Ureaand guanidiniuminduced denaturation ofa Trpcage miniprotein
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Abstract

Using a combination of experimental techniques (circular dichroism, differential
scanning calorimetryand NMR) and molecular dynamics simulations we peréa an
extensive study of deaturation of the Tp-cage miniprotein by urea and guanidinium. The
experiments, despite their different sensitivities to various aspects of the denaturation process,
consistently point to simple, twetate unfolding process. Microsecond molecular dynamics
simulations witha femtosecond time resolution allow tonwavel the detailed molecular
mechanism of Tgage unfoldingThe processtarts with a destabilizing proline shift in the
hydrophobic core of the miniproteirfollowed by a gradual destruction tife hydrophobic loop
and theh -helix Despite differences in interactions of urea vs guanidinium with various peptide

moieties, the overaldestabilizing action of these two denaturants on -Egge is very similar.



Introduction

Significant dbrt has beerdedicatedto elucidating the molecular mechanisms of the
effect of chemical denaturants on protein stability. For the two most comnamaturants,
urea and guanidin@ydrochloride, direct interactions witthe protein backbone and side
chains, as well asdirect effects due to interaction with water molecules were investigated
recently.*® Guanidinium washown to act preérentially on charged residues artle to the
charge delocalizatignt alsohas tendency tostack with aromatic side chainsf Trp, Phe, Tyr
and His irthe protein interior and thus significantly contributes to protein unfoldifi§ Ureg
in addition to the binding of charged and polar residues saantly influences polar
interactions withinthe protein backbone by binding to carbonyl oxygen and contributes to

destabilization of secondary structure elemefifs

In order to assesthe details and specifigitof the denaturanprotein interactions it is
useful to employ a small but realistic model protein systémthis context the Trpcage
miniproteinhas becme the¢hydrogen atong of the protein folding/unfoldindield recently™°
First syntheizedin 2002 as &Gterminal fragment of exendid, it is the shotest knownself
folding peptide * With only 20amino acid§NLYIQWLKDGGPSSGRRAP&®Rdy possesses a
Sttt RS 8k a skd&Reahder and a hydrophobic loop ibetween, which all form
spontaneoushand fold into a simple tertiary structung A i K A ¥"*Thereforé, the fast
folding and undlding of thisminiprotein with structural features present also in larger proteins
is within the reach of atomistic molecular dynamics (MD) simulatiOme has to bear in mind

however, thatdue toits limited sizelrp-cage representa system wherean important
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secondary structurenotif ¢ I -sheet is absent, not to mentiomore complexertiary and
guaternary structures, whicban be involved durinfplding and unfoldinglynamicsof more

complexproteins.

Alot can be leared already from thethydrogen atondiof protein folding which is
reflected in thelargenumber ofexperimentat*?* and computationat®*® studies dedicated to
the structural and dynamical properties dfp-cageand its mutantsNMR has ben used to
determine the structure of THeage while circulardichroism(CD)anddifferential scanning
microcalorimetry(DSC) have been enagkd to elucidate tle dynamics and thermodynamics of
the folding/unfolding proces§™* A simulation techniquethat has been widely used for
investigations of folding/unfolding of Tigageis the Replica Exchange Molecular Dynamics
(REMDY?2830:3638 pEMDallows for efficient sampling of the configuration space of the peptide
by swapping between MD runs at differe temperatures. The first studiedf Trp-cage using
this technique albeit with a submicrosecond total simulation timgjggested a two ate
folding proces® or two pathways folding mechanisfit® Later REMD studies employed total
simulation times comparabl® or larger than the experimental folding tim&*which allowed
for converged sampling of the configurational spadaue to deficiencies in force fieldhese
simulations, however, yielded, an unrealistically high unfgidemperature of about 440

K2 compared to the experimental value of 315K

Only withimprovedinteractionpotentialswasthe correct unfolding temperature
achieved®® With extensive configurational sampligiptal simulation time of 10&s) these

calculdions allowed fordeterminingthe canditions for both warm and cold denaturation
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processesas well as for pressure denaturatidhAside from temperatureanother
denaturation agent which haseen scrutinized by REMDdexperiment is ured In accord
with the general notion of urea as a denaturating ageintulations showhat it shifts the
equilibrium between folded and unfolded Fgage geometries toward the lattereducing thus
effectively the denaturation temperature. Thebange idenaturating temperatures
proportional to concentration and several moles per liter of urea are necessary for an

appreciable effect,

The effect of guanidinbydrochloride as amther common denaturating agenon Trp
cagehas not been investigatecbmputationallyyet, with only a single fluorescence correlation
spectroscopy study touching upon this is$fi@he caonmon wisdom has been thgbositively
chargedguanidinium acts like urea plus the corresponding antaimeutral salt such as
NaCr* This may, however, be aversimplification sinca detailedcomparison between urea
and guanidinium reveals that they interact with proteins in a different fvag.mentioned
above,urea tendsin particularto replace water molecules next to the backbone (most likely
due topreferential dispersion interactioff)while guandinium is quité LINR Y A & O dz2 dz& ¢
preferentially interacts wh both hydrophobic (primarilgromatic) and chargedroups,
includingarginine which is also positively chargétf**In this study weomparethe effects of
urea and guanidinium onrp-cage denaturationDSC, Czand NMRechniqueswere usedo
characterize thanative anddenatured specigdogether with extensive direct MD simulations
aimed at elucidating the unfding pathway®f Trp-cagein the presence of ureand

guanidiniumMD simulations and the three experimental techniques provide a complementary
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and consistent picture of Trpage denaturation, with the former focusing on the unfolding

dynamics and the teer on characterizing the miniproteibefore and after denaturation.

