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ABSTRACT. A central issue in protein folding is the degree to which each residue’s backbone conformational
preferences stabilize the native state. We have studied the conformational preferences of each amino acid
when the amino acid is not constrained to be in a regular secondary structure. In this large but highly
restricted coil library, the backbone preferentially adopts dihedral angles consistent with the polyproline
Il conformation rather thao or 5 conformations. The preference for the polyproline Il conformation is
independent of the degree of solvation. In conjunction with a new masking procedure, the frequencies in
our coil library accurately recapitulate both helix and sheet frequencies for the amino acids in structured
regions, as well as polyproline 1l propensities. Therefore, structural propensitieshgices angs-sheets

and for polyproline Il conformations in unfolded peptides can be rationalized solely by local effects. In
addition, these propensities are often strongly affected by both the chemical nature and the conformation
of neighboring residues, contrary to the Flory isolated residue hypothesis.

A small energy bias can rationalize the finite time scales of its neighbors. Therefore, it is important to quantify the
observed for protein folding2j, despite the Levinthal-like influence of nearest neighbors (NNs) on conformational
number of conformations that must be searcligdd@ne such propensities.
bias is the preference of the polypeptide backbone to adopt Computer simulations of peptides have the potential to
certaing,y dihedral angles, as observed in Ramachandranidentify backbone preferences and delineate NN effects.
plots for observed dihedral angles (Figured) These plots  However, such procedures are computationally challenging
differ for each amino acid because tigy distribution is  because of the large number (8000 for triplets) of distinct
affected by interactions between the backbone and the sidecombinations of amino acids with their immediate NNs. In
chains. For example, the Ramachandran plots for proline andaddition, the results are very sensitive to the choice of force
glycine are quite distinct due to their unusual side-chains. fields (5, 13—16).

The other 18 amino acids exhibit a smaller variation and A more fruitful approach is to utilize a subset of residues
mainly populate the same three regions in the Ramachandrancated outside of regular secondary structures in crystal
map. These regions are called the extendenasin, the  stryctures 7, 17-19). Early studies 7, 10, 17, 18, 20—22)
a-helical and turn basin, and the polyproline Il (PPBasin - assume that the use of the entire database of folded protein
(4), which is centered ap ~ —75° andy ~ 150 structures would average over many environments, thereby

The conformational preferences of a residue are alsojargely eliminating the influence of context. Although such
influenced by the chemical identity and conformation of the an approximation cannot completely account for contextual
neighboring residues(-11). These observations contradict  jnflyences, the database does contain sterically allowed
the zeroth order Flory isolated residue hypothesis (IRE),(  conformations, which also reflect the chemical character of
which states that the conformations adopted by any residuethe individual amino acids.
are independent of the chemical identity and conformation Subsequently, only a subset of the database, termed the

“coil library”, has been retained to provide a better reproduc-
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Ficure 1: Backbone conformational preferences in different libraries. (a) Tri-alanine peptide-(Alzg;—Nme) with central of the three

pairs of backboneg(,y) dihedral angles highlighted. The hydrogen atoms are shown in stick representation (black), whereas oxygen (red),
nitrogen (blue), and carbon (grey) are depicted in ball-and-stick representation. The Ramachandrammgmifedral angles presents

the distribution of all residues in the entire PDB of 2020 structures. Rectangles defigg/thegions that are termed the “helical basin”,

“coil basin”, and “PP Il basin” below. Basin occupancy does not necessarily imply secondary structure. Probability distribution in the
Ramachandran plane of Ala for the (b}Gos library, termed the entire PDB, (c).& the library without helices and sheets, (d)sC

without helices, sheets, and turns, and (E tr@without helices, sheets, turns, and terminal residues. The structure in the panels depicts the
portion of the X-ray structure of a typical protein (PDB code 1GTT-A) that is retained in each of the four coil libraries. The number in
parentheses is the fraction of the entire PDB that remains in the respective library.

