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ABSTRACT

The side-chain dihedral angle distributions of all amino acids have been measured from myriad high-resolution protein

crystal structures. However, we do not yet know the dominant interactions that determine these distributions. Here, we

explore to what extent the defining features of the side-chain dihedral angle distributions of different amino acids can be

captured by a simple physical model. We find that a hard-sphere model for a dipeptide mimetic that includes only steric

interactions plus stereochemical constraints is able to recapitulate the key features of the back-bone dependent observed

amino acid side-chain dihedral angle distributions of Ser, Cys, Thr, Val, Ile, Leu, Phe, Tyr, and Trp. We find that for certain

amino acids, performing the calculations with the amino acid of interest in the central position of a short a-helical segment

improves the match between the predicted and observed distributions. We also identify the atomic interactions that give

rise to the differences between the predicted distributions for the hard-sphere model of the dipeptide and that of the a-

helical segment. Finally, we point out a case where the hard-sphere plus stereochemical constraint model is insufficient to

recapitulate the observed side-chain dihedral angle distribution, namely the distribution P(v3) for Met.
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INTRODUCTION

Many types of interactions, including purely repulsive

steric, electrostatic, and the attractive component of van

der Waals interactions, determine the structure of proteins

in general and the conformations of amino acid side chains

in particular. However, the relative contributions of the

different types of interactions are not known. For example,

the dominant interactions that control the side-chain dihe-

dral angle distributions for each residue have not been

identified, even though there is now a wealth of high-

resolution structural data on thousands of proteins. We

seek to determine to what extent the key features of the
side-chain dihedral angle distributions of different amino

acids observed in protein crystal structures can be captured
by steric repulsion and stereochemical constraints alone.

A similar question motivated Ramachandran and col-

leagues to model peptides as hard spheres with stereo-

chemical constraints for the bond lengths and angles.1,2

Using such hard-sphere calculations, they identified the

backbone dihedral angle combinations (u and w) for an

alanyl dipeptide mimetic that are sterically allowed, given

physically reasonable values for the atom sizes, bond

lengths, and bond angles. They found that large regions

of u and w space are disallowed due to steric clashes

between atoms in the dipeptide. Moreover, we now know

that essentially every amino acid in every protein
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structure obeys the hard-sphere limits on u and w
defined by Ramachandran and coworkers.3,4

Dunbrack and colleagues have also gained significant

insight into the side-chain conformations by analyzing

high-resolution protein crystal structures.5–8 They

emphasized that the side-chain dihedral angle distribu-

tions are rotameric, with high probabilities at specific v1

and v2 combinations that depend sensitively on the

backbone dihedral angles. They also showed that certain

rotamers are rare because of steric repulsions analogous

to those that constrain the conformations of hydrocar-

bon chains. However, these studies did not specifically

address whether hard-sphere interactions plus stereo-

chemical constraints alone can recapitulate the key fea-

tures of side-chain dihedral angle distributions.

Common computational strategies for calculating the

side-chain dihedral angle distributions in proteins involve

quantum mechanical calculations9 and molecular

mechanics force fields, such as Amber,10 CHARMM,11

GROMOS,12 and OPLS.13 However, these simulation

methods require prohibitively large computing resources

when considering large proteins. In addition, molecular

mechanics force fields directly sample the experimentally

measured backbone and side-chain dihedral angle distri-

butions using knowledge-based potentials, such as

CHARMM-CMAP14 and v-CMAP,15 or Amber-

ILDN.16 Thus, the molecular mechanics force fields do

not allow one to quantify the distinct contribution of

steric repulsive interactions to the side-chain dihedral

angle distributions and build-in the observed side-chain

dihedral angle distributions that we seek to predict.