Materials and Methods

Trp-cage peptidgstructure1L2Y in the Protein Data g was purchased fromnaSpec
Inc. (Fremont, CA, USA; ¢&2072). Guanidine hydrochloride and urea wenmeleved from

Sigma (St. Louis, MO, USA;#a4505 and U5378&)nless stated otherwise

Circular dichroismspectroscopy

CD measurements were performed on a Ja8tH spectropolarimedr. The spectra
were measuredrom 190 nm to 260 nm (with scanning speedf 20nm/min, response time of
4 s, andpairs spectra acquired to validate repeatabililtga 1mm quartz cellTheTrp-cage
concentration was kept constant at 0.1mg/ml. The spectra were measured 4\d of uea
and 0- 2.5 M of guanidindaydrochloride,in each case witB0 mM of sodium phosphate buffer
(PBS) to maintain pH =07 Thetemperature of the sample was kept constant at dusing a
Peltier type temperature control system RAZ3S/L.

Temperature dependent elipticity measurements were perfodhre a 1cm quartz cell
which was stirred. The Tygageconcentation was 0.01mg/mlwith 20 mM sodium phosphate
buffer and with added 1 or 2 M of urea or 0.5 or 1 Mgxfanidinehydrochloride.
Measuremens wereperformed in the temperature intesl of2 - 95°C with an increment of

2 c /temperature gradient of 26 per hour, and response time of 32 s. Thigoéicity at 222



VY & AY R-hebdalstaudtire2wtis monitbred, with circular polarizatiexpressed as
molar elipticity per residue. Asming the twestate model the observed mean residue elipticity
at 222 nmcould beO 2 y @ S NJi -Befical Arattipg (f).# Reversibility of folding in all these
systems was examined by measurihg CD spectrum at @ after unfolding at high

temperature and it was found to be high (about 85%) only in the solutionowitdenaturants

Differential scanning calorimetry

Thermal enaturation experiments of the Trpage miniprotein in the presence of
guanidine hydrochloride (GdmCI) or ura@avarying concentrationsiere performed on a high
precision VADSC differential scanning calorimeter (MicroCal, GE Healthcare, Northampton,
MA, USA).Trp-cageminiprotein was disolved in 20mM sodium phosphatépH 70) or in the
same buffer containing urea or GdmCI to fipaptideO2 Y OSY (i NI} A2y 2 F onpx
The exact peptide concentration was determined by the HPLC amino acid analygspiite
sample and the buffereference solution werelegassedy sirring under vacuunand carefully
loaded into the calorimeter celis orderto avoid bubble formation. The solutions were heated
from10to 120c / F G I c Nk ¥YBYy @F¢ k1S RSy | (dzNI § deé gfter LINR F A §
baseline correctiorusing the Micr&al Origin software. The reversibility of heat denaturations
was monitoredby repeating the experiment withlreadyheated samplesooledback(i 2 mn c /

with the second scaperformed after 15 mirof thermostating.

NMR spectroscopy



NMRspectra were meased on a Varian Inova spectrometers at a field strength of
500MHz using a room temperatutel **C™N triple resonance probe with Z axis pulsed field
gradients. Each sample contained 1m{J g#cagegiving a final concentration of 1.53mM in
300nL of an aqueus buffer containing 15mM sodium phosphate at a pH or pH* of 7.040r D
or H,O samples rgpectivdy. *H-*H NOESY and TOCSY assignment spectra were measured in a
10%D0:90%HO solution and aflH-**C HSQC spectra were measured in 99@ Drea 1P
Biomedcals ultra pure) and guaniding/éirochloride (Melford > 99%) stocks were repeatedly
dissolved in 9% D20 (Goss) and lyophilised (urea) or rotary evaporated (guanidine
hydrochloride) three times to give deuteration levels > 99%. All NMR spectra were acgtire
280K !H-'H NOESY and TOCSY spectra with watergate water suppfessionrecorded with
mixing times of 150ms and 70s respectively, and sweep widths of 6712 Hz with 1024 and 256
points collected in F2 and F1 and using 40 transients per FID. Natural abufidal@&HSQC
spectra were measured with a sweejidths of 8525Hz and 10000Hz in thé¢ and**C
dimension, using 316 transients and acquiring 1024 points and 80 increments in the direct and
indirect dimensions with a sensitivity enhattsequencé® Both*H and**C chemical shifts
were directly referenced to the methyl groups4m-dimethyl-4-silapentanel-sulfonic acid
(DSS). Denaturant concentrations were measured using a Ceti 8200 reftractometer using the
equations describetly Pace et af’ NMR data were processed using nmrpfpend analyed in
CCPN Analysf8Data extraction and correlation plots were carried out using custom python
scripts and PyLafhttp://matplotlib.sourceforge.net). Analysis of titration curves using non

negative matrix factomations was carried ouising the ChemoSpec



(http://github.com/bryanhanson/ChemoSpec.giand NMFNH(ttp://cran.r-

project/web/packages/NMFN/index.hthpaclages.