However, these coil libraries retain all residues in turns,  PPII helices are a fourth class of secondary structure that
which represent a third class of secondary structure with recently has become the focus of a number of studlés (
internal hydrogen bonds. After removing the residues in 41), despite having been suggested almost 40 years4go (
turns, Serrano deriveplangle distributions for each residue Beyond PPII being the dominant backbone conformation in
from 279 protein structure®8$). Smith et al. {) noted that ~ peptides 4, 26—33), Adzhubei and Sternberg found the
the use of a coil library that was derived by removing the presence of an average of over one stretch of four consecutive
residues inu-helices angB-strands exhibits a good correlation  PPII residues in a library of 80 proteiné2). The origin of
coefficient with experimentally determined NMRcoupling ~ the preference for PPII in peptides may be due to preferential
constants for unstructured peptides. The agreement improvecsolvation 86—38), a suggestion that is consistent with the
when they accounted for the identity of the amino-terminal Stretches of PPII tending to occur on the surfaces of these
neighbor. Overall, these coil libraries have been used to Proteins.
describe structural propensities and NMR parameters for The aforementioned coil libraries contain a bias toward
denatured proteins with a reasonable degree of success. the PPII conformation because the inclusion of residues
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Table 1: Distribution of Conformations in the Four Librafies

library helical basin /3 basin PPII basin other
Cairos, all PDB (Figure 1b) 53.0(63.4) 26.7(17.8) 17.7(17.1) 2.6(1.7)
Cup, PDB minus (helix & sheet) (Figure 1c) 37.0(38.2) 23.2(14.8) 33.2(42.1) 6.7(4.9)
Cupt, PDB minus (helix, sheet & turns) (Figure 1d) 21.9(20.7) 31.8(21.2) 42.3(54.7) 4.1(3.6)
Ctyr ", PDB minus (helix, sheet, turns & flanking residues) (Figure 1e) — 27.4(23.8) 32.9(24.7) 35.5(48.0) 4.2(3.5)

aFor all residues except Gly and Proline. Values in parentheses are for alanine only.

flanking secondary structures generally precludes them fromchanges in individual residue basin propensities (results not
being in the same Ramachandran basin as the associateghown), so these are not eliminated. The residues are assigned
secondary structure. For example, the residue at the end okecondary structures using the DSSP algoritim). (All
a helix is less likely to be a helical conformation; otherwise residues given the assignments H or G, B or E, and T by
it would be part of the helix. In additiorf conformations  the DSSP algorithm are assumed to be in helices, strands,
do not follow helical structures due to steric clash48)( and turns, respectively. The database called the entire PDB
Here we examine the utility of a more stringently defined library is obtained by excluding only the terminal residues
coil library to describe the backbone conformational prefer- for each of the chains.
ences. The investigation takes advantage of the 10-fold
increase in the size of the PDB database that has occurre
in the past decade. Using a nonredundant database (259
maximum sequence homology), we compare the three prior
definitions of a coil library to our more stringent library that
is composed only of the nonflanking residues in stretches
of four or more residues that lie outside of helices, strands

and turns (Figure 1be) and that discards other biased

. ; : aé-strands that explicitly lie in thg-basin, but not the PPII
residues, such as those preceding prolines and others th 8 o-basins. We separately compute the C-F frequency for
are highly exposed and, therefore, are biased toward the ' P y P q y

o-basin. This improved coil library has strong to moderate Lh;‘ci’ﬁ frrZSISgr?s ']Zgo' fgggﬁ;g?cg?s'zotge UF,:eP(;I frtz)arzl?ﬁe-r::w
preference for PPIl conformations for most residues, and ib qth fy that th . % ides | :
stretches of four or more consecutive PPII residues only lorary as the frequency that th€ amino acid resides in a given

