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Abstract: The ¢,1 backbone angle distribution of small homopolymeric model peptides is investigated by
a joint molecular dynamics (MD) simulation and heteronuclear NMR study. Combining the accuracy of the
measured scalar coupling constants and the atomistic detail of the all-atom MD simulations with explicit
solvent, the thermal populations of the peptide conformational states are determined with an uncertainty of
<5 %. Trialanine samples mainly (~90%) a poly-L-proline Il helix-like structure, some (~10%) /3 extended
structure, but no ar helical conformations. No significant change in the distribution of conformers is observed
with increasing chain length (Alas to Alay). Trivaline samples all three major conformations significantly.
Tryglycine samples the four corner regions of the Ramachandran space and exists in a slow conformational
equilibrium between the cis and trans conformation of peptide bonds. The backbone angle distribution
was also studied for the segment Alas surrounded by either three or eight amino acids on both N- and
C-termini from a sequence derived from the protein hen egg white lysozyme. While the conformational
distribution of the central three alanine residues in the 9mer is similar to that for the small peptides Alas-
Alaz, major differences are found for the 19mer, which significantly (30—40%) samples o helical stuctures.

Introduction Due to these difficulties, there is still some controversy about
The conformational properties of small, homopolymeric the con_formation_al sampling of a_lanine-based short peptides.
polypeptides is a matter of ongoing interéatFor example, ~ EMploying two-dimensional (2D) infrared (IR) spectroscbpy
the sampling ofg, space of the polypeptide chain is of " _combmatlon WIFh dengty fgnctlonal theory (DFT) callcu-.
considerable interest for the understanding of protein folding. 'ations and MD simulations, it was suggested that cationic
In addition, it has been shown recently that homopolymeric trla!anlne consists Qf two cor_lfo_rmatlons at room-temperature,
peptides can form fibrils if conditions are chosen propérly. Mainly a polyt-proline I helix-like structure (PP (=80%)
Homopolymeric polypeptides have also been used as catalysté’md somaexg helix.1® Contrary to these findings, a 50:50 mixture

for organic reactions; the asymmetric epoxidation - of PRI and an extended-strand-like conformation was
unsaturated ketones is catalyzed by homopolymeric polypeptidesPostulated on the basg of Raman, FTIR, and circular dichroism
such as polyalanine, but also polyisoleucindowever, it is (CD) measurement$:1” Tetraalanine as cation was reported

long known that investigation of the conformation of those @ adopt predominantly RPconformations in watéf and
polypeptides is challenging. They are ensembles of rapidly also as zwitterion in cesium pentadecafluorooctanoate/\fater.

interconverting conformers, and a number of different ap- F'om CD and NMR spectra of the alanine-based peptide

proaches have been used to describe such conformational 7y schwalbe, H.; Fiebig, K. M.; Buck, M.; Jones, J. A.; Grimshaw, S. B.:

sampling. Those methods include the usepaf distributions Slaser, . J.; Smith, L. J.; Dobson, C. Biochemistryl997 36, 8977

derived from the database of protein structures and also (g) mu, v.; Kosov, D. S.; Stock, GI. Phys. Chem. B003 107, 5064-5073.

molecular dynamics (MD) descriptioﬁs@ (9) Garcia, A. E.; Sanbonmatsu, K. Proc. Natl. Acad. Sci. U.S.2002 99,
2782-2787.
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AC-XXAAAAAAAOO-NH ; (short XAO, where X, A, and O

this, two peptides were synthesized comprising residueki6

denote diaminobutyric acid, alanine, and ornithine, respectively) and residues 219 of the full-length protein, respectively:

it was proposed that RRs the dominant conformatio. This

C(S"¢)ELAAA MKR (short HEWL-9mer) and KVFGRC(%)-

view has been questioned by other experimental results for thisELAAA MKRHGLDN (short HEWL-19mer).

peptide which led to the conclusion that,PB simply one of
several accessible conformational st&tédFrom a comparison
of Raman optical activity spectra of cationic Al@ Alag with
spectra of the peptide Ac-OOAAAAAAAOO-NH it was
concluded that the RFpropensity of alanine increases with the
number of residue® Trivaline, on the other hand, supposedly
adopts mostly an extendglisheet conformatioff:1?

In our analysis, we find that trialanine samples mainly the
PR, conformation ¢90%) and theg-strand conformation
(~10%), whilea helical structures are not sampled at all. By
increasing the chain length from Aldo Alaz, no substantial
change in this distribution of conformers is observed. As
expected, the comparison of different trimeric peptides {Ala
Vals, and Gly) reveals a significant variation @f,3p sampling

Concerning the theoretical description of small peptides in determined by the size of the side chain. The sequence context
aqueous solution, numerous groups have performed quantunof a given trimeric segment embedded within longer heteropoly-

mechanicakb initio calculationd*25as well as classical MD
simulations using molecular mechanics force fiétds.While
most studies reported a similar distribution within the main
conformationsig, 3, and PR, the thermal populations of these

meric peptides, however, modulates significantly gy
sampling of the central trimeric segment. In addition, the length
of the polypeptide chain seems to be important, since significant
differences are observed between the short (HEWL-9mer) and

states differ considerably, depending on the employed theoreticalthe long (HEWL-19mer) peptide derived from hen egg white

model®1213The latter finding is a consequence of the fact that
an accuracyAAG of the relative free energy of1—2 kcal/
mol already introduces an uncertainty eXpG/ksT) of a factor

of 10 to the population probability.

lysozyme.
Materials and Methods

Peptide SynthesisPeptides were synthesized either manually, by

The ¢, backbone angle distribution can be probed experi- using standard Fmoc solid-phase peptide synthesis prottomidyy

mentally by NMR via spir-spin coupling constants which can
be related to specific torsion angles by Karplus relations#ips.
For the backbone anglg four coupling constant¥)(Hy,Hq),
3J(Hn,C'), 3J(Ha,C'), 33(Hn,Cp) are readily accessible, while for
the backbone angle, the three coupling constantd(N,C,),
2J(N,C,), and3J(Hn,C,) can be measured. The values of the

measured coupling constants reflect the ensemble character o

the conformational distribution, which has to be taken into
account in their analys#.

using an Applied Biosystems 433A peptide synthesizer with standard
Fmoc chemistry.N-FmocSmethyli-cysteine was synthesized as
publishec?® 2-Chlorotrityl chloride, H-Xaa-2-chlorotrityl resins, activat-
ing reagents and Fmoc amino acids were purchased from Novabiochem
and isotopically labeled products from Cambridge Isotope Laboratories
or Sigma-Aldrich. All other chemicals and solvents were of analytical
rade and if necessary dried with molecular sié¥psor to use. The
Eroducts were purified on reversed-phase HPLC columns and freeze-
dried before preparation of samples. Peptide purifications were verified
by analytical HPLC and electrospray mass spectrometry analysis on a

In this report, we attempt to combine the accuracy of the Fisons Instruments VG Platform Il to confirm molecular weight. The
experimentally measured scalar coupling constants and thesynthesized peptides with their isotopic labeling pattern are listed in
atomistic detail of the calculated structures. We therefore adopt Table S1 in the Supporting Information. All peptides investigated were

the following strategy. Assuming that the force field gives a

reasonable description of the structure and its distribution of

the main conformations, we perform a global fit of their thermal

populations by minimizing the deviation between measured and
calculated NMR parameters. In this way, we have examined

free of any N- or C-terminal modifications.

HPLC. Analytical reversed-phase HPLC was performed on a Merck
Hitachi system with a Eurospher-100 C18 columru(s, 4.6 mmx
250 mm) using conditions of 1 mL/min flow rate and 2%/min linear
gradient of solvent B (0.1% trifluoroacetic acid in acetonitrile) in solvent
A (0.1% trifluoroacetic acid in water). Semi-preparative reversed-phase

the side-chain dependence of conformational sampling of the ip| ¢ was run on a Bruker LC21 system with a Kromasil-100 C18

tripeptides Alg, Vals, and Gly. In addition, we examined the
chain-length dependence of conformational sampling ot Ala
to Ala;. We were also interested in the comparison of the
homopolymeric segment Adan the heteropolymeric sequence
context of the protein hen egg white lysozyme (HEWL). For

(19) Pizzanelli, S.; Monti, S.; Forte, Q. Phys. Chem. BR005 109, 21102~
21109

(20) shi, Z.; Olson, C. A.; Rose, G. D., Baldwin, R. L.; Kallenbach, NPRac.
Natl. Acad. Sci. U.S.A2002 99, 9190-9195.