Molecular dynamicsimulatiors

MD simulations were performed to studiye behaviorof Trpcage miniprotein (PDB
code 1L2Y)n different denaturing environmentsit ambient temperature The aspartic acid,
arginine, and lysineesidueswere chargedin accord with their protonation state ateutral pH.
The N terminus of Trpage was acetylated and its C terminus was alkylatedsirlilations
started from the experimental NMR structure and were performed using thember 10
program® Three simulationsvere performed. In the first simulatiomeferred to asthe neat
water simulation the Trpcage molecule was surrounded 1433 water molecules and one
chloride anion was added to compensate ttwgal chargeof the miniprotein.In the second
simulation Trpcage was simulated with 1309 water molecules andid moleculegforming
a 2M urea solutioh In thethird simulatian, 1262 water molecules, 48 guanidinium cations, and
49 chloride anions(forming a 2M guanidinium solution)were adad to Trpcage. In all
simulationsthe SPC/E water modéltogether with parameters forthe chloride aniorr? and
guandinium catior?® were employedFor uea, the LennardJones parameters for N, H, and C
were the same as those for guanidiniumnd those for the carbonyl O were taken from
parm99° Patial charges werevaluated using the RESP procedure atl#fg631g* level, as

recommended for the Amber force fiefd. For conparison, we also an test Trpcage



denaturing simulations with the KirkwoeBuff parameterization of ure¥ which gave
qualitatively similar resultsFor the Trpcage the parm99 parameters were uséd.

Before the production runs each tife systens was energy minimized, heateg to 300
K inlns, pressurized to 1 atm within 1ns, and further equilibrated for anothes, with a 1fs
time step employed This procedure ensuredhat the environment around Trpage
homogenizedsufficiently, and the TrHgage structure itself wasiot perturbed during the
heating phaseThe preequilibrated system wagsed forproduction MD simulations. The total
simulation timewas Xk & LIJSNJ 4N} 2SO02NE> gAGK O22NRAYIF (Sa
frames for further analysisThe equilibratd box si S 6+ & | LILINR EA36) ®SD& oc
periodic boundary conditions were applied with lerange electrostatic interactions beyond
the nonbondedcutoff of8) accounted for using the particle mesh Ewald (PME) methdthe
Berendsen temperature (300 K) and pressure (1 atm) couplirege employed® and all bonds

containing hydrogens were comatned using the SHAKE algoritAin.

Results and Discussion
drcular dichroisnspectroscopy

Analysis of the CD spectra was perfed according to a procedure presentedRef.®.
Elipticity at 222 nmp 22, is assumed to be linearly related to mean helix contgptwhich can
be calculated from the LifseRoigbased helixcoil model (see below). The conversiormgb,to
furequires the knowledge of the baseline ellipticities ofliottte random coilp . and the
complete helixp 4 The values ob . andb yare dependent on temperature and are given by the

following expressions:



fu= @202-D) PH-Do) 1)
The values ob candp  are dependent on temperature andare giventhg following

expressions:

p.=2220-53T (2)
and
Py= (44 000 + 250)(1- 3/N)) 3)

whereTA & G KS (S Y LISWi thedehtl ledgth incesiduésyHar our calculatign
3900 andb =38000.

CD spectraf Trp-cagewerefirst measuredunderthe previously reported experimental
conditions without denaturatig agents and théhermal unfoldingof Trpcagewas compared
to the literaturedata® The CD spectrum (fig) as welhs the curve athermal unfolding (fig.
2) werein good agreementvith previous results andhe assumption of the twstate folding
mechanism waghusfurther supported** In neat water athe experimental temperature o2
c the miniproteinis practically completely foldett.Ourspectraconfirm that under these
conditions Trp-cage contains a well deveped" -helix Assuminghat the miniprotein contains
only h-helical and disorderedparts, the h -helical fraction £ was calculatedsfy (at 2¢ /in
PBS) 46%

