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We have analysed the side-chain dihedral angles in 2536 residues from I9 protein 
structures. The distributions of x1 and xz are compared with predictions made OII 
the basis of simple energy calculations. The x1 distribution is trimodal; the q- 
position of the side-chain (~rans to Ha), which is rare except in serine, the t 
position (trams to the amino group), and the g+ position (trans to the carbonyl 
group), which is preferred in all residues. Characteristic xz distributions are ob- 
served for residues with a tetrahedral y-carbon, for aromatic residues, and fol 
aspartic acid/asparagine. The number of configurations actually observed is 
small for all types of side-chains, with SO”,b or more of them in only one or two 
configurations. We give estimates of t,he experimental errors on x1 and xz (3” t,o 
16”, depending on the type of the residue), and show that the dihedral a,ngles 
remain within 15” to 18” (standard drviabion) from the configurations \vith t)he 
lowest calculated energies. The distribution of the side-chains among t,he per- 
mitted configurations varies slightly with the conformation of the main &ail\. 
and with the position of the residue relative to the protein surface. Configurations 
that are 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 st,ructure are 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-chain conformation. The classical work of Ramachandran 
and his group established that the presence of a side-chain (any side-chain) reduces 
considerably the conformational possibilities of the neighbouring peptide groups, 
characterized by the + and 1+4 dihedral angles. These results have been extended to 
show particular effects of the various types of side-chains (for a review, see Nemethy & 
Scheraga, 1977) and of their conformation (Finkelstein t Ptitsyn, 1977). The actual 
configurations taken by the side-chains in protein structures have not been analysed, 
except for the work of Chandrasekara,n t Ramachandran (1970), based on three 
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protein sbructures (myoglobin. lysozyme and x-chvlnotrypsin). Thc~st~ authors analys;r~tl 
t’he distribution of the side-chain dihedral angles aud attempt~~d to Provo that it (Y~II 

be predicted on the basis of simple geometric considerations. 
Our approach is similar to theirs. Wr compare t,hr conformations taken t)y sitIt.- 

chains in globular proteins t’o t’he results of rnerg,v calculations using van der Weals’ 
interactions (and steric hindrance) only. The experiment’al data. which include 2536 
side-chain not counting glycine, alanine and proline residues, from 19 high-resolution 
protein structures, show that the number of configurations accessible to each t,.vpr of 
side-chain is small. These configurations are independent of the position of the rrsiduc 

on the surface or inside the protein. Their relative frequencies arr affected to a certain 
extent by the secondary structure, which slightly perturbs side-chain conformat’ions 
through steric hindrance and, in serine and t8hreonine residues. through side-chain t,o 
main-chain hydrogen bonds. In t,he folded prot,ein struct,ure. long-range interactions 
with residues far away in the amino acid sequence select one of t’he fe\v permit(ted 
configurations without perturbing it strongly: prot’ein folding C~USCS lit’tle st’ra,in on 
the side-chains. 

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

Atomic co-ordinates for 28 protein st’ructurcs were obtained from the Protein Data 
Bank, Cambridge, England. A subset of 19 proteins containing hi&resolution (2.5 ‘4 or 
better) structures, many of which have been submitted to crystallographic refinement,, 
is selected from the list. These structures are: egg white lysozyme, carboxypept,idase A, 
subtilisin BPN’, bovine pancreatic trypsin inhibitor, parvalbumin (calcium binding 
protein), papain, high potential iron protein, insulin, thermolysin, Clostridium flavodoxin, 
elastase, horse methemoglobin u/ dimer, V,,, immunoglobin fragment, ferredoxin, 
ferricytochrome c2, ferricytochrotne b5, bacteriophage T4 lysozyme, p-trypsin, X- 
chymotrypsin. Amino and carboxyl terminal residues and residues poorly resolved in 
electron density maps (when mentioned by the authors) were removed. ‘l’tlc: sample 
includes 3261 amino acid residues, of which 725 are Gly. Ala and Pro. 

Bond lengths and bond angles have standard values in all sets of atomic co-ordinatc,s 
of this sample, with small variations between anthors. Therefore. the dihedral angles 
(4, $ for the main chain, x for t,ho side-chain) are sufficient to characterize t’he conformat- 
tion. Care is taken in their calculation that ttlcy conform with the IUPAC-IUB (1970) 
convention. However, the x angles are in tile rarlgr of 0” to 360” ratllrr tlran - 180” to 180”. 