(21) Zagrovic, B.; Lipfert, J.; Sorin, E. J.; Millett, I. S.; van Gunsteren, W. F;
Doniach, S.; Pande, V. $roc. Natl. Acad. Sci. U.S.£005 102 11698~
11703.

(22) Makowska, J.; Rodziewicz-Motowidlo, S.; Baginska, K.; Vila, J. A.; Liwo,
A.; Chmurzynski, L.; Scheraga, H. Rroc. Natl. Acad. Sci. U.S.2006
103 1744-1749.

(23) MccCall, I. H.; Blanch, E. W.; Hecht, L.; Kallenbach, N. R.; Barron, L. D.
J. Am. Chem. So@004 126, 5076-5077.

(24) Beachy, M. D.; Chasman, D.; Murphy, R. B.; Halgren, T. A.; Friesner, R.
A. J. Am. Chem. S0d.997 119 5908-5920.

(25) Jalkanen, K. J.; Elstner, M.; Suhai,J5SMol. Struct. (THEOCHEM2004
675 61-77.

(26) Karplus, MJ. Chem. Phys1959 30, 11-15.

(27) Wirmer, J.; Schild, C.; Schwalbe, H. Conformation and Dynamcis of
Nonnative States of Proteins studied by NMR Spectroscopyrotein
Folding Handbook. Part;|Buchner, J., Kiefhaber, T., Eds.; Wiley-VCH:
Weinheim, 2005; pp 737808.
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column (5um, 20 mmx 250 mm) at a flow rate of 8 mL/min and a
2%/min linear gradient of solvent B in solvent A.

NMR Spectroscopy.The freeze-dried samples were dissolved in
water, pH 2, containing 10%40. The final concentrations of the NMR
samples were determined by the ERETIC methadd varied between
0.9 and 88 mmol/L. The saturation concentrations ofsAlad Ala
were 8.8 and 0.9 mmol/L, respectively. For the XAO peptide, a
concentration dependence of the CD spectra was rep8riid.tested
the concentration dependence of theoupling constants on Addor
the 3J(Hn,H,) coupling constant in the range from 0.2 to 88 mmol/L,
and these were found to be independent of the concentration. Thus,
we assume that this also holds true for the other peptides in this study.
The NMR data were acquired on a Bruker 400 MHz spectrometer
equipped with either a 5-mAH{*3C/*°N} z-axis gradient probe or a 5
mm H{BB} z-axis gradient probe, an 600 MHz instrument with a

(28) Chan, W. C., White, P. D., EdBmoc Solid Phase Peptide Synthe€igford
University Press: Oxford, 2000.

(29) Hart, D. J.; Magomedov, N. Al. Am. Chem. So2001, 123 5892-5899.

(30) Merck KGaA, Drying Agents http://uk.chemdat.info/mda/uk/broch/
index.html.

(31) Akoka, S.; Barantin, L.; Trierweiler, MAnal. Chem.1999 71, 2554-
2557.
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5-mm H{33C/**N} z-axis gradient probe, a 700 MHz spectrometer
with a 5-mm*H{*3C/**N} z-axis gradient cryogenic probe, a 800 MHz
spectrometer with a 5-mAH{13C/*°N} z-axis gradient cryogenic probe
and a 900 MHz spectrometer with a 5-niki{ 3C/*°N} z-axis gradient
cryogenic probe. The NMR data were processed with Bruker XWIN-
NMR 3.5 and TopSpin 1.3 programs and analyzed with either Bruker
programs or Felix2000 (Accelrys). An automated rotineas used

for extracting theJ-coupling constants from the E.COSY pattern in
Felix2000. The temperature was calibrated by methanol or glycol
thermomete® for each spectrometéid chemical shifts were referenced
to the methyl resonance of internal DSS (3-(trimethylsilyl)-1-propane-
sulfonic acid sodium saltf*C and*N chemical shifts were referenced
indirectly to the'H standard using publish&dconversion factors.

of the second kind on the coupling constant determination are very
small and can safely be neglected.

The temperature dependenceéifHy,H,) coupling constant of Ala
were measured on AAA, AR\, and AAA? (A* = 15N isotopic labeled).
Coupling constants have been measured both from low to high
temperature and from high to low temperature to ensure proper thermal
equilibration of the NMR setup.

3J(Hn,C'), 2J(Hq, C), 2(C',C), 2I(Hn,Cp), 2J(Hn,Co), F(N,Cy), and
2J(N,C,) were measured with soft HNCA-COS¥ CO-coupled (H)-
NCAHA,* (HN)CO(CO)NH#*4>HNHB[CB] E.COSY# HNCO[CA]
E.COSY?#” andJ-modulatedH, **N HSQC's#8 respectively. The signal
overlap in the (HN)CO(CO)NH experiment was so severe that it was
only possible to measure tB&C',C') coupling constant in a few cases.

Spectral resonance assignment was done with a combination of standardor the other experiments, the signal overlap of intra- and interresidual

HSQC and HMBC experiments up to AlaFor Ala and Ala, a
semiconstant time version of the HRfNexperiment was applied. The
HEWL-peptides were assigned following the standard méthaitizing

the program CARA’ Chemical shift values are listed in the Supporting
Information. Chemical exchange was measured with phase-seffsitive
1H,'H NOESY experiments with excitation sculptiiigfor water

correlations was avoided either by measuring at higher magnetic fields
or by the applied isotope-labeling schemes. The given statistical error
is obtained from at least two measurements. Examples for the excellent
quality of the experimental data and the summary of the used acquisition
and processing parameters are found in Figure 1 and in the Supporting
Information.

suppression. The forward and reverse rate constants were obtained from CD Spectroscopy.CD spectra were recorded on a Jasco J-810

the experimental peak volumes by solving eq 26 in the review article
of Perrin and Dwye¥ using the program EXSYCalc (Mestrelab

spectropolarimeter equipped with a Jasco PTC-423S temperature control
unit using quartz cuvettes with 0.2-mm pathlengths. Data were collected

Research). The given error is the standard deviation of the obtainedat 0.5-nm increments from 260 to 185 nm with a scanning speed of

rate constants for different mixing times.
It was found that théJ(Hn,H,) coupling constant measured iH

100 nm/min. For the measurements the same solvents as for the NMR
measurements were used, and the peptide concentrations were the

one-dimensional (1D) spectra depends on the exact NMR pulse following: c(Alas) = 1.6 mmol/L, c(Alay) = 0.9 mmol/L, c(Vals) =
sequences which implement different water suppression schemes. Fog-6 mmol/L, c(HEWL-9mer)= 0.6 mmol/L, andc(HEWL-19mer)=
gradient-based suppression methods such as excitation sculptingQ-1 mmol/L. Ten scans were averaged (HEWL-19mer 20 scans), and
homonuclear scalar coupling evolves during the suppresion schemedhe solvent baseline was subtracted, but no line smoothing was applied.

which leads to a significant larger coupling constant. Thus, the
3J(Hn,H,) coupling constants were measured in D spectra with
presaturation for water suppression. There, the time during which

Molecular Dynamics Simulation. We used the GROMOS96 force
field 43a2°to model the peptides and the SPC water mi§deldescribe
the solvent. The peptides Alavere placed in cubic boxes containing

homonuclear coupling can evolve is kept to a minimum and can be 650, 807, 874, 1096, and 1243 water moleculesifer 3, 4, 5, 6, and

safely corrected for by linear phase correction. Direct determination
of the3J(Hn,H,) coupling constants from the splitting of amide protons

7, respectively. The simulation boxes of the &dynd Vak were similar
to that of Ala. In all simulations, the GROMACS program sti#e?

underestimates the true coupling constant value whenever the doubletVas employed. The equations of motion were integrated by using a
components are not resolved to baseline. This seems to be the case fole@Pfrog algorithm with a time step of 2 fs. Covalent bond lengths were

the reportetlvalues of Ala. However, deconvolution of the spectrum
by fitting a Lorentzian function to the peaks or apodization of the FID
with a Lorentz-to-Gauss transformation prior to Fourier transformation
recovers truel-coupling constants. In most cases, the average valu
derived by both methods is given, except for residdeA® of Alas,

Al of HEWL-9mer (same numbering as for HEWL-19mer for easy
comparison), and Ato A of HEWL-19mer where we only applied
the apodization due to partial overlap of the signals. When applying
the deconvolution routine it did not matter if we used a prior Lorentzian
broadening factor for the window function between 0 and 1 Hz for
spectra processing. In the case of £the3J(Hy,H.) coupling constant
was measured on the,Hrotons because of line broadening of the
amides signals. Note also that for the peptides with low molecular
weight, systematic errors as reported by Harbisduoe to relaxation

(32) Schwalbe, H.; Rexroth, A.; Eggenberger, U.; Geppert, T.; Griesinger, C.
J. Am. Chem. Sod.993 115 7878-7879.

