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Abstract—It was demonstrated for the first time that the distribution of side-chain rotamers in the a- and d-
positions of a-helices of coiled-coil (cc) proteins follows a certain trend, rather then being random. For
instance, most side chains adopt t rotamers in the a-positions and g~ rotamers in the d-positions of helical
dimers. Vice versa, most side chains adopt g~ rotamers in the a-positions and t rotamers in the d-positions of
tetramers. It was concluded that selection of the side-chain rotamers depends on the packing of o-helices and,

consequently, depends on the structural context.
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INTRODUCTION

As the number of resolved protein structures is
increasing in the Protein Data Bank (PDB), an
increasing number of works focus on side-chain rota-
mers in proteins. Most works are aimed at identifica-
tion of various side-chain rotamers, their classifica-
tion, statistical analysis of their frequencies in pro-
teins, and construction of rotamer databases and
libraries (e.g., [1-5]). Significant differences in side-
chain rotamer frequencies have been observed as
dependent on the local conformation of the main chain
[1-7] and the membrane environment (for membrane
proteins) [8]. These studies have shown that, in pro-
teins, side chains adopt one of the three sterically pos-
sible rotamers, which are designated as g~ (); = —60°),
gt (), =+60°), and t (); = 180°). In o-helical regions,
the main chain imposes additional limitations on the
conformational freedom of side chains, and Cg-
branched side chains contained in o-helices have only
one allowable conformer (Val, t; Ile and Trh, g),
while side chains nonbranched at Cg can have either g
or t rotamers.

However, the other factors affecting the selection
of side-chain conformations in proteins are still poorly
understood. We have earlier shown that a close pack-
ing of hydrophobic side chains on the surfaces of o-
helices is reached owing to certain combinations of
rotamers [9, 10]. The conformation of polar side
chains can be selected depending on their structural
environment. When a polar side chain has a partner to

form a hydrogen or salt bond, one (e.g., t) conforma-
tion is selected; otherwise, the side chain adopts
another conformation so that its polar moiety is acces-
sible for water molecules [10]. In this work, we con-
sidered the role of the structural context in selection of
the conformation of hydrophobic side chains with the
example of o-helical leucine-zipper proteins. As a
result, we observed new features of the distribution of
g~ and t rotamers of side chains in hydrophobic cores
of a-helical structures and revealed a dependence of
the side-chain conformation on the mode of o-helix
packing.

EXPERIMENTAL

Our main subject was a class of coiled-coil (cc)
proteins, also known as leucine zippers. Such proteins
consist of long a-helices, which are packed in a paral-
lel or antiparallel manner to form dimers, trimers, tet-
ramers, or, rarely, pentamers. These can be homo- or
heterooligomers. In most known cc proteins, o-heli-
ces are packed with angle Q = 20°. In the ideal case,
this angle between axes is characteristic of a-helices
whose amino acid sequences have heptad repeats
(abcdefg)n with a- and d-positions occupied usually
by hydrophobic residues (for a review, see [11, 12]).

Such proteins are best suited for our purpose for
several causes. First, many cc proteins and their model
analogs have Leu in the a- and d-positions. Such an
almost homogeneous set of side chains makes the
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packing of o-helices nearly ideal, in contrast to heter-
ogeneous sets, especially those with side chains dra-
matically differing in size. To study the selection of
side-chain rotamers, our sample included only the cc
proteins having the a- and d-positions occupied
mainly by Leu, Phe, and Tyr residues (their side
chains are most similar in size and can have two rota-
mers), but not proteins containing mostly Val and Ile
in the a- and d-positions (see Tables 1-5). In addition,
out database included homologous proteins and their
model analogs that can be switched, e.g., from dimers
to trimers or tetramers as a result of point mutations.
This is of special importance for studying the effect of
the structural context on the selection of side-chain
conformations, because the same or a very close set of
side chains occurs in different structural environments
in such cases. Another advantage of cc proteins is that
their a-helices are rather long (mostly, of 20 or more
residues), which substantially reduces the marginal
effects. Necessary structural information was taken
from PDB (http://www.rcsb.org/pdb/). Torsion angle
%, was computed using the MOLMOL program [13].