account for less than 4% of the coil library. High PPII levels basin as _defmed in Figure 1a._Our new calculation of helical
are found even for buried residues, suggesting that the majmfrequenmes uses onIy'a restricted region of the. Ramachan-
portion of the preference for PPl is independent of solvation, dran map corresponding to the regions occupied by each
Nevertheless, the PPII frequencies in the library correlate "€Sidue in regular helical structures. For each residue, all
well with the observed levels in unfolded peptides (Chen et 0ccurrences as internal residues of helical fragments are
al., personal communication). b!nngd in bins of 10 x 19" to qbtaln Ramaqhandran map
After applying a new masking procedure, we find that the dlstr|l_:)ut|(_)ns for the residues in _actua_ll helices. We retain
backbone conformational preferences in the new coil library contributions only from those helical bins whose frequency
for each nonproline residue strongly correlate with the Of occurrence is greater than 0.15 times the maximum bin
relative frequencies with which the residues appear in regular frequency for the given residue. The C-F frequencies are
a-helices ang3-strands in the entire PDB. The method of con\{erted to an energy scale and are presented relative to
masking explains why prior attempts at determining structural @lanine.
preferences fowa-helices have been marred by the presence Choice of Bin Size for Calculation of Entropyhe
of significant outliers. Finally, NN effects are often found calculation of the backbone entropy depends on the area
to be of the same magnitude as the spread in structuralchosen for the bins. However, the entropy differences are
propensities for the 20 amino acids. These results stress théndependent of this quantity as long as the bin size is the
importance of local effects in determining the native state same for both the cases. To determine the appropriate bin
structure and stability of proteins. size for these calculations, we test a wide range of bin areas
elements in the Ramachandran map varying frémx22°
METHODS to 20° x 20°. In the extreme limit where each occurrence
Coil Libraries. The protein sequence culling server of a residue in the Ramachandran map lies in a separate bin,
PISCES 44) is used to obtain X-ray structures of 2020 chains the entropy difference then depends only on the number of
longer than 20 residues with a maximum R-factor of 0.3 and times each residue occurs in the library. The other limiting
a resolution better than 2 A. Residues preceding prolinescase is when the bin size encompasses the entire Ramachan-
are removed, although with minimal effect. The most dran map, and then all residues have the same backbone
exposed~10% of the residues are excluded when computing entropy. A plot of the entropy difference against the bin area
monomer propensities, due to the geometric artifact that theseelement as well as a function of the size of the monomer
surface residues preferentially bend back toward the bodylibrary leads to the choice of the optimal bin size of 10
of the protein, which places them preferentially in the helical 10° for calculating backbone entropy differences since, for
basin. The accessible surface area (ASA) is computed usingthis case, the computed entropy differences are independent
a probe radius of 1.4 A46). Removing residues whose of both the number of occurrences of any residue in the
backbone B-factors exceed 3¢ £46) produces negligible  database as well as the bin size (Supporting Information).

Chou-Fasman Propensities and Ramachandran Masks.
e calculate slightly modified Chou-Fasman (C-F) frequen-
gies. The helical frequency is computed as the frequency
that a given amino acid is found in helical fragments once
two residues from each end of the helix are excluded.
Similarly, the C-F frequencies fg#-strands are computed
' by taking the frequency of occurrence of those residues in
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Ficure 2: Basin preferences in different libraries. Probability distribution in the Ramachandran plane of all residues (except Gly and Pro)
for the (a) Gu rps, entire PDB, (b) G, the library without helices and sheets, (cCwithout helices, sheets, and turns, and (d}f@

without helices, sheets, turns, and terminal, pre-proline, and most exposed residues. The cartoon structure shown in the inset of the panels
is the same as that in Figure 4b. Basin fractions for the 20 amino acids are shown in adjacent panels for the corresponding libraries
described in panels-al. The error bars represent one standard deviation for the respective basin propensities of the amino acids in a given
library.
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Ficure 3: Dependence of PPII levels on degree of burial in the coil library. (a)@iredistribution of Ala in the coil library is divided
into three parts depending on the accessible surface area (ASA) of the residue in the following manner: The 21% most buried, ASA
MUASA — OASA, the central 580/(#ASA — opsa < ASA < UASA + oasa, and the top 10%, ASA UASA + 1.50asa. The mean and the standard

deviation useduasa = 44 A2 andoasa = 34 A2) are computed from the distribution of ASAs evaluated for alanine in the Iibr&ﬁf”(:

The ASA is computed using a probe radius of 1.4 A for the entire amino acid (main chain plus side-4¢8aifihé values in parentheses

are the percentage basin populations for #hePPII, anda-basins, respectively, of alanine for the corresponding distributions. (b) Each
residue in the @‘f’” library is sorted based on its ASA into 10 equal sized bms=(1, 2, ..., 10) of increasing ASA. The bins for each
amino acid are combined to define the 10 bins shown orxtes. The curves present the relative compositions of each the three major
basins, for all residues except Gly and Pro, as a function of bin number. The sharp increase in helical conformers for the mosh exposed (
= 10) part of the library is due to the requirement that at the surface of the protein the chain turns back around toward the body of the
protein.