(b) Side-chain. geometry and energy calculatio~/s 

During rotation of the x angles, steric hindrance resulting from overlaps between atoms 
create potential energy barriers which effectively forbid certain conformations of the side- 
chain. The main chain is the principal source of steric hindrance and it affects the x1 angle 
governing rotation around the C,~-Co bond, Inore than ot,her side-chain angles. We use 
energy calculations to define permitted configurations taking account of steric interactions 
made with the peptide groups preceding and following t)he residue. The calculations are 
performed on the CH,CONH-R&H-CONHCH, st)ructurc, wl~crc R is tllc side-chain 
considered. The potential energy is: 

E = 2 (A,Jr:f -- Bij/ryj) + 1 K cos n(w, - wO). (1) 
if i 

It includes only the Lennard-Jones potential representing van der Waals’ interactions 
between non-bonded atoms as a function of their distance rij, and a torsion potential fo1 
each dihedral angle wt. A torsion potential has to be included, particularly since the hydro- 
gen atoms are treated together with t)he non-hydrogen atoms to which they are attached 
(Gibson & Scheraga, 1967; Levit’t & Lifson, 1969). The energy parameters of eqn (1) are 
taken from Levitt (1974). We use Levit,t’s energy refinement program to calculate the value 
of E for various combinations of the main chain and side-chain dihedral angles. Electro- 



RIDE-CHAIN CONFORMATIOK IN PROTEINS 359 

static interactions are ignored in this study. Their influence on the potential energ> 
drhpends strongly on a,ssumptions made regarding the dielectric constant. 

(i) The x1 arbgle 

Rotation of the side-chain around the C,-Co bond is restricted, due to contacts ma& 
by atoms in y position with the chemical groups attached to the a-carbon (Fig. l(a)). Thesfx 
groups are the preceding and following peptides, the position of which is determined b) 
tile maiu chain 4 and I+% dihedral angles, and tile u-hydrogen atom. Overlaps wit,lt tlke 
peptide groups are least severe when 4 alld I+% are in the allowed regions of the Ha~na- 
cllandran map (Hamachandran et al., 1963). but tht,y are still dominant over tile effect of 
H,. Therefore, ttrc g- position of the y-atoln trans to Ha should be less favourablr than t 
arid g+ positions trams to the more bulky amino and carbonyl groups, respectively. 

Energy calculations confirm this qualitative description of the local geometry of tilt) 
s&~-chain. \Ve summarize in Fig. 2 the effect of a y-methyl group on the allowed regiotls 
of the Ramachandran diagram. The $4 energy map calculated when the y-methyl is trans 
t&j tile carbonyl group (g+ position, Fig. 2(c)) is essentially the same as for an alanine 
r(-sidue (tile eliergy function being tliat of eqn (l)), showing that the y-carbotl creat,rs 
little steric hindrance over that. of tho p-carbon. Trams to the amino grollp (1 positiotr. 
Fig. 2(b)), the y-atom restricts the rotatioti of the carbonyl group (4 angle) : the (‘ort’t’s- 
pending Rarnacllandran diagram has smaller llrlical regions. Tram to H, (q position, 

(b) 

Cd) 

FIG. 1. The geometry of rotation around the C,-C, and C,-Cy bonds. The definitions of x1 
in (a) and of xz in (c) conform to the IUPAC-IUB convention (1970). The side-chain is represented 
above the plane of the C, substituents in Newman projections down the C,-C, bond. Idealized 
g- (x1 = 60”), t (x1 = 180”) and g+ (xl = 300”) positions are indicated for the y and 6 atoms. 
These positions are named respectively I, II and III by Ramachandran t Chandrasekaran (1970). 

(a) Unbranched Co. (b) Branched Cp; R is CH,(Me) in Val. C,H, in Ile, OH in Thr. (c) Tetra- 
hedral C,. (d) Trigonal C,. 
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FIG. 2. &energy maps for methyl-alanine. The energy of the CH,CONH-(&H,) C&H-CONHCH, 
structure (an a-amino-butyryl or methyl-alanilyl residue with blocked N and C) is calculated as 
described in Materials and Methods for different values of the main-chain dihedral angles 4 and 4, 
and for 3 values of the side-chain dihedral angle x1. Contours are drawn at - 2 (broken), 0, 2, 4, 
6 and 8 kcal/mol. 

(a) The y-methyl group is in the g- position; x1 = 60”. (b) The y-methyl group is in the 1 position; 
x1 = 180”. (c) The y-methyl group is in the g+ position; x1 = 300”. 
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Fig. 2(a)), the y-atom restricts the range of both Q and 4; the left-handed helical con- 
formations are effectively forbidden, the 0~~ and fl regions of the map are reduced in size 
compared to the g+ or alanine 44 map. 

Qualitatively similar results have been obtained by Finkelstein (1976) using Courtauld 
atomic models. Our calculations apply to residues with carbon atoms in y-position. 
Sulphur (Cys) and oxygen atoms (Ser. Thr) have lesser effects (Tonnuswamy & 
Sasisekharan. 1971a). For side-chains with branched Cp atoms (Ile, Val, Thr) the energy 
barriers created by the two y-sub&tuents add up: thus, in Val residues, the 44 cnerp,t~ 
map is that of Fig. 2(b) when the two methyl groups are in g+ and t positions as shown OII 
Fig. l(b), and that of Fig. 2(a) otherwise. 

(ii) The xz angle 

The geometry of rotation around the Cp-C./ bond is different when the y-carbon is 
tcxtrahedral, or when it is trigonal and planar (aromatic residues; His, Asp and Asn). 