RESULTS AND DISCUSSION

The packing of a-helices against each other in pro-
teins follows two main patterns, face-to-face and side-
by-side, which differ in the arrangement of hydropho-
bic surfaces (or clusters) [9, 10, 12]. In the case of
face-to-face packing, hydrophobic clusters are
between the backbones of o-helices in the contact
region and form a bilayer of hydrophobic side chains.
Such a packing is observed in all dimeric cc proteins
with a parallel or antiparallel arrangement of o-heli-
ces and in long isolated o-helical hairpins of globular
proteins (Tables 1, 2). In the case of side-by-side
packing, hydrophobic clusters are combined to form a
single layer of hydrophobic side chains on the surface
of the double-helical structure. Such o-helix packing
is observed in tetramers and pentamers of cc proteins
(Tables 4, 5) and in four-helix bundles of globular pro-
teins. In trimeric cc proteins, the packing of a-helices
is most similar to side-by-side packing but shows
some features of face-to-face packing (Table 3). Thus,
depending on the o-helix packing, hydrophobic side
chains are arranged differently relative to each other
and to the backbones of the o-helices and, conse-
quently, occur in different structural environments,
which substantially affects their conformation.

Table 1 summarizes the angles ), computed for all
residues occupying the a- and d-positions of cc dimers
whose a-helices are packed face-to-face and are par-
allel. Analysis of these data revealed an important fea-
ture in the distribution of rotamers of the hydrophobic
side chains that are sterically allowed to adopt two
conformations (Leu, Phe, Tyr, etc.). Most of the
chains occur as t rotamers in the a-positions and as g~
rotamers in the d-positions. To illustrate, Fig. 1 shows
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a circular diagram of the 7, distribution for Leu resi-
dues occurring in the a- and d-positions of cc dimers
with parallel o-helices.

Angles y; computed for residues occupying the a-
and d-positions in o-o-hairpins and antiparallel
dimers are summarized in Table 2; their distribution is
shown in Fig. 2. Although less distinct, the feature
observed in this case was the same as in dimers with
parallel a-helices. The side-chain conformation will
be considered a t rotamer when Y ranges from —150°
to +150° and a g~ rotamer when ), ranges from —50°
to —100°. These criteria are more stringent than, for
example, in [7], where y; = 180 £ 60° suggested t rot-
amers and y; = 0 to —120°, g~ rotamers. A simple cal-
culation shows that 64% of the side chains of Leu,
Phe, and Tyr occupying the a-positions in antiparallel
dimers and hairpins adopt t rotamers; 19% adopt g~
rotamers, and 17% have sterically prohibited confor-
mations (Fig. 2). For a comparison, 75% of Leu resi-
dues in the a-positions of dimers with parallel o-heli-
ces adopt t rotamers, 21% adopt g~ rotamers, and 4%
have sterically prohibited conformations (Fig. 1). In
the d-positions of hairpins and antiparallel dimers,
76% of Leu, Phe, and Tyr side chains adopt g~ rotam-
ers, 12% adopt t rotamers, and 12% have sterically
prohibited conformations (Fig. 2). In parallel dimers,
virtually all Leu residues in the d-positions adopt g~
rotamers (Fig. 1). We think that the distribution (Fig.
2) displayed a greater number of deviations from the
general trend as compared to that in Fig. 1 because the
side-chain composition of antiparallel dimers and
hairpins was more heterogeneous.

The distribution of side-chain rotamers in trimeric
proteins substantially differed from that in dimers. As
evident from Table 3 and Fig. 3, most (75%) of the a-
position side chains of trimers adopt g~ rotamers,
rather than t rotamers, as in dimers. As for the d-posi-
tions, the situation with trimers was similar to that
with dimers: 63% of the residues adopt g~ rotamers,
25% adopt t rotamers, and 12% have sterically prohib-
ited conformations. A similar distribution was
observed for tetramers-1 (the a- and d-positions of tet-
ramers-1 are occupied mostly by Leu, while the com-
position of tetramers-2 is heterogeneous): 82% of Leu
residues in the A-positions adopt g~ rotamers, t rotam-
ers are absent, and 18% of residues have sterically
prohibited conformations (Table 4, Fig. 4). Of the five
residues found in the d-positions of tetramers-1, three
adopt g~ rotamers and two adopt t rotamers.

The rotamer distribution in tetramers-2 is opposite
to that in dimers: most side chains in the a-positions
adopt g~ rotamers, while side chains in the d-positions
mostly adopt t rotamers (Table 5, Fig. 5). According to
our estimates, 83% of the Leu, Phe, and Tyr residues
in the a-positions of tetramers-2 adopt g~ rotamers,
8% adopt t rotamers, and 9% have sterically prohib-
ited conformations. In the d-positions of tetramers-2,
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Fig. 1. Torsion angle 7, distribution of Leu residues occupying the a- and d-positions in parallel cc dimers (based on Table 1). Here
and in Figs. 2-5, distributions are shown as circular diagrams. The upper half-circles correspond to positive (¥ ranging from 0 to
180°) angles and the lower ones, to negative () ranging from 0 to —180°) angles.
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Fig. 2. Torsion angle y; distribution of Leu, Phe, and Tyr residues occupying the a- and d-positions in antiparallel cc dimers and o
helical hairpins (based on Table 2).

