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Several recent studies with alanine model peptides have alteredTable 1. Percent Occupancies of Largest Four ¢, y Basins and
dramatically the understanding of the nature of “unordered” peptides Ensemble Averaged Torsional Angles ¢ and @
and “unfolded” proteins, proving them, in conformity with a long- peptide ensemble %PPI %S %or %o  PLED
standing suggestion of Tiffany and Krimhip be at least partially Ac—(Ala);—NHMe 298K, (25ns) 40 38 7 3 —87,4+109
“ordered” with backbone dihedral angles corresponding predomi- Ac—(Ala)s—NHMe 298K, (40ns) 35 22 13 13-56,+84
nantly to the left-handed polyproline Il (PPII) helig & —75 and Ac—(Ala)8-NHMe 373K, (10ns) 28 24 18  9-65+70
1 ~ 145). Apparently, the seeds of this PPII-type preference, against
the traditional notion of random sampling owethelical (p ~ —60
andy ~ —50) andp-regions ¢ ~ —135 andy ~ 145) of residue that the ensemble-averaged properties extracted for a number of
level conformational space, are embedded within residue level Small, especially3-peptide, models across several solvents were
properties of unfolded peptides in water. This was proven by the generally in excellent agreement with NMR datadere, we use
observation of strong PPII preference in alanine dipeptides-(Ac van Gunsteren’s clustering algorithm and evaluate equilibrium
Ala—NHMe) based on density functional calculatiGi$MR,3 and ensembles of small alanine models, prepared by MD, for their
MD,-6 in trialanine model peptides based on vibrational spectro- contributing microstates. We find that while the extracted ensemble-
scopy and MD8 and in a longer alanine model peptide based on averaged properties for an octaalanine model peptide are in excellent
UV —Ramar® Although Poon et al.and Shi et all® on the basis agreement with the conclusions from most of above-quoted
of the results of Han et ak.interpreted PPII preference to be rooted €Xperiments, the existence of a small number of dynamical but
in solvation effect, Pappu and Ro&dpllowed by Drozdov et alt? discrete folds are detected and reflect that there could be significant
have demonstrated conclusively that the preference is primarily dueinvolvement of residues in-type conformational basins, not easily
to a sterically advantageous “minimization” of interatomic contacts detectable spectroscopically due to the problems in the accurate
in both alanine dipeptide and heptaalanine models. Longer alanine@ssessment of ensemble-averagersional angles, highlighting
models with>20 residues have for several yédiseen known to the urgent need for experimental methodologies for their evaluation.
populate in predominantly-helical states in water. As cooperative MD trajectories of Ae-Alas—NHMe in water, initiated from
“two-state” systems, these peptides populate in folded and unfolded@-helical and extendeg@-conformations, generated with GRO-
states in equilibrium, with the former “maximized” in intrachain MOS96 force field® in the GROMACS?® package, were assessed
contacts and the latter “maximized” in conformational entropy, as for achievement of equilibrium at both macroscopic levels, in the
envisaged in so-called “funnel models” of protein foldiMgAs occupancies of specific Ramachandran basins, and microscopic
statistical descriptions of folding landscapes, these models havel€vels, in the time-dependent accumulation of microstates, as
contributed much in highlighting the role of conformational assessed by clusterifgusing a 0.15 nm cutoff. Experiments at
“disorder” as an “expense” in folding free energy and as a “barrier” 298, 323, and 373 K over 8 ns each established that the relative
to folding speed. Since there may well be specific “nonrandom” ©ccupancies ofir, o, 5, and PPII basins (Tables S1 and S2 of
points from which folding actually initiates, the suggestion of the Supporting Information) and the progress curves for microstate
Tiffany and Krimmt is with a fundamental bearing on both accumulation during the last 5 ns of each trajectory (Figure S1 of
thermodynamics and kinetics of protein folding. Recent NMR and the Supporting Information) were dependent on the choice of the
CD evidence has confirmed that shorter peptides, incapable of Starting structures at 298 and 323 K, but not at 373 K. Prima facie,
“cooperative” ordering, are actually appreciably ordered PPII-like €quilibrium ensembles are approximated in 373 K trajectories but
ensembles in watért5while UV—Raman experiments suggest that NOt in the lower-temperature trajectories. Extending the 298 K
a 21-mer a-helical alanine peptide may actually melt into a trajectory initiated inj-conformation and assessing it periodically,
predominantly PPII-like ensembleNotably, Shi et al? argue that we achieved an equilibrium ensemble in this trajectory as well in
their model, Ae-X,Ala;0,—amide [diaminobutyric acid (X) and ~40 ns (Figure S2 of the Supporting Information). The basin
ornithine (O) residues are for solubility reasons], is a PPII-like ©ccupancy and microstate accumulation data for 298 and 373 K
ensemble to at least 90% at 275 K, devoid of even nascent-typelrajectories are compared in Table 1 and Figures S1 and S2
a-helices, and in fact displaying further increag®type content (Supporting Information). The basin occupancy data were also
at 325 K. The prevailing understanding of so-called “random coil” 9athered for Ae-Ala—NHMe in water over 25 ns at 298 K (Figure
ensembles of unfolded peptides and “denatured” proteins is thusS3 of the Supporting Information and Table 1). The combined
brought into serious question with regard to both its statistical and °ccupancy ofs and PPII basins is 78%, while the PPII basjn
structural descriptions. A few years ago, van Gunsteren and co- —67 andy = 130) is the clear global minimum, in agreement with
workerd® developed an RMSD-based clustering algorithm for Han et ak The ensemble-averaged dihedral anglesdare —87