Thermal unfolding of Trpage in the presence denaturating agents (urear Gdma@)
at varyingconcentrations washen measured (fig 3and figs. S1 and S2 in the Supplemetray
Information), with the resultsalso expressed in terms bfhelical fraction f. The results
obtained in the presence of urea éhd 2M) were in a very good agreement with the

literature.®® Theh -helical fraction of Triragedecreased from the value of 46% in watkf(at
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2c /in PBS¥46%)to 41% in M ureaand37%in 2M urea Whentemperaturewas
increasedo 95°C theh -helical fraction irall the samples decreaséokelow 20% AddingGdnCI
(0.5and 1M) to Trp-cage als@aused unfolding of the peptidé&dding 0.9V of GdmCl aRc /
lead to a decreasef the portion off -helical fraction to 40% which is equivalent tthe effect
of 1M of urea A similar effect was observed when 1M GdmQ$ aa@ded tahe peptide
solution yielding an -helical fraction about 32%-uther additiorof either GAmCI or urea
resulted ina gradual decreasef the " -helical fractionfy below 20%, which correspondetd

the h-helical fractionfy reachedby the thermalunfolding.

Differential scanning calorimetry

To investigate the effects of GdAmCI and ureatbe thermal unfolding of Triwage
miniprotein, denaturation experimentswere performed using a differential scanning
calaimeter. Trpcageat a concentration 00.75mg/ml was heated alone and in the presence of
0KS RSYyFddz2NyyiGa Fd | NEi® RF2ivky X YAWR FINRRA (w2
the peptide samples showed that the thermal unfoldings of-Gage were irreversibleDSC
thus allowed us to dermine the trends of the thermal unfolding rather than the
thermodynamic values such as heat capacity change or calorimetric transition enthalpy.
Denaturatons in the presence of guanidifydrochloride showed that GAmCI evenatery
low concentration ® 0.05M has a significant effect on pade denaturation (fig.4). The
transition temperature further decreased with the increase of GdmCI concentration as
expected, andhe heat capacity change was significantly reduddalike in CD spectroscopy, a

very significant effecton heat capacity was observeden in the lowest GAmCI concentrations

11



used.lt is difficult to speculate about the possible explanation for this observation at this,stage
but possibly the higher teperature at which large changes in ©Surves are observed
provides some clue (indeed at the temperature2diCof the CD experimemnresented in fig. 3

there is little difference between the DSC curves with varying guanidinium concentrations).

Unexpected thermal denaturation curvegere oltained when Trp-cage was heated in
the presence of ureacOmparefig. S3in Supproting Informatiojy An exothermic denaturation
peak was observed when the sample was heated. The gel chromatography analysis of the
processed sample showed monodisperse pdpbf expected molecular size in the solution,
suggesting that the observed exothermic peak is not caused by potential multimerization of the
peptide in solution (data not shown). We also observed an increase in the pH of solution after
heating probably die to the release of ammonia. Finally, mass spectrometry analysis revealed
covalent modification of the peptide by up tavo urea molecules during heat denaturation of
Trp-cage peptide (data not shown) that can explain the exothermic peak observed bADSC.
similar modification of proteins upon laéing has already been observagonheating of
ribonuclease or hemoglobin slightly acidic conditionsvhichpromoted the reaction of
cysteine sulfhydryls aaminogroups of lysinesith residual cyanate derived from urea,
leading to protein carbamylatioff:®** The exact chemistry of peptide modification by urea in
the case oflrp-cage peptide will be further analysedd@published elsewhere.

Due to the covalent modification of analysed peptide by denaturantjirect
conclusioabout the thermodynamics ofrfi-cage peptide denaturatioby ureacould be

drawn from the DSC experiments. Potential covalent modificatibpsoteins by urea must be
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considered in all experiments involving heating in protein solutions in the presence of urea.
Interestingly, this effect seems to be protein specific: no covalent modification of lysozyme by

urea was observeckither in our l&@oratory (data not shown) or in the literatuf8.

NMRspectroscopy

NMR experiments were carrigzlit to ascertain if intermediate species, other than the
unfolded and folded state could be detected on a per residue basis during the unfolding of
cageusingurea andguanidinehydrochlorile. The folded statéH-*C HSQC spectruaif Trp
cage (fig5) was assignebased on the previous assignments described by Neidigh'&t al
(BMRB code 5292) usifig-"H TOCSY and NOESY spectra measured mpitagedissolved in
90%HO0:10%DR0O. Unfolding was then carried out usiagea andguanidinium (pH 7.0l5mM
sodium phosphate, and80K) with titration points at 01, 2, 3, 4 and M for urea and 00.33
0.65 1.5, and 2.7M for guanidinium Fig.6 shows representative examples of titrations of
peaks from ld -Ca of residues TyB, Prel2 andPro-19 (note no pek was detected for the
Ha -Ca peak of residues 18 and 11 and data from the glyciae2hkhd H gp&aks were not
used as they overlapped acstrongly athighdenaturant concentrations The peaks of the
unfolded and intermediate states were identified by feliag the movement of H-Ca peaks
throughout the spectrum as the titration proceeded since as expected all the species present
were in fast exchange as indicated by the lack of any extra peaks appearing during theofourse
the titration for both ureaandguanidinium(fig. 7 showsthe unfolded spectrum ofrp-cage in

urea).
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As the observed unfolding curve did not have a clear folded state plateau a series of
three increasingly more sophisticated methodologies were used to determine if more that one
speciesvas present or if particular residues showed changesairCal chemical shift which
were not correlated with those from the rest tife residues in the proteinAt the simplest
level of analysis if during a titrationrative species N converts tanfolded speciet). U and N
are in fast exchange on the chemisalft timescale and have concentrations [U] and. [k
observed chemical shif, will change from\\{, and Wy with intermediate chemical shifts being
givenby the shifts o\, and Wy weighted bythe concentrations U and N (ef) resulting in a

linear change in chemical sh#t

Wo  FUMG+ [NMA (4)

