. Adding a peptide unit to an existing helix involves a
free energy, AG, which is composed of the free energy associated with H-bond formation,
the negative entropy of fixing the main-chain conformation, and the change in free energy
of the side chains. The latter includes interactions with the helix and the entropic losses due
to conformational restrictions. Side chain - side chain interactions are usually not included
and must be added a posteriori. As a proper free energy AGs is associated with a “local”
equilibrium constant s, called the helix-propagation constant. AGs and s obviously depend
on the nature of the side chain of the residue added to the helix. The formation of the first

H-bond must be handled in a different way. AG for the first H-bond is written as AGp,c +
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AGs, Where AGy¢ is the excess free energy associated with fixing the first two residues in a
specific conformation without the compensation of H-bond formation. With this
assumption the free energy of a helix with n, H-bond is AG = AG ¢ + Nh AGs = AGpyc + (N
— 2)AGs, where ny, is the number of consecutive helical residues. The equilibrium constant

for the complete formation of a helix is then:

K= e( é?) = e( Agn#c)e(_%) = 0. Snr—z

AGnyc is supposed to be purely entropic so that ¢ is temperature independent.

The helix-coil model thus treats helix formation as a two-stage process, separating the
nucleation and propagation steps. The nucleation parameter governs the nucleation step,
and is usually considered independent of temperature as well as of the nature of the amino
acids involved. The propagation process is described by the growth propagation parameter
which considers the 1-4 H-bond interaction between peptide groups, the entropy loss that

occurs because the residue is fixed in the helix and side chain-helix interactions.

Two types of theories of the helix-coil transition exist: (1) Theories which count hydrogen
bonds [Schellman, 1955; Peller, 1959; Gibbs and DiMarzio, 1959; Zimm and Bragg,
1959]. These are thermodynamic theories in the sense that the nature of the interactions
leading to nucleation and growth are not specified. (2) Theories based on residues and
conformational integrals [Lifson, 1960; Nagai, 1960] which are true statistical mechanical
theories. Both types of theories approach the helix-coil problem in a valid way, although
they are very different. The following sections refer extensively to the work of Qian and
Schellman [Qian and Schellman, 1992], who compared some of the details of the helix-coil

models.
2.5.1 The Lifson-Roig Theory

In the Lifson-Roig (LR) model the residue is the conformational unit of the polypeptide
chain, which centers about the a-carbon atom of the amino acid. The residue conformation
determines the ¢ and y angles of the backbone, and the conformational angles of the side

chain. The length of the polypeptide chain is the number (N,,) of C,, atoms. The number of
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residues in an a-helix (ny,) is the number of consecutive residues with angles (¢, ) that are

consistent with the a-helical conformation.

The LR theory categorizes the states of a residue by its (p,y) values. If the (¢,y) values of
a residue lie in the narrow area consistent with a-helix formation, then this residue is taken
to be helical and assigned the symbol h. In this representation h refers to the helical
conformation of the residue and does not mean that it is necessarily part of a helix.
Residues that are nonhelical, according to this classification are represented with the
symbol c. Based on these rules, the instantaneous conformation of a polypeptide chain can
be designated with a sequence such as cchhchccchhe, which specifies the state of each
residue. The sequence just written would be a random coil sequence, because we need

three or more consecutive residues to be in the h conformation in order to form a helix.

The statistical weight of residue i, when it is in the coil state, is defined as the integral of its
Boltzmann factor over all nonhelical states (the notation of Qian and Schellman [Qian and

Schellman, 1992] is used in what follows):

u{ 6 fnonhelical e_Wl(i)/kT dgoidlpi (Eq 2.1)

Here W(i) is the free energy of the conformation (¢;,w); i.e.

o WLOKT _ o U1()KT,

where U; is the energy of the local residue energy and the average is taken over side chain
conformations and solvent coordinates. Both u;” and W; (i) depend on the amino acid in

the ith position.

The statistical weight of a residue in the helical conformation, independent of whether it is

helix or not, is defined as an integral over the helical region of conformational space

= SO i (€022

33



The sum of u;"and v;” is the conformational integral over all possible (gi,y;) values:

Zi= Ui+ o (Eq. 2.3)

The subscript i is needed when the peptide contains more than one type of amino acid
(heteropolymer). In most of the following formulas we shall drop it, however, essentially
treating a homopolymer. In a homopolymer, v’/z gives the probability of the helix
conformation and u’/z that of the nonhelical conformation, while »’/u” is the ratio of the
helix to the coil conformation. The LR theory defines the coil state as the reference state, v
= v’/u’ is then the statistical weight of the helical state when a helix is absentand 1 = u’/Au’

(unity) is the statistical weight of the coil state.

With the assumption that individual residue conformations are independent, the
conformational integral of the random coil can be calculated as the product of the

conformational integrals of individual residues:
Z =z (Eq. 2.4)

Eq. 2.4 is approximate, because the product in Eq. 2.4 includes all possible conformations
of the whole chain. It includes sequences of three or more residues which are found in the
helical conformation and should therefore be parts of hydrogen-bonded helices. Equation
2.4 needs to be corrected to prevent strings of helical residues from appearing in random

coil sequences. This correction is indeed intrinsic to the LR theory.
Residues are conformationally dependent on each other in the a-helix, since the formation
of each H-bond restricts three consecutive residues to the helical conformation. A new

statistical weight, w’, must be defined for the description of a residue which is both helical

and hydrogen-bonded:
Wl, = fhelical e_W/kT d(pldlpl (Eq 25)

where W = Wy(i) + Ws(i-1, i, i+]). Wa(i) is the same local residue free energy as in Egs (2.1)

or (2.3) while Ws(i-1, i, i+1) is a function of three (¢, y) pairs and contains the additional
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contributions that arise from the longer-range interactions which take place in helix

formation.

A sequence of n; helical units (h-type) has n, = n, - 2 associated hydrogen bonds. The LR
theory assigns the statistical weight »' to two of these units and the helical weight w” to the
remainder, so that the total weight of the sequence is (v")(w’)"? Although there is
complete flexibility how to assign the weights, the LR theory assigns the »” weights to be

the two terminal residues of the helix.

In conclusion, in the LR theory a chain is described by its residues and these are given
three statistical weights, u’, »” and w’. A c-residue is always given the weight of u’; an h-
residue is given a weight of ", except if it is flanked on both sides by h-residues, when it is
given a weight of w’. u’, »” and w” are normalized to 1, », and w for practical calculations.
v is the equilibrium constant for the formation of the helical conformation in the random
coil. It is considerably less than unity [Brant, 1967] because of the low entropy associated
with confinement in the helical region and of the electrostatic repulsions. The same weight
Is used for the two residues in a helix which are not compensated by H-bond formation.
Thus, the nucleation parameter in the LR theory is v

Using the weights u’, »” and w” we can create a statistical weight matrix, which descripes

triplets of residues, regarded as sequential, overlapping pairs. In the rotation of Qian and
Schellman [Qian and Schellman, 1992], this matrix is:

hh hc ¢h ¢éc

hh /w % 0 0
_he| O 0 u u

M= gl v 0 0 (Eq. 2.6a)
cc \0 0 u Uu

The weights in matrix M refer to the residues indicated by upper bars. For example, the
(1 1) element refers to a hhh triplet configuration, in which the middle h residue is
assigned weight w’. The (1 2) element refers to a hhc triplet, where the middle residue is
assigned weight v'. The (1 3) element refers to a hh pair followed by a ch; this is clearly

not possible, hence the weight is zero.
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The 4 x 4 matrix is singular and can be reduced to the 3 x 3 matrix in the left of (Eq. 2.6b).
Introduction of the renormalized weights w, v, 1 leads to the matrix on the right of

(EQ. 2.6b), which is commonly used.

hh  hc c(huc) hh hc ¢é(hUc)
hh /w V 0 hh /w v 0
M= ke (o 0 u) = he (0 0 1) (Eq. 2.6b)
c(huc) \v v’ 0 cchuco)\v v 1

Here h U c is the Lifson-Roig notation for the union of the (local) configuration space of h
and c [Lifson, 1961]. In the 3 x 3 matrices of (Eq. 2.6b) the third-row label represents
either h or c; depending on the first element of the column label. It should be noted that c is
always given the statistical weight of u” regardless of its neighbors. By standard methods

[Poland and Scheraga, 1970] the partition function of the whole chain is given by:

0
Z=(0 0 1)M"* (1) (Eq. 2.7)
1

Matrix diagonalization methods provide the partition function; a number of average
properties can be calculated from the resulting analytical expression [Poland and Scheraga,
1970; Zimm and Bragg, 1959; Lifson and Roig, 1961]. One of the most interesting chain
properties is the average number of helical hydrogen bonds per molecule, which is given

by the formula:
<n,>=0dInZ/dlnw (Eq.2.8)

This property, or rather <n,> /Ny, is a good measure of fractional helicity, directly
comparable to the results of CD measurements at 222 nm. For chains that contain more
than one helix the total average number of helical residues, omitting the trivial single
helical residues, is <n,> + 2<ns>, where <ns> is the number of helices of at least two units.
<ng> can be determined from the derivative d In Z/0 In v,,, where v,, is element (1 2) of
the LR matrix [Lifson, 1961]. Other quantities that can be calculated from the matrix
formulation of chain statistics are the average length of helices (<n,>/<ns>) and

probabilities for individual units in the chain, such as the probability that a residue is in the
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first, last, or central position in a helix and the probability that its NH or CO group are

hydrogen-bonded to another peptide unit [Qian and Schellman, 1992].
2.5.2 The Zimm-Bragg Theory

Another matrix theory, equivalent to the LR theory but following a different mathematical
formulation is the Zimm-Bragg theory (ZB). The units used in the ZB calculation are
peptide units classified by hydrogen-bond formation. If the NH group of a particular
peptide is involved in an a-helical hydrogen bond, the unit is given the symbol 1; if not, it
is given the symbol 0. The first hydrogen bond in a helix starting from the N-, is given
weight s; hydrogen bonds contiguous to a preceding hydrogen bond are given the weight
s. All non-H-bonded NH’s are weighted by unity. s is the ratio of the probability of helical
continuation relative to the probability of termination and plays the role of a propagation
equilibrium constant. ¢ is a weight attached to the first unit and represents the barrier to

helix initiation.

The following example demonstrates how to assign statistical weights to a peptide
sequence in the ZB model. Suppose we have a molecule which contains 9 peptide units
with units 3-7 forming a helix. Figure 2.17 gives us the coding for this sequence. Even
though we have five helical peptide units, (five h units in LR notation) we have only two
hydrogen bonds as indicated for positions 6 and 7, hence, only two entries are equal to 1 in
the ZB coding. Due to the structure of the a-helix (Figure 2.17), each “1” must be preceded
by at least three consecutive “0”’s which are underlined. These are the three peptide units at
the N terminal end of the helix which have no NH hydrogen bonds. Making use of the

rules of ZB theory, Figure 2.17 shows the weights assigned to the peptide units.

i=i+4 hydrogen bond

1 1 ‘ | 1 | (5% | § I | Zimm-Bragg Statistical Weights
ﬂ | LL] 0 | | I | 0 1] Zimm-Bragg Code

Lifson-Roig numbering

Lifzon-Roig Code

I 1 W W w v 1 1 Lifson-Roig Statistical Weights

Figure 2.17: Zimm-Bragg and Lifson—Roig codes and weights for the a-helix [Qian and
Schellman, 1992].
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In order to establish all the weights in a sequence, according to ZB theory, we need to
know the states of four consecutive peptide units. This means that the bases of the
statistical weight matrices are overlapping triplets, so the matrix is of dimension 8 = 22, It
can be shown however that, there are only 11 nonvanishing elements of the matrix, and the
secular equation is quartic. Based on this observation Poland and Scheraga have
demonstrated that the full ZB matrix may be reduced to a 4 x 4 matrix [Poland and
Scheraga, 1970]. However, ZB also presented an approximate 2 x 2 matrix solution to the
chain conformation problem which provides a good alternative and has been widely used.
In a similar spirit, Poland and Scheraga have suggested an alternative 2 x 2 matrix

approximation of the LR method [Poland and Scheraga, 1965].

Regarding the ZB model Qian and Schellman note that: (1) The nonhelical “0” units of the
ZB model are not the same as the c units of the LR theory. The former represent coil units
which may have any allowed conformation (including the helical conformation), whereas
the “c” state of the LR theory excludes helical conformations by construction. (2) The
helical “0” units are given the same weight as the coil ‘0” units. (3) The w and s
parameters of the two theories are not identical since s is the probability of a hydrogen-
bonded unit relative to that of a coil unit (conformational integral z, eq 2.3); w is the
probability of a hydrogen-bonded unit relative to a unit which is not in the helical
conformation (conformational integral u’, Eq 2.1).

Although the v and w parameters of the Lifson-Roig theory differ from the ¢ and s
parameters of the Zimm-Bragg theory, ¢ and s may be computed readily from v and w by
using relations (Eq. 2.9 and 2.10) derived by Qian and Schellman [Qian and Schellman,
1992]

s = % (Eg. 2.9)
U2
o= o) (Eqg. 2.10)

There has been an extensive elaboration on the initial Zimm-Bragg and Lifson-Roig helix-
coil theories in order to include additional interactions, such as preferences of specific
residues for the N-cap, N1, N2, N3 and C-cap positions, helix dipoles, side chain
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interactions and 3;0-helix formation [Doig et al., 1994]. Most recent studies rely upon the
LR model [Lifson and Roig, 1961]. In the original model, weights are assigned to residues
in the centre of hhh triplets (a weight of w for propagation) or in the centre of chh or hhc
triplets (a weight of o for initiation). Residues in all other triplets have weights of 1. LR-
based models have been extended by explicitly assigning weights to additional

conformations.

N1 is called the first residue in a helical (h) conformation at the N-terminus and N-cap the
preceding residue, the last in a non-helical (c) conformation before the beginning of the
helix. Argos and Palau [Argos and Palau, 1982] were the first to show that N-cap
preferences differ from other helical positions. LR theory can include N-capping by
assigning a weight of n to the central residue in a cch triplet [Doig et al., 1994]. Similarly,
the C-cap is the first residue in a nonhelical conformation (c) at the C-terminus of a helix.
C-cap weights (c-values) are assigned to central residues in hcc triplets to include C-
capping in the LR theory.

Since helices have 3.6 residues per turn, side chains of helical spaced “i, i + 3” or “i, i +4”
are close in space. Thus, it is possible to observe significant side chain interactions when
four or five consecutive residues are in a helix. These interactions can be included in an
extended LR model by assigning a weight of w x q to hhhh quartets and w X p to hhhhh
quintets (Stapley et al., 1995). The side chain interaction is between the first and last

residues in these groups.

Generally, extensions to the basic LR model have been stimulated by the discovery of
additional features that affect stability in protein crystal structures. Including them within
an enlarged helix-coil theory allowed the assessment of the effect of these features on helix

stability.
2.5.3 Lifson-Roig Parameters Calculated

Except from our own recent study [loannou et al., 2011], the effect of salts on the Lifson-
Roig parameters of oligopeptides chains has never been studied before. The study most
relevant to ours concerning the calculation of the Lifson-Roig parameters is a paper by
Best and Hummer [Best and Hummer, 2009]. They performed REMD molecular dynamics

simulations of the blocked peptide Ac-(AAQAA)3;.NH, in pure water only and computed
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the helicity and the Lifson-Roig parameters of the peptide using many different force
fields. Figure 2.18 compares the overall fraction of helix of the peptide determined from
the various simulations they performed to that estimated from NMR using chemical shifts
[Shalongo et al., 1994]. All simulations, regardless of the force field used, resulted in only
a gradual dependence of helical population on temperature, while the experiments suggest
a much sharper transition, with all helicity being lost above =350 K. A similar weak
dependence of helical population on temperature was also observed in a recent simulation
study by the Pande group, who used their own modified force field ff99¢ [Huang et al.,
2008]. Using a Bayesian approach, Best and Hummer determined the optimal LR
parameters describing the helix formation for each force field and temperature. The fitted
parameters w(T) and v(T) are plotted as a function of temperature in Figure 2.19. Near 300
K, the fitted w, 1.10 and 1.00 for ff03* and ff99SB*, respectively, are rather small relative
to experimental estimates at this temperature (=1,28) [Rohl and Baldwin, 1997]. The fitted
v, 0.18 and 0.21 for ff03* and ff99SB*, are one order of magnitude larger than the
experimental estimates of 0.03 - 0.05 [Rohl et al., 1996; Rohl and Baldwin, 1997]. It was
stated by Hummer that although the force fields match the overall helicity fraction in
experiment, the higher nucleation parameter (v) relative to experiment indicated that the

helix formation in the simulations is less cooperative than inferred experimentally.
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Figure 2.18: Temperature dependence of helix formation in Ac-(AAQAA)3-NH2. Fraction helix as
a function of temperature for ff03 (blue squares) ff99SB (red triangles), and the revised force fields
ff03* (black squares) and ff99SB* (orange triangles); experimental estimate from NMR chemical

shifts given as magenta circles [Best and Hummer, 2009].
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Figure 2.19: Fitted LR parameters as a function of temperature. (A) The helix extension parameter

w. (B) The nucleation parameter factor u. Colors as in Figure 2.18 [Best and Hummer, 2009].
2.6 Deciphering Rules of Helix Stability in Peptides

Several experimental and computational studies exist with focus on the thermal stability of
a-helices [Scholtz and Baldwin, 1992] and on helix nucleation/unfolding kinetics [Huang
et al., 2002; Hummer et al., 2000, 2001; Williams et al., 1996]. Extensive studies of de
novo designed peptides by Baldwin and co-workers [Marqusee and Baldwin, 1987,
Marqusee et al., 1989; Scholtz and Baldwin, 1992] have shown that isolated alanine-based
peptides (1617 residues long), with charged residues (Lys, Glu, or Arg) added to increase
solubility, can form stable a-helices in aqueous solution. The reason for the exceptionally

high thermal stability of the helices of alanine-based peptides is still not quite understood.

One of the proposed reasons for this stability is the intrinsic ‘‘high helix-forming
potential’’ of alanine [Chakrabartty et al., 1994; Marqusee et al., 1989; Spek et al., 1999].
The helical propensities of individual residues are often deduced by introducing natural
amino acids as guests into a host matrix [Ingwall et al., 1968], or by fitting statistical-
mechanical models of helix-coil transition, such as the Zimm-Bragg [Zimm and Bragg,
1959] or the Lifson-Roig model [Lifson and Roig, 1961], to the observed temperature
dependence of helical content. This simplistic approach omits several important aspects of
the problem, such as the neighboring residues in the inclusion site, or the effect of tertiary

interactions on the helix-forming tendency [Doig et al., 1994; Miller et al., 2002].

In other studies it has been proposed that the stabilization of the helices in alanine-based
peptides results from salt-bridge-based interactions of charged side chains (such as Lys,

Glu, or Arg) [Marqusee and Baldwin, 1987; Mayne et al., 1998], interactions of charged
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residues with the helix dipole [Huyghues-Despointes et al., 1993; Lockhart and Kim, 1993;
Shoemaker et al., 1985], or the free energy gained by hydration of charged residues [Vila
et al., 1992; Williams et al., 1998]. It has also been recently suggested [Vila et al., 2000]
that the high thermal stability of helices of alanine-based peptides containing large charged
side-chain substituents results from the shielding of the hydrogen-bonding backbone amide

and carbonyl groups from solvent water molecules by the side chains.

The evaluation of this broad range of molecular mechanisms postulated to explain helical
stability of peptides is difficult due to the lack of detailed experimental data at the
molecular-level. It is for this reason that trajectories from all-atom replica exchange
molecular dynamics (REMD) simulations can shed light on the questions of (a) which are

the helix-stabilizing factors, and (b) what is their relative importance.

2.6.1 Role of Side Chains in Stability of a-Helix

Garcia and Sanbonmatsu studied atomic models of the thermodynamics of the structural
transition of peptides that form a-helices [Garcia and Sanbonmatsu, 2002]. They applied
the replica exchange molecular dynamic (REMD) method to the equilibrium
folding/unfolding thermodynamics of a 21 residue peptide with a large propensity of
forming o-helical structures in water at room temperature. This was an Arg-containing
peptide, Ac-As (AAARA);A-methyl-amide (NMe) (Fs peptide, where Fs stands for
“folded short™), which has been experimentally studied quite extensively [Williams et al.,
1996; Lockhart and Kim, 1993]. To establish the role of sequence variation in the
formation of a-helices, they also simulated a peptide containing only Ala residues, Ac-Aj;-
Nme (A21), which is practically insoluble in water, hence it cannot be studied
experimentally, whereas long sequences of Ala flanked by charged amino acids are soluble
and have been widely studied [Ingwall et al., 1968; Spek et al., 1999]. Garcia et al.
performed REMD simulations of the A21 (42 replicas with annealed a-helical initial
configurations) and Fs peptides (46 replicas with annealed a-helical configurations) by
using a modified PARMO96 force field.

Figure 2.20 shows the helix content profiles as a function of T for the Fs and A21 peptides
with this modified force field. The helical content (6¢) is higher near ambient temperature

and a melting transition occurs over a broad range of temperatures for these short peptides.
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The modified force field predicted a 50% helical content at 345 K and 90% helical content
at 275 K for the Fs peptide. Their results are in agreement with experimental data for Fs
[Williams et al., 1996; Lockhart and Kim, 1993]. A21 is much less helical, e.g., a 34%
helical content at 275 K was obtained. The Lifson-Roig helix propagation and nucleation
parameters for A21 were found to be w, = 1.37 and v, = 0.076 at 273 K, which correspond
to s, = 1.3 and o, = 0.004 of the Zimm-Bragg model, in agreement with the CD
measurments of Yang et al. (6, = 0.004 £ 0.002 for assumed values of s, = 1.4 — 1.7)
[Yang et al., 1998].
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Figure 2.20: The helical content of A21 and Fs peptides as a function of temperature [Garcia and
Sanbonmatsu, 2002].

From the helical percentages at various temperatures the estimated difference in free
energy between A21 and Fs at 350 K is 5.8 kJ/mol. This difference must result from the
Arg side chain. To test the hypothesis that chain desolvation might be responsible for this
stabilization [Vila et al., 2000], Garcia and Sanbonmatsu also calculated the coordination
of water to the peptide backbone. Figure 2.21 shows the water coordination number for the
oxygen atoms of the peptide backbone carbonyl groups. Carbonyl oxygen atoms that form
helical hydrogen bonds have on average only one coordinated water molecule. End
carbonyl oxygen atoms that do not participate in hydrogen bonds with the backbone have
two coordinated water molecules. Shielded carbonyl oxygen atoms do not have any water
of coordination. The a-helical conformation predominates at low temperature. In contrast,
at high temperature, the peptide is in the coil conformation and shows a coordination
number between 1.0 and 2.0. The low coordination number of carbonyl oxygens at high
temperature (for example, at position 6 of A21 at 456 K, shown in Figure 2.21) stems from
intramolecular hydrogen bonds that do not necessarily participate in an o-helical

conformation.
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Figure 2.21: Water coordination to the backbone carbonyl oxygen atoms along the peptide

sequence [Garcia and Sanbonmatsu, 2002].

In the Fs peptide at low temperature there exist three positions along the sequence at which
the coordination number adopts a number of 0.5. These particular positions correspond to
four carbonyl oxygens before Arg side chains, which are shielded from water by the bulky
Arg side chain. A coordination number of 0.5 is obtained in this case as the average of two

configurations (see Figure 2.22) which yield coordination numbers of 1 and 0.