In the first case, the 6 atom may occupy the 3 usual positions relative to Ca: g- , t and 
g ‘, corresponding to ,Y~ = 60”, 180” and 300”, respectively (Fig. l(c)). As the steric 
hindrance due to j-hydrogen atoms is small compared to that of C, and of the main chain, 
the t posit,ion trans to C, is expected to be preferred. Overlaps with main-chain atoms 
rr&rict the permitted values of the xz angle depending on x1 (Ponnuswamy & Sasisekharall, 
197lh; see also Fig. 7(b)). 

\Vhen the y-carbon is trigonal, overlaps of the 6 atoms with the main chain are least 
stlvere for values of xz near 90” or 270” (Fig. l(d)). The side-chains of Phe, Tyr and Asp 
rtasidues have Z-fold symmetry, which means that positions 180” apart in xz arp equivalent. 
In His and Asn this exchanges nitrogen and carbons atoms, kvith little influence on st’t+c 
hindrance. In Trp the side-chain has no symmetry. 

(iii) Other aide-chain angles 

The geometry of the x3 angle in Lys, Arp and Met, and that of x4 in Lys, is similar to 
that of xz in the tetrahedral C, case. In Glu and Gln the geometry of x3 is similar t,o that 
of xz in Asp and Asn. 

180 
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(c) b!Solvet,t accessibility 

The accessibility to the solvent is estimated from the accessible surface area 01 tract1 
residue in the protein structure. This is defined by Lee & Richards (1971) as tllc: arr’a of :+ 
surface over which a water molecule (taken to bt a sphere of radius I .5 .% for thr calcl~b- 
tion) can be placed so that it makes contact) wit’h an atom of t,llc, rosiduc \zithollt pent*- 
trating any other atom of the structure. \Ve usr a program of Lc\Ytt t,o comp~:tr~ accexsibl(k 
surface areas from X-ray co-ordinates. 

Residues are then classed as: 
-buried if their accessible surface area il is smaller than 20 .-i2, 

-exposed if A is larger than 60 AZ, 

-intermediate if A is between 20 and 60 AZ. 

This classification is based on average values of A calculated by Cllothia (1976) in 12 
protein structures, and on our own work on 28 structures (Table I). Residues taken as 
buried are wholly inside the protein (A = 0) or nearly so, while exposed residues have 
most, of their side-chain free in the solvent. The sample is distributed about equally 
between the 3 classes (38% buried, 30% intermediate and 32% exposed), but t,he amino 
acid composition of the classes is very different (Table 1). As noted by Chothia (1976), 
the average value of A and the fraction of buried residues shows little correlation with 
the size of the side-chain (though the limit of 60 A2 chosen here is slightly too large for 
Gly residues), but it does depend strongly on the presence of oxygen or nitrogen atoms 
in t,he side-chain. 

TABLE 1 

Am,ino acid composition and accessibihhy to solvent 

Residue Number in? Average A$ Buried Exposed 
sample 1 sample 2 (AZ) (%)l (%)I 

GUY 
Al& 
Pro 
Leu 
Ile 
Val 
Met 
CYS 
Phe 
TY~ 
=‘r P 
His 
SW 
Thr 
Asp 
Asn 
GIU 
Gin 
LYS 
Ax 
Total 

311 453 24.5 52 10 
297 435 27.8 51 15 
117 209 51.5 25 45 
237 389 27.6 60 16 
167 261 22.8 66 13 
238 401 23.7 64 14 

34 69 33.5 5% 20 
84 111 15.6 74 5 

106 177 25.5 58 10 
155 217 55.2 24 41 
59 91 34.7 49 17 
65 122 50.7 34 34 

285 459 42.0 3.5 32 
207 325 45.0 30 3% 
165 305 60.6 19 50 
183 272 60.1 22 49 
126 “20 68.2 16 55 
141 200 68.7 I6 56 
183 341 103.0 3 x5 
101 154 94.7 5 67 

3261 5211 45.5 3X .- ‘j” 

t Sample 1 contains the 19 protein structures mentioned in the text. Sample 2 contains tho 
following 9 structures in addition to those of sample 1: rubredoxin, ribonuclease S, staphylococcal 
nuclease, concanavalin A (Argonne and Rockefeller structures), lobster glyceraldehyde-3.phos- 
phate dehydrogenase, dogfish lactate dehydrogenese, carbonic anhydrase B and C. All atomic 
co-ordinates are obtained from the Cambridge Data Bank. 

$ Average of the accessible surface areas of individual residues in sample 2. 
8 Percentage of residues having an accessible surface area A smaller than 20 A2 (buried) or 

larger than 60 A2 (exposed). 
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3. Results 
(a) How well are the side-chain conformations determined? 