In this manuscript, we pose the key question: To what

extent, do steric interactions plus stereochemical con-

straints determine the side-chain dihedral angle distribu-

tions for each residue? Specifically, we determine the

sterically allowed side-chain dihedral angle distributions

for the nonpolar (Leu, Ile, and Val), aromatic (Phe, Tyr,

and Trp), and polar residues (Cys, Ser, and Thr) in either

a-helix or b-sheet backbone conformations using a hard-

sphere model that only includes steric interactions plus

stereochemical constraints for the bond lengths and

angles. For each residue, we determine which features of

the side-chain dihedral angle distributions can be

explained by a hard-sphere model, in the context of an

amino acid dipeptide mimetic (Fig. 1). For several amino

acids, the major features of the observed distributions

are recapitulated by the hard-sphere model for a dipep-

tide mimetic. For certain other amino acids, some fea-

tures of the observed distributions are not captured by

the hard-sphere model for a dipeptide mimetic. These

discrepancies were especially apparent for a-helical back-

bone conformations. We therefore also performed hard-

sphere calculations of side-chain dihedral angle distribu-

tions for each amino acid in the context of a nine-

residue a-helical segment. In some cases, it is clear that

certain side-chain dihedral angle combinations are steri-

cally disallowed due to atomic clashes with the surround-

ing residues in the a-helical segment, not by clashes

within the local environment of the dipeptide mimetic.

The ability to predict amino acid side-chain dihedral

angle distributions using a simple physical model pro-

vides an efficient tool for computational protein design

strategies that does not rely on knowledge-based poten-

tials for determining side-chain dihedral angles.17

MATERIALS AND METHODS

Databases of protein crystal structures

Our calculations of the sterically allowed side-chain

dihedral angle distributions are compared with the

observed side-chain dihedral angle distributions obtained

from a database of high-resolution protein crystal struc-

tures provided by Dr. Roland Dunbrack, Jr.18 This data-

base is composed of 850 non-homologous protein

structures with resolution 1.7 Å or less, side chain B-

factors per residue 30 Å2 or less, and R-factors 0.2 or

less.

We used a higher-resolution (1.0 Å or less) set of 221

structures8 to fix the bond lengths, bond angles, and x
backbone dihedral angles of the dipeptide mimetics for

our calculations. The higher-resolution set limits the

refinement bias on the bond lengths, bond angles, and x
dihedral angles associated with the crystal structure

determination, but there are too few structures in this set

to provide meaningful comparisons with the calculated

side-chain dihedral angle distributions. The numbers of

each residue type in both databases are displayed in

Table S1 in the Supporting Information. In addition, we

identified 53 protein crystal structures containing Nle in

the protein data bank (PDB). 24 of the 53 crystal struc-

tures are nonhomologous. After removing structures

with resolution higher than 1.7 Å, 11 Nle amino acids

remained.

Hard-sphere plus stereochemical constraint
model of dipeptide mimetics and a-helical
segments

Figure 1 shows a stick representation of the Ala dipep-

tide mimetic as well as nine other residues (Val, Thr,

Phe, Ser, Cys, Tyr, Leu, Ile, and Trp). The u backbone

dihedral angle is defined by the clockwise rotation

around the N-Ca bond (viewed from N to Ca) involving

the backbone atoms C-N-Ca-C. The w backbone dihe-

dral angle is defined by the clockwise rotation about the

Ca-C bond (viewed from Ca to C) involving the back-

bone atoms N-Ca-C-N. The definitions of the x back-

bone dihedral angles and the side-chain dihedral angles

vi of the nine residues considered in this work are pro-

vided in Table S2 in Supporting Information. All dihe-

dral angles listed in the Table S2 in Supporting
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Information range from 0� to 360�, except v2 for the

aromatic residues Tyr, Trp, and Phe, which range from

0� to 180�. We show in the Supporting Information that

the side-chain dihedral angle distributions for Tyr, Trp,

and Phe are similar for 0�< v2< 180� and 180�<
v2< 360� because of the approximate ring inversion

symmetry.