(33) Braun, S.; Kalinowski, H.-O.; Berger, 950 and More Basic NMR
Experiments: A Practical Coursénd ed.; Wiley-VCH: Weinheim, 1998.

(34) Markley, J. L.; Bax, A.; Arata, Y.; Hilbers, C. W.; Kaptein, R.; Sykes, B.
D.; Wright, P. E.; Withrich, K. Pure Appl. Chem1998 70, 117—142.

(35) Panchal, S. C.; Bhavesh, N. S.; Hosur, R.JVBiomol. NMR2001, 20,
135-147.

(36) Withrich, K.NMR of Proteins and Nucleic Acigé/iley: New York 1986.

(37) Keller, R.The Computer Aided Resonance Assignment Tufc@AN-
TINA: Goldau, Switzerland, 2004. http://www.nmr.ch.

(38) States, D. J.; Haberkorn, R. A.; Ruben, DJJMagn. Reson1982 48,
286-292.

(39) Hwang, T.-L.; Shaka, A. J. Magn. Reson., Series ¥995 112 275-
279.

(40) Perrin, C. L.; Dwyer, T. JChem. Re. 199Q 90, 935-967.
(41) Harbison, G. SJ. Am. Chem. S0d.993 115, 3026-3027.

constrained via the SHAKE procedure with a relative geometric
tolerance of 10*. We used the particle-mesh Ewald method to treat
the long-range electrostatics interacti6h$he nonbonded interaction

e pair-lists were updated every 5 fs, using a cutoff of 1.2 nm. The systems

were minimized using the conjugate gradient method. Subsequently,
the solvated systems were equilibrated for 100 ps at constant pressure
(1 atm) and temperatur@ & 300 K), respectively, using the Berendsen
coupling procedur& Each system was then run for 100 ns, and the
data were collected every 0.2 ps.

The calculation of thé-coupling constants from the MD simulations
is based on Karplus relations of the tyjigr) = A coS(¢ + 6) + B

(42) Weisemann, R.; Rerjans, H.; Schwalbe, H.; Schleucher, J.; Bermel, W.;
Griesinger, CJ. Biomol. NMR1994 4, 231—-240.

(43) Lohr, F.; Riterjans, H.J. Biomol. NMR1995 5, 25—-36.

(44) Hu, J.-S.; Bax, AJ. Am. Chem. S0d.996 118 8170-8171.

(45) Grzesiek, S.; Bax, Al. Biomol. NMR1997, 9, 207211.

(46) Lohr, F.; Ruerjans, H.J. Biomol. NMR1999 13, 263-274.

(47) Hennig, M.; Bermel, W.; Schwalbe, H.; Griesinger,JCAm. Chem. Soc.
200Q 122 6268-6277.

(48) Wirmer, J.; Schwalbe, Hl. Biomol. NMR2002, 23, 47—55.

(49) Eising, A. A.; Hinenberger, P. H.; Kger, P.; Mark, A. E.; Scott, W. R.
P.; Tironi, . G.Biomolecular Simulation: The GROMOS96 Manual and
User Guide Vdf Hochschulverlag at the ETH Ziech: Zirich, 1996.

(50) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; Hermans, J.
Intermolecular ForcesReidel: Dordrecht, 1981; pp 33B42.

(51) Berendsen, H. J. C.; van der Spoel, D.; van DrunenCé&nput. Phys.
Commun.1995 91, 43—-56.

(52) Lindahl, E.; Hess, B.; van der Spoel, D.Mol. Model.2001, 7, 306-317.

(53) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. JJCComput. Phys1977,

23, 327-341.

(54) Darden, T.; York, D.; Pedersen,L.Chem. Physl993 98, 10089-10092.

(55) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F. Dinola, A.;
Haak, J. RJ. Chem. Phys1984 81, 3684-3690.
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Figure 1. Example of the experimental NMR data for Al&ach spectrum was recorded at 400 MHz and 300 K. Acquisition and processing parameters
are listed in the Supporting Information. If not otherwise stated, the measwredpling constant is indicated together with the statistical error obtained
from two measurements. Isotopical labeling pattern=Ainlabeled; A*= fully 13C >N-labeled; A" = 13C—C' labeled. (a)H, >N HSQC spectra of the
different isotopically labeled Atapeptides. On top, the proton 1D spectra with presaturation for water suppression of the unlabeled peptide. (b) Determination
of 1J(N,C,) and2J(N,C,) coupling constants. Experimental peak volumes (black circles) al-thedulated'H, 15N HSQC spectra and fitting the equation

| = A cosfr!Jr) cos(r?Ir) exp(—1/T2") to them (gray line) for the peaks of A2. Four spectra with different mixing times were measured twice, and the largest
percentage deviation of the peak volumes was taken for the error bars of all peak volumes. The quality of fie=fi0i8999. Fitting was performed using

the program SigmaPlot 9.0. The obtain&doupling constants are indicated together with the error of the fit. (c) Determinatidd(tf,C,) coupling
constant from a HNCO-E.COSY spectrum of A*A*A*A*A*A*A*. The contour plot shows a cross section throtigi-23C’ signals taken at th&*N
resonance position of A2. (d) Determination fHn,Cp) coupling constant from a HNHB-E.COSY spectrum of A&A TA*A TA*A. The contour plot

shows a cross section througHn—"Hg signals taken at th&N resonance position of residue A2. (e) DeterminatiodJfin,C’) coupling constant from
HNCA-COSY spectrum of AA*A *A*A *A*A. The contour plot shows a cross section throdgty—1°C, signals taken at th&®N resonance position of
residue A2. (f) Determination o%J(H,,C') coupling constant from (H)N(CA)HA spectrum of /A*A TA*A TA*A,

cos@p + 0) + C, wheregp denotes either the or they backbone
dihedral angle of the peptidé, B, C represent the parametrization of  respectively. The sum runs over aicoupling constants available for
the relation, and signifies the phase shift for the specifiof interest. the fit. It is noted that each coupling constaitis obtained from its

For all J-coupling constants considered, Table S2 in the Supporting corresponding Karplus relation (see Table S2) by averaging the coupling
Information lists the parameters of the Karplus relation adapted from J} overall MD structures pertaining to conformatien

refs 47, 48, 56, 57, and Figure 2 shows the corresponding Karplus  Assuming that only the three main conformational states are
curves)(¢) together with the typical conformational distributions (see thermally populated, we have, + P; + Peg,= 1 andy?in eq 1 can
below) along the dihedral anglesor . The figure nicely shows, e.g., be expressed in terms of only two variables, e.g.,

that the3J(Hn,H.) coupling constant represents an accurate probe of

the peptidep angle, since the_z Karplus curve varies considerably_ along XZ(PQ,P/}) = Z[(J P — JEP") - P, (I — JEP") - Pﬂ(\]{f - JEP“)]2

the 8 and the PP conformations. On the other hand, thk¥N,C,) is @

given as a function of thg angle and therefore allows clear discrim-
ination between helicaks from extendeds and PR conformations. To determine the correct population probabilitRs this function
is minimized either analytically (requiring that & Ps < 1) or

As explained in the Introduction, we will assume that the force field
numerically by simply evaluating?(P,, Pg) on a 2D grid. As a

gives a reasonable description of the structure of the main conformations
ar, f/, and PR, whereas the calculated thermal populations, and representative example, Figure S1 in the Supporting Information shows
this function for the fourth residue of AlaThe global minimum of?