Experimental data on dihedral angles are derived from X-ray studies of protein 
structures. A comparison with calculated values is meaningful only if the data arc’ 
precise. Because side-chain angles affect the position of a limited number of atoms 

only, they might be much less reliable than main-chain dihedral angles. which affect! 
the whole structure and have been the object of more attention. For that reason. w 
choose to rest’rict the sample of protein structures on which side-chain angles arc 
estimated. t,o proteins for which high-resolution (2.5 -& or better) crystallographic data 
are available. Most’ of these have been submitt’ed to some sort of crystallographic 
refinement’. which has been demonstrated to improve the precision of atomic positions. 
Estimates in the range of 0.15 bo 0.5 a h‘ <LVC been given for the sta,ndard deviation of 
refined positions and they imply that dihedral angles are known to within 6’ t,o 20 

The best way of assessing the quality of the x angle data is to compare multiple 
measurement,s of t#he same angles, done in homologous protein structures which havt> 
bclen refined independently. Table 2 shows the result of such a comparison. Homolo- 
gous residues in two (or three in the case of trypsin. elast)ase and chymotrypsin) 
protein structures are compared. Tf their side-chain configurations are t’he same as 
judged frorn t,hr range of x1 and xz angles, t’he standard deviation of the angular 
values can be calculated. If they differ too much (by 120” or so), thr side-chain 

configurnt’ions are different and the comparison is not meaningful. 

Table 2 demonstrates, not surprisingly. that x a’ngles are best determined in 
aromat’ic residues. The configuration of aromatic side-chains is unambiguously defined 
by electron density maps and it is nearly always conserved between homologous 
structures : only one aromatic side-chain out of 36 changes conformation. The standard 
dtviwtion of the x1 and xz angles for the 35 remaining residues is 3” t’o 5.9”. It, includes 
experimenbal errors and small changes in the structures. especiallv in the comparison 
of the t’hree prot’eases. Thus, t’he upper value (5.9 A) is probably too large. On bhe other 
hand. t’hc comparison of the two monomers in the VEEr immunoglobin light chair1 
dimer, and of the trypsin structure with the trypsin-trypsin inhibitor complex, may 
hr biased towards lower values of the standard deviation. because t,heir crystallo- 
graphic refinements st’art from the same initial models. 

The side-chain conformations of Met, Glu. Gin. Arg and Lys residues also sho\v a 
r(lasona’ble degree (70qb) of conservation in homologous st’ruct’ures. These side-chains 
(except Met) arc commonly found on the protein surface and are most affected by the 
molecular environment in the protein crystal. Still, t)heir y and 6 atoms are reasonabl) 
well-positioned in electron density maps. even when the polar end of the side-chain is 
free in the solvent. This can be seen from the standard deviation of the x1 and xz angles, 
which is 8’ t)o 1.5”. Similar standard deviat)ions affect the dihedral angles of Leu sid+ 
cllains, hut t)hrir conformation is less well-conserved between homologous st,ructures. 

The x1 angle of Ilc a.nd Val residues appears to be bvell-det’ermined (standard 
dt+ation 7 t’o 13”) and well-conserved (NO,;,) bt+ween homologous st,ructnrtas. This 
is lrss true of Ser and Thr residues, where one-third of the conformations c4~angt~ and 
n.here the st)andard deviabion is larger (9” to 16”). In Scr residues. the position ot’ thr 
hydroxyl group is oft’en not defined in electron density maps. Errors in th(l int,rr- 
pretation of t,he map may also be the source of somr of the changes of x1 angles iti 
Scr, Tbr or Val and of xz angles in Leu. 



The precision of the x angle meusurementd 

Residues 
Number of homologous positions 

With consorved 
Total 

Xl X2 

Standard dcwiat~ion (deg.) 

01 gz 

Met, Glu, Gin, Lys, Arg 

V REI 
Trypsin-TIC 
Serine proteases 

14 
32 

9 

Phe, Tyr, Trp 

V REI 
Trypsin-TIC 
Serine proteases 

12 
17 

7 

Leu 
V REX 

Trypsin-TIC 
Serine proteases 

7 
14 

6 

Ile. Val 

V REI 11 
Trypsin-TIC 32 
Swine proteases 13 

SW, Thr 

V am 
Trypsin-TIC 
Serine proteases 

25 
31 
12 

12 9 
26 23 

8 6 

12 
17 

7 

6 
14 

4 

11 
29 
10 

12 
27 

9 

11 
17 

7 

5 
8 
1 

- 
- 

3 3 

3 5 

5.7 

10.5 
8.4 

13.3 

12.9 
7.5 
7.3 

9.3 
10.5 
16.0 

11.2 
Id.!) 

84 

3.1 
5, 1 
5.9 

4.x 
5.1 

11.0 

We compare the side-chain conformations of homologous residues in the 1 monomers of the 
V REX immunoglobulin light chain fragment (Epp et nl., 1974), in trypsin free (Bode & Schwager, 
1975) or in complex with the bovine pancreatic trypsin inhibitor (TIC; Huber et ctl., 1974), and 
in 3 serine proteases: trypsin, chymotrypsin and elastase. The proteases have rather different, 
sequences, but we take as equivalent residues belonging to one of the 5 classes listed in the Table 
(for instance Ile and Val residues), if they oocur at homogous positions. 

For each pair of triplet of homologous residues, the x angles are compared. If the individual 
values are within 60” of the average, the conformation is taken to be maintained: we calculate 
the standard deviation from the multiple measurements of x (root-mean-square deviat,ion from 
the average; a random value would be 30” in this case). 