RESULTS AND DISCUSSION retention of residues at the ends of structured regions. These
terminal residues are inherently predisposed against helical
andp (43) conformers and therefore favor PPII conforma-
tions. The choice of four residue stretches is a compromise

dbetween maintaining a useful size for the library and the
elimination of end effects, so that no residue in the new coil

database~2000 chains of 20 or more amino acids used Iibrary_ has both neighbors as end residues. An increase in
presently versus only-300 or fewer structures in the prior "€ minimum length of the fragments in the library has a
works, except re24, which used 1042 chains). Previous coil SMall effect on conformational preferences for individual
libraries use a 50% homology threshold as opposed to the'®Sidues. A library composed of regions with minimum
25% threshold imposed in the present study. For comparison,€ngth of 10 residues only increases the PPII propensity from
we also construct analogues of the three previously studied49 2 to 56 4% but reduces the library size by roughly
coil libraries using our updated PDB library: (1) the entire 5-fold (for alanine), a reduction that seriously degrades
PDB (labeled as G pos Figure 1b); (2) a coil library created ~ Statistics concerning NN effects. Likewise, the removal of
by removing helices and sheets, as defined by the DSSPresidues whose backbone B-factor6)( exceed 30 A
algorithm @7) (denoted as  and containing 40% of the ~ produces negligible changes in the calculated conformational
residues of the entire library, Figure 1c); and (3) a coil library preferences, so these residues are not removed @n@ﬁi‘
without the residues in helices, sheets, and turns (denotedWe exclude all the pre-proline residuets) as well as the
as Gg and containing 28% of library (1), Figure 1d). most exposed part of the library (discussed below) because
Our more stringent coil libranC"s™ is composed only ~ these residues also have biagedy distributions. These
of a minimally biased subset of the internal residues within biased residues are discaraedy when computing monomer
stretches of four or more residues in the coil libraryxC  propensities (Figure 2d) but are retained when investigating
(only 10% of all residues in thefoepg library remain, Figure correlations between the basin propensities of an amino acid
le). This new coil library eliminates biases due to the and the chemical and conformational identity of its neighbor.

PPII Propensity in the Coil LibrariesWe investigate four
increasingly stringent PDB-based libraries (Figure-&b
Table 1) as possible models for intrinsic backbone confor-
mational preferences. The first three libraries have been use
previously {7, 17—19, 23—25), albeit with a much smaller
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Ficure 4: Correlation between coil library and structural propensities. Correlation between the observed frequencies in the helical basin,
defined in Figure 1aAAG] e jprary = —RT IN(PIOB S iorary/PTOB amnccai ibrary) IS derived from the coil library, and the C-F helical
propensities, normalized to the alanine frequencies, are definaﬁm%%"_)} = —RTIn(Prolfpae """ "Projareticie™y. The indexi refers

to theith amino acid. (a) When using the entire region of helical basin as shown in Figure 1a, the correlationm[@gf,”bra,y = (0.20

+ 0.23)AAGR?;",XF — 0.08+ 0.08 R = 0.29). (b) Same as (a) except that the values for the coil library pertain only to the small region
occupied by residues in authentic helical structures [represented by solid gray contour lines in (c) and (d)] rather than the entire helical

basin which comprises conformations outside of regular helices. The correlation in this casWElRf ., = (0.96 % 0.22AAGI ™

— 0.09+ 0.07 R=0.72). (c) Contour lines in the distribution of Ala in the coil library are presented in black dashed lines, while superimposed
solid gray contour lines are for the same residue when it lies within a regular helix as defined by DSSP. (d) Similar distributions are
displayed for Thr. Note that Ala correlates well in (a), and the peak of both sets of contour lines (solid gray and black dashed) overlaps well
in the helical region, unlike the case for Thr, which is one of the four pronounced outliers in (a). (e) Correlatibalwhl basin propensities

derived from the coil library with the experimentally determined propensity scale of Pace and S &','ﬁ,ibrary = (0.90+ 0.18A\A

G,Ei'g — 0.074 0.10 R = 0.77). There is high correlation between experimental and C-F helical proper48jess(well R = 0.89, slope