Per, Of these states may deviate considerably from their true value. To
determine the correct population probabilities, we therefore perform a at (P, = 0, P; = 0.15) is found to be relatively flat. Typically, we
therefore estimate the uncertainty of the populations te&b&%. To

global fit of the populations by minimizing the deviation between

measured and calculated NMR parameters defined by study the robustness of the fits, moreover, we have performed a number
of tests which study the behavior gf when one or several coupling

constants were excluded from the fit or the Karplus curves were shifted

the calculated coupling constant in conformat®® ag, 5, and PR,

2(Py,Py.Peg) = Z [DRP— (Pt + Pe + Pop T (1)

(56) Hu, J.-S.; Bax, AJ. Am. Chem. S0d.997, 119 6360-6368.

Here, J.®represents the measured coupling constant Hndenotes (57) Ding, K.; Gronenborn, A. MJ. Am. Chem. So2004 126, 6232-6233.
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i By NMR spectroscopy, a number of different structure-
4 2 dependent parameters can be measured, for example NOEs,
ﬁ " e == chemical shifts, residual dipolar and scalar coupling constants.
0,00 2 0,00 In highly flexible molecules like the homopolymeric peptides
0" ] or° studied here, the experimental NMR observables are an average
12 006 12 .06 of the conformational distribution with specific averaging time
regime. NOEs are averaged liy®Cwhich biases toward shorter
distances in cases of conformational averaging. In addition,
strong signal overlap for NOEs is a serious problem in
homooligomers. Also, the time regime of internal and overall
Pl R o ST rotational reorientation influences the NOE cross-peak intensi-
i i ties. Therefore, both chemical shifts and NOEs are rather
‘Jc,en insensitive experimental restraints to derive information about
0,042 highly averaged structures. Hence, we have chosen to test the
H conformational distribution by measuring scalar coupling con-
m stants which in most cases report directly on a conformational
5 0,00 ensemble around a single torsion, e.g., the backbone angles
EVR 1 1:5% 211 | 189 ¢ or y via Karplus parametrizations, which can be directly
related to predictions, derived from MD simulations.

The most precise and accurate way to measure vicinal
coupling constants is from analyzing the signal splitting in a
1D spectrum. This was possible for tRd(Hy,H,) coupling
constants for the peptides studied here. Ilgely,Hq) coupling
constant is also the most sensitive reporter for the backbone
i Wi angle¢ out of the six ong-dependent coupling constants due
to the fact that refined Karplus parametrizations are avafa®ie

Figure 2. Karplus curves (solid lines) of the measutdedoupling constants ; ;
(dashed lines) for residue A2 of Alatogether with the conformational and the value of coupling constant varies by 8 Hz over the

distributions (gray shaded) obtained from the MD simulation. interesting range of. For the anglep, the2J(N,C) coupling
constant is the most sensitive one, but its smaller variation of
by an uncertainty of 0.5 Hz. As documented in the Supporting about 3 Hz makes the possible error higher.

Information, all tests yielded quite similar population probabilities. Comparison of experimentdtcoupling constants to calcu-
Besides the dependence on the Karplus relations, we furthermorelated J-couplings from MD simulations reveals a remarkable
studied the reliability of our results with respect to the accuracy of the overall agreement (cf. Table 1, Table 3, and Tables S3 to S13)
force field and the convergence of the conformational sampling. Our considering the inherent error of each method. The average
working assumption, that (apart from thermal weighting factors) the deviation for each residue varies between 7 and 25%, with an
force field gives a reasonable description of the structural distribution gverall deviation of 14%. The largest deviations are observed

within a conformational state, is based on a careful analysis of oy the3J(HN,C/;), 1J(N,Cy), 2J(N,Cy), and3J(Hn,Cy) coupling
comparisohs of varipus force fields for pohlyalar.]iﬁe’e?.vl.zFor example, constants, which is partly due to the smaller range of values
by Compa””gsghe Six p°p“'argMD force f'e'dso'”‘:'”(,j'”g AMBER®4,  these coupling constants can adopt. Hence, the overall agreement
CHARMM22, GROMOS96:° and OPLS-AR for trialanine, Mu et suggests that the force field gives a reasonable description of

8 S .
al. found.t.hat the mean values of t_h@, p)-distributions pertaining the peptide structure and that the above-mentioned strategy
to a specific conformational state differed at most-bg0° between L L

combining NMR and MD is justified.

the various force fields, while the width of the distributions were quite . ) - ) )
similar. As shown in Table S14 and Figure S1 in the Supporting  >ide-Chain Dependence of Tripeptide Conformational

Information, the fitted thermal populations are not very sensitive to a Sampling. To obtain a first impre§sion on the t.ypical anfor-
25° shift of the conformational states, demonstrating that our results Mational states sampled b_Y_ MD Sl_mU|_at|0nS, Figure 3 d!splays
are quite robust with respect to uncertainties of the force field. To test the Ramachandran probability distribution of the central dihedral

if our results are converged with respect to the conformational sampling, angles ¢,1) of the three tripeptides AdaVals, and Gly. For
we have recalculated the,(y)-distributions using either the first or ~ Alag and Vak peptides, there are essentially three populated
the second half of the 100 ns trajectory. The resulting conformational conformational states: the right-handed helix conformatign
distributions are virtually the same, thus reflecting the fact that the (—15¢° < ¢ < —25° and—150 < y < 0°), the conformation
single-residue distributior®(¢;,yi) are highly averaged quantities. We  (—15@° < ¢ < —90° and 80 < ¢ < 160°), and the PP (—90°
note in passing that the total conformational distributR{gh:,v2, ..., < ¢ < —25° and 80 < y < 16CP) conformation, which are
¢npn) OF Ala, is (by far) not converged in a 100 ns MD simulation, located at,yp) ~ (—80°, —50°), (—12C°, 130%), (—60°, 140),
but this information is not required in the present work. respectively. In addition, there is a small populatiar8gé) of

: the left-handed helix conformatiom_ located at (50, 100).
o i D o S el S Kallman . For each peptide, the population probability of each conformer

A. J. Am. Chem. S04.995 117, 5179-5197. is listed in Table 1. The simulations using the GROMOS96 force
(59) MacKerell, A. D., Jr.; et alJ. Phys. Chem. B998 102 3586-3616.
(60) Jorgensen, W. L.; Maxwell, D. S.; Tirado-RivesJJAm. Chem. So¢996

118 11225-11236. (61) Vuister, G. W.; Bax, AJ. Am. Chem. Sod.993 115,7772-7777.

population
JI/Hz
pulation

0,02

P
=
N
p

g

population
P
-3
S

JIHz
population

o
(=1
L]

I
|
|
|
|
|
=3
=3
N

e
I
(=]

J I/ Hz
O N RO EON
a

=l
(=]
o

J IHz
e N @ ©
s

=

o

population

o
(=3
L]

L4
=
(=]

J. AM. CHEM. SOC. = VOL. 129, NO. 5, 2007 1183



ARTICLES Graf et al.

Table 1. J-Coupling Constants for the Central Residue of the Tripeptides Alas, Vals, and Gly; as Obtained from Simulation (MD), Fitting
(Fit), and Experiment (Exp) Together with the Corresponding Populations Probability of the Conformations ag, 3, and PP

J-coupling constants/Hz populations/%
peptide *J(HyHa) *J(HW,C') *J(HaC) J(C'.C) *J(Hn.Cp) JN,Co) 2JN,Co) *J(Hn.Co) Pup Pri
Alag R 56+25 13+10 16+06 0.7+04 2.0+0.7 9.7£02  65+05 06+0.1 15 0
B 9.4+09 08+07 26+03 15+05 0.6+£0.4  10.9+08 84+03 08+0.1 40 8
PR 53+17 11+08 15£04 05+0.1 23+02  109+08 85403 0.6+0.1 41 92
MD  7.04£26 11+£10 2.+1.0 0.9+ 0.6 15£09  10.8:0.8 83+£0.6 0.7+0.1
Fit 5.6 11 15 0.6 2.1 10.9 8.5 0.6
Exp  5.68 1.13 1.84 0.25 2.39 11.34 8.45 0.70

