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We have analysed  the side-cllain  dihedral angles in 2536 residues from. 19 protein
structures. The distributions of xl aJld  x2 a&compared with predictions made on
the basis of simple energy calculations. The x1 distribution is trimodal  ; the g-
position of the side-chain (tram to Ha), wbkh  is rare except in setie,  the t
position (tram to the amino group), and the  g+ position (tram to the carbonyl
group), which ik  preferred in all residues. Chmteristic  x2  distributions are ob-
served for residues with a tetrahedral y-carbon,  for aromatic residues, and for
aspartic acidlasparagine.  The  number of configurations actually  observed is
small for all types  of side-chains, with 606//o or more of ‘them  in only one or two
configurations. We give estima.tes  of the expetiental  errors on x1 and ~2  (3” to
16’, depending on the type of the residue), and show that the dihedral an@es
remain within 15O  to 18O  (standard deviation) f-m the configurations with the
lowest  calculated energies. The distribution of the side-chains among the per-
mitted configurations varies slightly with the conformation of the main chain,
md with tke position of the residue relative to fhe  protein  Surface.  Configurations
that axe rare for exposed residues are even rarer for buried residues, suggesting
that, while the folded structure puts little strain on side-chain conformations, the
side-chain positions with the lowest energy in the unfolded structure axe  chosen
preferentially during folding.

1. Introduction
In the study of protein three-dimensional structures, attention has been focused on
the conformation of the polypeptide  chain. Though protein folding is known to be
determined by the amino acid sequence,  that  is by the chemical nature of the side-
chains, the side-chains themselves have been considered only from the point of view
of their effect on the main-&a.in  conformation, The classical work of Ramachandran
md his group established that  the  presence of a side-chain (WW  side-chain) reduces
considerably the conformational  possibilities of the neigh boukng  peptide  groups?
characterized bv  the + and # dihedral angles. Tilese  results have  been  extended toY
show pa-dicular  effectIs  of the various types of side-chains (for a review, see Kemetlq-  &
Scheraga,  1977)  and of their conformation (Finkelstein  & Ptitsvn, 197’7).  The actua.1I
configurations taken  bv the  sjde-chains  in prchin  structures have not been analvsed,
except for t31e  work if  Chandrasekaran  &  Runa-cha.ndrzul  (1970),  based on ihree

t Present address:  The Salk Instjtute.  Post 0ffkc &js 1809, San Diego,  Mif.  92 113, U.S.A.
$ Resent  address : Lnborat oirc  de Riophysique, Gniversit6 dc Srrncy  I, Crl?ntre de lcr Cycle,

Case  Officiello no. 140, 54037  Xancv h-h, Frsncc.

0099-2S3G/78/31035i-30  SO2.00/0d-



368 J. J,QNIN,  S.  WODAK, 3f. LEVITT AXD B. MAIGRET

protein structures (myoglobin, lysowme  and a-chymotmvsin).  These authors analvsed
the distribution of the side-chain dihedral angles ‘and attempted to prove that it*  can
be predicted  on the basis of simple geometric considerations.

Our approach is similar to. theirs. We compare the conformations &ken by side-
chains in glob& proteins to the results of energy cahulations  using  van der Waals’
interactions (and steric hindrance) only.  The experhehtal  dab.  which include 2536.
side-chain not .counting  glycine, aianine and proline  residues, from 19 high-resolution
protein stru&res,  show that the number of conf@rtttions  accessible to each type of
side-chain is small. These con-rations are independent of the position of the residue
on the surf&e or inside the protein. Their relative frequencies are.  affected to a certain
extent by the secondary structure, which slightly perturbs side-chain conformations
through steric hindrance and, in serine  and threotine  residues. through side-chain to
main-chain hydrogen bonds. In the folded protein structure, iong-range  interactlions
with residues far away in the amino acid sequence select one  of the few permitted
confQur&ions  without perturbing it strongly: protein folding cmses little strain ons
the side-chains.

2. Materials and Methods
(a) Atomic co-ordhutes

Atomic co-ordinates for 28 protein structures were obtained from tire Protein Data
Bank, Cambridge, England. A subset of 19 proteins containing  high-resolution (3-5 A or
better) structures, many of which have been submitted to crvstallographic  refinement,
is selected from the list. These stmctures  are: egg white lyso&ne,  carboxypcptidase  A,
subtilisin  BPN’, bovine pancreatic tlypsin inhibitor, parva’lbumin  (calcium binding
protein), papain, high potential iron protein, insulin, thermolysin,  &sttidiztn,  fla\yodoxin,
el&ase,  horse  methemo@obin  a8  d i m e r ,  VREx  iromuzx$obin  frqrnent,  ferredoxin,
felTicytochrome  c2, ferricvtochrome  b5, b ac t e r i ophage  T4 lysozyrne,  I-trypsin, a-
chymotrypsin.  Amino andkrboxyl  terminal residues and residues poorly resolved in
electron density maps (when mentioned by the authors) were removed. The sample
includes 3261 amino acid residues, of which i25 are Gly, Ala and Pro.

Bond lengths and b.ond  ctngles  hrt.ve  standard values  in all sets of atomic co-ordinates
of this sample, wit#h  small variations between authors. Therefore,  the dihedral angles
(4, $ for the main chain, x for the side-cbain)  are sufficient to cha.ra.cterize the conforma-
tion. Care -is taken in their calculation that they conform with the IUPACJUB (1970)
convention. However, the x angles are in the range of 0’ to 360° rather titan - MO0 to MOO.

(b) Side-duzin.  geometry and energy cahdutiovw



SIDE-CHAIN CONFORM.4TXON  I N  PROTEIXS 350

static interactions are ignored in this  study. Their inf!bnce  on the potential enerF ”
depends strongly on assumptions made regarding the dielectric constant.

Rotation of the side-chain around the C =-CB  bond is restricted, due to c011tacts  made
by atoms in Y position with the chemicaJ  groups atta&ed to the a-carbon  (Fig.  1 (a)). These.
groups axe the preceding  and following peptides,  the position of which is  determined b3
the main chain + and $ dihedral  an&s,  and the ~Aydrogen’  atom. Overlaps with the
peptide  groups axe least severe when + and + are in the allowed regions of the Rama-
chandran  mrrp (Ramacllandrm  et al,, 1963),  but they are still dominant over the effect of
Ha.  Therefore, tIm  g- positiorl  of tile  y-atom &NW  to & should be leas  favourable than I
and g+ positions tram to the more  bulky amino  and carbonyl groups, respectively..

Enerm calculations confirm  this qualitative description of the local geometry of the
side-chain. We summarize in Fig.  2 tho effect of a y-methyl efoup  on the  allowed  regions
of the Ramachandran  diagram. The 44 energy map  c&ulated  when the y-methyl is trans
to the caxbonyl  group  (g+ position, Fig.  2(c)) is essentially  the same as for an alanine
residue (the enerr& function beiug  that of eqn ( I)), showing that the y-carbon creates
little steric  hindrance over that of the /3-carbon.  TTCWW to the amino poup  (t position,
Fig. 2(b)), the y-atom  restricts the rotation of the carbonyl group (# angle): the coves-
pokiing  Ramachandran  diagram htw smaller helical regions. Tram to Ha (g - position,

(b)

(cl (d)

f

FIG. 1. The geometrv  of rotation around the C,-Cp  and CB -Cy bonds. The definitions of x1
in (a) and of x2  in (c) c&form  to tht?  IUPAC-IUB convention ( 1970).  ‘rhe ?I;ido-chain  is represented
above the plant! of the Ca substit.uont.s  in Xcwman  projections down  the CD-C’,  bolld.  Idealized
g- (xl = 603),  1  (xl = MO”)  a n d  y+ (xl =300”)  positions m-e  indicated for the y and 6 atoms.
These positions mq  Ilamed  respectiveiv  I, III and 111 bv Rmmwhandran  CQ- Cl~andrasekararl  (I SO).