We constructed hard-sphere representations of dipep-

tide mimetics and a-helical segments for each of the

nine residues. The structure of the dipeptide mimetics is

N-acetyl-X-N0-methylamide, where X is one of the side

chains of the nine residues we studied (Fig. 1). Particular

combinations of the bond lengths, bond angles, and x
backbone dihedral angles for each dipeptide mimetic

were obtained from the �1.0 Å subset of protein crystal

structures. The atomic radii were set to 1.05 Å for

Hydrogen, 1.5 Å for sp3 Carbon, 1.4 Å for sp2 Carbon,

1.4 Å for Nitrogen, and 1.45 Å for Oxygen, based on our

previous studies.19–21 We fixed the radius of Sulfur to

be 1.8 Å consistent with many prior studies22–30 and

Figure 1
Stick representation of dipeptide mimetics. Stick representation of dipeptide mimetics for nine residues: Val, Thr, Ser, Cys, Leu, Ile, Phe, Tyr, and
Trp. The side-chain dihedral angles v1 and v2 are highlighted, with positive angles indicated by the arrows. Carbon, nitrogen, oxygen, hydrogen,

and sulfur atoms are shaded pink, blue, red, white, and yellow, respectively. We also include the Ala dipeptide mimetic to label the backbone atoms

and define the backbone dihedral angles (u and w). Atoms with superscripts i 2 1 and i 1 1 refer to the residue order relative to the central
residue i.
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the mean bond lengths l 5 1.804 6 0.015 and

1.792 6 0.015 for Cg-Sd and CE-Sd in Met from the 1.0 Å

database. Hydrogen atoms were added to the structures

using the REDUCE software package,31 which places

hydrogen atoms based on their nuclear positions.

As shown in Figure 5, the a-helical segments contain

nine residues with the target residue positioned in the

center at location i, and the side-chains of the other

eight residues in the segment have been removed. The a-

helical segments extracted from the 1.0 Å set of struc-

tures satisfy the following criteria: (1) no missing atoms

in the backbone of the segment, (2) no Pro residues, and

(3) all backbone dihedral angle combinations possess

280�<u<220� and 265�<w<220�. In contrast to

our previous studies,19,20,32 we do not change the back-

bone dihedral angles of the dipeptide mimetics and a-

helical segments that were extracted from the high-

resolution database.

Calculation of the probability
distribution of sterically allowed side-chain
dihedral angles

Given a particular dipeptide mimetic or a-helical seg-

ment, we rotate the side chain of the target residue to a

particular conformation specified by {v1, v2, . . .} in small

increments Dv 5 5�. For each side-chain conformation,

we determine the separation rij between the centers of all

pairs of nonbonded atoms i and j (with both atoms

located on the side chain or with one on the side chain

and the other on the backbone). If the separation rij

between all nonbonded atom pairs for a conformation

satisfies rij�rij, where rij is the sum of the radii of

atoms i and j, this conformation is sterically allowed. We

then perform this calculation for all possible side chain

conformations for each dipeptide mimetic or a-helical

segment.

To calculate the probability distributions of sterically

allowed side-chain dihedral angles, P(v1) for Val, Thr,

Ser, and Cys, and P(v1, v2) for Leu, Ile, Phe, Tyr, and

Trp in a dipeptide mimetic or a-helical segment, we first

count the number of sterically allowed side-chain dihe-

dral angle combinations in each 5� bin or 5� 3 5� box,

and then sum over all residues selected from the high-

resolution Dunbrack database. Summing over structures

in the Dunbrack database allows us to average over ran-

dom bond length, bond angle, and x dihedral angle

fluctuations.

To investigate the dependence of the side-chain dihe-

dral angle distributions on the backbone conformation,

we identified dipeptide mimetics with u and w within

610� of canonical a-helix (u 5 257�, w 5 247�) or b-

sheet (u 5 2119�, w 5 113�) values, and calculated the

probability distributions for the side-chain dihedral

angles for a-helical and b-sheet backbone conformations

separately. We normalize the distributions so that
Ð

P(v1)

dv1 5 1 or
Ð

P(v1, v2) dv1 dv2 5 1.