In the trypsin-trypsin inhibitor complex, about l/3 of the Ser hydroxyl groups are not, posi- 
tioned. The corresponding x1 angles are ignored in the statistics. Similar cases certainly occur in 
other protein structures, though published atomic co-ordinates do not necessarily mention it. 

The average values X and standard deviations (I of the dihedral angles are calculated from 
the formula : 

which takes their periodicity int,o account and reduces to usual forms when Q iq less than about, 20”. 
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(b) The x1 angle 
(i) The general case 

36.5 

In Trp, Tyr, Phe, His, Met, Leu, Asp, Asn, Glu. Gln, Lys and Arg residues, the 
geometry of’ the rotation around the C,--CB bond is identical, and the experimental 
data concerning the x1 angle can be merged. Figure 3 shows that the distribution of 

Xl is trimodal. The mean values K and standard deviations u1 in each range of 120’ 
are : 

G = 61“; g1 = 25” around the g- position, 

E = 190”, (TV = 24” around the t position, 

G = 290”, o1 = 21” around the g+ position. 

The position of the maxima, which in the t and g+ positions are displaced from the 
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E‘IG. 3. The x1 angle distribution in Trp, Tyr, Phe, His, Met, Leu, Asp, Am, Glu, Gin, Lys and 
Arg. The experimental distribution of x1 in 1566 side-chains is plotted along with the energy 
calculated for a blocked Lys residue (E) in an extended main-chain conformation (4 : - 140”. 
I# = 140”; see Fig. 7(b)). The side-chain is fully extended (x 2 = x3 ‘=- x4 = 180”) as it rotates 
around the C,--Co bond. 
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values 180’ and 300”. and the relative trcight, of the l);lrri(~rs at 0 I”() all(l 240 itrf’ 
predicted correct’ly of the basis of van tier Waals’ c~nergies. Less t,han li”,, of ttlcs 
side-chains have x1 angles in the range ( m-3O ‘, 40”) \vhere (!,, ovdaps I\-itkr ttlca i\lllillo 

group of the residue, or (SO”, 140”) where it overlaps \vith the carbon~~l group. ()\.(‘I.- 
laps with the a-hydrogen (x1 N 240”) we more common. Thus, t,lw c~xpcrimentat 
distribution of the x1 angles is restricted to less than two-thirds of the 360 range. 

The side-chains are unequally distributed among the !/-, t and !/ + positions. Morc~ 
than half of the side-chains (540,:) are found t’o be in the q+ configuration, t’lirt propor- 
tion varying from 44SB (Gln) to SOY;, (Leu). depending on the residue typf’. Ttlt~ 
fraction of residues in the g- configuration is very small. ll’$ on the average. varying 
from 4% (Leu) to 15q{, (Asp, An). The distribution is therefore somewhat sonsitivta 
to the nature of the side-chain and we shall see t,hat it, is affected by the c+onfbrmation 
of t,he main chain. 

(ii) Branched /l-carbon (Val, Ile) 

The distribution of x1 angles in Vat and Ile residues is shown in Figure 4. Taking 
into account the different definitions of x1 chosen for these side-chains by the IUPAC- 
IUB convention, the two distributions are identical. They show a strong preference 
for a single position (67% of the residues), where one of the C, is in g+ position and 
the other in t position. The corresponding peak is centered at’ z = 171” (Vaf) or 
291” (Ile) with a standard deviabion (TV = 21”. It corresponds to the y+ peak in 
unbranched side-chains. The t and g- positions are much rarer, because one of the C:, 
is then in the unfavourable position tram to the a-hydrogen (Fig. l(b)). 

The proportion of Ife and Vaf side-chains found in the g + configuration is probabl> 
underestimated, due to errors in t,he interpretation in the electron density map. 
which tend to randomize the distribution. In the small sample of side-chains where 
multiple observations are available, the proportion is as high as 80~/~, : 8 g+ out of 10 
homologous Ile and Vaf residues of trypsin, elastase and chymotrypsin: 8 out of 11 
in the two monomers of the V,,, immunoglobulin fragment; 24 out of 29 in trypsin 
versus the trypsin-trypsin inhibitor complex. On the other hand. in the ettrsndcd 
sample 2 of Table I. where experimental errors are presumably higher. the proportion 
of g+ is only 60:;. We may then assume t)hat the actual fract,ion of t,he Ile and Val 
side-chains in g+ position is somewhere between 67:: and 80%. The latter value is 
also the fraction of g+ side-chains observed in a sample of 39 small crystal structures 
containing blocked Val residues (reviewed by Benedett’i, 1977). 

(iii) Threonirle 

The x1 angle distribution (Fig. 5(a)) is himodal with the hydroxyl group either in 
g+ (48%) or g- (39%) position. the more bulky methyl group being in t and g+ 
positions, respectively. The! configuration (with the methyl group in g- ) is rare (13::) : 
arguments similar to those given for the Ile and Val side-chains suggest that its 
frequency is somewhat overestimated in these statistics. Correlations with hydrogen 
bonding patterns are discussed later. 