= 0.977). The propensities have been divided by that for Gly. (f) Equivalent plgi-fiasin ands-sheet propensitiesAA if?gﬁ',?bra,y =
(0.54+ O.OS)AAG{?E“,"’E%L 0.09+ 0.03 R = 0.84). (g) Corresponding plot f@-basin and experimentally determingdheet propensities:
AAGIE R ary = (0.59+ 0.15AAG] == + (0.09+ 0.03) R = 0.71). The correlations in eg) exclude Pro. (h) Correlation between the

PPII propensities computed from the coil library and those obtained from experiments for GGXGG model pexmdé’g,',', library = (1.49
+ 0.48AAG (K cexag — 028+ 0.10 R = 0.60).

The four coil libraries produce quite different Ramachan- Glu, Leu, and Pro) residues. PPII is statistically tied for the
dran basin distributions as illustrated by the distribution dominant conformation for seven [Asn, Cys, GIn, Gly
of all residues types in Figure 2a, as well as for Ala alone  (considering only the three main basins), Lys, Met, and Tyr]
(Figure 1b-e and Table 1). The &ppg library (Figures 1b residues and is subdominant for the remaining nine amino
and 2a) is heavily dominated by helical conformers. The acids. The3-branched residues, however, prefer fhleasin
exclusion of residues involved in helices and sheets (library over the PPII basin (Figure 2d).

Cqs in Figures 1c and 2b) strongly reduces the dominance The exclusion of residues in helices and sheets may be
of helical conformers. The fraction ¢f conformers also  considered as de facto biasing the library toward high PPII
decreases, while the PPII population increases. Because turfevels. This view is unwarranted because being in the coil
residues often lie in the helical basin, their removal (to form library does not preclude a given residue from adopting an
Cop in Figures 1d and 2c) further reduces the helical o or 3 conformation. In addition, we find that PPII levels in

conformer population to the point at which PPIl becomes our library are independent of burial level. This statement
the dominant conformation. applies to all but the most exposedl.0% of the residues,

Because the end residues are biased against the helicalvhere helical conformers predominate (Figure 3). There is
and sheet conformers, end residues are removed to produceo evidence to believe that the preponderance obnfor-
the libraryCy" (Figures 1e and 2d). Once the end residues mation for the most exposed part of the coil library is due
are removed, the helical basin population for all residues to solvation. This shift too. conformations for the most
(except Pro and Gly) increases from 22 to 27%, while the exposed residues is likely a geometric artifact by virtue of
total PPII population is reduced from 43 to 36% of the being on the surfaceresidues in the coil library located on
residues (for alanine, the reduction is from 55 to 49%). The the surface preferentially bend back toward the body of the
PPII conformation becomes dominant for at least four (Ala, protein, which places them in the helical basin. As a
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consequence of the helical bias in the most exposed 10%.,pje 2. Backbone Entropy of All Residues in the Coil Library

these residues are removaaly for computing single residue
intrinsic preferences.

For the remaining residues in the coil library, which are

as buried as the average residues in the entire PDB, PPII

levels do not change with the degree of burial (Figure 3b).
This invariance to burial levels indicates that solvation cannot
be used to explain the PPII levels in the coil library.
Nevertheless, when the peptide is in water, preferential
solvation can explain the high levels of PPII found in the
unfolded state of protein86—38). Inside a protein, where
there is minimal solventprotein interactions, however, other
factors must be at work. Therefore, the propensity of a
residue to be in the PPII basin is due to an intrinsic backbone
bias @4, 35) and not to either a biased selection criteria or
a preferential solvation.

The necessity to form backbone hydrogen bonds within
the protein can compensate for the loss of solvation and
contributes to the stabilization of PPII geometries. The
reduction in steric overlapg3p) and the accessibility of the
backbone for hydrogen bondind§) likely are the major
operational principles underlying conformational preferences,
whether the chain resides in water or inside of a protein.
The 5 conformation generally is considered to be highly
extended, but its geometry places the amideHNand
carbonyl C-O bonds in the same plane. As a result, the
amide hydrogen and the oxygen of the carbonyl are less