Valg R 71+25 08+08 20+07 0.8+04 1.7+£0.8 9.6£02  6.6+05 07+0.1 13 19
B 9.6+07 0.6+05 27+02 1.3+05 0.7£04  105+08 83+04 08+0.1 35 52
PRI 54418 1.0+09 15+04 05+0.1 22+02 105+08 84+03 06+0.1 47 29
MD  714+25 09+09 22+11 0.8+05 1.6£0.8 104408 81+£0.7 0.7+0.1
Fit 7.9 0.8 2.2 1.0 1.3 10.3 8.0 0.7
Exp 7.94 0.58 2.42 0.34 1.38 10.80 7.80 0.77

Glys MD 58427 12+11 33+21 1.3+08 - 10.4+1.0 8.1+06 0.8+0.2
Exp  5.89 1.10 4.01 0.26 - 12.17 9.05 0.78

Ala, Val, The amide proton signals in the 2B spectrum of Gly show

significant line broadening. Exchange phenomena can be
measured with EXS¥ experiments related to the classical
IH,'H NOESY experiments but with longer mixing times. There
0 :3" 440 0 1!30 was no water-to-amide jricross-peak detectable which rules
180 -180 ' W." 180 180 out significant contributions of water exchange to the entire line
width of 16 Hz observed for the yfof Glys. At longer mixing
Glys times chemical exchange cross-peaks of the amide proton
signals, with weak signals nearby, become visible (cf. Figure
S7). The ratio of the diagonal signals gives a population ratio
180 of 0.995 to 0.005 and 0.997 to 0.003 forynHand Hs,
180, 0 yre respectively. From the analysis of the experimental peak
g1 180710 volumes, using eq 26 in the review article of Perrin and Dvi{er,
Figure 3. Ramachandran probability distributions for the central residues gne obtains the forward and reverse rate constants which are
of Alas, Vals, and Gly as obtained from the MD simulations. 0.005+ 0.001 Hz and 0.842 0.132 Hz for H, and 0.002+
0.001 Hz and 0.818&t 0.137 Hz for Hys. The resultant
equilibrium constants and free energy differencestasguans
= 0.006+ 0.002,AG = 3.1+ 0.2 kcal/mol for Hy> andKcis/trans
= 0.002 £+ 0.002, AG = 3.6 = 0.4 kcal/mol for Hz. We
conclude that this chemical exchange process is at@ass
isomerization of the peptide amide bond. In the shorter time
scale sampled by the MD simulation this process is not vis-
ible. Such chemical exchange between cis and trans peptide

Overall, the agreement between the simulation and experimentConformatlon was not detected for any other peptide under study

seems to be better for V\ahnd Gly; than for Ala. Note that here ) )

for glycine residues, some of the Karplus parametrizations may Chain-Length Dependence of Ala Conformational Sam-

not be too accurate because of very restricted set of data used!ing.- The conformational distributions from MD of every
for the parametrization. residue of the peptides AJaAlas, Alas, and Alg look quite
similar to their counterparts of the Alpeptide (data not shown),
although the population probability of the conformations are
different. Employing the Karplus relations described above, we

mation has a population probability of about 10%, whereas the Nave calculated coupling constants directly from the MD
o conformation is not sampled. This is in qualitative agreement Simulations for all polyalanines Algn = 3—7). Each coupling

with the populations determined previously from a combination €onstant presented in Table 2 (denoted as MD) was averaged
of 2D IR spectroscopy and MD simulatiofsput does not over all values cal(_:_ulated frqm every snapshot of (i) the entire
support the postulated 50:50 mixture of P&nd an extended  trajectory and of (ii) each single conformational state f,
pB-strand-like conformatio?®:1” For trivaline with its branched ~ and PR.

-180
0

or°

field predict that both peptides exist mainly in the extended
conformations’ and PR (~82%) and only little in the right-
handed helix conformationr (~15%). Also, the populations
of the 8 and PRy conformations are comparable with each other.
The Ramachandran plot of Glis quite different since it exhibits
four populated regions with < —50° or ¢ = 50°, andy =<
—50° ory = 50°. Note that these regions actually are connected
with each other due to the periodicity of the dihedral angles.

From fitting the calculated to the experimenthtoupling
constants (see Materials and Methods) we find that trialanine
samples mainly the RRconformation ¢90%). Thefs confor-

side chain the population shifts more towafd and or Table 2 shows, as an example, the coupling constants
conformations (cf. Table 1). This is best reflected in the 3J(Hn,Ho) and2J(N,C,) which reflect thep- andy-dependence
J-coupling constants due to an increase in #3¢Hy,H,) of a peptide conformation, respectively. Note that the widths
coupling constant and a decrease in #@N,C,) coupling of the calculated coupling constants reported in the table account
constant. The literature for trivaline so far postulates that it for conformational fluctuations of the peptide. These values are
samples mostly the extend@asheet conformatiotf:1” typically large for the’J(Hn,H,) coupling constant, because the
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Table 2. Selected J-Coupling Constants from Simulation (MD), Fitting (Fit), and Experiment (Exp) of the Alanine Peptides as well as the
Populations Obtained from Simulation and Fitting

Alaz Alay Alas Alag Ala;

res. MD Fit Exp MD Fit Exp MD Fit Exp MD Fit Exp MD Fit Exp

2 3J)(Hn,Hy) 7.0£26 5.6 568 59%26 55 562 59%26 55 559 59%+26 55 560 5526 5.6 5.61
2J(N,C,) 8.3+06 85 845 7.9409 7.8 856 7.810 7.8 855 8.6609 7.7 852 7&A10 7.6 8.52
Pu,Ps,Per,  15,40,41 0,8,92 25,23,43 0,14,86 31,20,40 0,14,86 22,22,46 0,17,83 40,17,35 0,17,83

3 3J(Hn,Ho) 6.2+2.6 59 589 6.6t62.6 5.7 574 5626 5.6 567 5425 56 5.66
2J(N,Cq) 7.7+£10 83 837 7.610 7.5 840 7.411 75 834 7410 7.6 8.29
Pu.Ps,Pep, 25,23,40 0,19,81 34,20,40 0,16,84 45,15,30 0,14,86 44,1529 0,16,84

4 3J(Hn,Hq) 6.4+26 59 598 5%25 57 580 5524 57 5.77
2J(N,Cq) 75+11 75 827 7.3&11 7.4 826 7.H10 7.3 8.22
Py, Ps,Pep, 33,23,33 0,17,83 45,18,28 0,13,87 57,12,21 0,15,85

5  3J(Hn,Ho) 6.4+2.7 6.0 6.02 5924 57 5.92
2J(N,Cy) 75+£11 74 818 7.2211 7.4 8.24
Po.,Ps,Pep, 34,25,31 0,18,82 52,16,22 0,14,86

6 3J(Hn,He) 6.2+24 59 6.04
2J(N,Cy) 73+1.1 8.1 8.18
Po.Ps,Pep, 43,21,25 0,17,83

corresponding Karplus relation is steep in the populated regions,conformation with increasing chain length as publisiéd
see Figure 2 (top left panel). seems to be implausible.

Let us first discuss théJ(Hn,H,) coupling constant as the Temperature Dependence of Ala Conformational Sam-
most sensitive reporter on the dihedral angldnterestingly, pling. To investigate the influence of the temperature on peptide
the experimental results show that tR&Hn,H,) coupling structure, we have measured sevaoupling constants for Ala
constants are very much the same (the variation of the resultsat four temperatures. The results fd(Hn,H,) increase with
is less than 0.5 Hz) for most peptides. A closer inspection, temperature (from 5.33 Hz at 275 K to 6.29 Hz at 350 K for
however, reveals the trend that the valuéJHy,H,) increases  residue A2), which is well represented by a linear fit, see Figure
along a peptide chain going from the N-terminal to the 4. While a linear increase 6fi(Hy,H,) was also reported for
C-terminal end, which can be explained by a small change from the XAO peptide?®in Ac-GG(A),GG-NH, (h= 1, 2, 3) peptides
PR toward more3 conformations. The simulations also show  the 3J(Hy,H,) of the Ala residues were reported to exhibit a
a similar behavior, except for the Alarhe calculated values  transition curve behavid®®* As 3J(Hy,H.) is significantly
of these constants for Aare larger than their counterparts of  higher in the than in the PP conformation, its increase with
the other polyalanine peptides. This is due to the fact that the temperature indicates that tifeconformational state is more
/3 conformation of Alg is much more populated, and according populated, which agrees with the findings of refs 20, 63, and
to the Karplus relation (Figure 1, top left panel), #3Hn,H.) 64. The other threg-dependend-coupling constant$J(H,,C),
value is large for thgg conformation. 3J(Hn,Cp), and3J(Hn,C') show a temperature behavior consistent