RESULTS

We seek to develop a predictive understanding of the

side-chain dihedral angle distributions of several classes

of amino acids. We employ a simple approach: modeling

amino acids as hard-spheres with stereochemical con-

straints on the bond lengths and angles. Briefly, using

Val for illustration, our strategy is as follows. We first

identify all occurrences of the amino acid of interest in

the 1.0 Å Dunbrack database of protein crystal struc-

tures. (See Materials and Methods for a description of

the Dunbrack database of high-resolution protein crystal

structures.) For example, there are 424 Val with a-helical

u-w combinations in the database as shown in Table S1

in Supporting Information. Each of these Val residues

possesses slightly different bond lengths and angles. We

fix the original backbone dihedral angles u and w, and

for each of these Val residues, we calculate whether or

not a particular side-chain dihedral angle, v1, is sterically

allowed or disallowed. We then sum these results for all

424 Val with a-helical backbone conformations to obtain

a probability distribution P(v1) for each v1 for Val (a-

helix). We compare the predicted side-chain dihedral

angle distributions to the observed distributions obtained

from the 1.7 Å (not 1.0 Å) Dunbrack database to have

sufficient data (850 vs. 221 protein structures) to calcu-

late the probability distribution for v1. We follow a simi-

lar procedure for Ser, Cys, Thr, Ile, Leu, Phe, Tyr, and

Trp.

To improve the agreement between our predictions

of the side-chain dihedral angle distributions and the

observed distributions for certain amino acids, we per-

formed hard-sphere calculations with the target residue

positioned in the center of a nine-residue a-helical

segment and the side-chains of the other eight residues

in the segment removed (i.e., only the backbone

remains). See Materials and Methods for a more com-

plete description of the computational methods we

employ.

Below, we organize the results into “amino acid types”

for clarity. Specifically, we group Ser and Cys; Val and

Thr; Ile and Leu; and then Phe, Tyr, and Trp. For each

residue, we calculate the side-chain dihedral angle distri-

butions for both a-helical and b-sheet backbone confor-

mations for a dipeptide mimetic as described for Val

above. We discuss which features of the observed side-

chain dihedral distributions our hard-model can repro-

duce, and which features it cannot. In several cases, we

also compare the results for the side-chain dihedral angle

distribution obtained from the dipeptide mimetic with

calculations for the same amino acid in the center of a

nine-residue a-helical segment.

Predicting Side-Chain Dihedral Angle Distributions
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Cys and Ser

In Figure 2, we compare the results of our hard-sphere

calculations of the side-chain dihedral angle distributions

P(v1) for Ser and Cys in a dipeptide mimetic to the

observed distributions for both a-helical and b-sheet

backbone conformations. By considering rotations about

a single carbon bond in ethane, one would expect three

highly probable conformations at v1 5 60�, 180�, and

300�. The Ca-Cb bonds in Cys and Ser are analogous to

the carbon-carbon bond in ethane, but Cys and Ser have

asymmetric substituents attached to Ca and Cb. The

observed distribution for Ser (a-helix) shows three peaks

at v1 5 60�, 180�, and 300�. However, the peak at

v1 5 60� is greatly diminished for Cys (a-helix) and

nearly absent for both Ser and Cys (b-sheet). Our pre-

dictions from the hard-sphere model for a dipeptide

mimetic show strong similarities to the observed side-

chain distributions for both Ser and Cys in both a-helix

and b-sheet backbone conformations. (See Fig. S2 in

Supporting Information for estimates of the error bars

for the predicted and observed side-chain dihedral angle

distributions.) The hard-sphere model predicts that

v1 5 60� is more strongly disfavored for Ser (b-sheet)

compared to Ser (a-helix) and v1 5 60� is strongly disfa-

vored for Cys (both a-helix and b-sheet).