(a) ~nkwanched Cg.  (b) Brmchcd  6~ ; R is CH,(Yej  in hi, Cj2H5 i n  UC,  OFI in Thr. ( c )  ‘I’ctra-
hdrd c‘,. ( d )  Tri~onal  C:,.c.
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FIG. 2. t$$  energy maps for mcthr-l-alanine.  The energv of the CH,COSH-(C,H,)  CaH-COKHCH3
structure (an a-amino-butyryl or Aethyl-alaniipi  residue wit.h  blocked X and C)  is calculated as
described in Materials and Methods for different values of the main-cfiain  dihedral  angles  C$ and $,
and for 3 values of the side-chain dihedral angle  xl.  Contours are  drawn at. -2 (broken), O?  2,  4,
G and 8 kcni/mol.

(a) The y-methvl  group is UI  the  g- position; x1 =
= 180”.  (c) Tl;e

GO”.  (b) The y-methyl  group is in the 1 position;. .
XI ;v-methyl  group is 111 the g + ;,o.Ation  ; xl = 3OQ’.
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Pig. 2(a)), the y-atom resfricts  the range of both +  and #; the left-handed helical con-
formations are effectively forbidden, the aL and /I  regions of  the  map are reduced in size
compared to the g+ or alanine  44 mapa

Qual&atively  similaz  ms&s have been obtakwd by Finkelstein  ( 1976)  using  Courtauld
atomic mod&. Our cakulations  apply to residues with carbon  atoms in  y-position.
Sulphr  (Cys)  a n d  03cyp11  a&oms (Ser,  Thr) have lesser effti (Tonnuswamy  &
.Sasisekharan,  197hz). For side-chains with  bmched C6 atoms (% T7al,  mr)  the  energy
baxricrs  created by the  two y-substituents  add up: thus, in %I  msidues,  the +# ene-y
map is that of Fig.  2(b)  when  the wvo  methyl sups  are in g + and  t positions  EM  shown on
Fii.  l(b), and that of Fig. 2(a) otherwise.

(ii) The  x2 mgZe
The geometry of rotation around the &-C,, bmd is Merent  when the y-carbon is

t&rahedra,l,  or when it is trigonal  and planar (aromatic residues; H%, L&J and Am).
III the 6rst  case, the 8 atom may occupy the 3 usua%i  positions relative  to C=: g -, t and

g +* comesponding  to  ~2  = GO*, 180*  and 300’, respectively (Fig. l(c)).  As the steric
hindrance due to p-hydrogen  atoms ia small compared to that of C= and of the main chain,
the t position trms  to C&  ie  qx&ed  to be p&erred-  Overlaps with main-chain atoms
restrict the permitted values of the x2 angle depending on xl (PonnumvamJ-  k smisekharan,
197lb;  see also Fig. 7(b)).

When the y-carbon  is t~igonal,  overla.ps  of the 8 atoms with tlw  main chain  axe least
revere for vaJues  of x2  near  90* or 270* (Fig. l(d)). The  side-chains of Phe,  TJT  and Asp
residues have 24’old wmmotry,  which means that positions 180’ apart in x2 am equivalent.
In His and Am  this &changes  nitrogen and carbons atoms, with little infIuence  on st8ric
hindrance. In Trp the side-chain has no symmetry.

(iii) Other aide-chain angles

Tim  geometry of the x3  angle  in Lvs,  Arg  and Met, and that of x4 in Lys, is similax  to
that of x2  in the tetrahedral Cy  case.  -In Glu and Gln tile  geometry of x3  is sirnil=  to that
of x2  in Asp  and Asn.

.
0 I80
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The accessibility to the solvent is estimated from  the accessible surfkce  area  of each
residue in the protein structure. This is  defined by  Lee & Richards (I 971) M the area  of a
sudace  over which a water mobcule  (t&en  to be a sphere of radius 1.5  A for the cakuk
tion)  cxn  be pla,cwd  so that it makes con-t  with an  atom of the residue without penem
tratkg  any  other atom of the structure. we  use a program of Levitt  to compute accessible
f3urfbc8  ar88a  f&m  X-ray co-ordinates.

Rkdues  are  then classed a~:
-buried if their  accessible stiace  *area  A is smder  than 20  Ai2,

k+~p~sd  if A is larger than 60 .k2,
-intermediate  if A is between 20 and 60 A2.

This clwifScation is based on average values of A calcdated  by Chothia ( I 976) iI1  12
protein  &ructures,  and on our own \rork  on 28 structures (Table I ). Residues taken as
buried are wholly inside the protein (A = 0) or near117  so, while exposed residues have
most of their side-chain free  in the solvent. Tile  sa,&le  is distributed about ecptiy
between the 3 classes  (38*h  buried? 30%  intermediate and 32%  exposed), but the amino
acid composition of the classe~~  is very differmt  (Table 1). AS  noted by Chothia (1976),
the average value  of A and the fraction of buried residues &ows little  correlation with
the size of the side-chain (though the limit of 60 L@ c~~osen  here ia  siightlv  too  large for
Gly  residues), but it does depekd  strongly  on the presence  of oxygen or Atrogen atoms.
in the  side-chain.*.

TABLE 1

Amino acid  wnzposition  and accessihlity  to solvent

Residue

GlY 311
Ala 297
PrO 117
Leu 237
Ile 167
Val 238
Met 34
w5 84
Phe 100
TV 155
w? 59
His 65
SEW 286
Thr 207
ASP 165
ASn 183
Glu 126
GlIl 141
LYS 183
-% 101
Total 3261

453
435
209
389
261 ’
401

69
111
177
217

91
122
459

, 325
305
272
220
200
341
154

5211

2495
27*8
5U5
2796
22-8
23*7
33.5
15.5
2!F5  .
55.2
34*7
50.7
42-O
4590
60*6
600 1
68*2
68=7

1034
94=7
45-5

52
51
25
00
66
64
5 2
74
58 .

24
49
34
35
30
19
22
16
1G

3
5

38

10
15
4 5
1 6
13
14
20

5
1 0
41
17
34
32
32
50
4 9
5 5
35
85
G7
32

t SaqAe 1 contains the 19 prokin  structures mentioned in the wxt.  &rn@e  2 contains the
following 9 structures in acitiition  to those of&ample 1 : rubredoxin,  ribonuclease  S,  StaphvlococcaI
nuclease,  concanavahn  A (&4rgonne  and RockefeHer stwctwes),  lobster  g]ycera)dchydL  3.phcw
phate deIwdrogenase, dogfish lactate dehvdrogenase.  carbonic anhvdrase B wd C. .Ul  atomic
co-ordinatk  are  obtained-from the. Cambrkp  L&t  a Bank.

.
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3.  Results

(a) How well are the side-chuin  cmformdiona  detemined?