If an intermediate species | is present during the titration with the reaction beiagl® U and
where the chemical shifts are not equal (Md., Wy andW , W) the observed chemical shifts
will again change smoothly frokiwy to W;. However, since the intermediate chemical shifts
betweenW, and W will be a weighted combination of the shifts of khnd N My W WA ; eq.

2)

Wo  FUML+ [IME+ [NMA ()

and the term [IWM isnot present in the initial or final shifts, if the combination of [I] ahidare
large enough a deviation from the linear behavior expected in equdtioill be observed.
Therefore the'H and**C chemical shifts for each residue were fitted to each other the

range of denaturant concentrations used using a linear least squares fit and the value of the
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correlation coefficient R used to anatyfor deviations from linearity. Little deviation was
observed (typical R > 0.99) except in the case afues with small chemical shift ranges in

one of the chemical shift dimensions or waeverlap was a major factor.

Since'H and™®C shifts are expected to be partially correlated as they share similar
chemical shift environments, and becau&¢ chemichshifts can be more accurately measured
due to the higher digital resolution available in the direct dimensiotHof*C HSQC spectra
as a further more sensitive test aiH chemical shifts for all pairs of residues were correlated
and a linear fiapplied for each denaturant. In this analysis distinct deviationthfirst and
last residue in p-cagewere observed and attributed to 'end effects' . Performing the same
analysis without chemical shifts froraBand kv 1 NBadzZZ 6§ SR Ay O2NNBf I (A2
ONB &ARdzS ™ @D (residee 2nfdr drdbpysR1 dnd by dp n Pnny G NB&ARdAzZS vy

(residue 5) foguanadinium (fig6).

Non negative matrix factazation (nnmf)’° was used as the most sensitiveethod to
assessvhetherthere were small amounts of another species present. Nisrdescribed by

equation6
nnmf(X)- WAH +e (6)

whereby a N (in this case N =2) dimensional matrix is decomposed into a series of positive
shape functions (theaumns of W and H) that when recombined using the kronecker product
A and summed with an error matrixcompletely reconstitute the matrix W. As the dominant

process was expected to be a two state unfolding Bl a single nomegative factor was fitted
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for all Ha chemical shiftsfor all measured residues for each denaturant separately, while
excluding data from residues 1 and 20 due to 'end effects'. The resulting fits show very strong
correlation between the two global fits of the folding curves (thet fiastor) and themeasured

data as shown in fig, with only small residuals being observed.

Overall on the timescales measured and with the accuracy available from chemical
shift data it can be concluded that the transition from N ishighlyconsistet with a two-
state process and no clear signs of intermediates specedetectedeven when examined on

a per residue basis

MolecularDynamics Simulations

The principal purpose of runningery long (microsecond) simulationat ambient
temperature originating from the native structure of THesage was to follow the unfolding
dynamics in2 M urea andGdmCland comparethem to the situation in neat waterThe
particular choice of 2 M solutions is advantageous in the sense that one can already see an
effect of the denaturant on the miniprotein unfolding dynamics, nevertheless, the balance is
not yet completely tilted toward unfolded structures. eMextracted from the simulations
several global coordinates (collective modes) ofdage such aigs root mean gjuare deviation
(RMSD) from the initial structure, the radius of gyratignalR well as parameters characterizing
its helicity and compactness of the hydrophobic ¢caedefined belowIn earlier studies, it has
beenproven useful to follow the time evetion of not just a single coordinate, but to correlate

a pair of then?®*° Therefore, we adopt a similar approach to the analysis here, too, taking
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advantage of the fact, that having a long MD trajectory allowsumike in REMD, to follow
directly the dynamical evolution of the structure of Teage.

Figs. 8-10 show the structural evolution of Trpage during a microsecond dynamics
started with the native geometry in neat water, 2 M urea, and Z3MmCIl The 2D |ots show
correlated graphs of RMSD anglf&r six selected cumlative times(0-50, G200, 6400, G600,
and 01000 ns)ogether with 1D projections on the RMSD angaiRes.At the same time, the
actual position at these graphs at a given time is denotgdalrross and the corresponding
geometry of Trpcage is plottedFrom these results it can be sethrat in neat water {ig. 8) the
system only slowly explores regions outside the native structuhech hasRMSD smaller than
M) &R KGf tay RORBDSOKE NI Ol SNA T $elix anchydrophbiSt f RS
core stabilized by a Pi@/Trp6/Pral8 stackingmotif and an outer Arfj6-As® salt bridge
Eventually,as dynamics proceed8 S2 YSGNRA Sa gA 0K wadld W2l mie )p )
expored within the first microsecond, nevertheless the native structure remains the most
populated one.This is because after exploring partially unfolded geometries the system
frequently returns to(or close tQ the native structure.