Arg C=0 bridged water molecule
Figure 2.22: Illustration of the shielding of the backbone carbonyl oxygen atoms by the Arg side

chain of Fs [Garcia and Sanbonmatsu, 2002].
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The fact that backbone carbonyl atoms can be “shielded” by the Arg side chains is proved
by the examination of hydrogen bond formation probabilities along the peptide chain
[Garcia and Sanbonmatsu, 2002]. Figure 2.23 shows the probabilities of participation in an
a-helical conformation for all amino acids of the model peptide studied as a function of
temperature, for T = 275, 300, 325, 350, and 400 K. The probability increases for entropic
reasons toward the center of the chain and decreases toward the C terminus. Again for
obvious reasons this behaviour is observed at all temperatures, but at higher temperatures
the probability to form a helix is less. For the Fs peptide below 350 K, relatively higher
tendency for helical conformations is observed for amino acids 7, 12, and 17. The Arg
residues are at positions 9, 14, and 19, and the low-coordination number carbonyl oxygens
are at positions 5, 10, and 15. It can therefore be concluded that those residues which show
larger relative helical propensities are in position i between a shielded carbonyl oxygen at
i - 2, and the Arg at i + 2. The shielded hydrogen bond is between the carbonyl oxygen at i

- 2 and the amino group at i + 2.
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Figure 2.23: Probability of participation in an a-helical conformation for each amino acid (amino
2-20) in the A21 and Fs peptides, at temperatures 275, 300, 325, 350, and 400 K. At lower T

a-helical formation probabilities are larger [Garcia and Sanbonmatsu, 2002].

Measurements of the number of water molecules coordinating the backbone carbonyl
oxygens over a broad T range indicate that the additional stabilization observed for the Fs
peptide relative to the A21 peptide may be ascribed to the partial shielding of the backbone
hydrogen bonds from water, provided by the Arg side chains. Vila et al. [Vila et al., 2000]
proposed that a-helical stabilization can be induced by bulky side chains (both polar and
nonpolar), which hinder the approach of water molecules to backbone atoms. Garcia’s and
Sanbonmatsu’s simulations verify this claim, and provide a microscopic description of the

shielding effect of side-chains. Details of the shielding not described by Vila et al. [Vila et
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al., 2000] are the shielding by an Arg at site i of the carbonyl oxygen at i — 4, and the
energetically favourable interaction of the charged side chain with the carbonyl oxygen.

2.6.2 Role of Salt-Bridge Formation in Stability of a-Helix

Ghosh et al. assessed the contribution of large side chains to a-helix stability through salt-
bridge formation [Ghosh et al., 2003]. In their study they simulated the alanine-rich
peptide, Ac-YAEAAKAAEAAKAAEAAKAF-Nme, referred to as the EK peptide, that
has three pairs of “i, i + 3” glutamic acid (-) and lysine (+) substitutions employing an
identical simulation method with Garcia and Sanbonmatsu [Garcia and Sanbonmatsu,
2002]. Results obtained with the EK peptide were compared to those for the A21 and Fs
peptides [Garcia and Sanbonmatsu, 2002] and used to evaluate the contribution of salt-
bridges to a-helix stability. The helical content of the peptide was calculated using the
Lifson-Roig model [Lifson and Roig, 1961]. For the 20-residue EK peptide, the number of
residues that can be labelled helical is < 18. Melting profiles were obtained using the
temperature-dependent helical content.

The fractional a-helical content in A21, EK and Fs peptides is shown in Figure 2.24 as a
function of the temperature of the solution. The EK peptide has ~85% helical content at
ambient temperatures, and the melting temperature of ~350 K in agreement with
experimental data on EK which give T, values approximately equal to 320-340 K
[Marqusee and Baldwin, 1987; Scholtz et al., 1995].

Fractional helical content, 9(T)

Figure 2.24: Equilibrium fractional a-helical content, 6(7), for A21, Fs and EK peptides [Ghosh et
al., 2003].
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The melting profiles and Ty, values shown in Figure 2.24 show that the thermal stabilities
of the helical configurations of the EK and Fs peptides are almost equivalent. The helical
conformation of these two peptides are pronounced and thermally much more stable than
those of A21. This proves that a small number of simple substitutions of alanines by lysine
(K) and glutamic acid (E) residues (EK peptide) or by arginine (R) (Fs peptide) leads to a
considerable stabilization of the helical conformations of these alanine — based peptides.

E and K residues in the EK peptide have opposite charges. The formation of EK- or KE-
type salt-bridges is therefore possible, which could stabilize the helical conformers.
Experimental studies of alanine-based peptides containing oppositely charged residues
have shown that the charged substituents can influence the helical content and stability of
the peptide, especially when salt-bridges can be formed [Marqusee and Baldwin, 1987].
Ghosh et al. monitored the distances between atoms of salt-bridge-forming residues, and
found that in fact the formation of the KE-type salt-bridges involves side-chain
conformations with unfavourable torsion potentials. KE-type salt-bridges were in fact not

observed in their simulations.

Figure 2.25 shows the distribution of distances between the carboxylate carbon and amine
nitrogen atoms of E" and K" pairs averaged over the three pairs Glu3—Lys6, Glu9—Lys12,
and Glul5-Lys18 at five different temperatures. At 279 K, the distribution of EK ion-pair
separations shows two distinct regions. The sharp peak near 4.5 A corresponds to contact
ion-pair formation by EK residues (Figure 2.25), whereas broader peaks near 7 and 10 A
correspond to ion pairs separated by one and two water molecules. Increasing temperature
does not affect the height of the contact peak at 4.5A; in a systematic way however, the
population of water-separated conformations becomes broader with increasing
temperature, indicating that at higher temperature the peptide samples extended

conformations more often.
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Figure 2.25: Distribution of distances between the carboxylate carbon atom on Glu and the amine
nitrogen atom on Lys, averaged over the three “i, i + 3" (E, K) pairs in the EK peptide. A snapshot
of a typical Glu9-Lys12 contact/salt-bridge configuration at T = 279 K is also shown. Inset shows
the probability of salt-bridge formation as a function of temperature separately for each of the
three “i, i + 3" (E, K) pairs [Ghosh et al., 2003].

The temperature-dependent probability of formation of a salt-bridge in the EK peptide
(obtained from the area under the contact peak) is shown in the inset of Figure 2.25. At
temperatures near 300 K this probability is low, ~10-20% for all three possible E, K*
pairs. If each salt-bridge is assumed to make an independent favorable contribution to helix
stability, then the sum of such contributions appears relatively insensitive to temperature.
The low (~10-20%) overall probability of individual salt-bridge formation and its relative
temperature insensitivity indicate that the contribution of salt-bridges to the stability of the
EK helix is not a dominant factor. The increased thermal stability of the EK peptide
compared to the A21 peptide is not entirely due to salt-bridge formation. This finding
supports the hypothesis of Scheraga and coworkers [Vila et al., 2000], who claimed that
stabilization of helical conformers can be achieved through shielding of the backbone
intrapeptide hydrogen bonds by large side-chain substituents. Indeed, the hydration pattern
for the EK peptide backbone obtained from the REMD simulations shows that lysine side
chains do not allow water to approach certain backbone H-bond-forming carbonyl (-C=0)

and amide (-N-H) groups at low temperatures.
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2.7 Replica Exchange Molecular Dynamics (REMD)

Biomolecular systems have a rough energy landscape, which contains many energetic
barriers that are considerably larger than thermal energies. These large barriers can easily
trap biomolecular systems in local minima. The sampling problem posed by such a
difficult phase space can be overcome with a technique called replica exchange molecular
dynamics (REMD). The REMD algorithm provides an increased conformational sampling
rate sufficient for simulating helix-coil equilibrium [Sugita and Okamoto, 1999;
Gnanakaran et al., 2003].

In the replica-exchange method [Nymeyer et al., 2004], a number of identical copies of the
system (replicas) are simulated at different temperatures, spanning a predefined
temperature range (Tmin, Tmax). The minimum temperature is usually chosen so as to be
near the temperature of interest for the biological systems examined. It is of course
understood that as the minimum temperature decreases the sampling difficulties and
simulation time will increase quickly. The maximum temperature on the other hand must
be high enough so that replicas at this temperature quickly cross the largest energetic
barriers of the energy landscape and lose memory of their initial condition. In the case of
most small biological simulations an appropriate Tmax is more than 500 K or about twice
larger in temperature than room temperature. The temperatures of the intermediate replicas
are modified accordingly so that each replica executes a random walk in temperature space
(i.e., each replica spans the entire range of temperatures throughout the course of the
simulation, without being trapped in any temperature interval). A usual rule for accepting
temp-changes (subject to testing) is to choose the replica temperatures, so that a uniform

exchange-probability (~16%) is obtained between adjacent replicas.

Configuration exchanges are attempted periodically in order to transfer new configurations
surpassing barriers from runs at high temperature to those at low temperature. Those

exchange attempts are accepted with a Metropolis probability
Premp(i]) = min{1, exp[(B; — Bi) (Uj— U]} (Eq. 2.11)

Which ensures detailed balance and maintains the canonical distributions at each
temperature [with U; the potential energy of the i" replica, fi = 1 / (kgTi), and kg the
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Boltzmann constant]. After an accepted exchange, the particle velocities are rescaled to the
new temperature, or redrawn from Maxwell-Boltzmann distributions valid for the new
temperature. From eq. 2.11, it is evident that only replicas with neighbouring target
temperatures will have significant exchange probabilities. This fact prompts us to attempt
only exchanges between neighbouring (in temperature) replicas. Through a series of
exchange attempts, high-temperature conformations are transferred occasionally to low

temperature runs, facilitating the exploration of new configuration-space regions.

The REMD method has several advantages: It is based on exchange procedures that are
inexpensive and easy to implement, it produces information over a range of temperatures,
and it works well even in systems with explicit solvent. A comparison of this algorithm
with constant temperature molecular dynamics applied to peptides at room temperature
showed that REMD decreased the sampling time by factors of 20 or more [Sanbonmatsu
and Garcia, 2002]. To use REMD one must specify the number of replicas, the
temperatures of these replicas (i.e., the temperature schedule), and the frequency for
attempting temperature exchanges. The effective use of REMD relies heavily upon the
choice of these parameters, and this is of course system specific and can only be

established with trial and error procedures.

2.8 New lon Parameters

The role of alkali (Li*, Na*, K, Rb*, and Cs") and halide (F, CI', Br’, and I') ions in many
biological phenomena is crucial, since they affect stabilization of biomolecular structures,
influence biomolecular dynamics, and influence homeostasis and signaling. An accurate
model of the monovalent ions is necessary in order to model ionic interactions in atomistic
simulations of biomolecular structure, dynamics and function. Acceptable models should
be able to reproduce several properties of ions at the same time. In particular, good models
should reproduce the interactions of these ions with each other in the crystal and in
solution, and the interactions of ions with other molecules. The current state-of-the art
regarding biomolecular modeling employs simple additive, nonpolarizable, pairwise
potentials for atomic interactions. Joung and Cheatham have built better models of the
monovalent ions within the pairwise interaction framework, Their models are tuned to

balance crystal and solution properties in Ewald simulations of well-known water models
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[Joung and Cheatham, 2008]. In recent years it has been proven that truly accurate
treatments of ions require the inclusion of nonadditivity and polarizability (particularly for
the anions). For some ions even a quantum mechanical treatment is in order. Despite all
this, Joung and Cheathan merely sought to push the limits of the additive treatments. The
starting point of this work were several observations from long simulations with the
AMBER force fields of biomolecules in salt solutions, in which salt crystals formed well
below their solubility limit. This observation implies that anion-cation attractions in these
force fields are too strong, leading to severe inaccuracies in concentrated solutions. To
improve the situation Joung and Cheathan reoptimized the parameters of the Lennard-
Jones (LJ) potential for alkali and halide ions for specific choices of water models. The test
properties, against which they optimized the new parameters, were hydration free energies
of the solvated ions and also lattice energies (LE) and lattice constants (LC) of alkali halide
salt crystals. The optimization across the entire alkali and halide series avoids systematic
deviations. The new ion parameters developed were associated with some of the most
commonly used rigid and nonpolarizable water models, uch as TIP3P, TIP4Pgy, and
SPC/E. Besides reproducing solution and crystal properties very well, the new ion
parameters also reproduce ion-water binding energies and the radii of the first hydration

shells.

Table 2.3: Final LJ Parameters for the Alkali and Halide lons with Different Water Models [Joung
and Cheatham, 2008]

TIP3P TIP4Pew SPC/E
€ & €

Rmin2(A)  qecatmoty Rmn2 () kcarmony  Rmin2 @A) caimon)

Li* 1025 00279896 0808  0.1039884  0.791  0.3367344
Na* 1369 00874393 1226 01684375 1212  0.3526418
K 1705 01936829 1590  0.2794651 1503  0.4297054
Rb* 1813 03278219 1709 04331494 1737  0.4451036
Cs* 1976 04065394 1888 03944318 2021  0.0898565
F 2303 00033640 2538 00015752  2.257  0.0074005

cr 2513 00355010 2760  0.0116615 2711  0.0127850
Br 2608 00586554 2768  0.0303773 2751  0.0269586

I 2.860 0.0536816 2.952 0.0417082 2.919 0.0427845
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3. Bibliography Examination: lon specific Action
on the Secondary Structure of Proteins and

Peptides

In this chapter we examine what is currently known about salt effects on the helix-coil
transition of model oligopeptides, especially focusing on existing molecular simulations.
Unraveling the mechanisms by which salt (de)stabilizes protein structures is a challenging
task, as there exists a subtle balance of nonspecific screening and specific ion - solute and
ion - water interactions [Baldwin, 1996; Tobias and Hemminger, 2008; von Hippel and
Wong, 1969]. The action of salts on the properties of short ( <20 amino acids) helices has
been studied very little experimentally [Marqusee and Baldwin, 1987; Scholtz et al., 1991;
Scholtz et al., 1993; Smith and Scholtz, 1997]. MD simulations have only appeared very
recently, and they concern the trialanine peptide in sodium halide solutions [Fedorov et al.,
2007], the helicity of polyglutamic acid (PGA) [Fedorov et al., 2009], the N-
methylacetamide (NMA) molecule [Heyda et al., 2009], short alanine based “EK”, “(AE)s”
and “(AK)g”-peptides stabilized by glutamic acid (Glu or E) and lysine (Lys or K) salt
bridges [Dzubiella, 2008; Dzubiella, 2009] and the alanine peptide AAAAA(AAARA);A
(where R arginine) [Asciutto et al., 2010].

Marquesee and Baldwin studied experimentally the helix stabilization of four alanine-
based peptides by Glu™ - Lys® salt bridges [Marqusee and Baldwin, 1987]. Each peptide
had three glutamic acid/lysine residue pairs and the terminal groups were blocked with
acetyl and amide groups to avoid the helix-destabilizing interactions of these groups with
the helix dipole. In one set of peptides (“i+4”), the glutamic acid and lysine residues are
spaced 4 residues or 1 residue apart. In another set of peptides (“i+3”), the spacing is 3 or 2
residues (Fig. 3.1). Within each of these sets, a pair of peptides was made, in which the
positions of the glutamic acid and lysine residues were reversed [Glu, Lys (E,K) vs. Lys,
Glu (K,E)] in order to examine the potential effects of the interaction of the charged side
chains with the helix dipole. The helicity was determined by measuring the mean residue

ellipticity, [#], using circular dichroism (CD).
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(i+4) EEK: AcCAEAAAKEAAAKEAAAKNH;
(i+4) KE: AcAAKAAAEKAAAEKAAAENH;
(I+3)E,Ki AcAEAA KAEAAKAEAAKANH;
(i+3) KE: AcCAKAAEAKAAEAKAAEANH;

Figure 3.1: Sequences of the four peptides designed. Ac, acetyl; A, alanine; E, glutamic acid; K,

lysine [Marqusee and Baldwin, 1987].

At low temperature (1°C) and at pH=7, all peptides showed significant helix content.
Table 3.1 lists the extent of helix formation (measured by —[6],22) for all four peptides at
pH=7 and at 0.01 and 1.0 M NaCl. Both glutamic and lysine are ionized at this pH. At this
low temperature, the average helical content is clearly different for each peptide: at 0.01 M
NaCl, —[6]222 ranges from 29,000 degreecm®dmol™ for (i+4)E,K to 8500 for (i+3)KE.
Since the peptides are otherwise identical, this measurements confirm the importance of
amino acid sequence, and hence side-chain interactions, on discussing the helix stability of

such oligopeptides.

Effects caused by reversing the charge sequence (E,K or K,E) are larger in the i+3 peptides
than in the i+4 peptides and are greater at 0.01 M than at 1.0 M NaCl (Table 3.1). For the
i+3 peptides, the change in —[#],2, for E.K — K,E is really strong; from 17,600 to 8500 at
0.01 M NaCl and from 17,400 to 12,000 at 1.0 M NaCl. These changes point to the
existence of a helix chain-dipole interaction: in the E,K peptides this interaction is
expected to stabilize the helix, but in the K,E peptides it should destabilize it. For the i+4

peptides, the observed change is much smaller.

A comparison of helix content between peptides with different charge spacings (i+4, i+3)
and the same orientation (E,K or K,E) revealed that particular residue spacing leads to
different degrees of stabilization. The data shown in Table 3.1 indicate that the i+4
peptides are stabilized by ion pairs or salt bridges more than the i+3 peptides. At pH=7 and
0.01 M NacCl, where helix stabilization by salt bridges is maximal, the value of —[0]2 is
by about 11,000 greater in (i+4)E,K than in (i+3)E,K. Similarly, in the K,E orientation, —
[0]222 Of (i+4)K,E is by 17,000 greater than that of (i+3)K,E. It is not entirely clear why

such a difference in stabilization occurs.
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Table 3.2: Helix content (pH 7.0, 1°C) [Marqusee and Baldwin, 1987]

—[0]222, degreecm®dmol ™
Peptide | 0.01 M NaCl | 1.0 M NaCl
(i+4) EK 29,000 24,800
(i+4) K.E | 25,300 25,700
(i+3) EK 17,600 17,400
(i+3) K,E 8,500 12,000

Scholtz and his team studied experimentally the effect of ionic strength on the helix-coil
equilibrium of a short, alanine-based peptide [Scholtz et al., 1991]. The studied peptide
sequence was Ac-(AAQAA)3Y(NH,). This choice was made because alanine has a high
helix-forming tendency [Marqusee et al., 1989], while the three GIn residues, spaced
(i,i+5), provide the necessary aqueous solubility. The single tyrosine residue allowed
accurate measurements of the peptide concentration by tyrosine absorbance. The acetyl and
amide blocking groups eliminated the charges on a-NHs" and a-COQ™ groups, respectively.

Salts were used that are either helix-stabilizing (Na,SQO,) or —destabilizing (CaCl,, NaCl) at
high ionic strength. The study revealed that there is an increase in a-helix content with
ionic strength, at low ionic strength, for all three salts [Figure 3.2.a]. For the neutral AQ
peptide the helicity increases up to 1 M NaCl, presumably due to screening of the helix
macrodipole. For larger NaCl concentrations the helicity decreases. In Figure 3.2.b, the
changes in free energy for helix stability after subtraction of the specific Hofmeister effect
for each of the three salts are shown. From this result we realize that ion-helix interactions

are helix stabilizing in all concentrations.
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Figure 3.2(a) Helical content of the peptide as a function of ionic strength for each of the three
salts: Na,SO,4 (m), NaCl (e), and CaCl, (A ). The helical content was determined by CD at 0 °C in
1.0 mM NaH,PO, at pH 7.0. (b) Changes in free energy for helix stability after subtraction of the
specific Hofmeister effect for each of the three salts [Scholtz et al., 1991].

The contribution to helix stability of different Glu — Lys interactions has also been
measured by Schlotz circular dichroism (CD) measurements at 0 °C [Scholtz et al., 1993].
A single pair of Glu and Lys residues was placed at four different spacings, and in both
orientations regarding the terminals, in an otherwise neutral alanine-glutamine peptide
helix (Table 3.2).

Table 3.2: Peptide Sequences [Scholtz et al., 1993]

Peptide Sequences

AQ ref  Ac-AAQAA-AAQAA-AAQAA-Y(NH),
Glu - Lys series

E5K6  Ac-AAQAE-KAQAA-AAQAA-Y(NH),

E5K7  Ac-AAQAE-AKQAA-AAQAA-Y(NH),

E6K9  Ac-AAQAA-EAQKA-AAQAA-Y(NH),

E6K10 Ac-AAQAA-EAQAK-AAQAA-Y(NH),
Lys — Glu series

K6E9  Ac-AAQAA-KAQEA-AAQAA-Y(NH),

K6E10 Ac-AAQAA-KAQAE-AAQAA-Y(NH);
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The order of helix stabilization by the potential formation of an ion-pair was found to be
@i, 1+4) > (i, 1+3) >> (i, i+2) = (i, 1+1). It was shown that the (i, i+3) and (i, i+4) Glu — Lys
interactions are helix-stabilizing and are similar in strength to each other, regardless of the
orientation of the side chains while no significant hydrogen-bonding interactions were

found for the (i, i+1) or (i, i+2) Glu — Lys spacings.

The interactions between the polar side chains of glutamate and lysine have also been
examined by Smith and Scholtz [Smith and Scholtz, 1998] using CD measurements at 0
°C. The peptides employed in their study are derivatives of the neutral Ala - GIn host
peptide [Scholtz et al, 1991]. The peptide served as a host, into which they substituted pairs
of polar residues (Glu — Lys, Asp — Lys, Glu - His) at positions 6, 9, 10 and 11, to provide
(i, i+3), (i, i+4), and (i, i+5) potential interactions. The guest sites were selected so as to
place the potential interactions in the center of the peptide, where the average helicity is
higher, end effects are minimized, and potential interactions with the GlIn residues of the
host are avoided [Huyghue-Despointes et al., 1993; Scholtz et al., 1993]. Every peptide
with a guest residue was found to be less helical than the host peptide, presumably because
of the lower w-values (Table 3.3) between host and guest residues (Table 3.4). The main
results from this study were that shorter side chains have larger 4G values, although there
are more restrictions on the spacing and intra-helical orientations of residues with shorter
side chains. The strength of the interaction between fully-charged ion pairs can be
diminished by salt, but the interaction is not completely screened even at 2.5 M NaCl. All
the interactions between the polar residues employed in this study stabilize helix
formation, suggesting that solvent-exposed ion pairs together with hydrogen bonds can

contribute to the conformational stability of proteins and peptides.
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Table 3.3: Lifson-Roig Helix-Coil Parameters for these Peptides *[Smith and Scholtz, 1998]

residue w-value(s)
<AQ>fmorable”  1.35, 1.38, 1.37
<AQ>unfavorabIec 1-30, 1-36, 1.35

Asp’ 0.40
Asp 0.38
Glu° 0.70
Glu- 0.54
His" 0.36
His” 0.22
Lys* 1.00

& Parameters used in the analysis of the data. The Lifson-Roig formalism of helix-coil theory has
been used as implemented in the computer program helix2, written by Carol Rohl [Rohl et al.,
1996]. The data used to determine the parameters for the charged residues are summarized in Rohl
et al. [Rohl et al., 1996]. They used a constant nucleation parameter (v = 0.036) for all residues
[Rohl et al., 1996]. *¢ The Ala-Gln host peptide is treated as a homopolymer. The average <Wag™> IS
the best-fit parameter for the set of peptides with at least one favorable (unfavorable) charge-dipole
interaction. The three <wag> values are for the data sets in 0.01, 1.0, and 2.5 M NaCl, respectively.
 The Ala-GIn host peptide is treated as a homopolymer. The average <wag> is the best-fit
parameter for the set of peptides with at least one unfavorable charge-dipole interaction. The three
<wag> Vvalues are for the data sets in 0.01, 1.0, and 2.5 M NaCl, respectively.