We identified the steric clashes that determine the

form of the allowed side-chain dihedral angle distribu-

tions for Cys and Ser (Fig. S1 in Supporting Informa-

tion). We tracked how the separations between the 47

pairs of atoms change as we vary v1 for both Cys and

Ser dipeptides in both a-helix and b-sheet backbone

conformations. For each amino acid in each backbone

conformation, we studied dipeptide models that sample

bond length and bond angle combinations from the 1.0

Å database. Clashes between the side-chain Og and back-

bone Ni11 and Hi11 atoms (where Hi11 is the hydrogen

on Ni11) disallow 50% of the Ser dipeptides at v1 5 60�.
Similar calculations show that clashes between the Og-O,

Sg-Ni11, and Sg-Hi11 atom pairs disallow nearly all Ser

(b-sheet) and Cys (a-helix) residues at v1 5 60�. In con-

trast, nearly all Cys (a-helix) residues at v1 5 180� are

sterically allowed.

Val and Thr

As with Cys and Ser, one might expect three highly

populated side-chain conformations near v1560�, 180�,
and 300� for Val and Thr. Indeed, three peaks are

observed in the probability distributions P(v1) for Val

and Thr (a-helix), but not for Val and Thr (b-sheet).

The calculated P(v1) for the b-sheet conformations of

both the Val and Thr dipeptide mimetics are similar to

the observed P(v1) [Fig. 3(c,f)], i.e. we find one strong

peak at v1 5 180� for Val and at v1 5 300� for Thr.19

Note that in the IUPAC nomenclature33 the definition

of v1 is different for Thr and Val with respect to the

methyl branch. Therefore, v1 5 180� in Val is equivalent

to v1 5 300� in Thr.

Because the hard-sphere model for the dipeptide

mimetic overpredicts the peaks at v1 5 60� and 300� for

Val (a-helix) as well as the peaks at v1 5 60� and 180�

for Thr (a-helix) as shown in Figure 3(a,d), we repeated

the calculation in a short a-helical segment to determine

if inter-residue interactions were influencing the observed

distributions. The calculated P(v1) from the hard-sphere

model for Val and Thr in a-helical segments better cor-

responds with the observed distributions. In particular,

the calculated peaks at v1 5 300� for Val and v1 5 60�

and 180� for Thr are reduced, as shown in Figure 3. The

probability near v1 5 300� for Val is reduced due to

clashes between the side-chain methyl -Cg2H3 group (at

Figure 2
Side-chain dihedral angle distributions for Ser and Cys dipeptide mim-
etics: Comparison of the observed (dotted red lines) and calculated

(solid blue lines) probability distributions P(v1) of the side-chain dihe-
dral angle v1 for Ser and Cys in dipeptide mimetics with backbone

dihedral angles u and w within 610� of canonical a-helix (u 5 257�,
w 5 247�) and b-sheet (u 5 2119�, w 5 113�) values. The probabilities
are normalized such that

Ð
P(v1)dv1 5 1. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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location i) with the backbone carbonyl group at location

i-4. The probability near v1 5 180� for Thr is reduced

due to clashes between the side-chain -Cg2H3 group (at

location i) with the backbone carbonyl groups at loca-

tions i-3 and i-4. The probability near v1 5 60� is

reduced by similar clashes with the backbone carbonyl

group at location i-4 only.

Leu and Ile

Our previous hard-sphere calculations20 of the side-

chain dihedral angle distributions P(v1, v2) for Leu and

Ile in a dipeptide mimetic capture the main features of

the observed distributions for both a-helix and b-sheet

backbone conformations (Fig. 4). However, there are a

few subtle differences. For example, in the observed dis-

tribution for Leu (a-helix) conformations near

v1 5 300�, v2 5 300� (box 9) are rarely populated, repre-

senting only 2% of observed conformations. However,

our hard-sphere calculations for Leu (a-helix) in the

dipeptide mimetic give 21% for the probability in box 9.