residue T(Sx — Saia) (kcal mol™)
ALA 0
ARG 0.1744+ 0.060
ASN 0.283+ 0.056
ASP 0.275+ 0.061
CYS —0.127+ 0.086
GLN 0.104+ 0.069
GLU 0.109+ 0.036
GLY 0.4754 0.027
HIS 0.110+ 0.068
ILE —0.138+ 0.060
LEU 0.007+ 0.078
LYS 0.156+ 0.056
MET —0.143+ 0.085
PHE 0.049+ 0.054
PRO —0.675+ 0.056
SER 0.174+ 0.061
THR 0.1344+ 0.028
TRP —0.153+ 0.015
TYR 0.050+ 0.072
VAL —0.046+ 0.050

aS= —R 3% In Py, whereP; = probability of being in the, jth
bin. To compute the standard deviations, the coil library is divided
into three equal parts for whichis computed using the above equation.
We report the mean and the standard deviations of the three values for
TAS obtained by separating the library into thirds.

Cap™ to their relative frequencies in authentic helical and

sheet structures, as originally done by Chou and Fasman (C-

accessible to their hydrogen-bonded partners. These partner§) (20). The C-F propensity is defined as the frequency with

are likely to interfere partially with each other, making it
harder for them to form simultaneous hydrogen bonds to the
N—H and C-O. This interference would occur fof

which a residue appears in a given secondary structure. The

correlation between the coil librai@s™ and our recalcu-

lated C-F frequencies using the expanded PDB (see Methods)

geometries regardless of whether the partners are wateifor helices is poor, even with the exclusion of the helix

molecules for the unfolded chain or protein moieties for
buried coil regions. On the other hand, thé4850° rotation
in ¢ from thef to the PPIl geometry places the amide proton

breakers, glycine and proline (Figure 4a). Four residues are
strong outliers (Thr, Ser, Asp, Asn), a result previously noted
(17, 18).

and carbonyl out of plane. Consequently, the PPII backbone  This perplexing deviation between the coil and C-F helical

is geometrically better suited to form a pair of hydrogen
bonds with water and/or other parts of the protein.

Finally, the improved caoil library is in good qualitative
agreement with experimental trends in PPII prefereng@s (
41). A recently derived propensity scale for PPIl conforma-
tions for GGXGG model peptides, obtained using NMR
3JnH-con COUpling constants and circular dichroism (Cheng,
K.; Kallenbach, N.; et al, unpublished data), correlates well
(R = 0.60) with the PPII preferences in tl«ﬁ:{}fm library
(Figure 4h). However, the two pairs of glycine residues
flanking each residue in the experimental model peptides
probably do not truly represent the averaged effect of all

frequencies is removed when the former are derived using
the much narrowep,ip region appropriate for regular helical
structuresg ~ —64 4+ 7° andy ~ —42 + 7°, Figure 5a(i}-

e(i) and solid gray contour lines in Figure 4c,d] rather than
the larger region employed for the full helical basin, which
also contains turn geometries. This feature is displayed in
Figure 5a(iiiy-e(iii) and the black dashed contour lines in
Figure 4c,d for two illustrative residues, Ala (which correlates
well in Figure 4a) and Thr (an identified outlier in Figure
4a). With this more restricted helix mask, the correlation
becomes strong and accounts for the C-F helical propensity
scale as well as for the experimental propensk@] scale

neighboring residues’ side-chains as is the case for the PPllobserved in guesthost systems of all non-Pro residud8)(

tern

propensities calculated from theg;™ library. A PPII

(Figure 4b,e).

preference scale derived from a series of longer peptides The importance of masking is due to the preference of

gives Ala, GIn> Asn > Val (40) and also is consistent with
the coil library. Thus, our coil library seemingly captures

some residues to adopt the explicit dihedral angles associated
with helices (solid gray contour lines) when they are in the

the essence of PPII preferences in unfolded peptides to thenglical basin in the coil library (black dashed contour lines).

extent that these are known today.