Experimental data on dihedral angles are derived f&m X-ray  studies of protein
&uctures.  A comparison with calculated W&ES  is meaningfid only  if the data are
precise. Because side-chain angles affect the position of a Iimited number of atoms
only, they might be much less reliable than main-chain dihedral angles, which a.ffect
tihti  whole structure and havebeen  the object of more attention. For that reason, we
choose  to restrict the  sample of protein st~ctures  on which side-chain angles are
estimated, to proteins for which high-resolution (2-5  A or better) crystallographic data
are available. Most of these have been submitted to some sort of crystallographic
refkement. which IMS  been demonstrated to improve the precisionof  atomic positions.
Estimates  in the range of 6.15  to O-5  A have been given for the standard deviation of
:retied positions a.nd  they imply that dihedral angles are known to within 6’ to 20°e

The best way of assessing the quality of the x angle data is to compare multiple
:measurements  of the  same  angles. done in homologous  protein stmctures  which have
been  refined independently. Tab]; 2 &OWS  the result  of such a comparison. Homolo-
130~s residues in two (or three in the case of trypsin  elastase  and chymotrypsin)
protein structwes  are compared. If their side&ah  conf@rations  are the same as
‘iudged  from the ra.nge  of x1 and x2  angles, the standard deviation of the angular4
values can be calculated. If they difkr too much (by 120’ or so), the side-chain
cwfigwxtions  are different and the comparison is  not meaningfixl.

Table 2 demonstrates, not surprisinglyY  that*  x angles arc best determined in
iaromatic  residues. The configuration of aroma tic side-chains is unam  biguousJy  defined
'by electron den&v  ma.ps  and it is nearly  alwavs  conserved between homologous
i&uctures: only on;  aromatic side-chain out of 36 ihanges  conformation. The standard
(deviation of the xl  a.nd  x2 angles for the 35  remaining residues is 3’ to 59’. It includes
experimental errors and small changes in the structures, especially in the comparison
IDf the three proteases. Thus, the upper value (59 A) is probably too large. On the other
Ihand.  the comparison of the two monomers in the VBm  immunoglobin light chain.
dimer,  and of the trypsin  st&Aure  with the trypsin-trypsin  inhibitor complex,  may
be biased towards lower values of the standard deviation. because their crystallo-

.graphic refinements start from the same initial models.
The side-chain conformations of Met, Glu,  Gin,  Arg and Lys residues also show a

:reasonable  degree (‘X)7&)  of conservation in homologous structures. These side-chains
(except Met) are commonly  found on the protein surface and are most affected bv tile
molecular environment in the protein crvstal. Still?  their y and 6 atoms are reasoiablvu ”
well-positioned in ekctron density maps, even wllen  tIw  poiar  end of the side-chain  is
free in the solvent. This can be seen from the standard devktion of the xl and x2 angles:
~Aich  is 8’ to lS”.  Similar  standard deviations affect the  dihedral  itngles  of Leu  Zde-
chains, but tlwir  conformation is less well-conserved between homologous structures.
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TABLE 2

The precision of the x cmg&  measuremenU

Residues.
Number of homologous pitions

Total With con+zved
il x 2

Standard deviation (deg.)
=1 *2

Net,  Glu,  Ght,  Qp, Av
V IUI

Tqqkn-TIC
swine  prot8aSes

14 12  b
3 2 2 6

9 8

9
2 3

6

Phe, Tyr, Trp
33.
35
517

34
51
5.9

12 12
17 17

7 ?

11
l?

7

L&b
Kza!I

Trypsin-TIC
swine  prote-

7 6 5 1045
14 14 8 8.4

6 4 1 13.3

12*9
7.5
73

V
Ts-TIC
serine proteaSes

1 1 11 -
32 2 9 -
13 . 10 -

-
-
-

Ser,  Thr

V
Tr$z-TIC
serine protxwes

2 5 12 - 9-3 -
3 1 27 - 1045 -
12 9 - 16~0 -

We compare the side-chain conformations of homologous residues in the 2  monomers of the
V REX immunogiobulin  light chain fragment (Epp ef  uZ., lW4),  in trypsin free (Bode & Schwager,
1975) or in complex urith  the bovine pancreatic trypsin inhibitor (TIC; Huber  et  uL,  1974)?  kd
in 3 serine  protefiaea: trypgin,  chymotqvsin  and ekstase.  The probases  have rather  different
sequences, but we take as equivalent residues belonging to one of the 5 ckses  listid  in the Table
(for instance 110 and  Val  residues). if they  occur at homogous positions.

For each pair of tripletS  of homologous residues? t,he  x angles  are  compared. If the  indiyidua1
valuea  are  wit.hin  60’  of the average, t-he  conforn~at,ion  is taken to be maintained: we calculate
the standard deviatkn  from the multiple measurem~nt.~  of x (root-mean-square deviation from
the average; a random value wol2ld  be 30’ in t,hls  case).

In the trypsin-tSry@n  inhibitor cornpies. about> I /3 of the  Ser  hydroxyl  mo~qx are uot, &-
. Goned.  The corresponding xl angles  are ignored in t>he ~t.at&ics. ,Similar  case3  cert:ai+  occur in

ot,her  protein structures, t-hoqh  pubJkhed  atomic co-ordinates  b not necwsari1~~  mention it.
The average value3  2 and standard kviations  o of the  dihedral angles arc  ca.&at&  from

the formula:
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(b) The xl angle
(i) The gtmertd  tme

365

In Trp, Tyr, Phe, His, Met, Leu, Asp, &4=,  Glu, Gin, L~s  and kg.  residues, the
geometry of the rotation around the C=-CB bond is identical, and the experimental
da&  concerning the xz angle can be merged. Figure 3 shops  that the distibution  of
xl is trimoda,l.  The mean values & and standard deviations q in each range of 120’
are:

-
Xl C 61 0 .

3 *1 = 25’ around the go position,
-
Xl C 1 9 0 O,  q = 24O around the t position,

- = 290°,  qX l = 21’ around the g+ position.

The position of the maxima, which in the t and g+ positions are displaced fkom  the

I20 .‘ 240

1

FIG.  3. The xl a+e distribution in Trp,  Tyr, Phe, His, Met, Leu,  Asp, Am, Glq Gh. Lvs  and
Ahg. The experimental  distribution of xl in 1556  side-chins is plotted along with  the  kmrg~
uhhted  fur a blocked  Lvs  residue  (E) in an esten&d  main-chain confornwCun  (4 = - NW,
4 = 140'; set  Fig. i (b)) .  *he  side-chain is ful ly extended  (x2 = x3  -= x4 = ISO’)  as it rotates
&*und  the  Ca-Cp  bond.
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values 180’ and 300°, and the relative height of the barriers at O”,  120°  and 240°, are
predicted correctly of the basis of van  der  WaaJs’  energies. Less than 6:4  of the
side-chains have xl angles in the range (-W”,  40°)  where C,,  overlaps  with the amino
group of the residue, or (80°, 140’) where it overlaps with the carbonyl  group. Over-
laps with the a-hydrogen (xl  - 240’) are more common. Thus, the experimental
distribution of the xl  angles is restricted to less  than two-thirds of the 360° range.

The side-chains are unequally distributed among the g -, t and g + positions. More
than half of the side-chains (S4yO)  are found to be in the g+ confQuration,  the propor-
tion varying fkom  4+&y& (Gln) to 60yo  (Leu),  depending on the residue type  The
fraction of residues in the go  configuration is  very small. 117; on the average,  varying
from by,& (Leu)  to 15(f!/0  @4sp,  Asn).  The distribution is’therefore  somwhat  sensitive
to the nature of the side-chain and we shall set  that it is affected by the conformation.
of the  main chain.