In addition, for Ile (a-helix), we predict 25% in box 5

(Fig. 4), whereas the observed probability is 2%.

We therefore also calculated the P(v1, v2) for the hard-

sphere model of Leu and Ile in an a-helical segment. For

Leu, the predicted probability for conformations in box 9

decreases from 21% to 5% [left panels of Fig. 4(b,c)],

which more closely matches the observed probability. The

decrease in probability in box 9 is caused by clashes

between the methyl group (ACd1H3) of Leu at location i

and the backbone carbonyl group (C@O) of the residue at

location i-4 (Fig. 5). For Ile, the predicted probabilities for

conformations in boxes 5 and 6 change from 18% to 4%

and 53% to 78%, respectively [right panels of Fig. 4(b,c)],

both of which more closely match the observed probabil-

ities (which are 1% for Box 5 and 85% for Box 6). As

shown in Figure 5, the methyl ACg2H3 group of the b-

branched Ile clashes with the backbone C@O group of

both the i-3 and i-4 residues when v1<200�, which elimi-

nates conformations in box 5.

The observed and calculated probability distributions

for the side chain dihedral angles P(v1, v2) for Leu and

Ile (b-sheet) are shown in Figure 4. The observed and

calculated probability distributions for Leu (b-sheet)

both have high probabilities in boxes 6 and 8. However,

the hard-sphere model for the Leu dipeptide mimetic

(b-sheet) slightly overpredicts conformations in box 9

(11% versus 2%). This slight overprediction is likely

because the side chain of Leu at position i would clash

with the side chain of the residue at i-2 when it is in a

b-sheet structure rather than in a dipeptide mimetic.

For Ile (b-sheet), both the observed and predicted dis-

tributions P(v1, v2) have a strong peak in box 6 and a

minor peak in box 3. The predicted and observed distri-

butions are similar without considering neighboring resi-

dues in segments of b-sheet secondary structure, because

Figure 3
Side-chain dihedral angle distributions for Val and Thr in dipeptide
mimetics and a-helical segments: Comparison of the observed (dotted

red lines) and calculated (solid blue lines) probability distributions
P(v1) for the side chain dihedral angle v1 for Val and Thr in dipeptide

mimetics with backbone dihedral angles u and w within 610� of either
the canonical a-helix (u 5 257�, w 5 247�) or b-sheet (u 5 2119�,
w 5 113�) values (a, c, d, and f) and in a-helical segments (b and e).

The probabilities are normalized such that
Ð

P(v1)dv1 5 1. [Color figure
can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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Figure 4
P(v1, v2) for Leu and Ile in dipeptide mimetics and a-helical segments: Comparison of the observed and calculated probability distributions of
side-chain dihedral angles P(v1, v2) for Leu (Left column) and Ile (Right column). Row (a): Observed P(v1, v2) for Leu and Ile in a-helical back-

bone conformations. Row (b): Calculated P(v1, v2) for Leu and Ile dipeptide mimetics in a-helical backbone conformations. Row (c): Calculated
P(v1, v2) for Leu and Ile in a-helical segments. Row (d): Observed P(v1, v2) for Leu and Ile in b-sheet backbone conformations. Row (e): Calcu-

lated P(v1, v2) for Leu and Ile dipeptide mimetics in b-sheet backbone conformations. The probability distributions are normalized such thatÐ
P(v1, v2) dv1 dv2 5 1. The probability values, expressed as percentages, within each of the nine (v1, v2) regions defined by the dotted lines are

labeled. The probabilities increase from white to yellow to orange to black. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

http://wileyonlinelibrary.com


Ile is b-branched and clashes between backbone and

side-chain atoms within a dipeptide eliminate the (v1,

v2) combinations equivalent to those in box 9 for Leu.