Secondary Structure Propensitiedle examine whether
the preference for an amino acid to reside in a regular helix
or sheet in the PDB can be predicted solely from its intrinsic
tendency to adopt this conformation in the most stringent
coil library C'(;‘[;‘fm. Accordingly, we compare the helical and
pB-basin preferences for the amino acids in our coil library

For example, Ala strongly prefers to adopt the angles
associated with regular helices (Figure 4c), whereas Thr
frequently adopts othem-basin geometries, such as those
found in turns (Figure 4d). Therefore, the helical propensity
in Figure 4b,e equates to the preference of the chain to adopt
a true helical geometry rather than any angle in the helical
basin, which includes other geometries.
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a) VAL in o ALA in

helix sheet coil library coil library

coil library

Ficure 5: Backbone conformations of amino acidscifhelix, 5-sheet, and the coil library. The Ramachandran probability distribution is

contrasted for five different amino acids when they are present in a regular helix or sheet structures or [ﬁ;f”fﬁéalﬁry. The
representative amino acids are chosen based on the steric properties of their side-chgiftwariahed side-chains (Val), (b) aromatic
side-chains (Trp), (c) alanine-like (Ala), (d) Gly, and (e) Pro. All amino acids irrespective of their side-chains occupy a very narrow range
of ¢— angles ¢ ~ —64 £ 7° andy ~ —42 £+ 7°) when they are part of regular-helices, in agreement with a previous stu@)(
Compared to thec-helix distributions, the3-sheet probability distributions are broader, and about 23% of the residues fofrsimgets
actually lie in the PPII basin. However, the residues in the coil Iibrdu’f/s‘f”@_‘exhibit a mild preference for the PPII basin.

Compared to helical propensitigssheet propensities are  the residues in sheets in the PDB are in the PPII basin) or
believed to be less well defined. Guesipst values are so  basin. A good correlation also exists between the frequencies
dependent on context, including the identity of structurally derived from the coil library and the corresponding experi-
adjacent side-chain®(, 51), that the existence of intrinsic  mental scales5d) (Figure 4g,R = 0.71).

ropensities has been questionesP, (53), although . - .
gal?:ulgtions based solely or? local, sterié ef)fects Wer% able Applying a S|m_|Iar masking process fﬁrsheet_s _17) as -
to largely capturgs-sheet propensitie&4). The correlation performed for he!|ces has a negligible effect. This msens_ltlv-
between our coil library and C-F frequencies is even stronger Ity t0 masking arises because the angular spread of residues
for B-sheets (Figure 4f) than fer-helical frequencies (Figure  in the S-basin of the coil libraryCie™ mimics the large
4e). The correlation in Figure 4f is betwegtbasin popula-  spread found in-sheets [Figure 5a(i}e(ii) and 5a(iii)—
tions in the coil Iibraryci(fgfm and the frequency of trug e(iii)]. The correlation between PPII populations in the coil
conformers ing-sheets, i.e., excluding residues found in library and PPII frequencies ifi-sheets is moderatdr(=
pB-sheets but that actually occupy the PPII region (23% of 0.55).
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This strong correlation found fop-sheets does not
contradict the importance of context in influencing
propensities. The coil library presumably averages out such
contextual effects, thereby unmasking the intrinsic backbone
preferences. Furthermore, the coil library represents confor-
mational preferences within the context of a folded protein
rather than in a denatured, solvated chain. Likewise, C-F
frequencies are based on residues within folded proteins.
Hence, desolvation issues, related to side-chain burial in
going from the unfolded state to the folded state, are likely
to be similar for the residues in both the coil libra@}™
and in secondary structures. This similarity probably explains
the higher degree of success of the colil library in reproducing
the C-F values. Since the guestost systems reflect proper-
ties of both the unfolded and the folded state, the basis for
the correlation with the propensities derived from the coil
library is not as apparent. Potentially, the frequencies in the
coil library largely reproduce the conformational distribution
of the unfolded state. In effect, the coil library provides a
statistical potential for intrinsic backbone conformations.

Coil Library for Higher Resolution Structure$Ve have
also analyzed a coil library for which all the retained X-ray
structures have resolution better than 1.5 A, rather than 2.0
A employed above. The regions in the Ramachandran map
depicted in Figure 1a become more restricted, but there is
no appreciable change in the basin propensities for the aming
acids. The correlation between high and low resolution
libraries for monomer alpha, beta, and PPII basin frequencies
is very high R = 0.93, 0.97, and 0.98, respectively). The
o-helical basin propensities of the residues derived from the
higher resolution coil library exhibit a marginally better
correlation with C-F propensitieR(= 0.78; slope of the fit
= 1.38) after applying the masking procedure. Phbasin
propensities also yield improved correlation with the corre-
sponding C-F propensitieRE 0.80; slope of the fit= 0.62).
However, the size of the library with higher resolution
structures is only one-third as large, which severely restricts
its use to study NN effects.