(iv) Xerinr! 

The Ser side-chain contrasts with all other side-chains. While the x1 angle distribu- 
tion (Fig. 5(b)) is still clearly trimodaf, the y -, t and g + positions are occupied with 
similar frequencies (38%, 28% and 34%, respectively). This reflects t,he lesser steric 
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I Vol 0 120 X, (deg.) 240 
I I I I r I 

Ile x, (deg.) 2 IO 

t--g- I g+- 

FIG. 4. The x1 angle distribution in Ile and Val. The sample contains 167 Ile (hatched) and 
238 Val (open) side-chains. R is CH, in Val, C,H, in Ile (and OH in Thr). Conventionally, x1 is 
measured from R in Ile (and Thr), from the other CH, in Val: thence the different origins. 

hindrance created by the hydroxyl group, which in turn results in a smaller energy 
barriers for the rotation around the C,---Co bond. But another reason is experimental, 
as the position of external Ser side-chains is frequently not defined in electron density 
maps. Random assignment leads to a flat, distribution of their y1 angle. Still. the f 
position is less frequent than eit,her g - or g + . While in the Thr residue the t position 
of 0, is rare, due to the steric hindrance of the methyl group in the g- position, in 
serine this is more likely to result from electrostatic interactions of the side-chain 
hydroxyl group, as we shall see below. Indeed, the smaller frequency of the t position 
is entirely attributable to Ser residues in helical main-chain conformation: only 220,;) 
of those are t, against 34% of the residues with an extended main-chain configuration. 
In small crystal structures, the g- position is preferred (Benedetti. 1977). 

(v) Qsteine 

Cys residues are relatively few in the sample, and nearly all of the Cys side-chains 
are engaged in covalent bonds (disulphides, thioether or metal bonds). Only 9 out of 
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84 Cys residues in sample 1. and 24 out, of 11 1 iu satnpk 2. an’ frnck -SH rc~~itlur~~, 
The x1 angle distribution (Fig. 5(c)) is probably rcprrsentativt~ of’ substit~utvcl C‘vb 

side-chains and not of cyxteine. The relative frcqurnci~ 3 of tlira !/ ~. I and !I + po,Gtion~ 
of the S, atom (16’$“, 2776 and 57q;,, respect,ively) are similar to those of unbranoh~d 

50 - Thr 

120 240 360 

x, (deg.1 

FIG. 6. The x1 angle distribution in Thr, Ser and Cys. The sample contains 207 Thr and 285 Ser 
residues. Sample 2 (28 protein structures, see Table 1) is used for Cys; it contains 111 residues. 

side-chains like Met or Lys. The detailed geometry of disulphides (Pattabha & Srini- 
vasan, 1976) and that of sulphur-metal complexes in proteins (Carter, 1977) has been 
described before. We only want to point out that the high frequency of the favourable 
g+ position shows that the presence of cross-linking covalent bonds does not perturb 
the geometry of the residue itself. 

(c) The x2 angle 

(i) Methionine, glutamic acid, glutamine, lysine, arginine 

In these residues, the y-carbon is tetrahedral and unsubstituted. The position of 
the &atom is determined by the x2 angle, which shows a strong preference for values 
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near 180”, corresponding to the t position bans to the C, and away from the main 
chain (Fig. 6). The t peak in the experimental distribution of x2 is centered at 180” and 
comprises 69% of the side-chains, against 17% in the g+ region and 14% in the g- 
region. The experimental x1 x2 map (Fig. 7(a)) is in excellent agreement with the 
energy map (Fig. 7(b)). It indicates that the allowed combinations g-t, tt, tg-.g+t 
and g+g+ (Ponnuswamy $ Sasisekharan, 1971b) comprise 900/, of the observed side- 
chain configurations. Indeed, three-quarters of the residues occur in three configura- 
tions only: tt, g+t and g+g+ (Table 3). The rare g-g-, g-g+ and tg+ combinations lead 

0 120 240 36 
x2 (deg.) 

+----g--t 9+- 

FIG. 6. The xz angle distribution in Glu, Gin, Lys and Arg. The sample contains 551 side-chains; 
xa distributions are shown for g- (stippled), t (hatched) and q+ (open) positions of the C, atoms. 

TABLE 3 

Correlation between x1 and x2: Met, (Zu, &a, Lys, Arg 

Class of ,yl 

X2 !r t CT+ Total 

9’ 7 14 81 102 
t 42 167 193 

(17) 
402 (69) 

TSotal 73 54 45 22fi 32 306 586 82 (14) 

(9) (39) (52) 

The data of Fig. 8 are distributed among 3 classes of each of the 2 side-chain dihedral angles, 
each class spanning 120”. The number of side-chains in each class is indicated, permitted con- 
figurations being underlined. Percentages in parentheses refer to the total sample of 586 Met, 
Glu, Gln, Lys and Arg side-chains. 
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FIG. 7. x1 ,Q maps for Met, Glu, Gln, Lys and Arg. 
Similar exFerimenta1 distributions and energy maps are obt,ained for these residues. The data 

are therefore combined. 
(a) Experimental distribution; 686 data points. Sampling is done in 6” steps along the x1 axis. 