The situation is quantitatively dédfent in 2 M urea or GdmCI (Big-10). Here, the
system more quickly and easily leaves the native geometry basin and explores a much broader
phase space region in RMSD angdRring the microsecond dynamics. In the presence of
denaturants, the system d#itidoes refold occasionally, but these events are less frequent than in
neat water. The RMSD4Rorrelated plots in 2 M urea and GdmCI are rather similar to each
other and, ateach givertime, the deviations between the two are small. In both cases, simila

basins of structures are exploredpon leaving the basin corresponding to the native structure
17



a phase space region with RMSD up to)~8nd RdzLJ (G2 | 02dzi & ) A& R2Y,
Within this region, two distinguishable basins develop in the coofsie dynamics. The first
one hasoughlythe same Ras the native structuré dzi 'y wa{5 2F o ) ® | LRY
GKA&a olaAy O2NNBalLRyRa (2 T2t REK bu twikhdzO G dzZNB a
rearrangement in the hydrophobic core. Namelsvatch between two neighboring prolines in
the meanderpart of the miniprotein occurred within the stabilizifyo12Trp6/Prol8 stacking
motif.

In both denaturants the prolinshift seems to be the first step in the unfolding process,
which further leadgo the second basin withg& y ONS I &SR G2 y ) |yR wa/{5
cannot be represented by a single geometry but rather corresponds lbooader range of
structures which contairboth unfolded (or partially unfolded) heliceand a destabilized
hydrophobic corein whichthe Ardl6-As® salt bridge idrequently destroyed These structures
are significantly more flexible and exposed to solvent that the native one or that of the first
basin, being gateways to completely denatured geometwegh havelarge values of both R
and RMSD. These geometries, which are depicted in the upper right corner of/ RO
plots are explored both in urea and GdmCI solutions, with a somewhat lacgerrencen the
former denaturant.The fact that the system spendsconsiderable time in this basin may to
some extent be due to the employed force field, which is known to overestimate the unfolding
temperature in neat water and in urea solution$’ Nevertheless, the prolinenift is most likely
a genuine part of the unfolding mechanism, although it may be of a more transient nature than

observed in the present simulations.
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Figs. 11-13 display the structural evolution of Tigage in terms of correlated plots of a
helicity para S G4 SNJ OK I NI O¢iiSdud 4 padrBeterinfoitoring the compactness of
the hydrophobic coran neat water, 2 M urea, and M GdmCI The helicity parameter is the
RMSD from the native structure, evaluated only for backbosavyl (0 2 Ya T2 NBélky 3 G KS
while the core parameter is themean distance between the Tépesidue and the three nearest
amino aciddorming the hydrophobic corethe two nearestProresiduesand Tyi3. The native
structure is characterized by bothnhigh helical contentand the compactness of the core. In
neat water, the explored phase space during the microsecond trajegraguallybroadens but
the focal point remains the native structurdig; 11). Only after 500 nsdoes a shallow
secondary basin witlthe helix RMSD aroun@ ) andthe core parameterbetween 7 and §
develop which corresponds to unfolded structurds. 2 M urea(fig. 12)or GdmCKfig. 13)a
much broader region of phase space is exploteating the 1000 ns simulationpcluding
frequent appearances oftructures with a complete loss of helicity and/atestroyed
hydrophobic core. The difference between the effects of the two denaturants is not large, with
the phase space of possible structures being explored somewhat faster and more extensively in
2 M urea han in 2 M GdmCI.

The present microsecond simulations represent the longest direct MD runs performed
for Trpcage so far. They are, however, not long enough to provide converged phase space
distributions of structures, unlike the recent REMD simulatidfidthe goal of the present work
has been dferent - to follow for asufficiently longtime the unfolding dynamics of Tigage in
neat water and in the presence of denaturanto that the dynamical details of theqeess

could be unraveledThe statement that the present simulations are long enough to reach
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meaningful conclusions is supported by the fact that during the microsecond runs we observe
numerous transitions between the individual structural basins ofrthieiprotein characterized
above. We even see that the (partially) unfolded structure refolds back to the native one before
unfolding again. In neat water, 10 such refolding transitions were observed, with this number
being roughly halved in 2 M urea GdnCl