Table 3.4: Observed Helicity (-[].22 in deg cm? dmol™) of each of the peptides at 0 °C* [Smith and
Scholtz, 1998]

0.01 M NaCl 1.0 M NaCl 2.5 M NaCl
peptide  i,i+3 i,i+4 i,i+5 ,i+3 Ii+4 i,i+5 ,i+3 i,i+4 I,i+5
E°K” 10700 12100 9800 12450 14150 11100 12750 13450 10600
EK' 11400 12750 8500 11750 13100 9700 11050 12100 9200
DOK* 7700 8500 6900 7900 9500 8000 7500 8700 7600
D'K* 8200 9200 7400 8900 10000 8400 8000 8900 8000
E°H" 4200 3900 4400 4800 4500 5100 4000 4300 4800
EH' 4500 4100 3600 5000 4400 4300 4400 4000 4000
E'H° 5100 4400 4700 5600 5100 5500 4700 4900 5200
AQhost” 15580 16580 15250
K*E’ 10050 9700 7900 12100 11050 10400 11750 11400 9900
K'E 9000 10350 6900 10350 10700 9100 8650 8650 8700
D° 7800 8100 5900 9600 10100 7900 8600 8700 7500
K'D 8400 10300 5800 8400 10100 7700 7400 8700 7300
H*E® 5100 5400 2700 5700 5900 3900 4500 4500 3700
HE 4400 5300 2300 5000 5300 3300 4100 4300 3100
HE 3300 3300 3400 6400 6600 4700 5200 5400 4500
% For each orientation and charged state of the polar residues, data are provided for the three
different spacings at each of the three NaCl concentrations. The entries for Glu® or Asp® with Lys*
were determined at pH=2.5, while those for the full ion pair (Glu™ or Asp™ with Lys") are at pH=7.0.
The Glu - His data were measured at pH=2.5 (GIu° - His"), pH=5.5 (Glu" - His"), or pH=8.5 (Glu -
His®). The ionization state on the charged residue is given by a superscript (0/+/-). ® The host
peptide has no guest residues and is arbitrarily listed under the (i, i+4) column. The peptides listed
above the host all contain at least one favorable charge-helix macrodipole interaction and those
listed after the host have at least one unfavorable charge-helix macrodipole interaction.
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Recent simulations with more complex oligopeptides suggest a complex dependence of

helical stability on salt type and concentration in the solution.

Fedorov et al. performed molecular dynamics (MD) simulations of the alanine tripeptide
(AA3) in ionic solutions [Fedorov et al., 2007]. To investigate the specific effects of the
halide anion series they simulated aqueous solutions of sodium fluoride, chloride, bromide
and iodide with different molar concentrations: 0.20, 0.50, 1.00 and 2.00 M. By defining
any conformation of AA3 with (o, y) belonging to the region ([-110°% -20°)], [-70°% +50°])
as a ‘compact’ conformation, and all other conformations as ‘extended’, they calculated the
percentages of the ‘folded’ conformations for all investigated systems. As seen in Table
3.5, the percentage of compact conformations varied with ionic type and concentration.
Sodium fluoride seems to be the best stabiliser of compact conformations up to its
solubility limit ( =1. M).

Table 3.5: % of compact (‘folded’) conformations of the alanine tripeptide for different salt
concentrations. For comparison, the number for bulk water solution is given (0.0 M salt
concentration) [Fedorov et al., 2007].

Salt | 0.0M | 0.20M | 0.50M | 1.00M | 2.00 M
NaF | 12.2 21.9 52.6 33.8 15.3°
NaCl | 12.2 17.1 14.5 9.0 9.0
NaBr | 12.2 19.5 16.1 21.2 14.8
Nal 12.2 22.5 15.2 20.2 10.9
& _the 2.0 M concentration is above the maximum solubility of NaF [Fedorov et al., 2007].

To reveal details of the tripeptide-ion interactions Fedorov et al. calculated the potentials of
mean force (PMF) between the tripeptide, water and co-solutes (anions and cations). These
PMFs generally exhibit a sequence of minima, which correspond to the maximum density
of water sites in the corresponding water shells. Figure 3.3 shows the water oxygen-

hydrogen PMF together with selected ion-water and peptide-water PMFs.
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Figure 3.3: PMFs corresponding to the water-water (oxygen-hydrogen PMF), chloride-water and
peptide-water interactions for the charged sites of the alanine tripeptide (NH*; and COO)
[Fedorov et al., 2007].

The NH's-ion PMFs are shown in Figure 3.4a. Only CI" PMFs have slightly negative
values at the position of the first minimum. This means that for bigger anions the direct
binding to NHs" is less favourable than shell-shell contacts (secondary minima
corresponding to the intersolute distance = 5-6 A). This is especially true for the I ion,
which has a large positive difference (> 2 kgT) between the depths of the first and
secondary NH3" - I' PMF minima. The NHs" group is strongly hydrated as seen from
Figure 3.3. It is energetically unfavourable to dehydrate this group. Therefore, in spite of
the attractive electrostatic interactions, big anion interactions with the NH3" group are
water-mediated. Solvent-separated ion pairs are formed, rather than direct ion-pairs.

The COO™-ion PMFs are shown in Figure 3.4b. Unlike the NHs;" group the carboxylate
terminus is weakly hydrated (see Figure 3.4b) and the Na* cations can easily dehydrate it
— this group is surrounded by a cloud of sodium ions which are in direct contact with it,
and screen the repulsive COO™-anion interactions. As a consequence, some of the COO'-
anion PMFs have noticeable minima around 4 — 5 A. As the Na" ion is strongly hydrated,
shell-shell and shell-group interactions take place, giving rise to a number of secondary
minima in the corresponding PMFs. In fact, the COO™—sodium interactions via
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intermediate water are less favourable than the direct COO—sodium contacts, as can be
seen from the large negative difference (~1-2 kgT) between the depths of the first and
secondary minima in the COO™- Na* PMFs.
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Figure 3.4: PMFs (a) NH";—ion PMFs and (b) COO™-ion [Fedorov et al., 2007].

Fedorov’s study also revealed that for large ions (Br’, I") the ion-water-peptide contacts are
preferred to direct ion-peptide contacts and that these ions tend to be closer to the
hydrophobic peptide groups. On the contrary, for ions with small ionic radius (Na*, F),
direct ion-peptide contacts are preferred and these ions are attracted to highly charged

groups and form contact-ion pairs with them (NH3" and COO").

Let us comment more on the fact that in the case of the bigger anions, both anions and
cations tend to be closer to the hydrophobic peptide groups. This fact corresponds to the
idea of ‘quasi-hydrophobic’ behaviour of the large halides [Lynden-Bell and Rasaiah,
1997]. (c) The chaotropes (bromide and iodide ions) tend to be close to the hydrophobic
groups, but the kosmotropes (fluoride and sodium ions) tend to be close to the hydrophilic
groups. The chloride ions are almost ‘neutral’ in this sense, and their behavior is dictated
according to their concentration. Overall a “nonlinear” effect of the anions on the tripeptide
conformation is observed which decreases with salt concentration. Another point to make
is that the positively charged N-terminus is hydrated more strongly than the negatively
charged C-terminus, leading to quite different pictures of counterion interactions with these

groups. There is a high energetic cost for moving water molecules away from the NH3"
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group, and as a consequence, more weakly hydrated anions prefer to interact with that

group via an intermediate water shell rather than by the direct contacts.

In 2009 Fedorov published an additional MD study of the effects of aqueous sodium halide
solutions on conformational properties of trialanine [Fedorov, 2009]. The main conclusions
of that work are the following: (a) NaCl was the most effective at stabilising extended
conformation of the trialanine molecule over compact conformations. NaF stabilises
compact over extended conformations at low concentrations. NaBr and Nal have lesser
effects. (b) The behaviour of trialanine in NaF solutions was significantly different from
that in other solutions as well as from that in bulk water. The main reason for this where
the strong interactions of the small fluoride ions with counterions, water and with charged
groups on the trialanine [Fedorov, 2006; Fedorov, 2007]. (c) The conformational features
of the two main cluster of observed conformation in NaCl, NaBr and Nal solutions did not
differ significantly from the corresponding clusters in pure water. However, the third
cluster had large differences in hydrophilic and hydrophobic SAS areas compared to pure
water, as a result of different exposure of the backbone groups to the solvent. This is in
agreement with many studies of biomolecule solvation [Avbelj, 2000; Garcia and
Sanbonmatsu, 2002; Luo and Baldwin, 1999; Avbelj, 2003; Martinek, 2006]. (d) The
effects of ions are different on different polypeptide groups. The net effect of ions on the
macromolecular conformation thus depends on the chemical composition of the
macromolecule. This conclusion agrees again with findings of Imai et al. and Kinoshita et
al. [Imai, 2000; Kinoshita, 2005], who reported a big difference in salt effects on
hydrophobic and hydrophilic polypeptide groups.

The recent papers by Dzubiella [Dzubiella, 2008; Dzubiella, 2009] represent the most
thorough examination of salt effects on a-helix formation to date, and will be discussed
below in detail. Dzubiella investigated the structure and (helix) stability of a shorter
version of the salt-bridge forming “EK(i + 4)” peptide with 12 residues and sequence Ace—
AEAAAKEAAAKA-Nme by employing standard all-atom MD simulations. He examined
the (de)stabilizing action of four different salts (NaCl, Nal, KCI, KF) at large
concentrations (¢ > 3M) and analyzed the molecular and structural details of these systems

for long (us) simulation runs.
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Peptide helicity vs simulation time t is plotted in Figure 3.5 for (a) the salt-free case, (b)
3.7M NaCl, and (c) 3.5 M KCI. In the absence of salt the helicity can be considerable
(~80% - 90%) in this system, but two large-scale unfolding transitions were observed at t =
130 and 900 ns, which lead to unfolding of the peptide (helicity < 50%) for ~50 ns. The
total helicity averaged over the whole trajectory was found to be 71%, in satisfactory
agreement with the experimental value of about 80% of the 17 residue long analogue
[Marqusee and Baldwin, 1987]. A large concentration of NaCl clearly destabilizes the
helical structure as shown in Figure 3.5b. States with more than 50% helicity are rarely
found in the presence of NaCl. The average helicity decreases even further to 30% for 3.7
M NaCl. The destabilizing trend of NaCl is in agreement with experimental measurements
of the longer analogue, where it was found that the helicity decreases systematically with
increasing NaCl concentrations (e.g., a value of 57% at ¢ = 3 M was measured) [Marqusee
and Baldwin, 1987]. In contrast to NaCl, KCI has only a slight destabilizing action, as
shown in Figure 3.5c. The average helicity (63%) even at the large concentration of 3.5 M
KCl is close to the salt-free case. The average helicities are summarized in Table 3.6.
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Figure 3.5: Peptide helicity vs time t for (a) no salt, (b) ¢ = 3.7 M NaCl, and (c) c= 3.5 KCI

[Dzubiella, 2008].
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Table 3.6: Helicity and salt bridge probabilities of the peptide for different salt type and

concentration ® [Dzubiella, 2008].

Salt | ¢/M helicity Pgb1(4.3 A) Psb1(7.OA) Psb2(4-3 A) Psb2(7-0 A)
0.0 0.71 0.10 0.27 0.11 0.43
NaCl | 3.7 | 0.30 0.03 0.07 0.06 0.18
KCl | 35| 0.63 0.02 0.11 0.10 0.33
Nal | 3.3 0.23 0.04 0.10 0.09 0.24
KF | 40| 0.58 0.03 0.16 0.09 0.31

% The terms py,1(r) and psp2(r) correspond to the probability of finding the Glu2-Lys6 and Glu7-
Lys11 head groups within a distance r, where r is equal to 4.3 A and 7.0 A4 for direct and indirect

salt bridges, respectively [Dzubiella, 2008].
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In order to test the influence of the anion, Dzubiella replaced NaCl by Nal and KCI by KF.
He observed only small changes in the helicity for the potassium salts, but a noticeably
larger destabilizing action when chloride was replaced by iodide (Table 3.6). In fact, Nal is
known to be a strong denaturant [Baldwin, 1996]. It seems, however, that for the particular
peptide and ions, which were studied, the cation charge density is the crucial parameter
which determines the denaturation capability of the salt. Although comparable in size and
often observed to have similar salting-in and salting-out actions on proteins (Baldwin,
1996; Nandi and Robinson, 1972), Na* and K" exhibit even qualitatively different
influence on the solubility of amino acids [Khoshkbarchi and Vera, 1997], and on the
activity and stability of halophilic proteins [Madern et al., 2000]. They also have a striking
difference in binding to protein carboxylates and carbonyls [Vrbka et al., 2006; Uejio et al.,
2008].

The conformations of the investigated peptide in solution and the effects of salts on their
distribution were studied by means of the probability P of the root-mean-square deviations
(rmsd) of a configuration from the fully helical reference structure. The reference was
chosen randomly from configurations with 100% helicity. The corresponding free energy
AG(rmsd) = -kgTIn(P) vs. the rmsd reaction coordinate without salt, NaCl, and KCI is
shown in Figure 3.6. At zero salt concentration and for 3.5 M KCI, there are two distinct
minima. In one of them the peptide is in the fully helical state with three helical turns
(rmsd = 1.6 A, Figure 3.6a), and in the other it features two neighboring helical turns (rmsd
= 3.1 A, Figure 3.6b)]. The free energy barrier between these two states is only about 1.5
kgT. Qualitatively different behaviour is observed for 3.7 M NaCl. The minimum
corresponding to the full helical state disappears and a broad minimum occurs at larger
rmsd values ~5-7 A. This broad minimum is occupied by mainly two distinct
configurations. At rmsd = 5.5 A, long-lived configurations were observed that feature two
helical turns at both ends of the peptide with an intermediate loop (see the snapshot in
Figure 3.6¢), while a rmsd 6.5 - 7 A corresponds to the coil state where helicity completely
vanishes (see Figure 3.6d). The “loop” states (Figure 3.6¢) in NaCl had long lifetimes and
were stabilized by specific sodium and water binding to the peptide backbone. In most
cases it was found that the middle section of the peptide loops around a single sodium ion,
thereby binding it with 3-4 backbone carbonyls, while a partly helical structure can still be
maintained, cf. Figure 3.7a. Sometimes an additional water molecule is captured by this

backbone-ion comple as illustrated in Figure 3.7b and c. These states were quite stable

63



over a long (10-20 ns) time scale. Such long-lived states were not observed in the case of

potassium; they are of course impossible for anions, which do not bind to the backbone.
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Figure 3.6: Free energy along the rmsd (root-mean-square deviation from a “perfect” helix
formed by this peptide) reaction coordinate. The MD snapshots of the peptide backbone at the
bottom are examples of configurations with high probability (low free energy) with an rmsd
location indicated by the arrows [Dzubiella, 2008].

Figure 3.7: MD simulation snapshots of long-lived (~10-20 ns) peptide configurations observed in
NaCl or Nal solutions at large concentrations, where (a) one Na™ ion (blue sphere) or (b and c)
Na® and one water molecule (red and white spheres) are permanently hydrogen bonded and
immobilized by the peptide backbone. Only backbone atoms of the peptide are shown [Dzubiella,
2008].

As we discussed before, the charged residues Glu2™ and Lys6", and residues Glu7" and
Lys11®, are potentially able to form EK-type salt bridges, which may directly stabilize the
helix by shifting the equilibrium to the helical state [Marqusee and Baldwin, 1987] or

additionally, may contribute to helix stability through backbone desolvation and shielding

64



from water [Vila et al., 2000; Garcia and Sanbonmatsu, 2002; Ghosh et al., 2003] To
elucidate these mechanisms, Dzubiella calculated the (normalized) probability distribution
P(r), where r is the distance between the carboxylate carbon atoms on Glu and the amine
nitrogen on Lys for the first (Glu2-Lys6) and second (Glu7-Lys11) salt bridge, averaged
over the whole MD trajectory. Examples for the salt-free case and large NaCl and KCI
concentrations are shown in Figure 3.8 for the Glu7-Lys1l pair. The first peak for
distances r < ry = 4.3 A corresponds to a direct salt bridge while the second peak rq < r < rig
~ 7.0 A corresponds to water - separated salt bridge. With the help of these distributions
Dzubiella estimated the probabilities p(r;) (i = d, id) of finding a direct or both direct and
indirect salt bridges. In the absence of electrolytes, a direct salt bridge is formed by one of
the Glu-Lys pairs only 11% of the time. This value is in accordance with the results of
Ghosh et al. [Ghosh et al., 2003] on a similar EK(i + 3) peptide, who found that possible
EK salt bridges spend only 10 - 20% in contact configuration. A higher probability exsists
however to find either a direct or an indirect ion-pair for the Glu2-Lys6 pair {P(riq) = 27%}
and for the Glu7-Lys11 pair {P(rig) = 43%}. The unequal stability of the two salt bridges
derives from the interaction of Glu2 with the N-terminal. It is known experimentally that
“N-capping” by specific side chains strongly influences the helix distribution along a given
peptide [Vasquez et al., 1987; Serrano and Fersht, 1989]. The probability values for
forming direct and both direct and indirect salt bridges for all investigated systems are

summarized in Table 3.6.
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Figure 3.8: Probability distribution of distances between the carboxylate carbon atom of the Glu7

side chain and the amine nitrogen of the Lys11 side chain. The MD snapshots on the top exemplify
direct and indirect (separated by one water molecule) salt-bridge configurations corresponding to
the first and second peak of p(r), respectively. Only side chains of amino acids 7-11 are shown
[Dzubiella, 2008].

The distribution function for the Glu7 — Lysll ion pair depends on salt type and
concentration as is also illustrated in Figure 3.8. For NaCl, the salt-bridge formation
probability is decreased by more than 50% with respect to pure water. Obviously this
behaviour is related to the reduced average helicity, in the system, in this case as in a
nonhelical state the charged side chains are too far apart to form a contact ion-pair. KCI

affects the distribution much less when compared to NaCl.

The radial distribution functions (rdf) of water and cations around the Glu carboxylate
carbon are plotted in Figure 3.9. There is considerably stronger affinity of sodium over
potassium to the carboxylates as has been found in other experimental studies and quantum
mechanical calculations [Vrbka et al., 2006; Uejio et al., 2008]. The rdf for the potassium —
glutamate pair on the other hand is comparable in magnitude to that of the water oxygen —
glutamate pair. Estimating the coordination number of species X in the first carboxylate
solvation shell of the Glu carboxylate carbon reveals that, while in the salt-free case 8-9
water molecules directly solvate the carboxylate, ~2 of them are replaced on average by

sodium ions in the NaCl solution, indicating a strong specific binding of sodium. For this
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reason a decreased contact value of the water-carboxylate rdf is observed in the NaCl
solution in Figure 3.9. In KCI, on average only ~0.5 ions were found to replace water
molecules. It is thus seen that sodium directly competes with water and Lys-nitrogen atoms

for binding to the carboxylates and therefore has a strong impact on salt bridge formation.
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Figure 3.9: Radial distribution function (rdf) ge-x(r) between the carboxylate carbon of the Glu
side chains and X, where X = O (water oxygen), Na*, or K*, plotted for no salt (c = 0) and NaCl
and KCI at concentrations of ¢ = 3-4 M [Dzubiella, 2008].

| I & ¥k t L e T ] | R | I. T I B l_l_
8- F — X=0(H,0) c=0M
T X= 1T ¢=3.3MNal
|4 - |— X=CI' ¢=3.7M NaCl
—~ 6 2
o= sk Cl X= Fc¢=40MKF
e 5
ol g i |
&0 3| =
2 e
1_ i 5
0 1 1 13 5 § l {1 (P ) l | ) l-

4 /A 5 6

[ 1
w

Figure 3.10: Radial distribution function rdf g,,s-x(r) between the nitrogen of the Lys side chain
and X, where X = O (water oxygen), F, CI', or I [Dzubiella, 2008].

The distributions of water and anions around the Lys nitrogen are plotted in Figure 3.10. F°
> CI" > I' is the preferred sequence of interaction as may be expected from electrostatic
considerations, i.e., there is a stronger attraction with larger ion charge density. Calculating
the coordination numbers however, revealed that on average only ~0.5 fluoride ions are
able to replace a water molecule in the water solvation shell of the Lys nitrogen, so
fluoride is much less effective in solvating amide groups than sodium in replacing water

around the carboxylates.
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In order to check whether similar specific binding can be detected for other parts of the
peptide, Dzubiella also calculated the rdfs between ions and the backbone amide oxygens
and nitrogen atoms. Examples for the cations and anions are plotted in Figure 3.11a and b,
respectively. Analogous to the results presented in Figure 3.10, a strong attraction of
sodium to all carbonyl oxygens was observed, in striking contrast to a weak affinity of
potassium. The anions, however, interacted with the backbone even more weakly than
potassium (cf. Figure 3.11b). Interestingly, iodide has the highest first interaction peak
compared to the other anions (I" > CI" > F’) whereas for the interaction with the Lys
headgroup (see Figure 3.10), the sequence is, F* > CI" > I. The strong affinity of sodium to

the backbone is enhanced in the presence of iodide, which can be understood as a demonstration

for rough local electroneutrality.
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Figure 3.11: (a) Radial distribution function (rdf) gom-x(r) between the backbone oxygen and X,
where X = Na*, K", or water oxygen (O) plotted for different salts - see the legend. (inset) rdf ga,a-
x(r) between alanine side chains and X. (b) rdf gnw-x(r) between the backbone nitrogen and X,
where X ) F, CI', I', or water oxygen (O) for different salts, see the legend. (inset) rdf gaa-x(r)

between alanine side chains and X [Dzubiella, 2008].

Additionally, Dzubiella calculated the rdf between the carbon atom in the alanine side
chain and cations or anions, to investigate the hypothesis that the relatively large anions
have an affinity for nonpolar surfaces [Jungwirth and Tobias, 2006] or hydrophobic solutes
[Kalra et al., 2001]. Insets in Figure 3.11a and b show that iodide does indeed have the
strongest affinity to the nonpolar side chains from all considered ions. These findings are
in line with MD of a toy model of a heterogeneous biomolecule, where it was
demonstrated that fluoride and iodide binding strongly depends on the local surface

characteristics [Lund et al., 2008]. They also support the perspective that the iodide

68



propensity to nonpolar surfaces may be the reason for its significant effect on protein
stability [Jungwirth and Tobias, 2006; Kunz, 2006].

Overall, the simulations in high electrolyte concentrations (3 — 4 M) suggested a small
destabilization of the a-helix in the presence of NaCl, and a larger destabilization in the
presence of Nal [Dzubiella, 2008]. This destabilization was attributed to a combined effect,
due to screening of the salt-bridge interactions by the salt, and enhanced sodium-carbonyl

interactions in the presence of iodide.