in 7.5” steps along the x2 axis in this map and in all following experimental maps. (b) Energy map. 
The potential energy (eqn (1)) of the CH&ONH-RCH--CONHCH, structure is calculated for all 
values of x1 and x2 in steps of 20”. Here, R is a Lys side-chain with x3 ~ x4 - 180”; the main 
chain is in an extended conformation with $ = - 140°, $ ~ 140”. Contours we drawn at ~- 1 
(broken), 1, 3, 6 7 and 9, kcal/mol. 
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to severe overlaps of side-chain and main-chain atoms. The few cases observed are 
almost certainly due to experimental errors; they represent 4.49/o of the side-chains. 

(ii) Leucine 

The five allowed configurations described above reduce to two when the y-carbon 
is branched: tg- (xl N 180”, x2 N 60”) with the two &methyl groups in the g- and t 
posit’ions, and g+f (x1 N 300”, xz N 180”) with the S-methyl groups in the t and c/+ 
posit,ions. These are the configurations found in 22 small crystal structures of blocked 
Leu residues (Benedetti, 1977). The protein data (Fig. 8(a)) are only in partial agree- 
ment wit’h these findings: the g+t cluster of points comprises 387; of the Leu side- 
chains, the tg- cluster, 19%. However, another 3300 of the Leu residues have xz 
angles scattered in regions of the map where the isopropyl group is eclipsed wit’h the 
a-hydrogen (x1 N 240”). Some may be due to incorrect building of the side-chain in 
t’hr electron density maps, orientations of t’he isopropyl groups differing by 180” in xz 
hcing easily confused. Still, nearly all of these side-chains are in permitted regions of 
the x1 x2 energy map (Fig. 8(b)), while a small number (10 residues or 4”)” of the sample) 
of Lcu residues have their side-chain in the g- position (xl < 120”). where it, overlaps 
w&h main-chain atoms for all values of x2. 

(iii) 1soZeucirse 

The x1 xz map (Fig. 9) reflects the preference of the x1 angle for values near 300”, 
with the ethyl group in the g+ position and the methyl group in the t position. The 
geometry of the rotat,ion around the C,--Cd bonds is the same as in unbranched 
side-chains: Ca is generally trans to C,. Thus, bhe g+t configuration is most frequent 
(47o,d), g+g+ is next (IS:/,), g-t and tt comprising most of the remaining cases (24?(, 
together). 

(iv) Tryptophan, tyrosine, phenylalanine 

The xz distribution is reduced to the 0 to 180” range for the symmetrical Phe and 
Tpr side-chains, and also for Trp in first approximation. The large peak near xz = 90“ 
(Fig. 10) indicates the preference of the aromatic ring for a position parallel to the 
main chain on which it lies flat. This is the only configuration observed in small 
crystal stru&ures (Cody et al., 1973). In proteins, the observed combinations of x1 and 
xz (Fig. 1 l(a)) are in good agreement with the calculat’ed energy map (Fig. 11 (b)). 

The data points cluster around t’hree positions, with the following average angles 
and standard deviations : 

xl = 68”, x2 = 91”, c1 = 18”, ~a = 16” (g- position) 

K -= 184”, x2 = 76”, u1 = 16”, (~a = 21” (t position) 

z = 291”, & = 96”, o1 = 16”, (TV = 16” (g + position). 

In the g- position (13% of the sample), only values of xz near 90” are observed. 
The energy map indicates that all other orientations of the aromatic ring lead to 
severe conflicts with main-chain atoms. ln the t position (31:; of the sample), the 
ring is more mobile, leading to a larger value of the standard deviation c2. In the g+ 
position, the cluster around xz = 96” contains 47% of the data points, but another 
10% of the side-chains have xz angles larger than 140” or smaller than 30”, correspond- 
ing to transverse positions of the ring relative to the main chain, As predicted by 
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FIG. 8. ,yI x2 map for Leu. The experimental map (a) contains 237 data points. The energy map 
(b) is calculated for a blocked Leu residue in an helical main-chain conformation with 4 
-6O”, + = ~ 60’. Contours are drawn at 0 (broken), 3, 4, 6, 8 snd 10 kcal/moI. 
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FIG. 9. x1 xz map for Ile. 167 data points. 

(a) 

TOP 

TY~ 

Phe 

1 r 

180 0 

x2 (deg.) 

(b) 

FIG. 10. The xz angle distribution with trigonal y-carbons. Distributions are shown for g- 
(stippled), t (hatched) and g+ (open) positions of the Cy atom. 

(a) Aromatic residues; Trp, Tyr, Phe; 320 side-chains. lndole groups are taken to be symmetric. 
(b) Asp and Asn; 348 side-chains. Amide groups are taken to be symmetric. 
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ecergy calculations, these are found o1l1~ in tlrr less CI’OM.CM I/ + positioll. Furtherlnortk, 

the displacements of g away from 90’ in t’lle f and g+ clusters art> significant arrtl ills0 

correctly predictled in Figure 11(b). 
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FIa. 11. x1 xz maps for aromatic residuos. 
The indole group of Trp is taken to be symmetric. 
(a) Experimental distribution; 320 data points. (b) Energy map. The calculation is made for a 

blocked Phe residue in an extended main-chain conformation with 4 - 140” and # 140°. 