Figs. 14-15 show dstributions of urea and guanidinium around the Fagge miniprotein for

four representative structures extensively sampledidg the simulations. These are the native
geometry, a folded structure with switched prolingao18- Prol7)in the hydrophobic core,

a partially unfolded geometry witacompromised helix and core (aladlestroyed salt bridge),

and a fully unfolded structurdJrea distribution (figl4) around the folded structures is rather
even withthe affinities for red RdzS a T 2 NJ Ahglid and teelhydropih&bi lodp

continuing with themeander This is due to the fact that urea primarily tends to interact with

the oxygens (and to a lesser extent also hydrogens) of the peptide bonds. Upoag&rp

unfolding, ureaemainsdistributed along the backbon&lote that the representation of the
distribution of urea around the miniprotein is less faithful for unfolded than folded structures,
since the former case comprises many different geometries which are hard to peeria

single representative structure. The distribution of guamigim around Tp-cage (figl5) is less

even thanthat of urea. Gdm prefers to intact with negatively charged Asp@&ming the salt

bridge, as well as to stack widmomaticsidechainsud as Tyr3fig. 15). This stacking is

particularly strong for the aromati€rpé residue once the side chais liberated from the
hydrophobic core upon denaturation. It is remarkable that the rather different interaction

patterns of urea vs guanidinium wifTrpcage lead only to small variations in the unfolding
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pathways caused by these two denaturarfisr comparison, we have also preformé@D ns
unfolding simulations of Tkpage in 2 M urea or GdmCI using the parm99SB force®fialbich
was shown recently to reproduce the experimental melting temperature of this miniprdtein.
The results, presented in figs. S4 and S5 in the Supproting Informatenoughlycomparable

to those obtained with thggarm99force field(figs. 1415) except that the unfolding dynamics
due to the two d@maturants is somewhat slowefAs a consequence, the region of the phase
space explored is smalldrgs. S4S9, which is also partly due to a 30% shorter simulation time.
Nevertheless, the proline shift discovered in the early stages e€dgp unfoldingising

parm99 and discused above is observed also in simulations using the parm99SB force field.

Conclusions

We performed an extensive study of denaturation of a modelcage miniprotein by
urea and guanidinium using a combination of experimental tepesc CD, DSC, and NMR,
and MD simulationsThese experiments all measure different physical effects resulting from
denaturation, from gross thermodynamic changes (DSC), over global changes in the alpha
helical content (CD), to per residue changes ictetmic environment (NMRDSGnonitors
sizablechangesn calorimetric curves the 10¢ 120 ¢ temperature intervainducedalready
by 0.05M of denaturants. However, the interpretation is not straightforward, particularly in
ureain whichelevated temgratures induce chemical chang&Dshows a gradual effect of
denaturants on unwinding of the-helix, with guanidinium being about twice as efficient as
urea, similarly as observed for other proteins previolSINMR experiments, analyzing
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unfolded and folded statef the peptideon a per residue basis during the unfoldingrigb-cage
with urea andguanidine hydrochloride, do not detect ankearsigns of intermediates species
which is inline with conclusions from previous NMR the systenwithout denaturants™
Taken together, all theeexperimental techniquepoint to a simple, twestate unfolding

mechanisnof Trpcagein both denaturants.

Very long (microsecond) MD simulatiopsovide direct hints to the molecular
mechanisms of the destabilizing action of urea and guanidinium on the miniprateimbient
conditions Although the simulatiosmare not long enough to yieldfully converged distribin
of folded and unfolded geometries, they provide statistically significant information about the
time-dependent unfolding processvhich is consistent with previous REMD simulations in neat
water and urea***°At a2 M concentration a clear unfolding action of the denaturants is
observed, in agreement with the above experiments. Despite the fact, that urea and
guanidiniumhavedifferent affinities to proteincomponents(i.e.,backone and sidechains of
varyingpolarity and charggthe observedunfolding mechanism for T¥page isstrikinglysimilar.
First, an exchange of two proline residues in the hydrophobic core occurs, which destabilizes it
andthenleads to a subsequent collapse of the hydrophobic loop &ed thelixof Trpcage
resulting in complete unfolding=rom the MD simulatiawe conclude thaurea is a
somewhat more efficient overall destabilizer of Fag@ge than guanidinium, although CD
measurements show that for unwinding thehelixthe orderof denaturantsis reversed. The
detailed unfolding processes observed in Bibwlations happen at a rate whichtgo fast to

be distinguished in thpresentexperiments, which essentialtietectonly the folded and
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unfoldedensembles with ms temporal resolati at best Faster techniques, such as

fluorescence correlation spectroscopy can provide a connecting link and indeed points to the
details of the folding/unfolding mechanisfias observed in the simulation$41D on one hand

and CD, DSC, and NMR on the other hand thus provide a complementary but consistent picture

of urea or guanidinium induced denattion of the Trpcage miniprotein.