(ii) Branched @&on  ( VaZ,  Ile)
The distribution of x1 angles  in Val and Ile residues is shown  in Figure 4. Taking

into account the dXerent definitions of xl  chosen for these side-chains by  the X?P~4C-
IUB convention, the tlvo  disttibutions  are identical. Thev show a strkg  preference
for a single position (67 ,.
the other in t &ition.

w of the residues) where one of t-he Cy  is iu g + position and
The corresponding peak is centered at g = 171’  (Val)  or

291’ (Ile)  with i standa.rd  deviation q = 21°.  It corresponds to the g+ peak  ir
unbranched  side-chains. The t and go  positions are much rarer, because one of the C,,
is then in the unfavourable  position tra7w  to the a-hydrogen (Fig. 1 (b)).

The proportion of Ile and Val  side-chains found in the g+ conf@uration  is proba&-
underestimated, due to errors in the interpretation in the electron density map,
which tend to randomize the distribution. 111  the small sample of side -chains lvhere
multiple observations are available?  the proportion is as high as 8Oo/o  : 8 g+ out of 10
homologous Ile  and Val  residues of trvpsin.  elastase  and chvmotrypsin; 8 out of 11u .
in the two monomers of the VRE1 immunogIobu1in  fragment; 24  out of 29 in trypsin
verse  the trypsin-trypsin inhibitor complex. On the other hand, in the extended
sample  2 of Table 1, where eq>erimental  errors are presumably higher,  the propcrtioll
of g + is only 60?&. We may then assume that the actual fraction of the Ile  and Val.
side-chains in g + position is somewhere between 67o/o  and SO*/o. Tile  latter value is
also the fraction of g+ side-chains observed in a sample of 39 small crvstal  structures”
containing blocked Val  residues (reviewed 1)~ Benedetti, 197i).

(iii) Theonine

rrlle  Xl angle distribut.ion  (Fig. S(a)) is bimodal  wit11  tile  llydroxyl  group either in
g  + (48:$)  or g - (39T.h)  positionT  t*lle  more bulky rnetJly1  gwup  being  in t and g +

(iv) Se7G2e
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84 Cys residues in sample 1, and 24 out of 111 in sample 2, are fkee  -SH residues.
T%e Xl angle distribution (Fige 5(c)) is probably representative of substituted Cys
side-chains and not of cysteine. The relative fke&emies  of the  gay  t and g + positions
d the & atorn (l0o/o,  27*/* and 57*/&  respectively) are similar  to those of unbranched

50

r- skf I

I20 240 360
x,  (deg.)

I?IG. 5.  The xl angle distribution in Thr, Ser  and Cys.  The sample contains 207 Thr and 285 Ser
residues. Sample (& p2 V rotein structures, see Table 1) is used for Cys; it contains 111 residues.

side-chains like Met  or  IAs.  TIN  detailed geometw of disulphides (Pattabha  & SriG
vasan,  1976)  and that of &lpbur-metal  c~mpieses”  in prot.eins  (Carter, 197)  has  been

- described before. We onlv  want to point out that the high  frequent  of the favourable
g+ position shows  that tile  presence of cross-linking covalent bonis does not perturb
the geometrv  of the residue itself.”
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II- HO’,  corresponding to the t position kww TV the C= and away from the main
chakt  (Fig. 6). The t peak in the experimenti  distribution of x2 is centered at MO0 and
comprises 69o/o  of the side-chains, against 17O/*  in the g+  region and 14*/* in the 90
region. The experimenta xl  x2  map (Fig. 7(a)) is in excdent  agreement with the
energy map (Fig. 7(b)). It indicates that the allowed combinations g-t, tt, tg-,g+t

and  g+g+  (Ponnuswamy  &  Saksekharan,  197lb)  comprise 9Oo/o  of the observed side-
chain configurations. Ind#&,  three-quarters of the residues occur  in three conf@ra-
tions  only: tt, g+t  and g4g+ (Table 3).  The rare g-g-,  g-g?  and tg+ combinations lead

I20 ’ 240 360

FIG.  6. The x2 angle distribution in Glu, Gin,  LVS  and Arg. The sample contai~~s  55  1 side-chains ;
x2 distributions are shown for go (stippled), t (hitched) and g+ (open) positions of the C,,  atoms.

TABLX  3

Class of Xl
t g+ Total
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FIG.  7. xl x2  maps for 31 et, GIu,  Gin,  Lys and Arg.
Similar eqxrimental  distrilwtions  alld energ\?” maps are obttiincd for these rwidues.  l.21~  data

are therefore combined.
(a) I3sperimentd  distribuhion;  585 data points. Sampling is done in Go  steps  along the xl asis?

in 7.5’ steps along the x2 axis in thl.%  map and in a*11  following esprimental  map.  (b) Energy  map.
The p-xenrial  energv  (eqn  (1))  of the CH3UJXHJKH-COKHCH3  .structure is cahhted  for all
vahws  o f  x1 and x2*in stqx  of  W’. H e r e .  R  is  a  Lvs  kk-chain  wit,h  x3  = x4 = 1 SO’;  the  m a i n
chain is in an estended  conformat.ion  with + = -L 140°,  4 = MO? C9ntours  arc  drawn M - 1
(broken),  1, 3, 5 i and 9,  kcaUmo1.
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The five allowed configurations described above  reduce to txro when  the y-carbon
is branched: tg- (x1  - MO*,  x2 - m*) lvith  the two  S-methyl  groups in the g- and t
Iiositions,  and g + t (x1  - 3OO*,  x2  - IgO*)  with the &methyl groups in the t and g+
positions. These  are the con&urations found in 22  small cryti  sizuctmes of blocked
Leu residues (Benedetti, 1977).  The protein data (Fig. 8(a)) are ody in partial aFee-
ment with these fkiings  : the g+  t cluster of points comprises 38o/o  of the Leu  side-
chains, the tg- cluster, lgO/o.  However, another 337$  of the Leu  residues have x2
a,ngles  scattered in regions of the map where the kpropyl  group is’&ipsed  with the
a- hydrogen (xl - 2400).  Some  may  be due to incorrect building  of the side-chain in
the electron density maps,  orientations of the isopropyl groups differing by 180’  in x2
being easily confused. Still,  nearly  all of these side-chains are in permitted regions of
the xl  x2  energy map (Fig. 8(b)), while a# small number (10 residues  or 4y0  of’  the  sample)
of Leu residues have their side-chain in the g d po&ion (x1 <  1 ZOO),  where it overiaps
with main-chaineatoms  for all values of x2.

(iii) 18oZek72e
The xl  x2  map (Fig. 9) reflects the  preference of the x1 angle for values near 300°,

with the ethyl group in the  g+  positSion  and the methyl group in the t position. The
geometry of the rotation around the C,,-&  bonds  is the same as in unbranched
side-chains: Cd is generally tram  to Ca. Thus, the. g+t  conf@uration  is most frequent
(47 76),  g + g + is next (1 6yo),  g-t  and tt comprising most of the remaining cases (24y0
together). *

The  x2 distribution is reduced to the 0 to 180G  range forethe  symmetrical Phe  and
Tyr  side-chains. and also for Trp  in  first a.pproximation.  The large peak near x2 = 90’
(Fig. 10) indikes  the preference of’ the aromatic ring for a position parallel to  the
main chain  on whi&  it lies  fiat.  This  is the oh  configuration observed in small
crystal stxwctures  (Cody et d., N’T3).  In  proteins. t& observed combinations of xl and
x2 (Fig*  11(a))  are in good agreement with the ckculated  energy map (Fig*  11(b))*

The data points cluster around three positions, with the following average a@es
and standard deviations :

-Xl = w 0 -1x2 C 91 O,  ol  = Ho, o2  = 16’ (g - positjon)

- = lS4O,  ;2  = x0,  01 = 16O,  cr2  = 21*Xl (/ bosition)
-/Al = 291°,  y2  = 9G”:  ol  = 16*:  cr2  = lG” (g + position).
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0 9 0 0 90 I80

FXG.  10. The x2 angle  distribution with trigonal  JMXU+XI~S. Diswibutions  are shown for g -
(stippled),  l (hatched) and g + (open) positions of the Cy  at#orn-

(a) Aromatic  residues; Trp.  Tw, Phe ; 320  side-chains. Incioie  groups  are taken to be svmmetric.
(b) ~i6p  alld  &n;  348 side-chair&.  Amide groups  are  taken to be svmmetric.