The2J(N,C,) is the most sensitive coupling constant for the with that interpretation (cf. Table 4). On the other hand, both
dihedral angley and therefore may provide information on  y-dependent coupling constarity{N,C,) and 2J(N,C,) show
the transition between the extended and helical states. How-only a small decrease with increasing temperature, suggesting
ever, its range of values for different conformations is not that the population remains in the extended region and only a
as large as that for th&(Hy,H.) coupling constant (see the minor o helical content is populated as the temperature
Karplus curve in Figure 1, bottom right panel). Similar to the increases.
3J(Hn,Hq), the experimental values 69(N,C,) for different To support this interpretation by the MD simulations, we have
peptide groups do not exhibit large variations. The values of ,sed the state-dependdnatoupling constants obtained for Ala
the simulatedJ(N,C,), however, are smaller than those obtained atTo = 300 K (see Table 1) to calculate the thermal population
from experiment, which suggests that the MD simulations of the various conformational states via a global fit of the
overestimate the helical conformations. The values of the ¢gjculated to the measured coupling consta(if3. (We note
experimentally determinedJ(N,C,) decrease along peptide that this assumes that the structural distribution within a
chains from the N-terminal to the C-terminal end. This indicates conformational state is similar for all considered temperatures.)
atrend toward a larger population of helical conformation along Taple 4 shows that the resulting calculafecoupling constants
the peptide chain. Interestingly, the experimental values of gre in excellent agreement with experiment and also confirms
2J(N,Cy) (~8.4 Hz) suggest that all polyalanine peptides under the interpretation above. While the population of fhestate
study hardly exist in the helical conformations. The values are jncreases from 3 to 26% when the temperature is increased from
around 6.5 Hz, otherwise, according to the Karplus relation. T = 275-350 K, thea state is hardly £1%) populated even

Tables 3 and S3S13 show in detail the simulated results 5t T = 350 K. From the thus obtained thermal populations for
assum|ng resolved states of all the COUp|Ing constants of all theﬂ and the Pﬁ)conformers' we may calculate the temperature_
peptide groups for all polyalanine peptides, together with the
experimental data. Again, we note a good overall agreement(62) Hagarman, A.; Measey, T.; Doddasomayajula, R. S.; Dragomir, I.; Eker,

between theory and experiment. The values of the coupling ~ Fg Sriebenow. K.; Schweitzer-Stenner, R.Phys. Chem. E2006 110,

constants do not show significant deviation regardless of (63) Ding, L.; Chen, K.; Santini, P. A.; Shi, Z.; Kallenbach, N.RAm. Chem.
different peptides or peptide groups. Therefore, the conforma- ., $0¢:2003 125 8092-8093.

. . o . (64) Chen, K,; Liu, Z.; Kallenbach, N. Reroc. Natl. Acad. Sci. U.S.2004
tional sampling has to be very similar, and an increase gf PP 101, 15352-15357.
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Table 3. J-Coupling Constants for Residues A2 to A6 of Ala;; Shown Are Results from Simulation (MD), Fitting (Fit), and Experiment (Exp)
Together with the Populations of the Conformational States ag, 5, and PPy, as Obtained from Simulation and Fitting

J-coupling constants/Hz

populations/%

res. type (angle) R B PPy MD Fit Exp Pg, Pg, Pep,

33(Hn,Ho) (¢02) 47423 9.3+ 1.0 48+ 1.7 5.+2.6 5.6 5.61
33(Hn,C) (¢2) 17412 0.8+ 0.8 1.3+0.9 1.54+1.2 1.2 1.15 40, 17, 35 (MD)
3)(Hw,C) (¢2) 1.5+05 2.6+0.3 1.4+ 0.4 1.8+1.2 1.6 1.89

2 33(Hn,Cp) (¢2) 21406 0.6+ 0.4 24402 1.84+0.8 2.0 2.31
1J(N,Cq) (12) 9.7+0.2 10.7+ 0.9 11.0+ 0.8 10.44 0.9 10.9 11.37 0, 17, 83 (Fit)
2)(N,Cq) (12) 7.6+ 1.0 7.6+ 1.0 7.7+ 1.0 7.7+ 1.0 7.6 8.52
33(Hn,Cu) (f2, 111) 0.6+0.1 0.8+0.1 0.6+ 0.1 0.6+ 0.1 0.6 0.71
33(Hn,Ho) (¢93) 45+21 9.4+ 1.0 49+ 1.7 54+25 5.6 5.66
33(Hn,C) (¢3) 17411 0.8+ 0.8 1.3+0.8 1.54+1.2 1.2 1.20 45, 15, 29 (MD)
3)(HowC) (¢2) 14405 2.6+0.3 1.4+ 0.4 1.9+ 1.4 1.6 1.85

3 33(Hn,Cp) (¢2) 22405 0.7+ 0.4 2.3+0.2 1.940.7 2.0 2.20
13(N,Cq) (12) 9.7+0.2 10.6+ 0.9 10.8+ 0.8 10.2+ 0.8 10.8 11.27 0, 16, 84 (Fit)
2)(N,Cq) (13) 7.3+ 1.0 7.4+ 1.1 7.6+ 1.0 7.44 1.0 7.6 8.29
33(Hn,Cu) (#3, 172) 0.4+0.2 0.6+ 0.2 0.4+0.2 0.5+ 0.2 0.5 0.66
33(Hn,Ho) (¢a) 47420 9.4+ 1.0 5.0+ 1.7 5.5+ 2.4 5.7 5.77
33(Hn,C') (¢a) 154+1.0 0.8+0.8 1.2+0.9 1.5+ 1.1 1.1 1.20 57,12, 21 (MD)
3)(Ho,C) (¢pa) 1.4405 2.6+0.3 1.4+ 0.4 2.0+15 1.6 1.80

4 3J(Hn,Cp) (¢4) 22+05 0.7+ 0.4 2.40.2 1.9+ 0.7 2.0 2.23
(N, Co) (1) 9.7+0.2 10.6+ 0.9 10.7+ 0.8 10.1+ 0.7 10.7 11.22 0, 15, 85 (Fit)
2)(N,Cq) (102) 6.9+ 0.9 7.0+ 1.1 7.4+ 1.1 7.1+ 1.0 7.3 8.22
33(Hn,Cu) (fa, 173) 0.3+£0.2 0.6+ 0.2 0.4+0.2 0.4+0.3 0.5 0.56
33(Hn,Ho) (¢5) 52+2.1 9.4+ 1.0 5.41.7 5.9+ 2.4 5.7 5.92
33(Hn,C) (¢5) 1.3+09 0.8+ 0.8 1.2+0.8 1.3+ 1.0 1.1 1.19 52, 16, 22 (MD)
3)(He,C) (¢5) 15405 2.6+0.3 1.4+ 0.4 2.0+ 1.4 1.6 1.56

5 33(Hn,Cp) (¢5) 22+05 0.7+ 0.4 2.3+ 0.2 1.9+ 0.8 2.0 2.23
1J(N,Cq) (15) 9.84+0.2 10.5+ 0.9 10.7+ 0.8 10.14+ 0.7 10.6 11.29 0, 14, 86 (Fit)
2)(N,Cq) (15) 7.0+ 1.0 7.0+ 1.0 7.4+ 1.1 72411 7.4 8.24
3J(Hn,Co) (#5, 13) - - - 04+02 - -
33(Hn,Ho) (¢6) 5.5+ 2.2 9.3+ 1.2 5.3+ 1.8 6.2+ 2.4 5.9 6.04
33(Hn,C') (¢6) 12409 0.9+ 0.9 1.1+ 0.9 1.3+1.1 1.1 1.10 43,21, 25 (MD)
33(Ha,C') (¢b6) 15405 2.6+ 0.4 1.5+ 0.4 2.+1.6 1.6 1.67

6 3J(Hn,Cp) (¢6) 2.+£06 0.7+ 0.4 2.3+0.2 1.7+ 0.8 2.0 2.21
1J(N,Cq) (106) 9.8+0.2 10.4+ 0.9 10.6+ 0.8 10.14+ 0.7 10.6 11.29 0, 17, 83 (Fit)
23(N,Cq) (16) 6.4+ 0.4 8.0+ 0.9 8.2+ 0.7 7.3+1.1 8.1 8.18
3J(Hn,Co) (6, 15) - - - 0.4+0.2 - -

dependent free energy differena& between the two conform-

300 K consists ofAH = 6 kcal/mol and—TAS = —4.5

ers as well as its enthalpic and entropic contributions. Using kcal/mol. As expected, this finding indicates that the Btate

the values ofPy/Ppg,= e 2C/ksT extracted from Table 4, we
obtain free energy differencesG = 1.90, 1.45, 0.94, and 0.72
kcal/mol for T = 275, 300, 325, and 350 K, respectively.
Assuming that the differences in enthalpyd and entropyAS

is favored over theg state due to a lower enthalpy, although
the latter is stabilized by entropy.