MOLECULAR BIOLOGY  Vol. 41 No.3 2007



488 BRAZHNIKOV and EFIMOV

Trimers

70N R

)’ 0

o>
0 1805 %

\ 6 T80 120 18028 Tare .1:2 .4 5116125 34
7 N\

Fig. 3. Torsion angle y; distribution of Leu, Phe, and Tyr residues occupying the a- and d-positions in trimers (based on Table 3).
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Fig. 4. Torsion angle 7, distribution of Leu residues occupying the a- and d-positions in tetramers-1 (based on Table 4).
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Fig. 5. Torsion angle  distribution of Leu, Phe, and Tyr residues occupying the a- and d-positions in tetramers-2 (based on Table 5).

80% of residues adopt t rotamers and 20% adopt g~
rotamers.

Thus, a trend is distinct: the conformation of side
chains changes from t to g~ rotamers in the a-positions
and from g~ to t rotamers in the d-positions upon the
transition from dimers to trimers and tetramers; i.e., as
the o-helix packing changes from face-to-face to side-
by-side. In the intermediate cases of trimers and tet-
ramers-1, especially with a homogeneous set of side
chains, g~ rotamers are prevalent in both a- and d-posi-
tions. In other words, the selection of side-chain rota-
mers in the a- and d-positions depends on the a-helix
packing and, consequently, on the structural context.

The trend observed can be explained by a simple
squeezing mechanism; i.e., the side chains are
squeezed out of the helix—helix interface. A possible
scenario is considered below with the example of
dimers. Assume that dimers initially have g~ rotamers
of side chains in the a-positions and t rotamers in the
d-positions. In this case, a major part of each side
chain in these positions occur in the space between the
backbones of a-helices. As the a-position side chains
adopt t rotamers and the d-position side chains adopt
g~ rotamers (as observed), the centers of mass of the
side chains are displaced from the helix—helix inter-
face outwards, and the tendency to a closer packing
reduces the distance between the axes of the o-heli-
ces. Thus, the interactions between helices and the
tendency to a closer packing bring the axes of the o-
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helices close together and displace the side chains
from the between-helix space. This mechanism will
be detailed elsewhere.

The trends observed in the rotamer distribution in
dimers, trimers, and tetramers of cc proteins are of
importance. Advantage of them can be taken in mod-
eling protein structures and designing new structures
in protein engineering. It should be noted that the
side-chain rotamers can be predicted not only for Leu,
Phe, and Tyr, but also for B-branched Val and Ile,
because these residues each have a single sterically
allowable rotamer in the vast majority of cases (as can
be seen from Tables 1-5).

The observed deviations from the above trends can
be explained by the effects of the following factors.
Analysis showed that such deviation occur mostly at
the ends of helices; i.e., marginal effects do take place.
This is possibly because a-helices are diverged from
each other at the ends of some oligomers and no
longer affect each other. The heterogeneity of the sets
of a- and d-position side chains can further contribute
to the deviations. For instance, the trends are more
distinct in parallel dimers, which have almost homo-
geneous sets of Leu residues (Fig. 1), than in antipar-
allel dimers, whose sets of side chains are heteroge-
neous (Fig. 2).

To conclude, it should be noted that similar trends
in the distributions of side-chain rotamers were
observed for four-helix bundles (our preliminary data)
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Table 3. Angle y, for residues in the a- and d-positions of trimers