4
”
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eEeq7 calculations, these are found only in the less crowded g + position. Z’urthermore,
the displacements of g away from 90’ in the  t and g+ clmters  are significant and also
correctly predicted in Figure 11 (b)*

0 360

FIG. 11. xl x2  maps for aromatic residues.
The indoie  group of Trp is taken to be sFmetric.
(a) Experimental distribution; 320 data points. (b) Energy map. The cahdation  is made for a

blocked  Phe residue  in an extended main-chain conformation with + = - MO0  and # = 140’.

In Trp  side&ains,  the ring positions corresponding to x2 - 90’ and 270’ are not
sterically  equivalent. In our small sample of 59  Trp  residues, thev appear with different
frequewies:  values near 90’ (with the five-membered ring  of thi indole  group pointing
awav  from the amino group of the  residue in the  most common g +  and t positions) are
t&5  as frequent as v&Es  near 270°.

.



(vi) Aspurtic  acid,  aapamgine

The distribution of x2 an&s  for these residues (Fig. 12(b))  is centered at E  = MS0
with a standard deviation ~7~ = 38O.  Thus, the pderred  position of the y-carboxylate
or amide group is trmweme  to the rmin  chain and not pmaUe1  to it a~  is observed in

1
L

1

1

1

v-
-

1 *A 2 1 1 1
Y 1 1 1 1 1 1

i
1 1 1 1 15  22 112 1 1 I

1 1 1 ll21 1 11 1 1 I 1 1

0 3 6 0

FIG. 12. xl x2 maps for His and for Asp and Asm
(a) His; 65 data points.  (b) Asp and Asn;  348 daba  points- The amide groups am  taken to be

symmetric.

aromatic residues, even though the geon&w uf their C y atoms is simikw.  Steric
hindrance is oMoush~ less  hport,ant  in Asp  “and Asn side-chins. and electrostatic
interactions donGnat; (Lipkind  ef  al., 1973).  The wide distri  butioil  of x2 around its
mean vtillze  expresses  the  A&iIitlT  of the terminal  groups  and the difficultv  of deter-
mining precisely  their orientat&  in electron  densitv  maps-

* /
. .’
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from the main chain, at least when Cd  is tram  to C= (x2  near MOO).  In addition,  the.
experimental data on x3 and x4 are not reliable. The high frequency of values  near
U30*  noted by Chandrasekaran & hmachandran  (1970) may result entirely hm.the
convention of building these side-chains in extended codormation  when the  electron
density rnip is ambiguous.

!lYhe ca,se of Met residues is Merent  and in&ructive.  me  x3 angle controls the posi-
tion of the c-methyl  group, and the side-chain is rarely expos&d  to solvent- StiU, the
experimental distribution (Fig. 13)  is almost flat, except for values near O”,  with
Cg and CD eclipsed, which are not observed.

FIG* 13. The ~3 angle distribution in Met. Sample 1 (hatched) contains 34 Met side-chains,
sample 2 has 69 (see Table 1). -

We charactetize  the conformation of the main chain by the 4 and # dihedral
angles and divide the +$  map into three zones: extended conf@urations  of the chin
for negative + and 30°  < $ <  210°;  right-handed helices for negative + and -Ml*  <
# < 30’ ; Ieft-handed  helices for 0’ < # < 120’  and -60 < 4 < 90*.  The remainder
d the +#  map is forbidden for all residues except Glv.  Though residues with +#  angles
in one of the three regions thus defined may noi belong to a piece of secondary
skuctue,  we call  them. respectively, fl (extended), aR and q. Levitt & Greer  (1977).
note that most residues in the aR region actually belong to a piece of helix, but ody&4
about half of the residues in the p region belong to a sheet-like structure; aL is rare

and limited ti turns of the chain. In our sample of residues. 43:&  are of the p ty-pe,,
51%  %t,  4% aL  and 2o/0  do not belong to one of these categories. Due to well-know
preferences (Chou & Fasman,  197I),  the amino acid  compositions of the fly zR and  aL
cakegories  differ:  though  the onlv  &king  deviations from the average  distribution
affect Asn  (more frec&titly  Q)  a.&  Glu  (with  a strong p-efwence for +J.

The conform&ion of tG ma.in  c.hain  affects the Sdc-clAn  dihedral mgles in  tk
limited wav expected from the  eneqg  cahdations  of Figure 2. One mav  ctrnpare the
calculated & maps to the experimental distribution of angles for resid’ues having Cy,
in the go: t’or g+ position (Fig. 14).  The distribution of the main-chain angles  in resi-
dues where the side-chain is in the g + position  (Fig.  N(c))  has  data &ntvs in aI1
allowed  regions of the clakx1  Rarna&amhn  map wtabkhed  for Ala residues: in
tile g + position (tram  to t hc carhonvi  crouch),  the  side-chain  cauws  no more  st,eric
hindrance than the CD  alone. 1~  the t i>o&onT  krlaps  of C -,  v-it.11 t,lle carbond  ~r ” croup
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P ii8 (10) 209 (40) 333 (50) 670 (43)
=n 82 (10) 260 (33) 44% (57) 792 (51)
EL 9

1;
w 15 (24) 46. (i3) 63 w

Other (52) 5 WI 10 (32) 31 (2)
Total 168 (11) 549 (35) a39 (54) 1556 .

The number and percentage (in parenthews) of residue  having xl angles if each of the three
lZO*  ranges are compared for  4 dasses of main-chain codormations9  defined in the text  aa zones
of the Ramwhandran  diagram, rather tha,n as eiementa  of secondary structure. The percentages
in the rightmost coiumn are those of the 4 cI~,ss~ in the sampb  of 1556 residues*  The 4th cl-
(Other)  include  the few m&u= having +# angle8  outide  the zon- defbd here as p,  an and aL.
Most of &hem are likelv  to be experimental errors, and t,heir  untypical ~1 d&rib&on  is spuriou.”

make the ccL con@uration  less  favourable  (Fig. M(b))*  The permitted region corres
pending  ti right-handed helices is also  reduced. Thus, the p/aR  ratio, which is 0.85
on average, increases to bO3 in residues of the t side-&ain  *WY while  it is  @‘M  only  .
in residues of the g + side-chain  type (Table 4).  A similar situation is observed  for Ile
and Val residues: where the t position is occupied bv one of the two Cy  atoms (except
when the side-chain is  in the rare g- conf@ration)I  the F/Q  ratio is higll  (145 in our
sampie).  Lastly, in the g- position, the side-chain overlaps with the amino and with
the carbonv1  group of the residue. The aL  main-chain cmf$uration  is  forbidden, the
permitted & and p regions of the &b  map are reduced in area (Fig=  14(a)).  &I immedi-
ate consequence is the uneven distribution of the go,  t and g + side-chain classes
among the three main-chain classes (Table 4). The most extreme situation is that of
aL  residues, three-quarters of which are g + . But the-preference for g + is also strong in
right-handed h&es,  where it is almost tkce  as fkequent  as to This effect of the  main-
chain conformation. coupled with the dserent  amino acid composition of the b,  aR
and aL  classes, is tie source of some of the depaxtures  from the average g i/t  ratio,
which are observed when each tTTe of amino acid residue is considered independently
in the statistics. Tlws, g + /t is hi&er (1.33) for Glu residues- due to  their higll  frequency. ”
in helices, than for Gin  (g+/l  = 1.0).