enumeration of equilibrium ensembles prepared by MD and found @nd ¢ = 109 (Table 1), as compared with those of the NMR
estimatesp = —85 + 5 andy = 160 + 20 of Poon et at. The

# Department of Chemistry ensemble-averagegl dihedral angles for octaalanine aré6 at
§ School of Biosciences and Bioengineering. 298 K and—65 at 373 K, in excellent agreement with the value

a8Defined in Table S1.
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Table 2. Position-Specific Percent Occupancies of Indicated ¢, i
Basins in 298 K Equilibrium Ensemble of Octaalanine

Alay Ala, Alaz Alay Alas Alag Ala; Alag
% PPII 44 38 29 28 28 25 35 56

% 3% 18 25 16 7 25 26 21 S
% ar 7 2 9 18 23 15 3 5 - o N
%04 2 9 9 17 19 17 24 9 Cluster 1 Cluster 2 Cluster 3

. . . . Figure 1. Three most populous clusters in 298 K equilibrium ensemble of
—70+ 10 extracted by Shi et &t.for their peptide by fitting the oc%aalanine in water, cgm?)rising 18, 6, and 3% of thgensemble, respectively.
3JuHa to @ well-validated Karplus equation. Our ensemble-averaged
y angles for this system, 84 at 298 K and 70 at 373 K (Table 1), tions between individual residues in octaalanine. The remarkable
are, on the other hand, significantly lower than the value 345  position specificity of these folds, even while there is no “sequence
20, which Shi et al. estimate by indirect reasoning based on NMR context”, seems to be promoted by maximization of intramolecular
and CD data. The large divergence pfvalues may have two  hydrogen bonding in octaalanine. Overall, the 298 and 373 K
origins. First, with its positively charged end residues &dd Q) ensembles populate in 300 and 374 clusters, respectively, which is
at neutral pH, the peptide model of Shi et al. adopted for solubility a modest number against the 1x710* combinations one might
reasons could be less susceptible to folding and, therefore, less pronexpect over only the four conformational basins that were consid-
towardag or o basins, which are required for any kind of folding.  ered in this study. The existence of specific folds in an unfolded
Second, although there were no helix-specific NOEs observed in glanine peptide, including inverse turgishairpins, and helix nuclei,
the Shi et al. model peptide, a higher involvement of isolated suggests that similar sequence context induced folds are likely to
type residues cannot be entirely ruled out sincedhealues are  occur in “molten globule” or “framework™-like states in unordered
identical forag and PPII, and any reduction mdue to this reason peptides and denatured protéﬁqand may be the “seeds” that
cannot be detected by NMR, unless there are specific folds thatinitiate proteins along their folding pathways.
populate the ensemble in sufficient concentration for the NOEs to
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to an increased occupancy of thg basin, from 7% in alanine Supporting Information Available: Materials and methods, defini-

dipeptide at 298 K to 13 and 18% in octaalanine at 298 and 373 tjon and percentage populationgfy basins, residue-wise occupancies

K, respectively (Table 1). Thus, there is an appreciable tendency of ¢, y basins, free energy calculations, stereoviews,@ng values

in octaalanine toward folding. The residue-by-residue basin oc- of the 14 most populous clusters. This material is available free of

cupancy data at 298 K (Table 2) reflect that the sampling of the charge via the Internet at http://pubs.acs.org.
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