Phe, Tyr, and Trp

In Figure 6, we compare the calculated dihedral angle

distributions P(v1, v2) for Phe, Tyr, and Trp dipeptide

mimetics in a-helical and b-sheet backbone conforma-

tions with the observed distributions. For Phe, Tyr, and

Trp in both a-helical and b-sheet backbone confor-

mations the predicted and observed distributions are

qualitatively similar. To quantitatively compare the distri-

butions, we decompose (v1, v2) space into three regions:

0�< v1< 120�, 120�< v1< 240�, and 240�<v1< 360�

with 0�<v2< 180�. For the three aromatic residues, the

predicted and observed side-chain dihedral angle distri-

butions agree quantitatively for b-sheet backbone confor-

mations. In contrast, for the three aromatic residues, the

hard-sphere dipeptide model overpredicts the probability

in the region 240�< v1< 360� in a-helical backbone

conformations by �20%.

In Figure 6, we compare the predicted and observed

distributions P(v1, v2) for Phe, Tyr, and Trp in the con-

text of the nine-residue a-helical segment. We find that

the distributions calculated in this setting more closely

match the observed distributions for aromatic residues.

In particular, the predicted probabilities in the region

240�< v1< 360� decrease from � 40 to 20% for Phe

and Tyr and from � 45 to 30% for Trp, which are all

within 65� of the values in the observed distributions.

We show in Figure 7 that clashes occur between atoms

on the aromatic side chain and the carbonyl group of

the residue at i 2 4 when the aromatic residues have

v1 5 300� and occur in an a-helical segment. In contrast,

these atomic clashes do not occur in the context of a

dipeptide mimetic. Based on their examination of the

side-chain conformations of Phe in the 61 protein crystal

structures available at that time, Sternberg and

coworkers34 suggested that such clashes limit the

v1 5 300� conformation of Phe, which the current work

quantitatively supports.

DISCUSSION AND
CONCLUSIONS

We have investigated to what extent the hard-sphere

plus stereochemical constraint model can recapitulate the

side-chain dihedral angle distributions observed in high-

resolution protein crystal structures, for Ser, Cys, Val,

Thr, Leu, Ile, Phe, Tyr, and Trp. We find that for all of

these amino acids, a hard-sphere model of a dipeptide

mimetic can explain the main features of the observed

side-chain dihedral angle distributions for both a-helix

and b-sheet backbone conformations. We also show that

in some cases, the match between the predictions from

the hard-sphere model and the observed distributions

can be improved if we consider the amino acid side

chains in the context of an a-helical segment rather than

in a dipeptide mimetic.

When considering which amino acids to model using

only hard-sphere interactions plus stereochemical con-

straints, we first chose the non-polar amino acids,

because it seemed most likely that their behavior would

be well-captured by the hard-sphere model. This proved

to be the case for the majority of non-polar residues.

The exception is Met (Fig. 8 and Table S1 in Supporting

Information). In Figure 9, we compare the observed

side-chain dihedral angle distributions, P(v1), P(v2), and

P(v3), with those calculated using the hard-sphere model

Figure 5
Stick representation of Ile in an a-helical segment: Top row: Stick rep-

resentation of an a-helical segment with Leu at position i and its side-
chain dihedral angles set to (Left) v1 5 180� and v2 5 60� and (Right)

v1 5 300� and v2 5 60�. The Ci–4 atoms are labeled and atomic clashes
between the carbonyl group of residue i 2 4 and the side-chain of Leu

are indicated by semi-transparent spheres. Bottom row: Stick represen-
tation of an a-helical segment with Ile at position i and its side-chain

dihedral angles set to (Left) v1 5 180� and v2 5 180� and (Right)

v1 5 300� and v2 5 180�. The Ci24 and Ci23 atoms are labeled and the
atomic clashes between the carbonyl group of residue i 2 4 and the side

chain of Ile are highlighted by semitransparent spheres. Carbon, nitro-
gen, oxygen, and hydrogen atoms are colored pink, blue, red, and

white, respectively. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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for Met dipeptides in a-helix backbone conformations

(Table S1 in Supporting Information). Note that the

hard-sphere model successfully recapitulates the observed

P(v1) and P(v2) distributions for Met, but not P(v3).