Backbone Entropy and Glycine’s Low Helical Propensity.
Using the basin populations from the coil library, we
calculate the backbone conformational entropy for each
residue from the relation

NNammatic -Ala

NNppi1 basin-Ala

NN,I lmin-Ala

36 36

=1=

S=- (1)

Ficure 6: Sequence and conformational dependence of NN effects
on alanine. (a) Ramachandran map for alanine from the coil library,

whereP; is the normalized probability of the residue being
in thei,jth 10 x 10° mesh element in the Ramachandran
map, andR is the universal gas constant. Although this

averaged over all neighbors (except Pro and Gly), for cases in which
the upstream residue Bbranched (Val, lle, Thr), aromatic (His,
Trp, Phe, Tyr), or the rest (alanine-like). (b) Same as (a) but the
upstream residue is in the, o-, or PPIl basins.

calculation implies that depends on the mesh size (i.e.,
the volume per configuration ip,y space), entropy differ-  entropy in the unfolded state because the folded state has
ences AS between residues do not. In addition, these the same backbone entropy and interactioB8, (56).
calculations have been performed for different bin sizes, and However, glycine also has three strongly preferred, albeit
the final entropy differences reported in Table 2 are different basins than alanine. As a result, the backbone
independent of the number of occurrences of the residue inentropy only is modestly increased compared to alanine
the library as well as the size of the bin (Supporting (TASgy-a ~ 0.50 kcal mot?t). The primary difference in
Information). We find that most residues have similar their entropies is that the area of the major basins for glycine
backbone entropies, with proline being lowest as it largely is about 2-fold larger than for alanine.
populates just the PPII region (Table 2). In contrast, the experimental difference in helical propen-
The difference in the helical propensity between Ala and sity between glycine and alanine is in the rang@7—1 kcal
Gly is often attributed to a difference in their backbone mol (55, 56), in agreement with the value of 1.0 kcal mbl
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FiGure 7: Separation of sequence and conformational dependence of NN effects. (a) Only the three most significant conformations for
alanine are illustrated. Each panel represents a different amino-terminal neighbor, divided into three classes depending on the steric properties
of the amino acids. The abscissa indicates the NN conformation for each of the three classes. The error bars individually denote one
standard deviation. The parallel, horizontal lines provide the average fraction for each conformation. The three major basins are shown in

the plot: a-basin fraction (dotted line)j conformation (dashed line), and PPII basin (dashed and dotted line). (b) Same as (a) for the case
of carboxy-terminal neighbors.

determined using our coil library (Figure 4b). The backbone acids to calculate the backbone entropy. Our all-atom
entropy is only one component that goes into the experi- simulations of solvated capped tripeptides using a variety
mentally determined entropy. Therefore, the difference in of force fields 6) also indicate that the difference in
backbone entropies cannot fully explain the difference in backbone entropy between alanine and glycine is relatively
helical propensity. The difference, however, can be entirely small, TASya-cy ~ 0.1 kcal moft. Hence, the small
accounted for by the energy required to move glycine from difference in backbone entropy between alanine and glycine
its preferred locations to the helical basin. is likely to be a robust quantity.

We have assumed that the most stringent coil library  Nearest Neighbor Effectéccording to Flory’s isolated
mimics the intrinsic conformational preferences of the amino residue hypothesis (IRH)57), the Ramachandran basin
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populations of one residue are independent of the type andSUPPORTING INFORMATION AVAILABLE

conformation of its NN. We investigate this hypothesis by
calculating the basin populations of each residue in our
improved coil libraryCl'™ as a function of the identity of

the NNs (Figures 6 and 7). Our analysis considers the

Figure of entropy differencel(\S) versus bin size. This
material is available free of charge via the Internet at http://
pubs.acs.org.

neighboring amino- and carboxy-terminal residues inde- REFERENCES

pendently, as the number of occurrences of specific triplets

is too low to provide adequate sampling for the simultaneous 1.
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