Since only thep and the PP conformation of Alg are
populated over the studied temperature range @£+ Ppp,

are temperature-independent (an assumption that is difficult to = 1), we may analyze the observed temperature dependence of

prove but commonly made for temperatures far from the
transition point), the free energy differend& = AH — TAS
= 1.5 kcal/mol between thg and the PP conformations at

the J-coupling constants finding in terms of a two-state model.
UsingPs/Ppr, = e"2%%T, we find for the thermal population of
the  conformationPs = 1/(e*®*sT + 1). This yields the
temperature-dependedicoupling constant

7.0 3‘](HN}TI) =(T) . L
[+] as — — —
] 5 JM = PﬁJﬁ + PPP” JpFil = AoaT 1 (Jﬁ ‘]F’Fh) + JPP”
6.6 3
5 2 s ©)
=621 ¢ Rr2=009091 'R ] WhereJ[_; andJpp, are the (pr_e;umably temperature independent)
= 3 (R J-coupling constants pertaining to tfeand the PP conforma-
z s % tions, respectively. Linearizing(T) in the limit (T — To)/To <
S Belig s 1, we obtain
1] a2 5% :
s4f 5 E T-To
] R?=0.9949 I~ ITo) + (Jg = Jpp )K= — 4)
0
5.0 T T T r
280 300 320 340 360 where
TIK
Figure 4. Temperature dependence of thi¢Hn,H,) coupling constants AG AG! eAGo/kBTo
of Alas, showing the measured values for residue A2 (filled circles) and K= 0_ 0.
A3 (open circles), fitted with linear regression (gray line) are plotted versus keTo kg (eAGO’kBT0+ 1)2

temperature. Error bars are 0.05 Hz.
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Table 4. Temperature Dependence of the J-Coupling Constants for Residue A2 of Alag

temperature/K 275 300 325 350
J-coupling constants type (angle) Exp Fit Exp MD Fit Exp Fit Exp Fit
3J(Hn,Ho) (¢2) 5.33 54 5.68 7626 5.6 6.02 6.1 6.29 6.4
3J(Hn,C) (¢2) 1.08 11 1.13 1.%+1.0 1.1 1.11 1.0 1.02 1.0
3J(Hw,C) (¢2) 1.84 1.5 1.84 2.%#1.0 1.5 2.04 1.7 2.23 1.8
3J(Hn,Cp) (¢2) 2.28 2.2 2.39 1.509 2.1 2.22 1.9 2.13 1.8
1J(N,Co) (v2) 11.43 10.9 11.34 104 0.8 10.9 11.29 10.9 11.21 10.9
2J(N,Cy) (v2) 8.45 8.5 8.45 8.3 0.6 8.5 8.42 8.5 8.34 8.5
3J(Hn,Ca) (¢2, 1) 0.73 0.6 0.70 0.20.1 0.6 0.75 0.7 0.80 0.7
275K 300K 325K 350K
populations/% Fit MD Fit Fit Fit
Po 0 15 0 0 1
Ps 3 40 8 19 26
Ppr, 97 41 92 81 73

Table 5. J-Coupling Constants from Experiment (Exp) and Fitting (Fit) Together with the Populations Obtained from Fitting for the HEWL
Peptides

HEWL-9mer HEWL-19mer
J-coupling constants/Hz populations/% J-coupling constants/Hz populations/%

res. J-coupling type (angle) Exp Fit Pa, Pg, Pep, Exp Fit P, P, Pep,
33(Hn,Ho) (¢9) 5.44 5.5 5.18 5.3
33(Hn,C') (¢o) 1.32 1.2 1.39 1.3
3J(Hq,C) (o) 1.78 15 2.06 15

A9 33(Hn,Cp) (¢o) 2.19 2.1 0, 10, 90 (Fit) 2.26 2.1 34,7, 59 (Fit)
LJ(N,Cq) (109) 10.80 10.7 10.54 10.4
2J(N,Cy) (109) 7.72 7.6 7.24 7.4
33(Hn,Cu) (9, 18) - - - -
33(Hn,Ha) (¢10) 5.48 5.5 5.10 5.2
33(Hn,C') (¢10) 1.29 1.2 1.33 1.3
3)(Ha,C') (¢10) 1.88 1.6 1.72 15

A10 33(Hn,Cp) (10 2.15 2.1 5, 12, 83 (Fit) 2.19 2.2 40, 4, 56 (Fit)
1J(N,Cq) (110) 10.79 10.7 10.58 10.3
2J(N,Cq) (110) 7.46 7.6 7.02 7.4
33(Hn,Co) (h10, 19) 0.48 0.3 0.46 0.3
33(Hn,Ha) (¢12) 5.70 5.8 5.67 5.8
33(Hn,C') (¢12) 1.10 1.1 1.09 1.2
3)(Ha,C') (¢11) 1.98 1.6 2.20 1.6

All 33(Hn,Cp) (¢12) 2.15 2.0 0, 17, 83 (Fit) 2.21 2.0 27, 18, 55 (Fit)
1J(N,Cq) (111) 10.80 10.7 10.57 10.4
2)(N,Cy) (111) 7.61 7.6 7.17 7.4
33(Hn,Co) (h11, ¥10) 0.49 0.3 0.43 0.3

and we decided to study the Ad@equence in two peptides derived
from the natural protein sequence. The shorter peptide, HEWL-
AG, = AG(Ty) 9mer, comprises the Adasequence with three added amino
acids, and the longer peptide, HEWL-19mer, has added eight
AG. = IAG amino acids at each side. The measuraupling constants
0 aT |7, for the alanine residues show a clear shift towerdhelical

conformations already for HEWL-9mer, which becomes even
The approximation predicts a slope #ifT) of ~0.011 Hz/K, more pronounced for HEWL-19mer (cf. Table 5).
which is in good agreement with the experimental result of 0.013  Since the MD simulation of longer peptides is cumbersome
Hz/K. (if converged conformational sampling is required), we em-
Comparison with the Alas Sequence in HEWL-Peptides. ployed the following simple procedure in order to estimate the
Short homopolymeric peptides are often used as models for thepopulation of the conformational states from the measured
intrinsic properties of a segment of amino acids within longer J-coupling constants. The method is based on the observation
peptide sequences. We therefore were interested to compare thehat for all residues of peptides Aléao Ala;—except for the
studied alanine peptides with the natural Akequence in  terminal residuesthe calculated state-specifiecoupling con-
lysozyme. The S-methylated full-length protein at pH 2 is well stants are quite similar, see Tables 3 andg-S8. For example,
studied and shows the features of an unfolded prétefif. Thus, the 3J(Hn,Hq) coupling constant of Alain the PR state is 5.0
- : - - + 0.2 Hz, if one averages over the values of the five inner
(65) Klein-Seetharaman, J.; Oikawa, M.; Grimshaw, S. B.; Wirmer, J.; Duchardt,

E.; Ueda, T.; Imoto, T.; Smith, L. J.; Dobson, C. M.; SchwalbeSkience residues. This finding suggests performing the fitting of the
2002 295 1719-1722.