In the case of the negatively charged alanine-based peptide Ac-(AE)s-NMe, examined with
the Amber ff03 force-field, a significant reduction in a-helix content in the presence of Nal
and a slight increase in other solutions (NaCl, KCI, K1) were reported, as seen in Table 3.7
[Dzubiella, 2009]. This behavior was again attributed chiefly to enhanced sodium
interactions with the peptide carbonyl groups in the presence of iodide, which adsorbs on
the hydrophobic Ala side chains [Figures 3.12 and 3.13]. In the case of the positively
charged peptide [Ac-(AK)s-NMe], Nal had no effect on the helix, whereas the chloride
salts NaCl and KClI stabilized it [Dzubiella, 2009].
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Figure 3.12:Radial distribution function (rdf) gObb-X(r) between the backbone (carbonyl) oxygen
and X, where X ) Na+ or K+ plotted for different salts; see legend [Dzubiella, 2009].
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Figure 3.13: Radial distribution function (rdf) gALA-X(r) between the methyl group in the alanine
side chains and anion X') CI- or I- for different salts; see legend [Dzubiella, 2009].

Table 3.7: Average Helicity of the “AE” and “AK” peptides for different types of salt as
concentration ¢ [Dzubiella, 2009].

101 1) 101 0,
salt ¢ (m) eGY (0 Helicly ()

00 040+0.13 0.46+0.10

NaCl 27 044+0.13 0.62+0.04

KCI 26 054+0.09 0.63+0.11

Nal 25 0.18+0.08 0.47+0.08
KI 25 0.42+0.08

In a different study by Asciutto et al. with the Amber ffSB99 force-field, the helicity of a
charged alanine based 21-residue peptide, AAAAA(AAARA);A, containing three arginine
residues (R) was shown to increase in the presence of NaClO, [Asciutto, 2010]. It was
stated that the strong stabilization found for NaClO,4 was because the ClIO4 ions compete
with water molecules to solvate the peptide. Water is more strongly drawn to the ionic
solvation shells than to the peptide surface, hence the latter becomes dehydrated. A less
hydrated peptide promotes more intrapeptide hydrogen bonding, which leads to greater

helical stability.

The affinities of alkali cations and halide anions for the peptide group were quantified
using molecular dynamics simulations of aqueous solutions of the model compound N-
methylacetamide using both nonpolarizable and polarizable force fields by Heyda et al.
[Heyda et al., 2010]. The radial distribution functions revealed that potassium and, more
strongly, sodium exhibit an affinity for the carbonyl oxygen of the amide group, while

none of the halide anions show any appreciable attraction for the amide hydrogen. Heavier
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halides, however, interact with the hydrophobic methyl groups of the N-methylacetamide.
Based on these results, Heyda et al. concluded that the destabilizing effect of weakly
hydrated Hofmeister ions, such as bromide or iodide, is not due to direct interactions with
the backbone, but rather due to attraction to hydrophobic regions of the protein. Algaer et
al. have also recently examined interactions of sodium salts with N-isopropylacrylamide
(NiPAM) and N-methylacetamide (NMA) [Algaer et al., 2011]. They also found a strong
affinity of sodium for the carbonyl oxygen and an affinity of iodide towards the
hydrophobic groups. They also found that the affinity of anions towards the amide group
depends on its environment, with considerable differences observed in the cases of NiPAM
(no interactions) and NMA (definite H-bonding of anions with the amide hydrogen).
Algaer et al. also concluded that the force field used plays an important role for the

quantitation of the interactions.
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4. Specific Interactions of Sodium Salts with

Alanine Dipeptide and Tetrapeptide in Water

4.1 Introduction

To investigate the ionic effects on the stability of the conformation of the protein backbone
we have conducted simulations of the model system alanine dipeptide and tetrapeptide in
aqueous salt solutions. The alanine dipeptide has the essential features of the protein
backbone and is a starting point in the derivation of all modern protein simulation force
fields [Mackerell, 2004]. It has a single pair of backbone dihedral angles (¢, y) and two
peptide groups, which can form an intramolecular hydrogen bond. It allows checking the
specific ion effects on the Ramachandran plot and the relative interaction of the ions with
the backbone peptide groups and the methyl side chain and blocking groups [Rossky et al.,
1979; Mezei et al., 1985; Tobias and Brooks, 1992; Ishizuka et al., 2010]. Importantly, this
molecule contains both polar groups (the peptide bonds) and non-polar groups (the methyl-
group side-chain and the two methyl-blocking groups at the N- and C- terminal ends,

which model the adjacent C, atoms in a longer backbone).

The tretrapeptide introduces additional dimensions [Tobias and Brooks, 1991]. With the
present choice of N- terminal and C- terminal blocking groups, it has three complete pairs
of backbone torsional angles (;, y;) and four peptide groups. Thus, it can form a variety of
hydrogen-bonding interactions, including two i, i+3 hydrogen bonds encountered in the
p-turns (CyOvy-N3Hys, C1031-NtHNt) and one 4, i +4 hydrogen bond encountered in a-
helices (CyOy-NtHyt). Thus, closed, “quasi-helical” conformations are possible for this
model, and the conformational space is greatly extended with respect to the dipeptide.
Even though no large scale secondary structure can be formed by the tetrapeptide, an
increase of “closed” conformations would immediately signify that the presence of salts

stabilizes the initial helix-formation step in this type of oligopeptides.

To keep the systems simple, we have only used sodium chloride (NaCl) and sodium iodide
(Nal) as electrolytes. NaCl is generally expected not to give strong specific salt effects in

most systems [Collins and Washabaugh, 1985; Cacace et al., 1997; Kunz, 2010; Leontidis
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and Aroti, 2009] while iodide is definitely a chaotropic anion and can be used to illustrate
potential side-chain or backbone interactions of the more hydrophobic ions [Fedorov et al.,
2007; Fedorov et al., 2009; Dzubiella, 2008; Dzubiella, 2009]. We have used a range of
electrolyte concentration (0 — 3 M) to investigate concentration effects on the oligopeptide

structures.

4.2 Methods

4.2.1 Investigated Systems

The peptides studied have the sequences Ac-Ala-NMe and Ac-Alaz-NMe (Scheme 4.1),
with C H3CpO.- (Ac) and -NgrHRCrH3 (NMe), respectively, as the N- and C- terminal
blocking groups. Each simulation system consisted of a single dipeptide or tetrapeptide
molecule in a cubic box of 1000 water molecules and an appropriate number of ions,
chosen to model the desired salt concentration. Table 4.1 lists the total number of ions and
water-box sizes for the various dipeptide and tetrapeptide simulations. Although the actual
salt concentrations are those listed in the Table, for simplicity we will designate them as “1

M”, “2 M” or “3 M” concentrations in the ensuing discussion.
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Scheme 4.1: Terminally Blocked Alanine Dipeptide (Ac-Ala-NMe) and Tetrapeptide (Ac-Alas-

NMe) Used in the Present Investigation
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4.2.2. Force Field and Simulation Protocol

The peptide atomic charges, van der Waals, and stereochemical parameters were taken
from the CHARMMZ22 all-atom force field [Mackerrell et al., 1988], including a recent
grid-based torsional (CMAP) correction [Mackerrell et al., 2004]. The water was
represented by a modified TIP3P model [Jorgensen et al., 1983; Neria et al., 1996]. lon
parameters, recently optimized for high-concentration simulations, were taken from Joung
and Cheatham [Joung and Cheatham, 2008].

Table 4.1: Numbers of lons and Water Box Sizes Employed in the Simulations

solution  # waters # cations # anions box length
Alanine Dipeptide

oM 1000 0 0 31.05
1.2MNaCl 1000 22 22 31.33
2.3 M NaCl 1000 44 44 31.55

1.2 M Nal 1000 22 22 31.33
2.3 M Nal 1000 44 44 31.55
Alanine Tetrapeptide

oM 1000 0 0 31.05
1.2 M NaCl 1000 22 22 31.33
2.3M NaCl 1000 44 44 31.55
3.1 M NaCl 1000 60 60 31.80

1.2 M Nal 1000 22 22 31.33
2.3 M Nal 1000 44 44 31.55
3.1 M Nal 1000 60 60 31.80

Simulations with short alanine-based peptides and comparisons with available
experimental data suggest that several of the current biomolecular force fields, including
the CHARMMZ22/CMAP force field employed here, tend to overestimate the a-helical
section of the Ramachandran map, at the expense of extended (f-sheet and PPII)
conformations [Graf et al., 2007; Mu et al., 2003; Best et al., 2008; Best and Hummer,
2009; Verbaro et al., 2010; Hegefeld et al., 2010]. This overstabilization is likely to have a
smaller impact on the conformational preferences of the very short peptides considered
here. Furthermore, the main goal of the present work is to monitor the dependence of
conformational properties on salt type and concentration. Even if the helical propensities
are systematically overestimated, the errors are likely to partially cancel in the propensity
changes (among solutions). To check the force-field dependence of our observations, we
also simulated the same alanine tetrapeptide, a nonapeptide (Ac-Alag-NMe), and a
hexadecapeptide (Ac-(AQAAA)3;-NMe) in pure water and a 3.0 M Nal aqueous solution,
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using AMBER11 [Case et al., 2010] and the all-atom AMBER force field, with recent
optimizations (ff03*) improving peptide helicity at 300 K [Best and Hummer, 2009]. The
main conclusions of the simulations with these two peptides and their relevance to the
present work are presented in the Results section; details of these simulations are described

in the following chapters.

All simulations were conducted with the CHARMM program [Brooks et al., 2009], version
c35b3. The simulation system was replicated by cubic periodic conditions, using the
CRYSTAL facility of CHARMM. Electrostatic interactions were calculated by the
particle-mesh Ewald method [Darden et al., 1993], with a parameter k = 0.55555 for the
charge screening and sixth-order splines for the mesh interpolations. Lennard-Jones
interactions between atom pairs were switched to zero for distances larger than 9 A [Joung
and Cheatham, 2008]. The lengths of covalent bonds involving hydrogen atoms and the
internal water molecule geometries were constrained to standard values via the SHAKE
algorithm [Ryckaert et al., 1977] implemented in CHARMM.

All solutions were studied by the replica-exchange molecular dynamics method [Garcia
and Sanbonmatsu, 2002; Buchete and Hummer, 2008]. Simulations were performed in the
canonical ensemble (N,V,T), with all atoms explicitly represented. Nose-Hoover dynamics
[Nose, 1984; Hoover, 1985] was conducted, using a 50.0 kcal/mol sec? thermal inertia
parameter (QREF) and a 2 fs time step. For each solution, we used 18 replicas with
temperatures 290, 295, 300, 305, 310, 315, 321, 327, 333, 339, 345, 351, 358, 365, 372,
379, 386, and 393 K. The NaCl solutions were initially equilibrated by constant pressure
simulations at 300 K. Subsequently, the box sizes were fixed to the average size of the
constant-pressure runs; identical box sizes were used for NaCl and Nal solutions of the
same concentration. The replica temperatures were then optimized by serial, constant
volume simulations, targeting an exchange acceptance probability between adjacent
replicas of ~20%. The obtained exchange probabilities were between 16 and 21%. All
replicas performed random walks in the temperature space, spanning several times the
entire range of temperatures; for example, in a typical tetrapeptide solution, the
temperature space was traversed ~26 times during a 25 ns simulation. The total simulation
length at each temperature was 20 ns for the dipeptide (360 ns for each solution) and 25 ns

for the tetrapeptide (450 ns for each solution). Exchanges between adjacent replicas were
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attempted every 500 steps (1 ps). The last 19 ns (dipeptide) or 20 ns (tetrapeptide) were
employed in the analysis.

4.2.3 Secondary Structure Calculations and Conformational

Analysis

We computed the tetrapeptide “helicity” (the fraction of a-helical conformations), using
the Lifson-Roig (LR) model [Lifson and Roig, 1961]. In the LR definition, a residue i is
considered a-helical if and only if its backbone torsional angles (¢i, i), and the pairs
(ei-1, i) and (@is1, vis1) Of the adjacent residues fall in the a-helical region of the
Ramachandran map (¢ = -65 + 35° y = -37 + 30°). Since the tetrapeptide has three
torsional angle pairs, a conformation was classified as a-helical if and only if all three

torsional angle pairs were simultaneously in the a-helical region.

The alanine tetrapeptide can also form two g-turns, respectively involving the atom pairs
CyOy-N3HN3 and C;0;-NtHnt (see Scheme 1). A p-turn was considered present if the
following criteria of Wilmot and Thornton [Wilmot and Thomton, 1990] applied: (i) the
distance C,;-C,i+3 was smaller than 7 A, (ii) the torsional angles of residues i+1 and i+2
were not in the helical region of the Ramachandran map, and (iii) the torsional angles of
residues i+1,and i+2 were within £30° of the ideal turn values [Wilmot and Thomton,
1990], with one dihedral allowed to deviate by +45°. For the first and second p-turn, we
used, respectively, the N-terminal methyl carbon (Cay) or the C-terminal methyl carbon
(Car) in criterion (i). Note that criterion (ii) implies that a g-turn cannot coexist with the a-
helical state. Main-chain hydrogen bonds were considered present if the distance between
the carbonyl oxygen and the amino hydrogen was less than 2.5 A, without considering any

additional angle restrictions.

We classified the tetrapeptide conformations into families, using conformational clustering
of the six backbone torsional angles [Carpenter and Grossberg, 1987; Karpen, 1993;
Tamamis et al., 2007]. The clustering method is presented in detail in the Karpen study
[Karpen, 1993]. Briefly, a trajectory snapshot j is described by a set of K predetermined
properties (here backbone torsional angles), arranged into a K-dimensional vector
Xj = (Xj, X2j, ..., Xkj). The center of a cluster | containing M(l) snapshots is defined by the

arithmetic mean ¢, = (Cu, Ca, ..., Cki)_1/MZjemq)X;. Each of the M(I) snapshots comprising
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cluster I is within a certain predefined threshold (radius) do from the cluster center ¢ (i.e.,
[Zica (it — Ci)°]Y < dg) . The maximum cluster radius was set to 50°, corresponding to

average structural fluctuations of approximately 20° for each of the six torsional angles.

4.3 Results

4.3.1 Alanine Dipeptide Simulations

Figure 4.1a displays the joint probability distribution of the dipeptide main-chain torsional
angles from the no-salt simulations at 300 K. The preferred backbone conformations
(yellow to green areas) fall mainly into the extended-Z region (9= -160 + 10°, y = 170 +
10°), the PPII region (¢ = -75 £ 15° y = 160 + 20°), and a broad, right handed a-helical
basin with two subregions (¢ = -70 + 20°, y = -60 + 20° and ¢ = -115 £ 30°, y = 0 + 20°)
[Yu et al., 2010]. A small fraction of left-handed a-helical conformations is also observed
(¢ =65 +15°, y =50 + 10°). The distribution agrees very well with the map in the study of
Buchete and Hummer [Buchete and Hummer, 2008], which was also obtained with the
CHARMMZ22 [Mackerell et al., 1988] force-field and the grid-based correction (CMAP)
[Mackerell et al., 2004]. As shown in that work, this distribution reproduces reasonably
well the statistics from Protein Data Bank (PDB)-deposited protein conformations, as well
as guantum mechanics/molecular mechanics (QM/MM) calculations [Hu et al., 2003].
However, compared to available spectroscopic data for the alanine dipeptide in solution,
which report a propensity of the peptide for the PP-11 conformation [Poon et al., 2000;
Weise and Weisshaar, 2003; Grdadolnik et al., 2008], the present force field clearly favors
the a-helical region.

The addition of 2 M NaCl or 2 M Nal to the system does not lead to dramatic changes of
the main chain torsional angle probability distribution, as shown in the difference plots
(electrolyte solution vs pure water) of Figure 4.1b, c. A slight stabilization of polyproline Il
conformations is observed for both salts, more so for the chaotropic Nal. Nevertheless, we
can state that the dipeptide conformations are weakly affected by electrolytes, at least
within the confines of the force field that we used [Mackerell et al., 2004]. A related
observation was made by Feig, who investigated effects of sequences on backbone
torsional preferences, by simulations with several dipeptides and proteins [Feig, 2008].

Such effects were not apparent in the dipeptide models, but required longer-range
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interactions, encountered in the context of larger polypeptide chains and protein structures.
As we show below, electrolytes have a much more significant impact on the
conformational properties of the tetrapeptide.
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Figure 4.1: (a) Joint probability density map of the dipeptide torsional angle pair (j, w) in pure
water; the associated color-code is on the leftmost panel. (b,c) Change in probability when pure
water is replaced by a 2 M NaCl solution or a 2 M Nal solution, respectively. The rightmost color-

code refers to the last two plots. All maps correspond to 300 K

In the ensuing discussion, we refer to the “left” (L) side of the dipeptide as the one closer
to the N-terminal end, and to the “right” (R) side as the one closer to the C-terminal end.
The rdf's between selected pairs of electrolyte ions and peptide atoms are shown in Figure
4.2; they correspond to simulations at 300 K. In this work we have opted to compare
relative strenghts of interactions by looking at the relative heights of the first maxima of
the radial distribution functions. In reality this is not necessarily the best choice. It would
be better to compute the areas of the first interaction peaks and compare them to each
other. The Na" - Opr rdf curves (Figure 4.2a) have a pronounced first contact peak (~4),
reflecting the strong sodium interactions with the peptide carbonyl groups. Contrary to this,
the larger anion (I") has a stronger affinity for the dipeptide amide groups relative to the
smaller anion (CI), as reflected by the first contact peaks of the corresponding rdf’s with
the amide hydrogens Hir (Figure 4.2b). Both first-contact peaks are, however, below
unity, reflecting the lack of preference for the bulkier anions to interact directly with the
peptide groups. This behavior of cations and anions is well documented in simulations of
model peptides in salt solutions [Dzubiella, 2008; Heyda et al., 2010].
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Figure 4.2: Radial distribution functions (rdf's) between selected ion-dipeptide atom pairs (at 300
K). (a) sodium-carbonyl oxygen; (b) anion-aminogroup hydrogen; (c) anion-methyl carbon. “L”
and “R” denote atoms in the “left” (N-terminal) and “right” (C-terminal) groups;, “CB” is the
side chain atom (Scheme 1). In all plots, lines correspond to the 2 M Nal solution, and symbols
correspond to the 2 M NacCl solution.

Anions in both NaCl and Nal solutions interact more strongly with Hg (Figure 4.2b). This
preference might be related to the significant difference of solvent accessible areas of the
two amide groups (11.1 A? for Ng vs 6.3 A% for N.). By contrast, Na* ions in NaCl
solutions appear to interact more weakly with the C-terminal peptide oxygen (Og),
compared to the N-terminal peptide oxygen (O.) (Figure 4.2a); this is probably within the
simulation uncertainty, since the two groups have comparable solvent accessible areas
(33.1 A% for Og vs 35.9 A% for O,).

I has a stronger propensity than CI" to approach the nonpolar side-chain and blocking
methyl groups (Figure 4.2c). The first solvation peaks of the rdf’s between iodide ions and
nonpolar methyl groups (Figure 4.2c) are actually larger than unity, illustrating a
preferential interaction, while the corresponding chloride-C peaks are much smaller than
unity, showing that chloride ions avoid the hydrophobic methyl groups. This behavior of
iodide has been observed in other simulations of oligopeptide electrolyte solutions
[Fedorov et al., 2007; Fedorov et al., 2009; Dzubiella, 2008]; it is partly due to the larger
radius of the iodide first hydration shell, which facilitates the loss of hydration water
around iodide, relative to chloride. Overall, the dipeptide results show that ions affect to a
small extent the intrinsic conformation tendencies of the backbone, and that larger anions
interact more strongly with the hydrophobic regions of the chain, in accordance with
previous investigations of similar systems [Fedorov et al., 2007; Fedorov et al., 2009;
Dzubiella, 2008].
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4.3.2 Tetrapeptide Simulations

As explained in the Methods section, the employed tetrapeptide model can form an
elementary o-helix, one i/i+4 hydrogen bond, and two i/i+3 hydrogen bonds. In the
classification of a-helical conformations, we used the LR convention [Lifson and Roig,
1961], which requires all three main-chain torsional angle pairs to fall in the a-helical

region of the Ramachandran map (Methods).

Figure 4.3 displays cumulative averages of the resulting “helicities” (fractions of a-helical
conformations), at 300 K, with respect to simulation length. The helicities converge slowly
toward time-independent averages, because they are proportional to the joint probabilities
of all three angle pairs; nevertheless, the limiting values demonstrate certain consistent
trends: The helical conformations are stabilized in all electrolyte solutions, relative to pure
water. Even in the least well-equilibrated samples (2 M NaCl and 2 M Nal solutions) the
limiting helicity values are much higher than the corresponding value of the pure water
case, strongly supporting the conclusion that salts enhance helicity. Such differences are

unlikely to disappear by prolonging the simulation.
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Figure 4.3: Cumulative average helicity of the alanine tetrapeptide, plotted versus simulation time

in (@) NaCl and (b) Nal solutions of various concentrations; pure-water results are also included.

The cumulative average helicity in pure water was found roughly equal to 7%. This is
reasonable, given our definition of average helicity, which requires all three residues to be
in a helical conformation simultaneously. In the literature, experimental values of 20% for
the second from the N-terminal alanine residue and 10% for the third from the N-terminal
residue of tetraalanine have been measured, using a combination of spectroscopic methods
[Woutersen et al., 2002; Schweitzer-Stenner et al., 2007]. Older simulation work has also
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concluded that the helical conformation of the trialanine may be less than 10%
[Gnanakaran and Garcia, 2003], although experiment suggests values closer to 20%
[Schweitzer-Stenner et al., 2007].

Even though the average helicities decrease (almost linearly) with temperature, this
stabilization persists in the entire temperature range (290 - 390 K) of the simulations. This
is shown in Figure 4.4, where the temperature dependence of the average helicities is
displayed. Near 300 K, the helicities increase with salt concentration; beyond ~320 K, they

become independent of electrolyte type and concentration.

Helicity = f(T)
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Figure 4.4: Percent of helical conformations of the alanine tetrapeptide as a function of

temperature for pure water and 1 M and 3 M NaCl and Nal

Recent studies [Dzubiella, 2008; Dzubiella, 2009; Asciutto et al., 2010] and the present
work suggest that the peptide conformational stability is determined by a complex balance
of energetic and entropic factors, which depend on the solution (salt type and
concentration), the peptide composition, and its length. The peptides of our study have
simpler sequences and significantly shorter lengths, compared to the systems studied by
Dzubiella and Asciutto [Dzubiella, 2008; Dzubiella, 2009; Asciutto et al., 2010]. We also
observe enhanced iodide affinities for the side chain and terminal blocking methyl groups,
and pronounced sodium-carbonyl interactions in the presence of iodide, both in the

dipeptide (Figure 4.2a) and the tetrapeptide (below) solutions.

These interactions have only a small impact on the dipeptide conformation, as

demonstrated by the small changes in the torsional angle probability maps (Figure 4.2),
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presumably due to the small size of this system. In the case of the tetrapeptide, the
enhanced interactions are accompanied by an increase in the a-helix population. Thus, the
above-mentioned ion-peptide interactions alone cannot determine the conformational

preferences of these model peptides.