The observed P(v3) shows strong peaks at v3 5 60� and

300�, whereas the predicted P(v3) is nearly flat over the

range 60�<v3< 300�.4 The difference between the

observed and predicted distributions persists when we

vary the sulfur atomic size over the range from 1.45 to

2.0Å, artificially place two hydrogen atoms in an sp3 con-

figuration on the sulfur atom, and study Met in the con-

text of an a-helical segment.

We also investigated the amino acid Norleucine (Nle),

a structural analog of Met where the thioether group

(ASA) is replaced by the methylene group (ACH2A;

Fig. 8). The observed distribution P(v3) for Nle is differ-

ent from that of Met in that v3 5 180� is the most prob-

able value of v3. In Figure 9, we show that the P(v1),

P(v2), and P(v3) distributions from the hard-sphere

dipeptide model for Nle agree qualitatively with the

observed distributions. (Note that the observed Nle dis-

tributions possess large fluctuations due to the small

number of Nle in the PDB). In future studies, we will

investigate why the hard-sphere plus stereochemical con-

straint model can recapitulate P(v3) for Nle, but not for

Met. To confirm that the observed P(v3) is accurate, we

will also investigate the electron density map for each

Met residue and consider possible multiple conforma-

tions of the Met side chains using Ringer.35

Unexpectedly, we discovered that the hard-sphere plus

stereochemical constraint model is also able to recapitu-

late the behavior of the polar side chains Ser and Thr in

Figure 6
P(v1, v2) for a dipeptide mimetic versus a-helical segment for aromatic residues: Comparison of the observed and calculated probability distribu-
tions of side-chain dihedral angles P(v1, v2) for Phe (Left column), Tyr (Middle column), and Trp (Right column). Row (a): Observed P(v1, v2)

for Phe, Tyr, and Trp residues in an a-helical backbone conformation. Row (b): Calculated P(v1, v2) for Phe, Tyr, and Trp dipeptide mimetics with
u and w angles within 610� of the canonical a-helix values (u 5 257�, w 5 247�). Row (c): Calculated P(v1, v2) for Phe, Tyr, and Trp in a-

helical segments. Row (d): Observed P(v1, v2) for Phe, Tyr, and Trp residues in a b-sheet backbone conformation. Row (e): Calculated P(v1, v2)

for Phe, Tyr, and Trp dipeptide mimetics with u and w angles within 610� of the canonical b-sheet values (u 5 2119�, w 5 113�). The probabil-
ities are normalized such that

Ð
P(v1, v2) dv1 dv2 5 1. The probability values, expressed as percentages, are defined by regions between the two ver-

tical dotted lines. The probabilities increase from white to yellow to orange to black. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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both the a-helix and b-sheet backbone conformations

without including hydrogen-bonding interactions in the

model. For example, our results show that v1 5 300� for

Thr is sterically allowed, whereas v1 5 60� and 180� are

disallowed by repulsive steric interactions. The v1 5 300�

conformation positions the Thr side-chain to hydrogen

bond with the backbone.36,37 But even in the absence of

H-bonding, the hard sphere model predicts that v1 5 300�

is the most populated conformation. We have not yet

investigated charged side chains (Lys, Arg, Glu, and Asp)

or residues with amide side chains (Asn and Gln).

In summary, we found that side-chain dihedral angle

distributions of many amino acids can be accurately mod-

eled using hard-sphere interactions plus stereochemical

constraints alone. The success of the hard sphere plus ster-

eochemical constraint model in predicting amino acid

side-chain conformation is a strong foundation from

which to investigate more complex systems and phenom-

ena, such as the packing and thermodynamic stability of

protein cores and protein-protein interactions.
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