(f) Hydrogen bonding
The nlajor  effect of slain-chain  atoms  on the conformation of the side-chain is steric

hindranceT  whicll  leads  to tile  correlations observed above  for  ~kb~k~ins  having
y-carbon atoms. ln residues having an oxygen  atom in y positiollT  and to a lesser
extent in Asp  and Asn.  t]le  main  ckn also affects the side-chain configumtio~~  bv
providing possibilities  of f&vow-a&  electrostatic interactions (Zimmerman L
scileraga,  1977)  usual  IlJ&ogen  bonds  to a ncighbouring  carbonvl  group-” ” e





the fraction of bonded &r  and Thr  side-chains  is even larger.  &lost  of these bonds
involve a main-chain carbony  group as acceptor (83:;):  though side-chain to side-
chain bonds may coexist with  side-chain to main-chain bonds. In 857$ of the cases
(i.e. in 500/*  of the Ser  and Thr side-chains), the -rbonyl  pup  belongs to  a neigh-
bowing residue in the amino acid sequence. If i is the Ser  or Thr  hydrogen-bond
donor, the ca&onyl group may belong to residue i - 5 to i + 2,  with high frequencies
ofi.-4,i- 3 and L Thus, at least !507& of the Ser  and Thr  side-chains are involved in
YocaI”  hydrogen bonds with main-chain atoms. .

These hydrogen  bonds are  determined by the conformation of the main chain,
which ties  the position  and orientation of the acceptor osygens.  In extended strut-
tures,  the OY  atom  is  within hydrogen-bonding distance of t-he residue’s own carbonvl
oxygen (OJ, when the side-chain is g - or  t (Fig. 15(b)), though the aqdar  geomet&
is pwx. Hvdrogen  bonds to the preceding residue’s carboz1~1  oxygen (Of  - I)  require the
side-cham  to be g+ (Fig. E(a)). We fkd that 307; of the Ser/Thr  residues with ++
angles in the p region of the Ramachandran  map have # and  xl  angles compatible with
the existence of a OH . . . Oi bond, and another 13Oh  have 4 and xl  angles compatible
tith a OH.. . Oi-1 bond.  In  small  crvsta~  structures, intermolecular hydrogen bonds
are preferred, but solution studies sup&t tbe exisknce  of Oi  - I and Of types of bonds,
which theory predkts in blocked SW  residues (Lipkind et  aZ.,  1973) l

Tlwqe bonds are impossible in right-handed heiim,  because the carbonyl  groups of
the residue and of’  its immediate neighbows  point away from the side-chain. However,
the peptide  oxygen  atoms in the preceding turn of the helix are available as hydrogen-
bond acceptors for the hydroxyl  group as well  as for the peptide  NH. In regular
a-hekes,  both NH and O,,H  can bond to Oi - 4 (Fig. 15(c)): this is observed in 55  Ser
and Thr  residues of the sample, i.e. 23*/*  of those belonging tA  the aR  region of the

1
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I?m. 15. Side-cha,in to main-ah&  hydrogen bonds in Ser  and Thr. The Ser/nr  residue is i, its
hydroxyl  group is H-bonded to a peptide oxygen atom near ti the amino acid sequence.

(a) Extended ma&-chain  cozlformation, bond to Of- l in the preceding peptide soup;  Oy is
in the q + position. (b) Extended ma&chain  conformation9 bond to Oi  ; OY  is in the g - or t PoSitione
(c)  a-Helix, bond to Of -4 ; O,,  is in the g+ position- (d) 310  helix, bond to O+3;  Oy is in the  C
position, or q+ in distorted helices.

Ramachandran map. The side-chain is then in the g+  position. In 38 other cases, the
side-chain is bonded to Oi  - 3 and is either in the go  or  g + position ; Qi- 3 is the
hvdrdgen-bond  acceptor of the peptide  NH of residue i in s10 helices (Fig-  l&d)),
ihich  are not common in protein structures. However, a & helix  exists in haemo-
globin  (helix C).  In the horse methaemoglobin structxwe  (Ladner  et uL,  1977),  all  four
Thr  residues of the C helix (Thr  a38, a39:  ad1 and /BB)  have their side-chain hydrogen-
bonded ti Oi-3. This tvpe of bond is also  fkequent  in Ser  and  Tk residues placed at
the end of a-helices:  Acre  the main-chain conformation is  often close to 310.  Thus, in
helices, nearly 40y0  of the Ser  and Thr  side-chains make a 0 j - 4 or Oi  - 3 type of
hsdrogen-bond.  Xo  such bond can be made if 07,  is  in tlje  l position. This explahs
x;hJT  the t side-chain position is rarer for helical Ser residues  than for  estended  01~s
(se; above).
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The  majority (60%) invoke a main-chain peptide  group either as donor (NH) or
acceptor (CO bonded to the side-chain amide pup  of Asn)  ; 63yk  of these (17yk  of
the bp  and Am residues) are local hydrogen, bonds  tm the &XH  of residues i - 3 to
i + 3. The most frequent  (3’7 cases, or 600/*  of the IocaJ  bonds) is to Nf + 2;  this side-
chain hydrogen bond requires x1 to be larger them 180’ and cannot be made when the
mak  chain is extended.

(iii) Other polar  siihhai72s

The  side-chains of Glu,  Gin,  Lvs,  Arg,  Tyr,  Trp  and His are also  involved in electro-
static interactions, but mostly “with other  side-chains, bonds  to main-chain atoms
near in the sequence being either steticallv  forbidden (aromatic side-chains) or@a
unlikely.

(g)  AccessiWity to solvent and side-chain ~o72$0777~~ttin

The position of a residue relative to the protein surface and its accessibility to the
solvent can be conveniently characterized by its accessible surface area A (Lee &
Richards, 1971). Buried residues with A  smaller than 20 A2  have generally fewer than
two atoms on the protein surf&e. Thev  are invoked in many tight contacts with other
residues in the protein. Exposed residies with A larger than 60 A2  have most of their
side-chain in &tact  with ‘the solvent. The value of A is therefore a crude estimate
of the strengtll  and nuniber  of interactions ma#de  by  tile  residue with the remainder
of the protein structure.

Table 5 shows how the position of a residue relative to the protein surface aaffects
its side-chain conformation, The remarkable feature is the smaller frequency of the
rare go  side-chain position observed in buried residues (557$) compared to average
(11  */*)  or exposed residues. The difference is highly significant: on a sample of 435
buried residues, the expected number of g - side-chains is 47; its standard deviation
is 6.5; the observed number 24  has a probability of lO?  The difference does not
result from the different amino acid compositions of the  three classes of accessibilities:
the exclusion of the go side-chain position in buried residues occurs in aromatic
side-chains (8o/O  go, average 13 %), in long side-chains (Glu, Gin:  Lys,  Arg  : buried 5 yO
g - j average 9 o/O)  and in Asp  and Am  (buried 6o/0  g -, average 15  o/o).  Similar&  the t
con@ration,  with the methyl group in g- is rarer (127$)  in buried Thr  residues than

Accessibility
ClaSs of Xl alngle Total

g- t i7+

Exposed 82 (12) 222 (32) 390 (56) 694 (45j
Intermediate 62 (15) 153 (36) 212 (50) 427 (27)
Buried 24 (6) 174 (40) 23i (55) 435 (28)
Total 168 (11) 549 (35) 839 (54) 1556
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average (l5o/o).  The g+ configuration is less predominant in eqosed  Ile and  Val
residues (55  y$)  than average (67o/o).  In each WM,  the contra.&  between frequent and
infkequent  side-chain configurations is more pronounced in buried than  in exposed
residues.