Apart from the sequence and the composition of the solution, the simulation
conformational properties of a peptide depend on the employed force fields. The
CHARMM force field employed here is known to overstabilize helical conformations in
peptides [Graf et al., 2007; Mu et al., 2003; Best et al., 2008; Best and Hummer, 2009;
Verbaro et al., 2010; Hegefeld et al., 2010]. To investigate the extent of force-field
dependencies in our results, we performed additional simulations with a recently modified
version of the Amber all-atom force field (ff03*) [Best and Hummer, 2009], which
reproduces the experimentally observed helical population of short, alanine-based peptides
at 300 K. The water TIP3P model [Jorgensen et al., 1983; Neria et al., 1996] and ion
parameters [Joung and Cheatham, 2008] were the same as in the CHARMM calculations.
The resulting tetrapeptide helicities in pure water and a 3 M Nal solution were too low
(~ 2-3%), to draw conclusions. We therefore studied the longer peptides Ace-Alag-NMe
(Alanine nonapeptide) and Ace-(AAQAA);-NMe (hexadecapeptide). A detailed
presentation of the results will appear in the next chapter, which examines salt effects on
the conformational preferences of longer peptides. It suffices to state here that the
nonapeptide helicity was increased in a 3 M Nal solution, relative to pure water (12.5% at
297 K, compared to 8.8%). This is in agreement with the prediction of the
CHARMM22/CMAP [Fedorov et al., 2007; Mackerrell et al., 2004] force field for the
(shorter) alanine tetrapeptide; by contrast, for the hexadecapeptide, the helicity was
significantly decreased in a 3 M Nal solution, relative to pure water (11.6% and 18.7%,
respectively, at 300 K). These results suggest that the helical stabilization by Nal is a more
general phenomenon for short peptides, unrelated to the CHARMM force field. However,
the same salt apparently destabilizes the helical conformation in longer peptides; additional
comparisons of peptides with various lengths are needed to explain this result.

To obtain more insights on the helical stabilization observed here, we summarize in Table
4.2 the average peptide helicities and hydrogen-bond occupancies at 300 K, for all
solutions. As expected, the helicities are correlated with the probabilities of the a-helical

(i/i+4) hydrogen-bond. Interestingly, the ions also cause a notable increase in the
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occupancies of other hydrogen-bonds. As with the helicity, this increase is monotonic with
salt concentration in the NaCl solutions. Thus, the salts seem to promote the general
stabilization of folded conformations for the tetrapeptide, via the strengthening of

hydrogen-bonding interactions.

Table 4.2: Average Helicities and Hydrogen-Bond Probabilities (%) for the Ala Tetrapeptide

Solutions®
Hydrogen bond (%)
Total
- hydrogen
System H(%%'ty Ii+4 I,i+3 i,i+2 bond
o probability
(%)
Pure Water 6.9+3.1 7.8+3.4 6.8+2.2 52+1.2 19.8+5.5
1 M NacCl 8.0+2.0 93+1.8 72+1.6 5.8+0.7 223+55
2 M NaCl 9.0+3.1 10.0+2.9 90+1.6 6.9+1.5 259+5.8
3 M NaCl 99+26 11.7+3.3 93+1.9 7.1£0.5 28.1+5.1
1 M Nal 10.7+2.0 11.3+1.6 8.6+0.5 6.9+0.2 26.8+2.8
2 M Nal 9.4+4.1 10.7+3.4 93+1.9 55+0.8 255+6.8
3 M Nal 11.0+1.4 12.1+1.7 95+1.5 5.6+0.8 272 +3.7

®The results are averaged over the last 20 ns of the simulations; standard deviations are computed

by separating the trajectories into four blocks of 5 ns.

This is also shown in Figure 4.5, which displays distance histograms of the i/i+4 hydrogen-
bonding atom pair Oy - Hyxt. There are four distinguishable peaks at 2.2, 6.2, 8.5, and 10
A. The conformations corresponding to these four peaks are similar across all solutions
studied; in other words, we can state that in all solutions, peak 1 is mostly helical with
some CyOy - N3Hnsz f- turns, peak 2 has both g-turns, with CyOy - N3Hys dominant, and
so forth. Cluster analysis showed that the short-distance peak contains mainly helical
conformations, or type-l g-turns involving the pair CyOy - NsHys (the respective
probabilities are 77.5% and 15.4% in the 1 M NaCl solution). The peak at 6.2 A contains
mostly conformations with either type | g-turn, between CyOy and NsHys or C;0; and
NtHnT (respectively, 37.7% and 22.8% in 1 M NaCl). The broad peak around 8.5 A and
the peak at 10 A contain extended conformations, without hydrogen bonds. In a fraction of
the conformations contributing to these last two peaks, the main-chain dihedral angles
adopt values near the PPII helix region. Table 4.3 contains the detailed results of the
cluster analysis of the peaks of Figure 4.5. The presence of salt causes an increase in the
first two peaks and a decrease in the last two peaks, in agreement with the increase in
hydrogen-bonded structures, reported in Table 4.2.
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Figure 4.5: Histograms of the tetrapeptide terminal atom pair distance Oy - Hyr for (a) NaCl

solutions, and (b) Nal solutions. The pure-water histogram is also included in both diagrams as a

reference.

Table 4.3: Cluster analysis for the first and second peak of the rdf between OY and HNT for all

simulated systems. Regions for cluster analysis: First peak 1.5-2.5 4, second peak 5-7 A.

Solution | Peak | o;° vy° 0,° " 03’ vz % Type
1 -65,3 | -394 | -77,0 | -33,1 | -71,9 | -38,7 | 74,6 Helical
Pure -63,7 | -375 | 914 | -16,0 | -122,1 | -4,4 | 16,6 | B-turn Type I, CYOY-N3HN3
Water 5 -70,1 | -33,2 | -106,8 | 3,2 | -88,1 | 147,3 | 28,4 | B-turn Type I, CYOY-N3HN3
-67,3 | 142,0 | -66,6 | -38,3 | -106,9 | 4,8 9,0 | B-turn Type I, CLO1-NTHNT
1 -65,5 | -39,7 | -76,2 | -34,1 | -71,2 | -37,9 | 77,6 Helical
1 M NaCl -64,2 | -36,5 | -90,7 | -16,9 | -127,3 | -4,6 | 16,1 | B-turn Type I, CYOY-N3HN3
5 -72,4 | -32,3 | -1018 | -2,5 | -94,7 | 148,1 | 42,6 | B-turn Type I, CYOY-N3HN3
-101,1 | 1450 | -66,1 | -39,6 | -107,1 | 58 | 21,9 | B-turn Type I, CLOLI-NTHNT
1 -65,6 | -40,2 | -76,5 | -33,7 | -70,9 | -38,6 | 76,6 Helical
2 M NaCl -63,6 | -375 | -93,1 | -13,8 | -117,2 | -8,0 | 17,7 | B-turn Type I, CYOY-N3HN3
5 -71,1 | -33,1 | -102,1 | -2,2 | -934 | 148,6 | 40,7 | B-turn Type I, CYOY-N3HN3
-70,8 | 150,8 | -69,2 | -41,3 | -107,2 | -0,1 | 19,5 | B-turn Type I, CLOL-NTHNT
1 -644 | -40,1 | -76,5 | -33,8 | -70,9 | -38,7 | 73,8 Helical
3 M NaCl -63,5 | -38,0 | -924 | -14,2 | -119,6 | -6,1 | 15,6 | B-turn Type I, CYOY-N3HN3
2 -69,2 | -340 | -1070 | 43 | -87,6 | 147,3 | 22,5 | B-turn Type I, CYOY-N3HN3
-65,4 | 127,3 | -69,2 | -37,0 | -101,8 | -2,5 | 33,8 | B-turn Type I, CLO1-NTHNT
1 -654 | -398 | -75,6 | -340 | -71,1 | -38,8 | 81,8 Helical
1 M Nal -62,6 | -38,3 | -924 | -14,0 | -121,2 | -5,9 | 153 | B-turn Type I, CYOY-N3HN3
2 -71,3 | -32,9 | -1025 | -2,0 | -92,6 | 149,9 | 37,5 | B-turn Type I, CYOY-N3HN3
-932 | 1445 | -67,8 | -38,2 | -102,6 | -0,3 | 32,8 | B-turn Type |, CLO1-NTHNT
1 -65,8 | -39,6 | -75,3 | -34,3 | -70,6 | -38,6 | 78,6 Helical
2 M Nal -64,0 | -37,0 | -89.0 | -19,3 | -125,2 | -15 | 11,9 | B-turn Type I, CYOY-N3HN3
2 -70,8 | -33,1 | -1014 | -2,7 | -93,8 | 149,3 | 46,0 | B-turn Type I, CYOY-N3HN3
-85,0 | 1447 | -65,8 | -39,4 | -107,1 | 1,9 | 17,6 | B-turn Type I, CLOL-NTHNT
1 -654 | -40,0 | -74,9 | -35,1 | -69,8 | -39,2 | 79,7 Helical
3 M Nal -62,9 | -38,0 | -88,9 | -17,7 | -119,0 | -5,9 | 14,6 | B-turn Type I, CYOY-N3HN3
2 -69,5 | -346 | -1014 | -3,0 | -90,8 | 148,1 | 46,0 | B-turn Type I, CYOY-N3HN3
-86,3 | 144,2 | -40,6 | -20,2 | -102,3 | -3,3 | 25,0 | B-turn Type I, CLO1-NTHNT

Figure 4.6 shows the joint probability distribution of the tetrapeptide backbone torsional

angles in pure water, averaged over the three torsional angle pairs. The preferred

conformations are found in five different regions of the Ramachandran plot, as in the case

84




of the dipeptide (Figure 4.1a): regions A (¢ =-160 + 10°, w =170+ 10°), B (p =-75+ 15
°, y=160+15°,C(¢=-75+15° y=-45+15°),D (¢ =-110+ 15°, y =0+ 15°), and
a less-occupied region E (¢ =65+ 15°, y = 50 + 15 °). While regions A and B correspond
to extended peptide conformations (respectively, B-sheets and polyproline 11 in a protein),

and C and D correspond to compact, folded peptide conformations (in a protein these

would be right-handed o-helices), the less frequently occupied region E corresponds to

left-handed helical conformations [Yu et al., 2010].
A B

-150-100 -50 0 50 100 150
¢

Figure 4.6: Ramachandran map, displaying the probability distribution of the tetrapeptide main-
chain torsional angles ¢,y in pure water at 300 K; the probability is averaged over the three
torsional pairs. Color code is as in Figure 4.1a.

Figure 4.7 plots the corresponding probability differences (3 M electrolyte solution vs pure
water), averaged over the three torsional angle pairs. The addition of NaCl causes a
decrease of the probabilities in the extended conformation regions A and B, and an
increase in the a-helical regions C and D. This behavior is in agreement with the increased
tetrapeptide helicity in electrolyte solutions reported in Table 4.2. In the case of Nal, the
increase of the probability maxima in regions C and D is more pronounced, in line with the
larger observed helicity.
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Figure 4.7: Difference (salt vs pure water) maps of the two-dimensional probabilities for the
tetrapeptide main-chain torsional angles; the probabilities are averaged over the three torsional
angle pairs: (a) 3 M NaCl solution; (b) 3 M Nal solution. A color code is provided.

There appears to be a difference in the salt effects on internal dipeptide (increasing PP-11)
and tetrapeptide (decreasing PP-1I, increasing helical) conformations. This could be partly
explained by the fact that the tetrapeptide can form three internal hydrogen bonds
(i/i+2, i/i+3, i/i+4), compared to a single hydrogen bond (i/i+2) for the dipeptide; the
occupancies of these bonds are increased by salt, promoting the helical conformations in

the larger peptide (see Table 4.2).

To obtain microscopic insights about the observed helicity changes, we analyzed the
various rdf's; selected functions are discussed below. The rdf curves of the anion (CI" or I')
- amide pairs are displayed in Figure 4.8, averaged over the tetrapeptide amide groups. The
contact peak of the chloride rdf is not sensitive to concentration and is in fact much lower
than unity, showing that this anion is excluded from the vicinity of the amide group; this
was also observed in the dipeptide simulations. In the case of iodide, the contact peaks are
higher. Furthermore, all of the rdf curves (up to 10 A) increase considerably with
concentration. Thus, iodide interacts more strongly with the peptide group, and this
interaction increases with salt concentration.

Sodium has a strong affinity for the peptide carbonyl groups as shown by the pronounced
first solvation peaks of the corresponding rdf in Figure 4.9. This affinity is enhanced in
Nal, relative to NaCl solutions. We believe that this is related to the higher simultaneous
affinity of iodide for the peptide methyl groups, as also observed in the dipeptide

simulations (Figure 4.2) and elsewhere [Dzubiella, 2008; Dzubiella, 2009; Heyda al.,
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2010]. Nevertheless, it is accompanied by an increase in helicity for the tetrapeptide vs no

effects for the dipeptide, reflecting the insufficiency of these interactions to account

entirely for the conformational preferences of the peptide. This is further analyzed below.
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Figure 4.8: Anion-amide hydrogen rdf's for (a) NaCl solutions of various concentrations, and (b)

Nal solutions of various concentrations.
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Figure 4.9: Sodium-carbonyl oxygen rdf's for (a) NaCl solutions and (b) Nal solutions.

Figure 4.10 displays the rdf functions between the anions and the side-chain methyl
groups. As in the case of the dipeptide (Figure 4.2c), CI" actually avoids the methyl groups,
and an increase in NaCl concentration does not enhance the weak interaction between CI’
and the side chain carbon; I', in contrast, has a stronger interaction with the methyl
carbons, which increases with Nal concentration (the first rdf peaks are actually a little
larger than unity, indicating a preference for the side group region by 0.1-0.2 kcal/mol).
These findings are in agreement with the behavior of the anions toward the hydrophobic
groups of the dipeptide (Figure 4.2c) and other works [Fedorov et al., 2007; Dzubiella,

2008, Dzubiella, 2009]. Table 4.4 contains pair interaction energies between the ions,
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water, and various peptide groups. The calculated H-bond energy between water molecues

is smaller than the generally expected value of about 5.0 kcal/mol.
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Figure 4.10: Anion-peptide side-chain methyl rdf's for (a) NaCl solutions and (b) Nal solutions.

Table 4.4: Average pair interaction energies (in kcal/mol) between ions, water and various peptide

groups.
v\:\lljtzrr- Na-water Anion-water Anion-NH Anion-CB Na-CO Water-NH Water-CO
oM -1.19 -2.29 -3.90
1M NaCl -0.95 -22.73 -12.78 -6.64 -0.81 -24.08 -2.27 -3.84
3MNaCl -0.73 -22.29 -12.55 -6.72 -0.80 -24.09 -2.25 -3.80
1MNal -0.95 -22.85 -9.75 -4.91 -0.73 -23.97 -2.25 -3.78
3MNal -0.65 -22.65 -9.50 -4.91 -0.67 -23.91 -2.21 -3.66

An interesting question is whether the ions lead to dehydration of the peptide. This has
been proposed as a plausible reason for the enhanced helicities in related systems
[Asciutto, 2010]. To examine this question, in Figure 4.11 we compare the rdf's between
water and the amide or carbonyl groups in the presence of electrolytes. In all curves, the
contact peaks are insensitive to the presence of ions. A small increase of the second
solvation peak with salt concentration is observed (more clearly for Nal solutions),
suggesting that the density of water at some distance from the peptide increases slightly
when salt is present. We speculate that this result is related to the enhanced ion-water
interaction in the region beyond the first solvation shell, discussed with reference to Table

4.6 below.
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Figure 4.11: Peptide-water rdf's. (a,c) Water oxygen-amide hydrogens and (b,d) water hydrogen-
carbonyl oxygens. Top plots: NaCl solutions. Bottom plots: Nal solutions.

The ion-water rdf's are shown in Figure 4.12. The water oxygen-sodium ion rdf and the
water hydrogen-anion rdf are largely insensitive to salt concentration and type. The
important feature of these plots is that the contact peak is much higher than unity, in
contrast to the results of Figure 4.11. It is clear therefore that water prefers to interact with

the ions rather than with the peptide groups.

To obtain further insights on the factors contributing to the tetrapeptide conformational
preferences, we split the simulation system into peptide (“P”), ion (“I”), and water (“W”)
components. We computed total interaction energies among all possible combinations of
component pairs. These energies were averaged separately for (a) “closed” peptide
conformations (with an i/i+4 hydrogen bond), and (b) completely extended conformations

(without any intramolecular hydrogen bonds). Selected terms are reported in Table 4.5.
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Figure 4.12: Water-lon rdf's. (a,c) Water oxygen - sodium and (b,d) water hydrogen - anion. Top
plots: NaCl solutions. Bottom plots: Nal solutions.

The present analysis aims to investigate whether certain energy terms decrease with salt
concentration, in the presence of helical conformations, in accordance with the observed
increase in the tetrapeptide helicity (Table 4.2). It should be noted that the observed impact
of salt on helicity is small, corresponding to a sub-kcal/mol decrease in the free energy of
the helical conformations. On the other hand, the changes in various energetic averages
[among helical (“closed”) and extended conformations], reported in Table 4.5, are on the
order of 10* - 102 kcal/mol. Thus, it is difficult to attribute the helicity enhancement to a
specific energy term. Furthermore, this analysis strongly emphasizes energy, while it can
be argued that entropy considerations are equally important. As we explain below, our
results suggest that entropic contributions are also important, even though they are not
analyzed here in detail.
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Table 4.5: Average Intermolecular Energies (in kcal/mol) between All Important Components of

the Tetrapeptide Salt Solutions, for Closed and Extended Conformations

Energy components®
} EpptEpw  EpitEiw EwwtEw
solution total Erp Epw Ep Ew Eu Eww Eww+Ewi Ewi+E
+Ep +Eu +Eu
Pure water
closed” -10385 45 -10335 -50 -10335
extended® -10391 50 -10341 -50 -10441
difference -6 -5 -6 0 -6
1M Nal
closed” -14070 45 -82 -16 -6021 -432 -7564 -53 -6469 -13585 -6453 -14017
extended® -14066 50 -87 -16 -6028 -428 -7557 -53 -6972 -13585 -6456 -14013
difference +4 +5 -5 0 -7 +4 +7 0 -3 0 -3 +4
1 M NaCl
closed® -14422 45 -85 -12 -5956 =773 -7641 -52 -6741 -13597 -6729 -14370
extended® -14418 50 -90 -11  -5934 -783 -7650 -51 -6728 -13584 -6717 -14367
difference +4 +5 -5 +1 +18 -10 -9 +1 +13 +13 +12 +3
2 M Nal
closed® -17677 45 -69 -31 -10554 -1627 -5441 -55 -12212 -15995 -12181 -17722
extended® -17684 50 -75 -30 -10578 -1618 -5433 -55 -12226 -16011 -12196 -17629
difference -7 +5 -6 +1 -24 +9 +8 0 -14 -16 -15 -7
2 M NaCl
closed” -18381 45 -77 21  -9678 -2693  -5957 -53 -12392 -15635 -12371 -18328
extended® -18384 50 -82 -21 -9680 -2695  -5957 -53 -12395 -15637 -12374 -18331
difference -3 +5 -5 0 -2 -2 0 0 -3 -2 -3 -3
3 M Nal
closed” -20278 45 -60 -42 -12985 -2940  -4296 -57 -15967 -17281 -15925 -20221
extended® -20282 51 -65 -43 -13038 -2915  -4272 -57 -15996 -17310 -15953 -20225
difference -4 +6 -5 -1 -53 +25 +24 0 -29 -29 -28 -4
3 M NaCl
closed® -21219 45 -74  -25 -11291 -4651 -5223 -54 -15967 -16514 -15942 -21165
extended® -21234 50 -77 -27 -11358 -4623  -5199 -54 -16008 -16557 -15981 -21180
difference -15 +5 -3 -2 -67 +28 +24 0 -41 -43 -39 -15

“P”, “I” and “W” denote, respectively, peptide, ion, and water terms; for example, EPP is the
total intramolecular peptide energy; EIP is the total ion_peptide energy. b Entries “closed” and
“extended” denote tetrapeptide conformations with an i/i+4 hydrogen bond, or without any

intramolecular hydrogen bond.

For each solution, the Table separately reports component energies, averaged over
snapshots with “closed” (helical) conformations of the peptide, and “extended”
conformations. The difference in averages (extended vs closed) is also included. Column 2
contains the total energy of the solution. Columns 3-8 contain the interactions for the

2

various combinations of component pairs. For example, column “Epp” contains peptide
intramolecular interactions; column “E,;” contains the sum of all anion-anion, anion-cation,

and cation-cation interactions. In the next several columns, we further group the
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interactions together. For example, the column marked “Epp+Ep+Epw” contains all the
interactions that involve peptide groups, and the one marked “Ep+Ew+E)” contains all
interactions involving ions. The purpose of the above groupings is to identify consistent
trends in the energy differences (values near zero, negative or positive) between extended
and helical conformations, which might help interpret the peptide preferences toward the

former or the latter.

The total energies are reported in the second column. In pure water, they are slightly more
negative (by 6 kcal/mol) when the tetrapeptide conformation is extended, due to the Eww
term (see below). At low salt concentrations (1 M Nal and 1 M NaCl), they become more
negative with helical conformations. This change correlates nicely with the helix
stabilization due to salt, but is not consistently observed at higher concentrations: at 2 M
Nal and 3 M NaCl, the energies are more negative for extended conformations

(respectively, by -7 and -15 kcal/mol).

It can be argued that these energy differences are results of subtractions of large numbers,
and therefore they are not statistically significant. It turns out that the standard deviations
of energy terms, such as Eww, Ew, or E; (as calculated from block-averaging of
trajectories every 5 ns) are surprisingly small (e.g., in the 3 M NaCl system we find that
Eww = -5223 + 10 kcal/mol and E;, = -4651 + 12 kcal/mol). Some of the total energy
differences between extended and helical conformations reported above are comparable to
these standard deviations and therefore cannot be used to establish energetic trends;
however, other energy differences are meaningful. As analyzed below, individual energy

components change more consistently across solutions.

Intramolecular peptide-peptide interactions (Epp) are constant across solutions, reflecting
the insensitivity of helical (closed) and extended conformations to the composition of the
solution. These terms stabilize the helical conformations by ~5 kcal/mol, due to the
approach of the N-terminal carbonyl and C-terminal amide groups and the formation of the
i/i+4 hydrogen bond. Peptide-water interactions (Epw) become less favorable (less
negative) with an increase in salt concentration and anion size. This can be attributed to a
competition between peptide-water and peptide-ion interactions, which is indicated by the
approximately constant value of the combined term Epw+Ep, (ca. -100 kcal/mol); despite

their dependence on electrolyte type and concentration, the terms Epyw are consistently
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more negative by ~5 kcal/mol in extended conformations, due to increased exposure of the
peptide groups to solvent; thus, the contributions from Epy and Epp cancel almost exactly

in the energy difference (extended vs closed).

lon-peptide interactions (Ep;) become more negative with salt concentration and anion size,
in accordance with the more pronounced iodide affinities for the alanine methyl groups and
sodium affinities for the peptide carbonyl group. Interestingly, these terms are not sensitive
to the peptide conformation! As a result, the total sum of peptide-related energy terms
(EpptEpwtEp)) is fairly constant. The remaining sum, Eww+Ew+E;, is more negative for
extended peptide conformations in the 2 and 3 M salt solutions. The change in this sum
(extended vs closed) is dominated by the contribution from the ion-water term (Ew),
which is anticorrelated with the contributions from the two other terms (Eww and E,;), and

approximately twice as large in absolute value.