In this study we haveevealed a ne paradox by use of full length unfolding trajectories
from moleculardynamics simulationand experimental data. While guatinium and urea are
cleally very different chemical denatants both in structure and action, they result in
unfoldings of Trpcagethat are hardto distinguish at the level ahdividual folding pathways
and experimental ensemble based averages. This introduces new and intereststiggie
which need to be adeéssed fora range obroteins including a possible hypothesis that
guandinium and urea both act to initiate and carry out unfolding maynot necessarily

determine the pathway taken to achieve unfolding.
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Figure captions:

Figurel: CD spectrum of Trpage (0.1mg/ml) in phosphate buffer ( pH=7;r@®) at 2°C.
Figure2: Dependence of helix fraction(®0) on temperaire in phosphate buffer and for
different concentration of used denatuting agents. Helix fractjgi®d) was calculated from

intensity of circular dichroism negative band at 222nm (4 Raccording literaturé®

Figure3: Dependence of helix fraction(®6) on concentration alenatuting agents (urein
blackand Gdn€lin red). Helix fractionf(%) was calculated from intensity of circular dichroism

negative band at 222nm (at°Z) according litetare.**

Figure 4:Thermal denaturations of Trpage peptide monitored by DSC at a concentration of
0.75mg/ml in 20mM sodium phosphate, pH.0, and in the presence of GdmCI. The heating
rate during experiment was Ic / Kk Y A Yy duffer dz@nE ®eMd substracted from calorimetric

traces to get baseline corrections.

Figure5: RepresentativéH-"*C HSQC spectra of folded (panel Aj Grea) and unfolded (panel
B, 5M urea) Tp-cage(pH7.0, 280K, 15mM sdium phosphate, 506iMz) used in this study.
Peaks are labelled by their attached carbon, no stesgecific assignments were made. The

peaks shown in grey were not assigned in #tigly.

Figure6: Representative titration curves residues selected from scondary structure
elements in Tp-cage Panel A positions of the selected residues on the secondary structure
elements: red TyB helix 1, Purple Prt2 helix 2, Blue prol9 sheet 1. Panel plots of 1H and 13C

chemical shift changes for Hza correlatios peaks for the selected peaks as titrated by urea.
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Peaks positions are shown by the coloured circles (offset for clarity in crowded areas of the
spectra) which match the colours of the contours. Peaks which originate from other residues
are shown in greand the start and the ends of the titration are indicated by the molar urea
concentration (urea concentrations: light green 80Qcyan 1.0M, brown 2.0M, pink 3.0M,

purple 4.0M, anddark green 5.0M). Panel C correlations betweétC and'H chemical lsifts

for Trp-cagedenatured with urea (left column) anduginidinium (right column) at the selected
residues. Points are labelled by the molar concentration of denaturant and where they appear
in panel B are color coded in the same colors. Correlatiorficimefts for a linear fit ot*C

against'H chemical shifts are shown on each plot.

Figure7: Panel A mean and standard deviations of the correlation coefficient R for linear
fitting of a set of'H shifts against denaturant to all othét shifts masurements against
denaturant excluding residues 1 and 20 (data for residues 10, 11 awer&8not measured).
Left panel vea (05 M) andright pand guanidinium (64.5M). Panel Bcorrelation between the
amplitude weighted first non negative factor foH shifts against denaturant, arnkle

measured data. Left paneftea (05 M), right panel ganidinium (64.5M).

Figure8: Trpcage dynamics in neat water. Snapshots of the miniprotein structure and

cummulative RMSDfplots are shown ab0, 200, 400, 6000, and 1000 ns.

Figure9: Trpcage dynamics in 2 M ure8napshots of the miniprotein structure and

cummulative RMSD/fplots are shown ab0, 200, 400, 600, 800, and 1000 ns.

25



FigurelO: Trpcage dynamics in 2 BdmClSnapshots of the miniprotein stcture and

cummulative RMSD/fplots are shown ab0, 200, 400, 600, 800, and 1000 ns.

Figurell: Corehelicity plots in neat waterSnapshots of the miniprotelh KA I Kf A-IK G A y 3
helix and the hydrophobic corand cummulativecore/helixRMSDparameterplots are shown

at 50, 200, 400, 600, 800, and 1000 ns.

Figurel2: Corehelicityplots in 2 M ureaSnapshots of the miniprotelh KA I K A-Bekxi( A y 3
and the hydrophobic coreand cummulativeeore/helix RMSI[parameterplots are shown a50,

200, 400, 600, 800, and 1000 ns.

Figure13: Corehelicityplots in 2 M GdmCEnapshots of the miniproteh KA 3K A-3KG A y 3
helix and the hydrophobic corand cummulaitve core/helix RMSIparameterplots are shown

at 50, 200, 400, 600, 800, and 1000 ns.

Figurel4: Distribution of urea (yellow) around Tgage for four representative structureshe
native geometry, the folded structure with a proline switch in the hydrabic core, and the

partially and fully unfolded structures.

Figurel5: Distribution of guanidiniunigreen)around Trpcagefor four representative
structuresg the native geometry, the folded structure withpaoline switchin the hydrophobic

core, andhe partially and fully unfolded structures.
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Figure 2
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Figure 3

fry ( %)

50

15

29

3 4

concentration (M)




Figure 4
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Figure5
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Figure6
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Figure7
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Figure8
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Figure9
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