4. Discussion
The experimental data on side-chain dihedral angles derived f&m  protein X-ray

crystallotiaphy are of better quality than is oft,en  assumed.  The reproducibility of the
x angles measurement ma\?  be lower  than for main-chain dihedral angles?  because
changes in +  and # affect  thi totalitv of the protein structure, while side-chain dihedral
angles control the position of a s&l1  number of atoms only. &4  fraction of the side-
chain conformations obtained by model-building fkom  eilktron  density maps are
incorrect due to misintcrpretzxtion  of the density, or result  from  arbitrary choices
made when the side-chab  is mobile. Still, the 4ues  of x angles appear  to be  reliable
when they control the position of more t1~a.n  one non-hvdrogen  atom.  Thus, ouru
statistics imply that no more than about 574,  of the xl  angles have large enon,  except
in serine*  and that  x2  is generally correct, except perhaps in Asp and &4sn  residuesa#
The distribution of the side-chains in three large classes go, l and g + is therefore
precisely establikhed.  Within these three ca-tegories.  the  st.andard  deviations  of xl  and
x2  estimated from du@ate  measurements vary between 3’ and lGo,  depending on the
residue type (Table 2).

The consistency of the data lew&  to a high  degree of contrast in the experimental
distribution of the  side-chain3  between the permitted confqurations.  For all  residue
types9  one to five configurations account for 895 or more uf  the side-chain structmes
up to the 8 atom; one or two configurations account for 607&  or more (Table 6). The
least favoura#ble  of the permitted cor@urations  represent  a few per cent  of the da-ta.
Serine  residues stand alone in taking all permitted configurations  with comparable
frequencies. The least mobile side-&a-ins  are 13  and IIe:  the aromatic residues and
C>TS~  though CYS residues with a free -Sl3  group may  be less restricted  than substituted
cysteines. Leucine  residues appear surprkingll-  mobile.  with  more than 4076  of the” ,
side-chains in a variety of conformations.

The side-chain  confiprations  found in proteins may  be  compared to  those  found  iu

TABLIS  6

PrincipuZ  wnjiguratiom  observed

Residue Configurations



small crystal structures. The two  sets of data are in genemi  agreement (hkhninara-
yanan  et a&  1977 ; Ponnuswamy  & SasiSekharany  197(I),  at IeaSt  for amino acids with*
blocked K and C termin&.  The f&e amino acids are quite different I cwstalline
L-valineGIC1, L-tyrosine  and  LophenyId&ne~HCl  have theti  side-chain ii the go
position, which is mre  in  proteins  and in blocked amino acids (Benedetti, 19i7  ; Codvv*
et al.,  1973).

*
.

In our  sample  of prot&n  structures, the distribution of side-chain dihedral angles *
within a given configuration is rather narrow The average value of x1 is predicted
accurately on the basis  of van der  Wa&’  interactions and of steri~  hindrance. The
g- peak  is  centered at 61°,  the t pak  at.  190’  and the g+  peak  at 290’;  the deviation
from the ideal  values  (IgO and sOO*)  is significzW.  in the last  two cases=  similariy,  the
x2 distribution in aromatic side-cha.ins  is expected and found to be cent#ered  at values
below 90’ in the t position (E  = 7G”)  and above 90c  in  the g+ p0sition  (g  = 96O).  Data
from  small crystal structures (C0dy  et a.L7  1973) show the same  trends. The root-mean-
square  dispersion of  the protein datzx  around the mean value iI  is of the  order of 16*
in aromatic residues. and of XI0  to So  in  other residues. This dispersion results from.
(1) random errors in the expcrimentzxl  data, (2) pcrturbatioxxq  of the  xl angle  caused
by intera.ctions  of the  side-chain with  rnajn-chain  atims,  and bv  interactions betweenu
side-chain atoms  when rotation arwnd  fly  and otiler  bonds is possible. These are
Yocal”  effects. (3) Perturbations due to other atoms in the  protkn structure, especiallv
by  side-chain packing in the  protein interior, whi& is close-pcked  (Richards 197i;
Chothia,  19’75).  These are “long-range” effects

We have estimated the  ma.gnitude  of t4he  experimeAxJ errors (Table 2),  alld  can
therefore  set an upper limit to the magnitude of the other fact0r-s:  the x1  angles are
probable distributed Iso  to Ho  (standard deviation) around the best t and g + posi-4
tiom. Our enerF  calcdations  indicate that  the positions of the g+ and t minima areu
rather insensitive  to  the conformation of the main chain; the effect on xl of side-chain
atoms bevond  (&  is small  in the most common situation where they are hz72s  to Ca.
Therefor;.  the major  perturbations vaults from lollg-range  interactions, which displace,
the  side-chains from their ideal configuration. Changing x1  by 15’  in the g+ or t

potential well affects the residue’s energ  bv  no more than O-6  kcaI/mol  (Fig. 4) : the
ll-idth  of the  xl angle distribution arouni  thi peaks  is about the same  as if it were due
to thermal vibration (RT = 0-G kcal/‘moI  at 300 K). The average contribution of
long-range forces to the side-chain conformationaGl  energy cannot be larger, or it
ljvould  significantly perturb  the distribution and broaden the peaks. However:  a smaJ1
number of side-chains have xl  angles corresponding to large energies. Wl~ether  anv  of
these  are real remains to  be  determined.  Experience with energy refinement of pl*oieinw
structure indicates tfhat  small  atomic djspIacements  are  suficient in most CZLS~S  t0

. remove  strain localized  in in&viduaJ  rwidues  (Ler<t&  1974 ; Gch  & LW$US, 19X;
JfcCarnrno~~ et a2. 1977).
These  cwxlusions derived  from  the  StudI-  of xl hold  for other side-chin angles  to

a large  extent. Unbmnched  side+Gns  (MeiT  Glu.  Gin?  LB.  Arg)  prefer the extended l
COnfizuration  wkh x2 near 180’. wl~ile  the somatic  rir&  of Phe.  Tvr!  Trp  and His
prefei  to lie fla.b on  the main  chain  (x2  near  90’).  In  contrast: the &tribution  Of x2
U@S  in Asp  and  Am lmesidues  cmnot  be derhd  solelv  from  cmsidemtion of wn.
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Long-range interactions do not perturb strongh  the conformation of individual
side-chains. H’owever:  and especiaHy  for residuese  buried inside  the  protein, the77
determine which of the few pwmitted  con5gurations  is adopti  by the  side-&&
Small  variations ( lS” to 18O)  of x angies  around the preferredvhes. are requtid fm

o@maI  packing of the side-chains in the protein interior. They correspond $0 atomic
movements of 0.4  A or so and have little  effect on the codormahod  eneqg, as we
haveseen. Changing the xl  angle by  120’  to move a side-&ain  fkom  l to g + involves
large atomic movements?  more than 2.5 A at the y atom and 10  A or  more in long
side-chains. Such movements will often meet high energy barriers in the folded protein
structure. though rotation of the x2 angle, which has much smaller effects on atomic
positions, is permitted even in buried aromatic  residues (Gelin  & Karplus,  1975).
For xl  at least:  the wit-ical  choice has to be made during the  folding of the  polJTeptide
chain. One of the permitted configurations is selected, and only minor movements may
occur later. It is then advantageous.  from a kinetic point of view, to reduce the  number
of confiprations  accessible in the unfolded state (LevinthaJ.  1968 : Karplus & Weaver,
1976). This is achieved in the amino acid  side-chains of the &O  ty&s  found in proteins. .
and the choice of x angles is further rcst.ricted  bv  the secondan?  structure9  which
excludes the gTg configuration in helices.  and fa;ows “local” Aodes of hvdrogen
bonding for polar side-chains like Ser?  Thr,  *4sp  and *4sn.  One mav think thai the 20.
chemical structures of the  natural amino acids have been selected in  part on the basis
of their limited conformational  mobility.