The above analysis shows that the total sum of peptide-related energy components
(EpptEpwtEp; sum in the ninth column) is not the determining factor for the peptide
conformational properties. This somewhat surprising result further supports our earlier
conclusion, that the enhanced sodium-carbonyl interactions are not solely responsible for
the changes in oligopeptide helical stabilities. In most solutions, the total energy is more
negative for extended peptide conformations, mainly due to the E,y term. These
observations do not explain our salt-induced stabilization of helical conformations, but
together suggest that entropic contributions (due to solvent, salt, and peptide) are also
important determining factors; accurate computation of entropic contributions is a difficult
task [Kuffel and Zielkiewicz, 2008] and will not be attempted in this thesis.

To probe more deeply the origin of the more negative Ey values with extended peptide
conformations, we partitioned the simulation box into two subregions: one region (A)
containing ions and water within 5.5 A from any peptide group, and a second region (B)
containing the rest of the solution. In Table 4.6 we decompose the total Ey term into four
contributions Eja.wa, Eia.ws, Eis.wa, and Ejg.ws; €ach term E;x.wy corresponds to the
interactions between ions in region X and water in region Y (X, Y = A or B). For each
simulation snapshot, we divided the total values by the total number of ion-water pairs; the
resulting normalized values were averaged over the simulation trajectories; the final values

are reported in the Table.
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Table 4.6: Average lon-Water Pair Interaction Energies (in kcal/mol) between lons and Water in

Two Regions near and Away from the Peptide

Solution

Interaction® | Peptide conformation® | 3M Nal | 2M Nal | 1 M Nal | 3M NaCl | 2 M NaCl | 1 M NaCl
Eiawa closed -0.8846 | -0.8969 | -0.8946 | -0.8596 -0.9112 -0.9139
extended -0.8171 | -0.8369 | -0.8601 | -0.8010 -0.8378 -0.8749

Eiaws closed -0.0421 | -0.0497 | -0.0595 | -0.0419 -0.0477 -0.0582
extended -0.0424 | -0.0493 | -0.0587 | -0.0408 -0.0480 -0.0575

Eig.wa closed -0.1148 | -0.1273 | -0.1453 | -0.0993 -0.1164 -0.1434
extended -0.1158 | -0.1283 | -0.1463 | -0.1003 -0.1170 -0.1438

Eigwa closed -0.0329 | -0.0399 | -0.0488 | -0.0283 -0.0349 -0.0475
extended -0.0336 | -0.0393 | -0.0479 | -0.0287 -0.0347 -0.0462

2 EIX -WY denotes pair interactions between ions in region X and water in region Y (X, Y = A, B);
regions A and B are defined in the text. ° Entries “closed” and “extended” denote tetrapeptide
conformations with an i/i+4 hydrogen bond, or without any intramolecular hydrogen bond.

The strongest average ion-water pair interactions are observed in region A, due to the
smaller volume of this region and the reduced ion-water distances. lon-water interactions
in this region are stronger when the peptide assumes hydrogen-bonded conformations,
presumably due to a reduction in the solvent and ion accessibility of the peptide groups. On
the contrary, in region B the ion-water pairwise interactions are slightly more negative for
extended peptide conformations. Since the number of ion-water pairs in region B is orders
of magnitude higher than that in region A, the total energy term E,w slightly favors the
extended conformations (as is indeed observed in the simulations), but less so in the
presence of salts. In conclusion, the more negative E\y values of Table 4.5 are due to

improved ion-water interactions outside the peptide first hydration shell.
4.4 Conclusions and Perspective

In our investigation of salt effects on the conformations of an alanine dipeptide, we found
that the “intrinsic” conformational states of the backbone, as described by Ramachandran
maps, are not greatly affected even by large concentrations of NaCl and Nal. Apparently,
the intrinsic tendencies of the backbone in such a small molecule are too strong to be
affected by environmental factors, a fact also mentioned by Feig [Feig, 2008]. In the case
of an alanine tetrapeptide, however, the Ramachandran maps show an increased tendency
for more compact conformations in the presence of salts. CI" ions prefer to stay away from
the peptides, while I" ions have a preferential interaction with the hydrophobic methyl

groups. This preference is not a result of enhanced pairwise methyl-iodide with respect to
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water-iodide interactions, as is revealed in Table 4.4, hence it must be of entropic origin.
Na" ions on the other hand have a significant affinity for the carbonyl groups with a strong
enthalpic component (Table 4.4), a fact observed in several other recent investigations as
well [Fedorov et al., 2007; Asciutto et al., 2010].

The tetrapeptide simulations were quite insightful, since they allowed the examination of
the salt effect on the tendency for adoption of compact conformations. The helicity is
enhanced in the presence of salts, with Nal being more effective. This tendency decreases
with increasing temperature, as found experimentally [Shalongo et al., 1994] and
computationally [Best et al., 2008] in related systems. Our finding that helicity is enhanced
by salts was associated here with a concomitant increase in the formation probabilities of
the o-helical hydrogen bond (i/i+4), and other hydrogen bonds (i/i+3, i/i+2). It was
corroborated by examining slightly longer peptides with the AMBER force-field [Best and
Hummer, 2009]. It is thus not a force-field artifact. At first glance, this finding appears to
disagree with the results of Dzubiella [Dzubiella, 2008], who found that salts lead to a
significant decrease of helicity of a dodecapeptide. However, it must be stressed that
helicity is defined in a very narrow way for a short tetrapeptide, since there is only the
possibility for a single “turn” and the formation of a terminal H-bond. In addition,
Dzubiella used oligopeptides containing charged residues. In the following chapters by
using the AMBER force-field [Best and Hummer, 2009], we were able to show that much
longer peptides, comparable to those of Dzubiella [Dzubiella, 2008; Dzubiella, 2009], or of
Asciutto et al. [Asciutto et al., 2010] do in fact behave in an opposite way: they show
decreased helicity in the presence of electrolytes. We were able to show that the enhanced
helicity is not due to stronger ion-peptide interaction, or to a difference in the hydration of
the peptide in the presence of ions. The detailed analysis in Tables 4.5 and 4.6 points out
that the stabilization of helical conformations coexists with enhanced ion-water
interactions outside the first hydration shell of the peptide. This intriguing finding in turn
suggests that the stabilization may have a significant entropic component. It is interesting
to examine whether this tendency of stabilization of the primary helical fold in the
presence of electrolytes still holds for larger peptides. This is the focus of the work which
is presented in the next chapter.
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5. Impact of Sodium Salts on the Helix-Coil
Equilibrium of the model peptide (AAQAA);

5.1 Introduction

To investigate ionic effects on the stability of the a-helix secondary-structural motif and
the helix/coil equilibrium, we have conducted simulations of the model neutral peptide
Ac-(AAQAA);-NMe in pure water and a range of aqueous NaCl and Nal solutions.
Experimental studies have shown that a related peptide adopts an a-helical conformation in
NaCl solutions, with stability (average helicity) that depends on the ionic strength of the
solution [Scholtz et al., 1991; Shalongo et al., 1994; Smith and Scholz, 1998]. The peptide
has been employed in several computational studies of the helix/coil equilibrium in
implicit and explicit solvent, but not in the presence of salts [Shirley and Brooks, 1997;
Ferrara et al., 2000; Gnanakaran and Garcia, 2005; Best and Hummer, 2009; Best and
Mittal, 2010]. With the use of this neutral peptide it was possible to remove charge-charge
electrostatic effects on the helix stability, and focus on the salting-in and salting—out

interactions of the solution ions with the peptide polar and nonpolar groups.

5.2 Methods

5.2.1 Investigated Systems

The peptide studied has the sequence Ac-(AAQAA)s;-NMe (Scheme 5.1), with Ac
(CLH3CpOL) and NMe (NgHRCgrHs3), respectively, denoting the N- and C- terminal
blocking groups, and A, Q denoting alanine and glutamine. Each simulation system
consisted of a single model peptide placed in an octahedral box of water molecules and an
appropriate number of ions, chosen to model the desired salt concentration. Table 5.1 lists
the total number of ions, water molecules and water-box sizes for the various peptide
simulations. Although the actual salt concentrations are those listed in the Table, for
simplicity we will designate them as “1 M” or “3 M” concentrations in the ensuing

discussion.
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Scheme 5.1: The peptide used in the Present Investigation Ac-(AAQAA);-NMe.

5.2.2 Force Field and Simulation Protocol

The peptide atomic charges, van der Waals, and stereochemical parameters were taken
from the AMBER 11 all-atom force field [Case et al., 2010]. The water was represented by
a modified TIP3P model [Jorgensen et al., 1983; Neria et al., 1996]. lon parameters,
recently optimized for high-concentration simulations, were taken from Joung and
Cheatham [Joung and Cheatham, 2008].

Table 5.1: Water box sizes and numbers of ions and water molecules employed in the

Simulations
. # # # box length /
solution . .
waters cations  anions A
(AAQAA);
oM 2623 0 0 47.32
1.1 M NaCl 2524 54 54 46.92
3.2M NaCl 2491 160 160 47.38
1.1 M Nal 2557 54 54 47.60
3.0 M Nal 2556 160 160 49.04

All simulations were conducted with the AMBER 11 simulation package [Case et al.,
2010], and the ff03* force field [Best and Hummer, 2009]. Starting from a helical
conformation, the peptide was first minimized, heated up gradually from 0 to 300 K six 30-
ps stages (every 50 K) and then subjected to a 50-ns production simulation at 300 K in
vacuum. From the 50 ns MD simulation we identified the structure with the lowest energy
and solvated it in a truncated octahedron simulation cell with the appropriate number of
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TIP3P water molecules and ions, chosen to model the desired salt concentration. We
minimized the system in two stages. In the first stage we kept the peptide fixed and just
minimized the positions of the water molecules and ions. In the second stage we
minimized the entire system. Next, we heated up the entire system from 0 to 300 K by a
20-ps MD run at constant volume with weak restraints on the peptide; we then switched off
the restraints, and ran a 1 ns equilibration at 300 K under constant-pressure conditions.
Using the average cell size of the previous run, we conducted 0.5 ns simulation runs at
constant volume for temperatures in the range T = 280 — 520 K, with 20 K intervals. We
used the mean potential energies and temperatures of these simulations and the method of
Sugita and Okamoto [Sugita and Okamoto, 1999] to calculate optimal temperatures for
replica-exchange runs, targeting an exchange probability between neighboring replicas of
~18 %. Finally, we employed 48 replicas, spanning a temperature range T = 293.2 — 520.6
K.

The REMD runs were done at constant-volume conditions with a 2-fs time step, and had a
total length of 1.44 us (30 ns per replica). The initial conformation used for the replica runs
was unfolded (taken from the 520 K run). Replica exchange attempts were made every 1
ps; the obtained exchange probabilities were 16 - 18 %. All replicas performed random
walks in the temperature space, spanning several times the entire range of temperatures.
Long-range electrostatics were calculated using particle-mesh Ewald method, with a 0.99
A grid spacing and a 9-A cutoff. Chirality restraints were used on the peptide bond, to
ensure that no trans — cis conformational changes at the highest temperatures of the REMD

runs.

5.2.3 Secondary Structure Calculations and Conformational

Analysis

We computed the Ac-(AAQAA);-NMe peptide “helicity” (the fraction of a-helical
conformations), using the Lifson-Roig (LR) model [Lifson and Roig, 1961], as in the
previous analysis of the alanine dipeptide and tetrapeptide (chapter 4). In the LR definition,
a residue i is considered a-helical if and only if its backbone torsional angles (oi, vi), and
the pairs (¢i.1, vi-1) and (oi«1, vi+1) of the adjacent residues fall in the a-helical region of the
Ramachandran map (¢ = -65 + 35°, y = -37 + 30°). A helical segment is defined to contain

at least two successive residues in helical conformation. A single residue in helical
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conformation between residues in coil conformation is not counted as a helical segment.
The average number of helical hydrogen bonds <ny> and helical segments <ns> was
computed from the analysis of the simulation data. By fitting these values to equation (Eqg.

5.1) below we deduced the LR parameters w and u [see section 2.5].

1 w dzZ v dZ
< nyg>= 27 aw (b) <ng >_E'dv12 (Eq. 5.1)
with the partition function Z given by the following expression:
0 w v 0
Z = (001)M™ (1) with M = <0 0 1) (E.q.5.2)
1 v v 1

The free energy change associated with the propagation of a long helix by one residue was
obtained from the Zimm-Bragg parameter s [Zimm and Bragg, 1959] via the equation
[Best and Hummer, 2009; Garcia and Sanbonmatsu, 2002]:

AG(T) = —kgT Ins(T) (Eqg. 5.3)
The temperature dependence of the parameter s was obtained from the replica-exchange
simulations. Equation (5.3) was fitted to the thermodynamic expression (Eq. 5.4) [Best and
Hummer, 2009; Garcia and Sanbonmatsu, 2002], to obtain the associated helix-
propagation enthalpy AH, entropy AS (both at the reference temperature Ty) and heat-
capacity AC,.

—kpT Ins(T) = AH(T,) — TAS(Ty) + AC,[T — To] — TAC, In[T/T,]  (Eq.5.4)

Equation 5.4 assumes that the heat capacity AC, does not depend on temperature. It can be

re-arranged into the form:

AG(T) =a+bT + cTIn(T/Ty), where a = AHo — ToACp, , b = AC, — ASy, € = -AC,.

In our calculations, T was set to 293.2 K, the lowest temperature of the REMD runs.
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5.3 Results

5.3.1 Impact of salt on helicity

Figure 5.1 displays the temperature dependence of the average peptide helicity for the
various solutions considered. As expected, the helicity decreases monotonically with
temperature, reflecting the destabilization of folded conformations at higher temperatures.
In the temperature range 290 — 380 K, the helicity depends on the salt type and
concentration. Salt effects are less prominent at the lower concentration (1 M); however, at
3 M the two salts have opposite effects: NaCl stabilizes the helical population, whereas
Nal decreases the probability of helix formation. Here, it is worth noting that this behavior
has also been seen in computational studies of the peptide (AE)s by Dzubiella [Dzubiella,
2009].

The destabilization of helical populations by Nal is in contrast to our simulation results
with the Ala tetrapeptide Ac-Alas-NMe (Chapter 4), as well the Ala nonapeptide Ac-Alag-
NMe (see below). As discussed below, the impact of Nal on helical stability depends on

the peptide length, and is stabilizing for short peptides and destabilizing for long peptides.
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Figure 5.1: Average helicity of the neutral model peptide Ac-(AAQAA);-NMe as a function of

temperature, for the various solutions considered in this work.

Only the results for the pure water system will be compared to other studies because, as
stated before, this is the first MD study of the effects of ions on the (AAQAA); peptide..
The average helicity in the pure water solution (18.7%), near room temperature (299.6 K),
is in agreement with other computational studies [Best and Hummer, 2009]. The reduction
of helicity with temperature is more gradual than the experimental observation, which
indicates the total loss of helical populations above ~ 350 K [Shalongo et al., 1994]. An
analogous weaker dependence of helical population on temperature was also observed in
recent simulation studies by Huang et al. [Huang et al., 2008], and by Best and Hummer
[Best and Hummer, 2009]. The latter study attributed this weaker temperature dependence
to inaccuracies in the peptide force field, rather than other uncertainties (statistical
sampling, pressure effects, the water model, the definition of “helix”, or the simulation
protocol). This conclusion was supported by the observation that the computed enthalpic
and entropic contributions to helix propagation were ~50 % of the corresponding

experimental values. A similar observation holds in our study, as discussed below.
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5.3.2 Impact of salt on the helix LR propagation and nucleation

parameters

We can obtain insights on the salt and temperature impact on helicity by analyzing the
Lifson-Roig parameters of helix propagation (w) and nucleation (v) [Lifson and Roig,
1961]. Figure 5.2 displays the temperature dependence of the propagation parameter (w)
for the different solutions considered. The obtained curves are very similar to the curves of
average helicity (Figure 5.1), reflecting the strong dependence of helical probability on the
propagation parameter. The value in pure water at 299.6 K (1.08) is in good agreement
with the computational estimate of Best and Hummer (1.10) for the same peptide [Best and
Hummer, 2009]. Experimental estimates for related peptides are somewhat larger. For
example, Scholtz et al. [Scholtz et al., 1992] obtained an average value of 1.35 for the
sequence Ac-Y(AEAAKA),—FNH, (n=2-6) at 273 K; Rohl and Baldwin obtained a value
of ~1.28 for peptide Ac-(AAKAA)N-GY-NH; at 300 K (n =2-4) [Rohl and Baldwin, 1997].
We note that Vitalis and Caflisch have argued in recent work that the values of LR
parameters from computational and experimental studies are not directly comparable, due

to different assumptions employed in their estimation [Vitalis and Caflisch, 2012].
The addition of a 3 M Nal salt causes a significant reduction in the propagation parameter

throughout the temperature range of the simulations. The other salt solutions have a very
weak effect on the propagation parameter.
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Figure 5.2: Propagation Parameter of the neutral peptide Ac-(AAQAA):-NMe for the different
systems as a function of temperature.

The temperature dependence of the nucleation parameter (v) of the Ac-(AAQAA)3-NMe
peptide is displayed in Figure 5.3. The value in pure water at 299.6 K is 0.214, in good
agreement with the values 0.18-0.21 obtained by Best and coworkers for the same peptide
[Best and Hummer, 2009; Best and Mittal, 2010]. As in other computational applications
of the LR model, the v values are an order of magnitude larger than the experimental
estimates of 0.03 — 0.05 at 0 C [Rohl et al., 1996; Rohl and Baldwin, 1997], due to
limitations in the LR model [Vitalis and Caflisch, 2012].

Table 5.2 displays the calculated values of the peptide helicity, the Lifson-Roig parameters
and Zimm-Bragg parameters of the pure water system at various temperatures, for an

easier comparison with other bibliography.

Table 5.2: The calculated helicity (%), LR parameters (v and w) [Lifson and Roig, 1961], ZB
parameters (o and s) [Zimm and Bragg, 1959].

Temp (K) Helicity (%) v w c s
293.2 20.56 0,213 1,11 0,0210 0,915
299.6 18.66 0,214 1,08 0,0211 0,890
320.0 15.32 0,227 1,02 0,0227 0,830
350.3 11.46 0,257 0,93 0,0265 0,736
380.2 9.71 0,264 0,87 0,0273 0,691
430.0 6.42 0,258 0,76 0,0266 0,600
520.6 3.79 0,238 0,62 0,0240 0,503
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Figures 5.2 and 5.3 imply that temperature and salt-type have markedly different impact on
the nucleation parameter, and on the propagation parameter / overall helicity. Even though
the helicity and propagation parameter decrease monotonically with temperature, the
nucleation parameter increases up to ~ 380 K (with the exception of the 3 M Nal solution
where it maintains an approximately constant large value), and decreases slowly

afterwards.

The addition of salt also causes an increase in the nucleation parameter. This increase can
be understood as follows: The nucleation of an a-helical conformation requires the parallel
orientation of three peptide groups before the formation of the first a-helical bond (i/i+4).
This orientation is disfavored electrostatically, and should therefore be facilitated by salt
due to screening of electrostatic interactions (Figure 5.3). This behavior is consistent with a
theory developed by Kirkwood, which supported the stabilization of «o-helical
conformations by salt due to an interaction between the electrolyte and the helix
macrodipole [Kirkwood, 1943]. The prediction of Kirkwood was verified by Baldwin and
coworkers [Scholtz et al., 1991], in the first reported use of the peptide Ac-(AAQAA)3Y-
NH,.
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Figure 5.3: Nucleation Parameter of the neutral peptide Ac-(AAQAA)s;-NMe for the different

systems as a function of temperature of various solutions.
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A close inspection of Figures 5.1 — 5.3 shows that the peptide helicity depends on the
interplay of both nucleation and propagation parameters. In the case of 3 M Nal, the
significant reduction in the propagation parameter is responsible for the destabilization of
helical conformations, despite the concomitant increase of the nucleation parameter (at
lower temperatures). In the presence of 3 M NaCl and 1 M Nal both parameters are
increased (with respect to pure water), in accord with the overall stabilization of helical
conformations (Figure 5.1); this is especially apparent for 3 M NaCl, in the entire
temperature range. Finally, in the presence of 1 M NaCl the propagation parameter remains

unaltered, yielding a similar helicity as in pure water.

A potential explanation of the salt impact on the propagation parameter w can be offered
by analysis of the interactions between the various solution components. For this purpose,

we next discuss selected radial distributions functions (rdf).

The water — peptide group radial distribution functions (rdf) are displayed in Figures 5.4
and 5.5. The addition of ions causes a slight decrease of the rdf curves, reflecting the
competition between water molecules and ions for the peptide groups; the decrease of the
first peak is somewhat greater for the water hydrogen — carbonyl oxygen rdf curves,

compared to the water oxygen — amino hydrogen.
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Figure 5.4: Radial distribution function between water hydrogen and carbonyl oxygen for the
NaCl (a) and Nal (b) solutions.
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(ii)

Sodium has a strong affinity for the peptide carbonyl groups, as shown by the prominent
first peaks of the corresponding rdf in Figure 5.7. These contact peaks are much more
pronounced in the Nal solutions, reflecting a stronger sodium affinity for the peptide group
in the presence of iodide. This behavior has also been observed in our earlier alanine
dipeptide and tetrapeptide simulations [loannou et al., 2011], as well as other studies
[Heyda et al., 2010; Dzubiella, 2008; Dzubiella, 2009]. It has been related to the stronger
iodide affinity, relative to chloride, for the side-chain methyl groups and the peptide amide
group (see below and [loannou et al., 2011; Dzubiella, 2008; Dzubiella, 2009; Heyda et al.,
2010; Algaer et al., 2011]).

The higher sodium affinity for the amide peptide groups in the presence of iodide is in line
with the stronger reduction of the helix propagation parameter at 3 M Nal, relative to 3 M
NaCl (and other solutions), and has been used to explain the destabilization of helical
conformations in the presence of Nal [Dzubiella, 2009]. In the case of alanine tetrapeptide,
the presence of Nal increased the population of helical conformations [loannou et al.,
2011] (Chapter 4). As we show below, we expect a stabilization of helical conformations,
due to Nal, in short alanine-based peptides and a destabilization in longer peptides, due to
a competition between the helix nucleation and propagation parameters. This complex
behavior reflects the insufficiency of sodium-peptide interactions to account entirely for
the conformational preferences of the peptides. In fact, a more complicated picture
emerges from the present study, which necessitates the separate consideration of ion

impact on the helix initiation (nucleation) and propagation:

The increase in the nucleation parameter (Figure 5.3) suggests that salts promote the
initiation of helices. This seems to be a general effect; it can be attributed to the screening
of electrostatic interactions, which facilitates the alignment of peptide-bond dipoles during
helix initiation. Equivalently, the salt interaction with the helix dipole stabilizes the helical
conformations, as advocated by Kirkwood [Kirkwood, 1943] and first demonstrated by

Baldwin and coworkers [Scholtz et al, 1991].