No. PDB ID a d a d a d a d
1 |1AQ5(A) Q18 V21 125 L28 L32 V35 139 L42
-88 154 —-148 -84 160 142 -80 -74
2 | 1B08(B) V1204 L1207 V1211 L1214 V1218 L1221 F1225 Y1228
- -49 177 -75 175 -79 —-158 -88
3 |1EQ7(A) S2 16 L9 V13 L16 V20 L23
65 =72 -74 167 -80 166 -107
A4l Ad4 L48 M51 Y55
- - -78 60 -61
4 [ 1SWI(A) M2 L5 A\ L12 Al6 L19 V23 L26
-49 -128 175 -78 - —-64 147 -98
5 |2BEZ(C) Y899 Q902 A906 F909 1913 1916 1920 T923
- - - 178 -82 =77 —-64 —-64
V934 A938 L941 V945 1L.948 F952 1955
162 - -173 174 -61 -75 -68
6 |1G2C(A) L160 V164 1167 L171 T174 V178 L181
-174 172 74 -146 =72 171 -175
7 |1COS(B) W2 L5 L9 L12 L16 L19 L23 L26
-173 -56 -90 -82 -82 —-154 -63 -34
1COS(C) -60 -83 -115 -65 -94 -80 -78 163
No. PDB ID a d a d a d a d
1 |1AQ5(A) 146
-68
2 | 1B0O8(B) E1232
-133
3 |1EQ7(A) V27 M30 V34 A37
170 -140 178 -
4 [ 1SWI(A) V30
141
5 |2BEZ(C)
L959 1962 L966 V969
-67 -71 -115 156
6 |1G2C(A) V185 L188 V192 L195 1199 Q202 1206 K209
168 177 165 -74 —-64 -62 67 -
7 | 1COS(B)
Table 4. Angle y, for residues in the a- and d-positions of tetramers-1
No. PDB ID a d a d a d a d a d
1 |[2BNI(A) M2 15 L9 112 Gle6 119 L23 126 L30
-59 -69 =77 -70 - -69 -69 =77 -56
2 |2B1F(B) V2 L5 V9 L12 N16 L19 V23 L26 V30
-69 =70 169 -71 -151 -178 165 -62 167
3 | IW5K(A) M3 16 L10 113 L17 120 L24 127 L31
-170 -68 =73 =77 -82 =72 =70 =73 -68
4 [1C94(A) R4 V7 L11 Vi4 L18 N21 L25 V28 L32 M35
57 168 -88 162 -146 =77 -150 169 -91 49
5 [4HB1(A) L4 L8 All L15 Al8 A22
175 -63 - -66 - -
6 |1GCL(A) M2 15 L9 112 L16 119 L23 126 L30
-59 -87 =77 -58 -71 -82 -49 -67 -95
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and other o-helical proteins (see [9, 10]), which are a
subject of our further studies.

ACKNOWLEDGMENTS

This work was supported by the Russian Founda-
tion for Basic Research (project no. 04-04-49393a).

REFERENCES

1. Janin J., Wodak S., Levitt M., Maigret B. 1978. Confor-
mation of amino acid side-chains in proteins. J. Mol.
Biol. 125, 357-386.

2. Ponder J.W., Richards F.M. 1987. Tertiary templates for
proteins. Use of packing criteria in the enumeration of
allowed sequences for different structural classes. J.
Mol. Biol. 193, 775-791.

3. Schrauber H., Eisenhaber F., Argos P. 1993. Rotamers:
To be or not to be? An analysis of amino acid side-chain
conformations in globular proteins. J. Mol. Biol. 230,
592-612.

4. Dunbrack R.L., Jr., Karplus M. 1993. Backbone-depen-
dent rotamer library for proteins: Application to side-
chain prediction. J. Mol. Biol. 230, 543-571.

5.

10.

11.

12.

13.

Lovell S.C., Word J.M., Richardson J.S., Richardson D.C.
2000. The penultimate rotamer library. Proteins. 40,
389-408.

. McGregor M.J., Islam S.A., Sternberg M.J.E. 1987.

Analysis of the relationship between side-chain confor-
mation and secondary structure in globular proteins. J.
Mol. Biol. 198, 295-310.

. Dunbrack R.L., Jr., Cohen F.E. 1997. Bayesian statistical

analysis of protein side-chain rotamer preferences. Pro-
tein Sci. 6, 1661-1681.

. Chamberlain A.K., Bowie J.U. 2004. Analysis of side-

chain rotamers in transmembrane proteins. Biophys. J.
87, 3460-3469.

Efimov A.V. 1977. Stereochemistry of co-helix and
B-structure packing in a compact globule. Dokl. Akad.
Nauk SSSR. 235, 699-702.

Efimov A.V. 1979. Packing of a-helices in globular pro-
teins. Layer-structure of globin hydrophobic cores. J.
Mol. Biol. 134, 23-40.

Lupas A. 1996. Coiled coils: New structures and new
functions. Trends Biochem Sci. 21, 375-382.

Efimov A.V. 1999. Complementary packing of o-helices
in proteins. FEBS Lett. 463, 3-6.

Koradi R., Billeter M., Wutrich K. 1996. MOLMOL: A
program for display and analysis of macromolecular
structures. J. Mol. Graph. 14, 51-55.

MOLECULAR BIOLOGY  Vol. 41 No.3 2007




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