(66) Wirmer, J.; Schild, C.; Klein-Seetharaman, J.; Hirano, R.; Ueda, T.; Imoto,  (67) Schlab, C.; Ackermann, K.; Richter, C.; Wirmer, J.; Schwalbe, H.
T.; Schwalbe, HAngew. Chem., Int. E®004 43, 5780-5785. Biomol. NMR2005 33, 95-104.
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Table 6. Averaged J-Coupling Constants (in Hz) for Alanine Peptides

state BJ(HwHo) O BJ(HWC)O BJ(H,C)O BJ(Hy,Cp) MIN,Co)D JN,Cy)T BJ(HnCo)D
a 5.2 1.4 1.5 2.0 9.7 7.4 0.5
B 9.4 0.8 2.6 0.7 10.6 7.6 0.7
PR 5.0 1.2 1.4 2.3 10.8 7.7 0.5
£ On / ppm
- 122
- 123
200 220 240 260 3 124
Wavelength / nm ]
b) 5000 ;
< —-125
ol f
3 -5000{ i
5 -10000 {3 -126
=) s
g 150001 % 84 83 82 8.4 oy/ppm
© -20000 "\j-' + HEWL-9mer Figure 6. Overlay of'H, 1N HSQC spectra of the HEWL-9mer (green),
o HEWL-19mer HEWL-19mer (red), and the full length S-methylated HEWL protein (black).
-25000 - . h
v v v Shown is the spectral region around the #daquence. Each spectrum was
200 220 240 260 recorded at 700 MHz and at 293 K. Acquisition and processing parameters
Wavelength / nm and the full spectral region overlay is shown in the Supporting Information.
Figure 5. UV —CD spectra measured at 300 K of (a) Alala;, and Va; ) ) )
(b) HEWL-9mer and HEWL-19mer. at each side to resemble a full-length protein. Interestingly, the

same size was found for the persistence lefgttin a random
coil model for the analysis 0N relaxation rates of different
HEWL mutants®®

conformational populations (see Materials and Methods) on the
basis of state-averaged calculatedoupling constants, which

are collected in Table 6. Proceeding this way, we find that the
conformational distribution of the central three alanine residues Conclusions
in the 9mer is similar as for the small peptides Abday (i.e.,

80-90% PR). However, major differences are found for the We have studied the conformational distribution of short

19mer, which significantly (3840%) samplesar helical alanine peptides in aqueous solution, employing a joint NMR/
structu’res (cf. Table 5) MD strategy. For each peptide under consideration, we have
' : measured fivep-dependent and threg-dependeng-coupling

As an independent test, we consider the spectra of constants, respectively, and performed all-atom MD simulations
these peptides, which are given in Figure 5. The spectra of the.  fesp Y, P

HEWL-9mer peptide show no sianificant difference when including explicit solvent. We have assumed that the MD force

compared to t%eps ectra of Aland gAIa; despite the value of field gives a reasonable description of the structure of the main
P P . pite the conformationsy, 3, and PR, while the corresponding thermal

the y-dependentJ(N,C,) coupling constant which is about 1 . - . .

Hz lower than that for Ala In the spectra of HEWL-19mer population probabilitie, Py, andPes are only predicted with

the shift toward morew helical conformations is seen, and one high degrees of uncertainty. In order to obtain accurate results

obtains a fractionak helicity of about 8% from the mean residue for the thermal populations, we therefore have performed a

molar ellipticity at 222 nm for the 19mer peptiélt is known tg)leot\?vaele::trr?éaiﬂr:g’aﬁgizglzgg drmmglzgr%$2?e?se¢2ﬂ%n o
from the full-length S-methylated HEWL protein that the same P ) 9

residues show a high induced helicky,and publishe? account the uncertainties of the parametrizations of the Karplus

3 . : relations and of the MD force field, we estimate an overall error
J(Hn,Ha) coupling constants for these residues are also almostof about 5% for the population probabilities. This represents
identical to the ones from the HEWL-19mer. In the overlay of 0 bop P ' P

the IH, 5N HSQC spectra of the two HEWL peptides and the an unprecedented accuracy, which may serve as a benchmark
full-length S-methylated HEWL protein one sees that the for testing other experimental and computational approaches.

chemical shifts of the alanine residues of the HEWL-19mer are It_h_as peen found that the alanine _peptide_sn‘ .“El:. 3-17)

identical with those from the full-length protein while the exhibit virtually the same conformational distribution. They
i ~ 0, ~ 0 -

chemical shifts for the HEWL-9mer are different (cf. Figure mainly populate the RR(~90%) and theg (~~10%) conforma

6). This questions strongly the model character of short tions, while theog helical conformation is not sampled at all.

homopolymeric peptides for longer peptide sequences. Instead,This finding is in qualitative agreement with the results of

it seems to be sufficient to have added about eight amino acids

(70) Pappu, R. V.; Srinivasan, R.; Rose, G.®oc. Natl. Acad. Sci. U.S.A.
200Q 97, 12565-12570.

(68) Rohl, C. A.; Baldwin, R. LBiochemistry1l997, 36, 8435-8442. (71) Miglich, A.; Joder, K.; Kiefhaber, TProc. Natl. Acad. Sci. U.S.2006

(69) Grimshaw, S. B. Ph.D. Thesis, University of Oxford, 1999. 103 12394-12399.
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Kallenbach and Hamm and their co-worké#fst*15The com-
parison of the tripeptides Ada Vals, and Gly reveals the
expected side-chain dependent variation of the) sampling.
Considering the temperature dependence of Hwoupling
constants for the Alg experiment and theory reveals a linear
behavior of J(T) for T = 275, ..., 350 K, which reflects the
increase of thef population at the expense of the PP
population. The free energy differend®G = 1.5 kcal/mol

tions12 A notable exception is the model AMBER94/MOD put
forward by Garcia and co-worket8.By modifying (actually
removing) the backbone dihedral angle terms of the AMBER94
force field, they obtained conformational distributions for
various alanine peptides which appear to be quite similar to
our NMR/MD results.

While it is obvious that modifications of the backbone
dihedral angle force field terms will change the resultigg))

between the two conformers at 300 K is caused by the enthalpicprobability distribution, it is still unclear whether these terms

contribution AH ~ 6 kcal/mol and the entropic contribution
—TAS~ —4.5 kcal/mol, indicating that the RRtate is favored
over thef state due to a lower enthalpy, although the latter is
stabilized by entropy.

Our MD results for short alanine peptides also facilitate the
estimation of the conformational distribution of larger alanine-

are the only physical origin of the deviation between theory
and experiment. Using the GROMOS96 force field, for example,
we have obtained essentially the correct conformational distribu-
tion for Vals, although-by constructior-the backbone dihedral
angle terms are identical for \\gnd Ala. The joint NMR/

MD strategy proposed in this work is capable of providing

containing peptides. This is because for all residues of peptideshenchmark data for improving force fields that can well be

Ala, to Alay the calculated state-specifiecoupling constants

are found to be quite similar. Hence, the thermal populations

extended to other side chains.

of the conformational states of alanine residues can be obtained Acknowledgment. We dedicate this work to Prof."dyen
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As explained in the Introduction, it is extremely difficult to
obtain accurate thermal population probabilities from a MD
force field calculation (even more so fraab initio calculations),
since a typical accurachAG of the relative free energy of
~1—2 kcal/mol already introduces an uncertainty exgG/
ksT) of a factor of 10. Indeed, we have found that the
GROMOS96 force field clearly overestimates the population

of the ag helical state of the alanine peptides. In the worst case

of Alaz, the MD simulation predicts about 508 instead of

<5 %, corresponding to a deviation of the relative free energy
of about 1 kcal/mol. As shown in recent comparison studies of

various force field1213 this overestimation ofor helical

states is quite common and also occurs (often even more) for

other popular force field models including AMBERS,
CHARMM22 32 OPLS-AAS®0 as well as in QM/MM calcula-

Supporting Information Available: Complete ref 59; Table
S1 listing the synthesized peptides with their isotopic labeling
pattern; Table S2 with the Karplus parametrizations used in this
work; Tables S3-S13 with theJ-coupling constants obtained
from NMR and MD together with populations from MD and
fitting; Table S14 and Figure S1 showing the results for the
test of the robustness of the fitting of the populations; Tables
S15-S49 with acquisition and processing parameters of the
NMR experiments; Tables S5®63 with the assigned chemical
shifts of the peptides; Figures S&5 showing'H,>N HSQC
and!H 1D spectra of the studied peptides; Figure S6: the full
spectral region overlay of théH,’>SN HSQC spectra of
HEWL-9mer, HEWL-19mer, and the full length S-methylated
HEWL protein; Figure S7: théH,'H NOESY spectrum of Gly
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