The helix propagation parameter (Figure 5.2) is largely decreased in 3 M Nal, and is
slightly altered in the other electrolyte solutions. In the LR formalism [Lifson and Roig,
1961], this propagation parameter is related to the free-energy change due to the addition

of a helical hydrogen bond in a long, pre-existing helix. In our case, the length of the
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observed helices is limited by the peptide size (average length of helices ~ 6.2 residues at
299.6 K), and the overall helicity is mostly determined by internal hydrogen bonds, which
depend on both nucleation and propagation parameters. Figure 5.6 displays the probability
of the various main-chain CO groups to participate in internal a-helical bonds. Since the
observed helices are not very long, the formation of these bonds is affected not only by the
propagation but also the nucleation parameter. We observe a uniform suppression of
hydrogen bonds in the presence of 3 M Nal (in line with the reduction of the propagation
parameter w), and an increase in the presence of NaCl, except in the central peptide region
(CO groups of residues 5-6). The NaCl-induced stabilization of helical conformations has
also been observed in simulations of similar model peptides [Dzubiella, 2009, Fedorov et
al., 2007]. Thus, the addition of salt may hinder or promote the formation of internal a-
helical hydrogen bonds in relatively short model peptides, such as the one of the present
study. This more complex, salt-dependent behavior is due to the competition between salt-
water, salt-peptide, and peptide-peptide interactions. The net salt result on helix stability is

a combination of the impact on helix initiation and propagation.
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Figure 5.6: Probability profile of the peptide main-chain CO groups to participate in internal a-

helical bonds.

The destabilization of helical conformations by Nal has been partly attributed to the strong
sodium affinity for the main-chain CO groups [loannou et al, 2011; Dzubiella, 2009].

Since sodium manifests also a strong affinity for CO in the presence of chloride (see
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Figure 5.7a), a question poses itself naturally: Why does the addition of NaCl have a
stabilizing effect on helical conformations of the present peptide? This behavior should
result from a combined contribution of salt-peptide, salt-water and peptide-peptide
interactions, as discussed below.
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Figure 5.7: Radial distribution function between sodium and carbonyl oxygen for the NaCl (a) and
Nal (b) solutions.
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The rdf curves of the anion (CI" or I') — amide pairs are displayed in Figure 5.8. Both
contact peaks are much smaller than unity, showing that both anions are excluded from the
vicinity of the amide group; the more pronounced iodide contact peak reflects the stronger
tendency of this anion to be near the peptide. This tendency is enhanced with

concentration, as shown by the increment of the | —amide rdf curve at 3 M Nal.
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Figure 5.8: Radial distribution function between anion and amino-group hydrogen for the NaCl
(a) and Nal (b) solutions.
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Figure 5.9 displays the rdf function of the anion — alanine side-chain methyl group pairs.
As for the alanine dipeptide and tetrapeptide studied in the previous chapter, CI™ actually
avoids the methyl groups, and an increase in NaCl concentration does not enhance the
weak interaction between CI" and the side chain carbon; I" on the contrary, has a stronger
interaction with the methyl carbons, which increases with Nal concentration. These
findings are in agreement with the behavior of the anions toward the hydrophobic groups
observed in other works [Fedorov et al., 2007; Dzubiella, 2008, Dzubiella, 2009], and

explain the stronger sodium affinity for the peptide in the Nal solutions (Figure 5.6.b).
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Figure 5.9: Radial distribution function between anion and peptide side-chain methyl group for the
NaCl (a) and Nal (b) solutions.

In summary, chloride has a very weak affinity for the peptide, as shown in Figures 5.8-5.9.
At the same time, it manifests a much stronger affinity for water (Figure 5.10) and sodium
(Figure 5.11). Presumably, the much stronger chloride affinity for water and sodium,
relative to the peptide groups, facilitates the formation of intra-peptide interactions and
stabilizes helical structures. On the other hand, the iodide affinity for water and sodium is
significantly weaker (Figures 5.10 — 5.11), in line with the lack of a similar enhancement

of helical conformations in the Nal solutions.
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Figure 5.10: Radial distribution function between anion and water hydrogen for the NaCl (a) and

Nal (b) solutions.

114



9 T L] 1 L] L] L] 1
(a)
|
8} ‘.‘ -
7F ‘ -
ol N _
5 | | .
g(n |
4 F | -
3F g
2k -
1 -
1M Nacl
3M Nacl
0 L L 1
0 2 12 14 16
3 1 ] 1 ] T ] 1
(b)
25} -
2k -
g(nN1.5 | -
1}k ——
0.5} i
1M Nal
3M Nal
0 L L L L 1 L L
0 2 4 6 8 10 12 14 16

r(A)

Figure 5.11: Radial distribution function between sodium and anion for the NaCl (a) and Nal (b)

solutions

115



AG (kcal/mol)

5.3.3 Impact of salt on thermodynamics of helix formation

Using Eq. (5.3) and the Zimm-Bragg propagation parameter s(T) (eg. 5.2), we can compute
the free energy change, AG, due to the conversion of a coil residue to a helical one, at the
end of a long helix with the characteristics of the Ac-(AAQAA);-NMe peptide. This free
energy can be decomposed into enthalpic and entropic contributions via Eq. 5.4, using the
assumption of a temperature-independent heat capacity AC, and a reference temperature To
[Gnanakaran and Garcia, 1995; Best and Hummer, 2009].

We fitted the free energy AG to Eq. 5.4, using as reference temperature the lowest value of
the REMD runs, Tp = 293.2 K, and the assumption of a temperature-independent heat
capacity ACp. The resulting temperature dependence of the free energy, enthalpy and
entropy is displayed in Figures 5.12 — 5.14. In Figure 5.12 the fitted free energy is
displayed with solid lines and the calculated free energy with points. The standard

deviation between the fitted and computed free energies is small (0.005 — 0.01 kcal/mol).

08

——0M

—— 1M Nacl
1M Nal

- ®— 3M Nacl
3M Nal

T(K)
Figure 5.12: Temperature dependence of the helix-propagation free energy (4G) for the neutral
peptide Ac-(AAQAA);-NMe. The fitted free energies [Eq. (5.2)] are shown as solid lines.
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Table 5.3: The free energy, enthalpy, entropy and heat-capacity change associated with the
conversion of a coil residue to a helical one at the end of a long a-helix. The results correspond to
T = 293.2 K, and arise from the simulations of the peptide Ac-(AAQAA);-NAMe in the various
solutions considered.

Pure water 1M NaCl 3MNaCl 1MNal 3 M Nal

AG(kcal/mol) 0.052 0.053 0.075 0073  0.228
AHy (kcal/mol) -0.70 -0.65 -0.44 -0.45 -0.13
ASo (cal/mol/K) ~ -2.57 -2.45 -1.74 -1.77 -1.23
ACp (cal/mol/K) ~ -1.04 -0.88 -2.65 -3.90 -3.22

Table 5.3 lists various thermodynamic quantities, evaluated at 293.2 K. The value obtained
for the free energy AG in pure water (0.052 kcal/mol) is comparable to values from MD
studies (AG = 0.085 kcal/mol at 300 K) [Gnanakaran and Garcia, 2005]. As expected, the
helix extension is enthalpically favored (AH = -0.70 kcal/mol), and entropically opposed
(AS = -2.57 cal/mol/K). Best and Hummer obtained a similar enthalpy value in their MD
study (AH = -0.61 kcal/mol at 300 K) [Best and Hummer, 2009]. Experimental
measurements by CD [Scholtz et al., 1991] and calorimetry [Richardson and Makhatadze,
2004; Scholtz et al., 1991] place the enthalpy change in the range -0.9 to -1.3 kcal/mol.
Given the difficulty in obtaining accurate estimates of enthalpy and entropy changes, the
agreement with the experimental values is satisfactory. Still, the obtained enthalpic and
entropic contributions are ~50 % of the experimental values. Best and Hummer attributed
the weaker destabilization of the helical conformations with temperature dependence,

compared to experiment, to this deviation [Best and Hummer, 2009].

Helix elongation becomes slightly less favored enthalpically and slightly less opposed
entropically in the presence of salt; the enthalpic contribution prevails, yielding a net
destabilization of helix elongation by salt. These trends are more apparent in the Nal
solutions. The considerable increase of the free energy for helix elongation in the presence
of 3 M Nal (Figure 5.12) reflects the reduced helicity in the presence of this salt;
furthermore, the smaller entropic penalty of helix elongation by Nal could be due to the
more effective screening of electrostatic interactions by this salt, as also manifested in the

stronger impact to the nucleation parameter.

The obtained heat capacity values lie within the estimated range of values for helix

formation, -8 to +8 cal/mol/K [Lopez MM, 2002]. Differential scanning calorimetry
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measurements have reported a value of -7.6 cal/mol/K [Richardson and Makhatadze,

2004]. Best and Hummer estimated a negative heat capacity (=-0.4 cal/mol/K).
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Figure 5.13: Temperature dependence of the enthalpy (4H) for the neutral peptide Ac-(AAQAA);-
NMe in the various solutions. The lines are drawn as an aid to the eye using Excel’s chart type

“Scatter with Straight Lines and Markers”.
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Figure 5.14: Temperature dependence of the entropy (4S) for the neutral peptide Ac-(AAQAA);-
NMe in the various solutions. The lines are drawn as an aid to the eye.
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The slopes of AH and AS with temperature have a systematic variation with salt type and
concentration. The slope decreases for higher salt concentrations and decreases from NaCl
to Nal.

5.3.4 Dependence of helix stability on peptide length

As explained above, in the LR formalism the average number of helical hydrogen bonds
(fraction of peptide in helix) depends on the nucleation and propagation parameters, and on
the peptide length (see Eg. (5.1)). Using the average nucleation and propagation
parameters from the T=299.6 K simulations in pure water (w = 1.08 and v = 0.21) and in
3M Nal (w = 0.91, and v = 0.35), we computed a theoretical helicity as a function of
peptide length (n) using eq. (5.1). This estimate ignores the actual dependence of w and v
on the peptide length, and is a qualitative indicator of the helicity fraction vs length for a

peptide with the average characteristics of the simulated sequence (AAQAA)s.

The resulting graph (Figure 5.15) shows that the addition of 3 M Nal is mildly stabilizing
helical conformations in “short” peptides (due to its effect on helix nucleation), whereas it
destabilizes helical conformation in “long” peptides due to the salt impact on propagation.
For a 15-residue peptide, the helicities are, respectively, ~20 % and ~ 12 % in 0 M and 3 M
Nal, in agreement with the simulation estimate. With the employed LR parameters, the
crossover between destabilization and stabilization by 3 M Nal occurs at a peptide length
of ~6-7 residues. This results suggests that the increase in helicity of the alanine
tetrapeptide (Chapter 4) in the presence of 3 M Nal was correct, rather than an artifact of
the CHARMM force field.
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Figure 5.15: Dependence of helicity on peptide length, computed by (Eg. 5.1) and the LR
parameters for the Ace-(AAQAA);s-NAMe peptide.

To check the prediction of Figure 5.15, we conducted simulations with the Alanine peptide
Ace-Alag-NMe in pure water and a 3 M Nal solution, using the same computational
method as for the Ace-(AAQAA);—NMe peptide. We employed 24 replicas spanning the
temperature range 292.5 — 428.4 K. The simulation length was 30 ns/replica. The
calculated helicity is displayed in Figure 5.16 as a function of temperature. Indeed, the
addition of 3 M Nal salt causes a helicity increase in Ace-Alag-NMe. The actual helicities
and the crossover value n=6 do not agree with Fig. 5.15. This could be partly due to the
pure-alanine content of this peptide; in contrast, Figure 5.15 uses average v and w values

from the 15-residue peptide, which has a 20 % glutamine content.
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Figure 5.16: Helicity of the alanine nonapeptide Ace-Alag-NMe as a function of temperature in

pure water and a 3 M Nal solution.

5.4 Conclusions and Perspective

In this work, we have examined the conformational stability of the 15-residue model
peptide Ac-(AAQAA);-NMe in pure water and various electrolyte solutions. Our
simulations show a net stabilization of a-helical structures in the presence of high

concentration NaCl, and a net destabilization in the presence of high-concentration Nal.

Analysis of the corresponding LR parameters shows a general enhancement of the helix
nucleation step by salts. This observation is in line with the increase in helicity of the
Alanine tetrapeptide (Chapter 4) by both NaCl and Nal. It is possibly due to the screening
of electrostatic interactions by salt, which reduce the free-energy penalty associated with

the ordering of peptide groups upon the initiation of an a-helix.

The same LR analysis suggests that salts hinder the propagation of helices in a salt-specific
manner: the LR propagation parameter of Ac-(AAQAA)s;-NMe is significantly reduced
(relative to pure water) in the presence of 3 M Nal, and slightly reduced in all other salt
environments studied here. An important conclusion of the present analysis is that the net

impact of salt on the stability of helical conformations is best understood by considering
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separately its influence on the nucleation and propagation steps. In shorter peptides, the
facilitation of the nucleation step may lead to a net stabilization of helical conformations
by salt, as shown explicitly by our simulations with the Ala tetrapeptide (Chapter 5) and
Ala nonapeptide (this Chapter) in a 3 M Nal environment. The same salt environment can
destabilize helical conformations in longer peptides, as shown here for Ace-(AAQAA);-
NMe. Furthermore, in a peptide of given length, the addition of different salts stabilize or
destabilize helical conformations, depending on their effects on nucleation and
propagation. This is manifested here by the 3 M NaCl and 3 M Nal simulations of Ace-
(AAQAA);-NMe.

The helix destabilization by Nal (relative to NaCl) can be understood in terms of the larger
anion (iodide) size. Indeed, examination of the solution structures reveals much stronger
affinities of both cation and anion for the peptide in the Nal solution. The larger iodide size
renders it less polar (more hydrophobic). As a result, its affinity for sodium is decreased,
and its affinity for the peptide non-polar side-chains and main-chain peptide groups is
increased. Overall, ion-peptide non-polar and polar interactions are enhanced in the Nal
solution (relative to the NaCl solution) and destabilize the formation of a-helical
conformations, which require the formation of extensive intra-peptide polar interactions at

the expense of salt-peptide interactions.

The helix stabilization by NaCl (relative to pure water), also documented in other studies
[Fedorov et al., 2009; Dzubiella, 2009], might be also understood in terms of the small
anion size: Chloride has a large affinity for sodium and water, and small affinity for the
peptide. Helical conformations may be enhanced in the presence of NaCl, because the
engagement of peptide groups in intra-peptide interactions facilitate the formation of

anion-cation and salt-water interactions.
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6. Impact of Solvent - Exposed Salt Bridges on the
Helix-Coil Equilibrium of the Model Peptides, iIn
Conditions of Variable lonic Concentration and

Temperature

6.1 Introduction

To investigate (a) the strength of interactions between solvent — exposed charged side-
chains in a helix-forming peptide and (b) the impact of solvent — exposed salt-bridge
formation on the o-helix/coil equilibrium, in the presence of salts we have conducted
simulations of the model peptides Ac-AAQAA-EAQKA-AAQAA-NMe (referred to
hereafter as EK+3), Ac-AAQAA-EAQAK-AAQAA-NMe (EK+4) and Ac-AAQAA-
EAQAA-KAQAA-NMe (EK+5), in aqueous salt solutions. These model peptides differ
from the peptide Ac-(AAQAA);-NMe of Chapter 5, in that they contain two oppositely
charged amino acids, Glutamic acid (E), and Lysine (K) in positions i/i+3, i/i+4, or i/i+5.
Due to the geometry of the a-helix (3.6 residues per turn), the interactions between the

charged side chains are expected to be stronger in the first two peptides.

Studies have postulated the stabilization of helical structure in alanine-based peptides
resulting from interactions of charged side chains (such as Lys, Glu, or Arg) through
formation of salt bridges [Masqusee and Baldwin, 1987; Mayne et al., 1998], interactions
of charged residues with the helix dipole [Huyghues-Despointes et al., 1993; Lockhart and
Kim, 1993; Shoemaker et al., 1995], or the favorable free energy gained by hydration of
charged residues [Vila et al., 1992; Williams et al., 1998]. Peptides EK+3, EK+4 and
EK+5 are analogous, respectively, to peptides E6K9 and E6K10 studied in Ref. [Scholtz et
al., 1993] and 3EK, 4EK 5EK studied in Ref. [Smith and Scholtz, 1998]. They differ from
those peptides at their C-terminal end, where they lack a tyrosine residue and are blocked
by a N-CHs group instead of an amide group. Experimental studies with E6K9 and E6K10
have shown that a strong, singly charged hydrogen bond between Glu and Lys is found.
The strength of this singly-charged hydrogen bond does not depend upon the ionic strength

of the solution up to 2.5 M NaCl [Scholtz et al., 1993]. Smith and Scholtz suggest in their
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study that hydrogen bonding is a major factor in the interaction between these side chains
and that the interaction of the ion pairs observed at high salt is not just a simple
electrostatic interaction.

6.2 Methods

6.2.1 Investigated Systems

Each simulation system consisted of a single model peptide molecule in an octahedral box
of water molecules and an appropriate number of ions, chosen to model the desired salt
concentration. Table 6.1 lists the total number of ions and water molecules as well as the
water-box sizes for the various peptide simulations. Although the actual salt concentrations
are those listed in this Table, we will designate them for simplicity as “1 M” or “3 M”
concentrations in the ensuing discussion. The original (control) peptide Ace-(AAQAA)s-
NMe is referred to as AQ.

6.2.2 Force Field and Simulation Protocol

The peptide atomic charges, van der Waals, and stereochemical parameters were taken
from the AMBER 11 all-atom force field [Case et al., 2010]. The water was represented by
a modified TIP3P model [Jorgensen et al., 1983; Neria et al., 1996]. lon parameters,
recently optimized for high-concentration simulations, were taken from Joung and
Cheatham [Joung and Cheatham, 2008].

Table 6.1: Water box sizes and numbers of ions and water molecules employed in the simulations

solution  # waters # cations # anions box length

EK+3
0M 2316 0 0 45.43
1.1 M NaCl 2225 48 48 45.04
3.3MNaCl 2209 144 144 45.62
1.1 M Nal 2262 48 48 45.73
3.0 M Nal 2264 144 144 47.27
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solution  # waters # cations # anions box length

EK+4
oOM 2318 0 0 45.49
1.1 MNaCl 2230 48 48 45.18
3.3MNaCl 2227 144 144 45.73
1.1 M Nal 2237 48 48 45.62
3.0 M Nal 2284 144 144 47.32
EK+5
0M 2314 0 0 45.44
1.1 M NaCl 2227 48 48 45.10
3.3MNaCl 2200 144 144 45.54
1.1 M Nal 2239 48 48 45.60
3.0 M Nal 2271 144 144 47.27

All simulations were conducted with the AMBER 11 simulation package [Case et al.,
2010] and the ff03* force field [Best and Hummer, 2009]. Starting from a helical
conformation, the peptide was first minimized, heated up gradually from 0 to 300 K six 30-
ps stages (every 50 K) and then subjected to a 50-ns production simulation at 300 K in
vacuum. From the 50 ns MD simulation we identified the structure with the lowest energy
and solvated it in a truncated octahedron simulation cell with the appropriate number of
TIP3P water molecules and ions, chosen to model the desired salt concentration. We
minimized the system in two stages. In the first stage we kept the peptide fixed and just
minimized the positions of the water molecules and ions. In the second stage we
minimized the entire system. Next, we allowed the entire system to heat up from 0 to 300
K by a 20-ps MD run at constant volume with weak restraints on the peptide; we then
switched off the restraints, and run a 1 ns equilibration at 300 K under constant-pressure
conditions. Using the average cell size of the previous run, we conducted 0.5 ns simulation
runs at constant volume for temperatures in the range T = 280 — 520 K, with 20 K
intervals. Following the method of Sugita and Okamoto [Sugita and Okamoto, 1999], we
used the mean potential energies and temperatures of these simulations to calculate the
optimal temperatures for replica-exchange runs, targeting an exchange probability between
neighboring replicas of ~18 %. Finally, we employed 48 replicas, spanning a temperature
range T =292.6 — 523.3 K.

The initial conformation used for the replica runs was unfolded (taken from the 520 K run).
Starting from this conformation, we conducted 300-ps runs at the replica temperatures as
an equilibration stage, prior to the actual REMD runs. The REMD runs were done at

constant-volume conditions with a 2-fs time step, and had a total length of 1.44 ps (30 ns
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per replica). Replica exchange attempts were made every 1 ps. The obtained exchange
probabilities were 16 - 18 %. All replicas performed random walks in the temperature
space, spanning several times the entire range of temperatures. Chirality restraints were
used on the peptide bond, to ensure no trans — cis conformational changes at the highest
temperatures of the REMD runs. Long-range electrostatics were calculated using PME,

with a 0.99 A grid spacing and a 9-A cutofT.

6.2.3 Secondary Structure Calculations and Conformational

Analysis

We computed the peptide “helicity” (the fraction of a-helical conformations), using the
Lifson-Roig (LR) model [Lifson and Roig, 1961], as in the previous analysis of the alanine
dipeptide and tetrapeptide [chapter 4]. In the LR definition, a residue i is considered o-
helical if and only if its backbone torsional angles (gi, vi), and the pairs (i1, vi1) and
(oi+1, yi+1) Of the adjacent residues fall in the a-helical region of the Ramachandran map (¢
= -65 + 35° y = -37 + 30°). For the calculation of the Lifson-Roig parameters we also
calculated the average number of “helical segments” in the peptide. A helical segment is
defined to contain at least two successive residues in helical conformation. A single residue
in helical conformation between residues in coil conformation is not counted as a helical
segment (while ....chhc.... is a helical segment). The average number of helical hydrogen
bonds <ny> and helical segments <ns> was computed from the analysis of the simulation
data. By fitting these values to the equations (Eq. 5.1) we deduced the LR parameters w

and u (see section 2.5).

6.3 Results

6.3.1 Pure water simulations

Figure 6.1 displays the average helicities of the four peptides in pure water, as a function of
temperature. The corresponding helicities are also listed in table 6.2. Peptides EK+3 and
EK+5 have, respectively, larger and smaller helicities than AQ in the entire temperature
range of the simulations. Peptide EK+4 has a mixed behavior: its helicity lies between the
EK+3 and EK+5 helicities up to 470 K; it is also smaller than the helicity of AQ up to
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~350 K. Thus, the two charged-residue substitutions and the relative spacing of the

charged residues affect the stability of helical conformations.

Table 6.2: Average peptide helicity for the various peptides in pure water

30

T(K)
292,6
299,4
320,9
348,8
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Figure 6.1: Temperature dependence of the average peptide helicity in pure water.
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Figure 6.3: Temperature dependence of the LR helix propagation parameter (w) for the various
peptides in pure water.
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We can obtain insights on the origin of helicity differences among the four peptides by
analysis of the corresponding LR nucleation (v) and propagation (w) parameters. These
parameters were obtained from Eq. (5.1) and reflect average values, as we made no effort
to distinguish between the four residue types of the simulated sequences (alanine,
glutamine, glutamic acid and lysine). The temperature dependence of the parameters v and
w is displayed, respectively, in Figures. 6.2 and 6.3. The profiles of peptide AQ (from
chapter 5) are also included for comparison.

The nucleation parameter of peptide AQ (Figure 6.2 and Chapter 5) increases fast at lower
temperatures (up to ~350 K), and decreases slowly at higher temperatures. The profiles for
the three EK-containing peptides follow a similar temperature dependence; the behavior of
EK+5 is somewhat more complex, with the corresponding curve reaching a plateau in the
region 320 — 380 K. This could partly arise from a different response of the four residues
(A, Q, E, K) to temperature.

The propagation parameter decreases with temperature and with the E — K spacing (i.e.,
from EK+3 to EK+5). The average helicities of the various EK sequences are mostly
determined by this parameter (see Figures 6.3 and 6.1), as was also concluded for peptide
AQ (Chapter 5). Indeed, as discussed elsewhere [Scholtz et al., 1993; Chakrabartty and
Baldwin, 1995; Smith and Scholtz, 1998], the helicities of the EK-containing sequences
are expected to depend on the positions of E and K along the sequence and the E — K
spacing, through interactions of the charged E, K side-chains with (i) each other, (ii) the
helix macrodipole, and (iii) the glutamine side-chains of the AQ template sequence.