Steric  hindrance Iimits  the range of xl  and x2 for most residues, even in the unf’olded
polypeptide  chain. The side-chain segments least subject to steric  restrictions, such
as the extremity of LVS  and Arg  side-chains. remain outside the folded structure due,
to their polar characier.  Bot.h  effects contribute to limit the loss  of conformational
entropv  associated wit11  the immobilization of the dihedral angles during folding. The
corresionding loss of free energy depends on the statistical distribution of the side-
chains between the permitted configurations in the unfolded chain. Chandrasekaran  &
Ramachandran  (1970) have  attempted to calculate it by counting the number of
permitted $4 values for residues having their side-chain in the g -, t or g + position-
Similarly, Finkelstein  & Ptitsvn (1977) measure the areas of the permitted regions of
the $#  map.  Tllis  a+mounts  to”taking  a hard-sphere model with  no enthaIpv  term for
non-bonded interactions, an excessively crude model if we must explain tlxL  g + /t ratio
in, say, aromatic residues: the observed value is $7:  31  (Table 6),  equivalent to RT
ln 108 = Oe36  kcal/mol of free ellergJr. Obviously non-bonded interactions having
enthalpies  larger than that occur eve;  in the unfbkkd state. A proper prediction of
the distribution wouid require a precise estimate of the energy  of non-bonded inter-
actions wit11  averaging on main-chain conform&ion and on t& iosit.ion  of side-chain
atoms bevond  CT,.

An  &wxirnation  to the statistical distribution of xl in the  unfolded state mav be
much  more  easily  obtained in an  empkical  way&T  restricting  the sample  of side-&ains
analyzed to extcrna1  residues of tIw  pl*otein.  AS we have seen:  the same  confiprations
are adopted by  external (exposed to solvent)  and internal (buried) side-chains7  but
some diflerences  exist in their relative frequencies : configurations which art? infrequent.
in exposed  residues (i.e. g -) are w-m  rarer in buried  residues : clominant  configur~tjons
(such as g+  in ITal and Ile)  a~! even more  so  in bxied residues. TIG is undoubtcdl\T  due -u
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in aromatic residues as well as in smaller, less well-positioned side-cha.ins.  3fost  likely,
it is a real feature of protein structures, that  the most frequent  configurations of the
f&e side-chti are selected during folding*  This is again adwntageous  from a. kinetic
point of view, and leads to a lower conformational  free energy in the  immobilized
side-chain. Assuming that the distribution of go, t and g+ observed in exterxial  side-
chains (127$, 32yo, 5W!!&  in Table 5) represents the statisticai  ditiribution  in the
unfoided  stak,  the ,&ee  energy of the folded state is lower by  RT ln (56112)  = @$I.
kcal/mol  when an internal side-chain  takes the g + position rather than the g - position7
since the entropv  loss resulting from the immobilization of x1  is the  same. The gab
rnw:  of course. I&  balanced bv  a large release of enthaplv  in the wse  where fa\TourabIeu , s. ”
long-range interactions are made in the g - position and not in g + . &ill, it is reasonable
to think that protein structures have evolved to minimize individual components of
their free energy!  such a,~  side-chain conforlnation4 fkee  energv:  in ordk  to lower the
overall free energy of’ the folded state and the barriers of activkion  opposing folding.

We are gratefIx  to J. L. De Coen, C. Chothia?  R. C. Ladner and A. McCammon for
useful criti&n and dkcussion. One of ‘us (S. W.) was supported 13~7 the Fonds National
d e  la0 Recherche  Scienttique  Suisse. Part of this work was completed  during the 1977
workdlop  on vines crysta,lIography o f  t h e  Centre Europeen  de Calcul Atomique  et
Mol&ulaire  in Orsay (Farnce).

.
REFERENCES

Benedetti, E. (197). In Peptides, Proc.  5th Ames.  Peptides  Symp.  (Goodman, M. &
Meienhofer, J., cds), pp. ti‘757-274  John Wiley & Sons, New So&.

Bode, W. & Schwager, P. (19X).  J. Viol.  BioZ.  9i, 693-7X.
Carter, C. W. (19X).  J. Biol.  U&em.  252,  'X02-781  1.
Chanclrasekaran,  R. & Ramachandran.  G. X (19iO)-  ht.  J. Pvotei~  Res. 2, 223-233.
CtlotiGa,  C. (19X).  iVatwe (London),  254, 3OG308.
ChothiaT C. (1976)-  J. Agol. BioZ.  105, 1-M
Chou,  P. 1’. & Fasman, G. D. (1971).  ~~ocl~ew&&yy l& X&222.
Cody, m7.: Duax, W. L. & Hauptman, H. (1973). ht. J. Peptide  P~otei~b  Res. 5, 297-308.
Epp, O., Colman, P., Feihammer,  H.? Bode, W.: Schiffer, M., Hubery  R. & Palm, W. ( I 9X).

Eur. J. Bioclaem. 6: 513.5%.
Finkelstein,  A. V. (1976). Nol.  BioZ.  U.S.S.R. 10, 507413.
Finkeistein,  &4. V. & l?titwn,  0. B. (1977).  Biopolymers,  16, 469495.
Gelin,  B. &  Karplus,  M. (i9’75).  Proc.  Nat. Acad.  &i.,  C7S.k  72, 2002-2006.
Gibson, I<. D. & Scheraga, H. A. (IWZ). PTOC.  Xat.  Acad.  Sci.,  U.S.A. 58? 420-427.
Huber. R., K&la, D., Bode, W.. Schwager, P.: Barteis,  K.,  Deisenhofer,  J. & Steigeman,

We (1974).  J. ,?Uol. BioZ.  89,’ X-101.



3 8 6 J .  JAXIK,  S .  WODAK, M.  LEITITT ABiD B .  MAIGRET

~omuswuny,  PO IL & Sasis&haran,  V. (1970). ht. J. Plot& Bs. 2, 374%
Ponnuswamy,  P. IL & Sasisekharan9  V. (19ila).  ht.  J. Protein Res. 3, l-8.
Ponnuswamy,  P. K. & Sasisekhasan,  V. (19ilb).  ht. J. Pmtein &a.  3, 9-M.
Ramachandran,  G. N., Ramakrishnan,  C. & Sasisekharan, V, (1963).  J. Md  Biol.  7,95-99.
Richards, F. M. (195%). J. Viol. Biol.  82, l-14.
%rumwman9 S. S. & Scheraga,  H. A. (197i).  Biopolymws,  16, 811-843.