The degree of intermolecular E — K interaction for the various peptides and solutions can
be appreciated with the aid of Figure 6.4, which displays histograms of the C — N distance
between the carbon atom (C) of the glutamic acid side-chain carboxylate and the nitrogen
(N) atom of the lysine side-chain. The sharply defined peak near 3.5 A corresponds to
contact configurations of the E and K residues, whereas the broader peaks correspond to
water-separated configurations. A salt bridge between the E and K side chains is frequently
observed in sequence EK+3, less so in EK+4 and very infrequently in EK+5. This behavior
suggests that the increased helicity of the EK+3 sequence (relative to EK+4 and EK+5) is
partly due to electrostatic interactions between the E and K side chains. This is also

supported by the fact that the formation of a E6 — K9 salt bridge is strongly correlated with
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the appearance of helices: the average C — N distance between the E side-chain carboxylate
carbon and the lysine side-chain nitrogen nitrogen is 5.9 A in EK+3 conformations with a
100% a-helix, compared to 9.4 A for non-helical conformations. The salt simulations also

support this conclusion, as discussed below.

P(r)

10 15

r(A)
Figure 6.4: Histogram of the distance C — N between the carbon atom (C) of the glutamic acid side
chain carboxylate and the nitrogen atom (N) of the lysine side chain, observed in the pure water

simulations of the three EK peptides.

The helicities of sequences EK+4 and EK+5 are reduced not only relative to EK+3, but
also relative to AQ. To obtain some insight on this observation, we simulated two AQ
variants, respectively with a single E substitution at position 6 (peptide E6), or a single K
substitution at position 10 (K10). The resulting helicities were very similar to the EK+4
and EK+5 helicities (Figure 6.1). Thus, the E and K substitutions lower the helicity of the
parent sequence AQ, and are mainly responsible for the smaller helicities of EK+4 and
EK+5. This reduction has also been seen in experimental measurements with analogous
peptides [Scholtz et al., 1993]. On the other hand, the formation of an E-K salt bridge in
sequence EK+3 counteracts this reduction, yielding a helicity that is higher relative to the

parent AQ sequence.

The computed helicities range from ~23.9 % for EK+3 to ~12.4 % for EK+5 at the lowest
simulated temperature (292.6 K); these values are smaller than the experimental values of
analogous peptides at 273 K (48 % for AQ, 34 % for E6K9, and 37% for E6K10 [Scholtz
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et al., 1993]), but in agreement with the experimental and theoretical helicity of AQ near
300 K [Best and Hummer, 2009]. The EK+3 peptide is more helical than AQ, in contrast to
the experimental result [Scholtz et al, 1993; Smith and Scholtz, 1998]. This discrepancy
could be partly due to the much lower temperature of the experiments (273 K): Inspection
of Figure 6.1 shows that the AQ helicity increases at a much faster rate at lower
temperatures, compared to EK+3; it is likely that simulations at 0 °C would give similar
helicities for the two peptides. Our replica-exchange simulations (292.6 — 523.3 K) did not
include the experimental temperature due to insufficient computational resources; instead,
we opted for simulations at high temperatures (which increased sampling efficiency) and
made sure that the chosen temperature range included the room-temperature region (~298
K).

Figure 6.5 displays the participation probability of the various main-chain CO groups in a-
helical (i, i+4) bonds. Peptides AQ and EK+3 have a noticeably increased probability for
the CO groups of residues 3-6, suggesting that the majority of helices are formed in the
central region 3-10. In EK+3 the probability is increased across the whole peptide, and has
a pronounced maximum for the CO group of glutamate. For the EK+4 and EK+5 peptides
we observe a decrease of hydrogen-bond formation, relative to AQ, across the whole

sequence.

40,00

35,00 }/\\
— 30,00

S \

S 25,00 ,’\

5 / ——AQ
< 50,00

E / /l —B-EK+3
= 15,00 4=

_%’ )\ EK+4
d 7

=>=EK+5

[
o
o
o

5,00 N(\(

0,00 f f

Figure 6.5: The participation probability of the various main-chain CO groups in a-helical bonds,

in pure water.
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Figure 6.6 displays the average number of water molecules in the first hydration shell of
the main-chain peptide groups, determined from the first minimum in the corresponding
rdf’s in the pure water simulations. The amide groups of residues with bulky side chains
(GlIn, Glu, Lys) have reduced exposure to water (Figure 6.6a). The reduction is particularly
noticeable in the central region of EK+3 (residues 6 — 10), presumably due to an additional
contribution from the E6 — K9 salt bridge and the increased helicity of this peptide. The
different solvent accessibilities at the C-terminal region (residues 13 — 15) are due to
differences in helicity (see Figure 6.5). Similarly, the CO solvent accessibility (Figure
6.6b) is reduced for the CO groups of Lys residues, and (to a smaller extent) for Alad
(adjacent to GIn3), Ala7 (adjacent to Glu6). Overall, CO groups are more solvent-exposed
in EK+4, EK+5, in line with the reduced helicity of these peptides.

This behavior indicates that the Lys, GIln and Glu side chains shield the backbone from
solvent. A combination of this shielding and the E6 — K9 salt bridge contribute to the
increase in helicity of EK+3. Ghosh and coworkers [Ghosh et al., 2003] conducted
simulations of the peptide EK (sequence Ac-YAEAAKAAEAAKAAEAAKAF-Nme) in
pure water, and observed a similar solvent-exclusion of the backbone by lysine side-chains,
and a small probability for formation of E(i) - K(i+4) salt bridges (as in sequence EK+4 of
the present study). Based on these results, they attributed the increased helicity of EK to
the shielding of the a-helical hydrogen bonds by the Lys side chains. It is not
straightforward to compare our results with theirs, since our sequences contain only one
(E, K) pair. Nevertheless, in our sequences the reduction in backbone solvent-accessibility
does not suffice to increase helicity (sequences EK+4, EK+5); together with a stable E6 —

K9 salt bridge, it yields a markedly increased helicity (sequence EK+3).
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Figure 6.6: Average number of water molecules within the first hydration shell for (a) amide
hydrogen of each residue and (b) carbonyl oxygen. Residue number 6, 9, 10 and 11 depends on the
peptide. Example: for the EK+3 peptide residue 6 is E, 9 is K, 10 is A,11 is A and for the EK+5
peptide residue 6 isE, 9 is A, 10is A,11 is K.
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6.3.2 Salt simulations

Figure 6.7 displays the temperature dependence of the average EK+3, EK+4 and EK+5
helicities in the different electrolyte solutions. The helicity of peptide EK+3 varies in the
order 0O M >3 M NaCl > 1 M Nal >1 M NaCl > 3 M Nal (Figure 6.7a). We can
understand this result by considering separately the impact of salt on the helix-stabilizing E
— K salt bridge (which is frequently formed in peptide EK+3), and on the general peptide

propensity for helix formation (as manifested by the salt effects on the AQ sequence).
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Figure 6.7: Temperature dependence of helicity for the various peptides in the electrolyte solutions

considered in this work: (a) EK+3, (b) EK+4 and (c) EK+5.

As shown above (Figure 6.1), the helicity of EK+3 in pure water is increased relative to

AQ, due to the stabilizing salt-bridge interaction E — K. Figure 6.8 displays histograms of
135



the distance C — N, between the carbon (C) atom of the E side chain carboxylate and the
nitrogen (N) atom of the lysine side chain. The contact peak is more prominent in peptide
EK+3 (Figure 6.7a), indicating the frequent formation of the salt bridge. The presence of
ions causes a decrease of this first peak, which depends on solution. Based on the
magnitude of this peak, we conclude that the salt screening of the salt-bridge follows the
order 3 M Nal >1 M Nal >3 M NaCl ~ 1 M NaCl. The more effective screening by Nal is
in accord with the higher peptide affinities of | and Na ions in the Nal solutions. This
higher affinity was also established in Chapter 5 for the AQ sequence (see Figure 5.7 and
5.8 of Chapter 5), and in the case of shorter peptides (Figure 4.8 and 4.9 of Chapter 4).

In addition to its impact on the E — K interaction, salt also affects the general helical
propensities of the peptides via interactions with the helix macrodipole or absorption on
hydrophobic parts of the peptide surface or on specific groups [Scholtz et al., 1991,
Kirkwood, 1943]. This general impact depends in a complex manner on the salt type and
concentration. Nevertheless, we can obtain useful insights by considering the parent

sequence AQ, as discussed next.

As shown in Chapter 5 (see Figure 5.1), salt changes the AQ helicity (below ~350 K) in
the sequence 3 M NaCl >1 M Nal >1 M NaCl ~0 M >> 3 M Nal. Thus, the EK+3
helicity should be mostly reduced in the 3 M Nal solution, due to both the general
destabilization of helical conformations in this solution (as for the AQ peptide), and the
more effective screening of the helix-promoting E — K interaction by this salt (Figure
6.8a); a much smaller reduction in helicity would be expected in 3 M NaCl, because the
two effects are partly cancelling each other (this salt increases helical propensity, as in AQ,
and screens the E — K interaction, but to a much smaller extent, relative to 3 M Nal). The
observed helicity variation (0 M > 3 M NaCl > 3 M Nal) is in line with these remarks. The
presence of 1 M Nal promotes helicity to a similar extent as in the 3 M NaCl solution, up
to 350 K (Figure 5.1), but also screens more effectively the E — K interaction (Figure 6.8a);
thus helicity should be reduced in 1 M Nal, relative to 3M NaCl, as shown in Figure 6.7a.
Finally, the addition of 1 M NaCl destabilizes less the helix-promoting E — K interaction,
relative to 1 M Nal, but also augments to a smaller extent the general propensity of helical
conformations (see Figure 5.1). The net result is a slightly smaller helicity in 1 M NacCl,

compared to 1 M Nal (Figure 6.7a).
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Figure 6.8: Histogram of the distance C — N between the carbon atom (C) of the glutamic acid side
chain carboxylate and the nitrogen atom (N) of the lysine side chain, observed in the various
solutions for peptide EK+3 (a), EK+4 (b), and EK+5 (c).

We next turn to the EK+4 peptide (Figure 6.7b). The helicity of this peptide is maximal at
0 M salt, and is reduced to 8-10 % in the various salt solutions. To interpret this result, we
note that the inherent helical propensity of sequence AQ is similar in pure water and salt
(~20 % at 290 K), with the exception of 3 M Nal where it is reduced to ~12 % (see Figure
5.1). The substitutions E and K at positions 6 and 10 of the AQ sequence reduce the helical
propensity from ~20 % (for AQ) to ~15 % at 0 M (see Figure 6.7b), and to ~8-10 % in the
presence of salt (with the exception of 3 M Nal), presumably due to screening of E-K

interactions and other factors.

In the case of peptide EK+5, the helicity is reduced to ~13 % at 0 M solution, compared to
~20 % for AQ, due to the E and K substitutions at positions 6 and 11 (see Figures 6.6¢ and
5.1). A similar reduction is observed at conditions of 1 M Nal, 3 M NaCl, presumably due
to the lack of E — K stabilizing interaction (see Figures 6.7c and 5.1). The 3 M Nal
solution does not affect the (already small) helicity (~12 %). In contrast, in the presence of
1 M NaCl the resulting helicity is noticeably small (~7 %); the origin of this effect is not

clear.
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The LR nucleation and propagation parameters are displayed in Figures 6.9 and 6.10. The
salt solutions cause the nucleation parameter to increase and the propagation parameter to
decrease, compared always to the pure water system; a similar effect was seen for the AQ
peptide (Figures 5.2 and 5.3). An exception occurs for the propagation parameter of the
EK+5 peptide for the 1 M Nal solution, which as can be seen form Figure 6.10.c is slightly
larger than the propagation parameter in pure water. The larger nucleation and propagation
(Figure 6.9c) values for 1 M Nal give an overall higher peptide helicity which is shown in

Figure 6.7.c.
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Figure 6.10: Temperature dependence of the LR propagation parameter for the peptides EK+3 (a),
EK+4 (b), and EK+5 (c) in the various solutions.

6.4 Conclusions and Perspective

In this Chapter, we have studied by MD simulations a series of related model peptides,
derived from the parent 15-residue peptide Ace-(AAQAA)s-NMe (AQ) of Chapter 5. Two
of the peptides contain a single E or K substitution at position 6 (sequence E6) or 10
(sequence K10) of the parent sequence. Both peptides have markedly reduced helicities
relative to AQ in pure water, suggesting that the E and K substitutions destabilize helical
conformations. Three peptides (EK+3, EK+4, EK+5) contain both substitutions,
respectively at positions (6, 9), (6, 10) and (6, 11). Sequences EK+4 and EK+5 have also
reduced helicities relative to AQ; however, sequence EK+3 has increased helicity, which
is highly correlated with the formation of the intramolecular salt bridge E — K. Thus, in
pure water the helical conformations of these model peptides can be significantly stabilized
by direct electrostatic interactions between suitably positioned, oppositely charged
residues. For all peptides in pure water the helicity trend with temperature closely follows

the variation of the helix propagation parameter.
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Additional simulations were conducted in a range of electrolyte solutions (1 M and 3 M
NaCl and Nal). As for the AQ sequence (Chapter 5), salt increased the helix nucleation
parameter, and decreased the propagation parameter of the various peptides. At the same
time, it screened out the electrostatic interactions between E and K, reducing the formation
probability of the E — K salt bridge. All these factors affected the observed average
helicities of the three sequences. The present study shows that the addition of salt affects
the helix/coil equilibrium of model peptides in several different ways; separate
consideration of each factor can assist in the understanding of the net salt impact on

helicity.
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7. Overall Conclusions

In this Thesis, we have investigated systematically and quantified the salt effects on the
helix-coil equilibrium of several model peptides with sequences of increasing complexity,
by analyzing geometrical and energetic features of the peptide solutions (peptide
Ramachandran maps, radial-distribution functions, energy components) and by computing
the associated Lifson-Roig and Zimm-Bragg helix-coil transition parameters as a function
of salt type and concentration. Such a computation has never been attempted before in the
presence of salts and constitutes the major innovation in the present project. In order to
increase sampling efficiency, we have conducted simulations with the replica-exchange
method, which provided information on the behavior of all solutions in a large range of

temperatures.

For the first time a very systematic sequential work on model peptides has been carried
out, in which we add new interactions with each new model we simulated, using the

information learned from the previous models.

In our investigation of salt effects on the conformations of alanine oligopeptides we found
that:

e For the alanine dipeptide the “intrinsic” conformational states of the backbone, as
described by Ramachandran maps, are not greatly affected even by large
concentrations of NaCl and Nal. Thus, the salt effects observed on longer peptides
are not due to changes in the intrinsic conformational preferences of the backbone,

but arise from more complex interactions, not present in the very short dipeptide.

e The alanine tetrapeptide exhibits an increased tendency for more compact
conformations and an increased population of the characteristic a-helical hydrogen
bond (i/i+4) in the presence of salts, with Nal being more effective than NaCl.

e CI ions prefer to stay away from the peptides, while I ions have a preferential
interaction with the hydrophobic methyl groups. Na* ions on the other hand have a

significant affinity for the carbonyl groups that is enhanced in the presence of I'.

e Detailed energetic analysis of the alanine tetrapeptide simulations shows that ion-

peptide interactions are fairly constant in helical and extended conformations. At the
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same time, the stabilization of helical conformations coexists with enhanced ion-
water interactions outside the first hydration shell of the peptide. This intriguing
finding suggests that the stabilization of helices by salt cannot be interpreted on the
basis of energetic interactions alone (especially ion-peptide interactions), and may

have a significant entropic component.

¢ Simulations of the Alanine nona-peptide (Ac-Alag-NMe) show a similar stabilization
of helical conformations by both NaCl and Nal. However, in the case of the longer,
15-residue model peptide Ac-(AAQAA);-NMe we observe a net stabilization of a-
helical structures by high concentrations of NaCl, and a net destabilization by high
concentrations of Nal. These results show that a given salt can stabilize or destabilize
a peptide, depending on its length. On the other hand, for a peptide of given length,
the effect of salt on helical stability can depend on the salt type and concentration.
These effects can be understood by considering the salt impact on helix nucleation

and propagation.

e Sequences EK+4 and EK+5, as well as E6 and K10 have reduced helicities relative
to AQ in pure water, suggesting that substitutions of A by E and K tend to destabilize
helical conformations; however, sequence EK+3 has increased helicity relative to
AQ, which is highly correlated with the formation of an intramolecular E — K salt
bridge. Salts screen out the electrostatic interactions between E and K, reducing the

formation probability of the E — K salt bridge.

The present study shows that salt can affect the helix/coil equilibrium of model peptides in
several different ways. In the case of the A oligopeptides and the AQ sequence, we were
able to interpret changes in helicity through the influence of salt on the helix nucleation
and propagation step. For the EK sequences, we needed to also consider the helix-
stabilization due to the E-K salt bridge, and due to solvent-exclusion of backbone by the E
and K side-chains. An important conclusion of the present analysis is that salt can affect in
different, often competing ways the backbone and side-chain interactions. Separate
consideration of each factor can assist in the better understanding of the net salt impact on

helicity.

How many of our findings have a direct relevance for the protein folding-unfolding
problem is not entirely obvious at this point. Secondary structure elements that are buried

within compact protein structures may not be easily affected by salts in the ways
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demonstrated here for special short oligopeptides. However, our findings should have a
bearing on the behavior of structural elements that are in contact with the solvent. In
particular, our finding that chaotropic anions have a strong affinity for hydrophobic protein
groups is general enough and has been observed before. Our significant finding that salts
(especially chaotropic salts) enhance the helix nucleation step, but tend to disfavor the
helix propagation, also appears to be general and to suggest mechanistic steps for the
salting in / unfolding of proteins by chaotropic ions.
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8. Future Perspectives

As future work | propose the following:

(@) To perform simulations of the same peptides with a sodium salt of a very chaotropic
anion, (on the right of iodide in the Hofmeister series). Such salts are for example NaPFg
(sodium hexafluorophosphate) and NaB(CgHs)4 (sodium tetraphenyl borate). These anions
have very strong interactions with the hydrophobic groups and we expect that they
will have a strong effect on the peptide configurations. It is in fact interesting to check if
the helicity is considerably decreased in the presence of these salts even for short-chain

peptides, in contrast to what was observed in the present work.

(b) The peptides used in this study, especially the longer peptides are extremely
hydrophobic and so it will be difficult to use them in experiments due to solubility
problems. Thus the experimental verification of the results of the present work will be
difficult. Related peptides must be chosen, perhaps with charged blocking ends, which will
be more soluble and will have a significant helix percentage at 298K. With these it will be

possible to perform simple experiments to compare to the simulations.
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| APPENDIX: Potential Energy Function

The development of approximate energy functions for biomolecular simulations has been
the subject of intense computational efforts in the last 40 years, as the choice of an
appropriate energy function is critical to a successful biomolecular simulation [Karplus and
McCammon 2002]. These functions are approximate, but if properly parameterized they
can produce structural and thermodynamic properties with satisfactory accuracy.
Furthermore, they are completely under the control of the user (i.e. the removal or
alteration of particular contributions can identify the role of specific interactions in
determining specific properties) [Karplus and McCammon 2002].

A variety of force fields have been developed specifically for simulations of proteins,
featuring energy functions consisting of a large number of parameterized terms. These
parameters are predominantly obtained from experimental and/or guantum-mechanical
studies of small molecules or fragments. In all cases, it is assumed that such parameters
may be transferred to the larger molecule of interest [Adcock and McCammon, 2006].
CHARMM, AMBER, GROMOS and OPLS are the most commonly used biomolecular
force fields (reviewed in [Mackerell et al., 2004]).

In conventional MD simulations, the energy function contains “bonded energy terms”, that
retain the molecular stereochemistry, and “non-bonded energy terms” describing the
interatomic steric-repulsion, dispersion and Coulombic interactions. The bonded-energy
terms contain two-, three- and four-body interactions, describing the dependence of energy
on covalent bonds, bond-angles and torsional angles. The non-bonded terms are

represented by simple, pairwise-additive functions of nuclear coordinates.
The general form of the potential energy function used in our work is the Chemistry at

Harvard Molecular Mechanics (CHARMM) all-atom function, shown in eq. 1.1 [Brooks et
al., 2009].
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The potential energy U(R), is a sum over individual terms, representing the bonded and
non-bonded contributions as a function of the atomic coordinates. The first four terms on
the right-hand side of eq. 1.1 correspond to the bonded contributions and depend,
respectively, on the covalent bonds (b), valence-angles (), distances S between the
extreme atoms A, C of a valence angle A-B-C [Urey-Bradley (UB) terms], dihedral angles
(¢) and improper angles (w). The parameters Ky, Ko, Kyg K, and K, are the respective
force constants, and the variables with the subscript O are the respective equilibrium
values. The bond, angle, UB and improper dihedral terms are approximated in quadratic
function. The dihedral angle term is a sinusoidal expression, in which n expresses the
periodicity of the dihedral angle and ¢ is the phase shift determining the position of the
energetic minima/maxima. The improper dihedral angle term is used at branch points; that
is, for atoms A, B and D bonded to a central atom, C, the term is a quadratic function of the
(pseudo)-dihedral angle defined by A-B-C-D. in addition, for the protein backbone, a
numerical correction cross term, called CMAP, has recently been implemented [last term
on the r.h.s of eq. 1.1]. The CMAP backbone torsional energetics inclusion, which is based
on certain small systematic errors in the description of the protein backbone by the all-
atom CHARMM force field, improves the structural and dynamic results obtained with
MD simulations of proteins in crystalline and solution environments [Brooks et al. 2009

and references therein].

The first two terms on the last line of eq. 1.1 are the non-bonded interactions. They include
Coulombic interactions between point charges (gi and ;) and the Lennard-Jones (LJ) term,

which is used for the treatment of the core-core repulsion and the attractive van der Waals
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dispersion interaction. For atoms in covalently-bonded atom pairs and atom-pairs separated
by two covalent bonds, the corresponding non-bonded interactions are absorbed in the
bonded-energy terms. For other atom-pairs, nonbonded interactions are calculated if the
distance between atoms in the pair is within a user-specified interatomic cutoff distance.
The parameter g;; is the Lennard-Jones well depth, Rijmin is the distance at which the slope
of the Lennard-Jones potential is zero. In the Coulombic terms, q; is the partial atomic
charge of atom i, & is the effective dielectric constant, and rj; is the distance between atoms
i and j. Values for the atomic partial charges, g;, are determined from a template-based
scheme; the charges are suitably chosen (often modified) to reproduce dielectric shielding
effects (i.e. to mimic some of the effects of shielding from a high dielectric constant
solvent); €; is set to unity for explicit-solvent simulations [Adcock and McCammon, 2006;

Brooks et al., 2009 and references therein].
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|| APPENDIX: CPU Time

Table I: CPU time for each model peptide

: . CPU time
Model Peptide # of different  # of replicas = Days (days)/Model
systems # of processors needed/system Peptide

Dipeptide 5 18 20 1800
Tetrapeptide 7 18 22 2772
AQ 5 48 25 6000
EK+3 5 48 25 6000
EK+4 5 48 25 6000
EK+5 5 48 25 6000

A total of 78.3 years (28572 days) of CPU time was needed to simulate the peptides used

in this thesis.
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