In Trp side-chains, the ring positions corresponding to xZ N 90” and 270” are not 
sterically equivalent. In our small sample of 59 Trp residues, they appear with different 
frequencies : values near 90” (with the five-membered ring of the indole group pointing 
away from the amino group of the residue in the most common 9 + and t positions) are 
twice as frequent as values near 270”. 

(v) Histidine 

The experimenta. x1 xZ map reduced to xZ < 180” (Fig. 12(a)) is very similar to that 
of the aromatic residues. Thus, the distribution of the side-chain configurations is not 

strongly affected by the increased mobility of the imidazole ring, expected from its 
smaller size compared to a phenyl ring, nor by hydrogen bonds made by the side-chain 
nitrogen atoms. 
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(vi) Aspartic acid, asparagine 

The distribubion ofxz angles for these residues (Fig. 12(b)) is centered at G = 156” 
with a standard deviation u2 = 38”. Thus. the preferred position of the y-carboxylate 
or amide group is transverse to the main chain and not parallel to it as is observed in 
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FIG. 12. x1 ,Q maps for His and for Asp and Asn. 
(a) His; 65 data points. (b) Asp and Am; 348 data points. The amide groups are taken to br! 

symmetric. 

aromatic residues, even though the geometry of their C, atoms is similar. Steric 
hindrance is obviously less important in Asp and Asn side-cha,ins, and electrostatic 
interactions dominate (Lipkind et al., 1973). Th e wide distribution of xz around it,s 
mean value expresses the mobility of the terminal groups and the difficulty of deter- 
mining precisely their orientation in electron density maps. 

(d) Other side-chain dihedral angles 

The orientation of the Glu carboxylate group or of the Gln amide group, and the 
position of the side-chain atoms beyond Cd in Lys and Arg, are even less precisely 
determined. These polar groups are often free in solution, or involved in intermolecular 
interactions due to crystal packing. They are subject to very little steric hindrance 
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from the main chain, at, least, when Cd is Finns to C, (x2 near 180‘). In addition. t ho 
experimental data on x3 and x4 are not reliable. The high frequency of valurs IW~I’ 
180” noted by Chandrasekaran & Ramachandran (1970) &ay result entirely from tht 
convention of building these side-chains in extended conformat,ion when the electron 
density map is ambiguous. 

The case of Met residues is different and instructive. The ,y3 angle controls the posi- 
tion of the E-methyl group, and the side-chain is rarely exposed to solvent. Still, the 
experimental distribution (Fig. 13) is almost flat. except for values near 0’. with 
C, and CB eclipsed, which are not observed. 

Mel I 

Ii0 240 360 

Xs(deg.) 

FIG. 13. The ,y3 angle distribution in Mot. Sample 1 (hatched) contains 34 Met side-chains, 
sample 2 has 69 (see Table 1). 

(e) InJluence of main-chain conformatiorL 

We characterize the conformation of the main chain by the 4 and # dihedral 
angles and divide the +$ map into three zones: extended configurations of the chain 
for negative 4 and 30” < I/ < 210”; right-handed helices for negative 4 and -120” < 
# < 30”; left-handed helices for 0” < + < 120” and -60 < 4 < 90”. The remainder 
of the +# map is forbidden for all residues except Gly. Though residues with +# angles 
in one of the three regions thus defined may not belong to a piece of secondary 
structure, we call them, respectively, /I (extended), ua and ccL. Levitt & Greer (1977) 
note that most residues in the ctR region actually belong to a piece of helix, but only 
about half of the residues in the p region belong to a sheet-like structure; aL is rare 
and limited to turns of the chain. In our sample of residues, 43% are of the jl type, 

51% s, 4% uL and 2% do not belong to one of these categories. Due to well-known 
preferences (Chou & Fasman, 1971), the amino acid compositions of the /3, ua and aL 
categories differ, though the only striking deviat,ions from the average distribution 
affect Asn (more frequently CCJ and Glu (with a strong preference for aa). 

The conformation of the main chain affects the side-chain dihedral angles in the 
limited way expected from the energy calculations of Figure 2. One may compare the 
calculated 4# maps to the experimental distribution of angles for residues having C, 
in the g-, t or g+ position (Fig. 14). The distribution of the main-chain angles in resi- 
dues where the side-cha,in is in the g+ position (Fig. 14(c)) has data points in all 
allowed regions of the classical Ramachandran map established for Ala residues: in 
the g+ position (truns to the carbonyl group), the side-chain causes no more steric 
hindrance than the Cp alone. In the t position, overlaps of C, with the carbonyl group 
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TABLE 4 

(‘orrelation brtweevl x1 angles and main-chain conforrnutiov~: Trp. Tyr. Ph,c, Met, LPU. 
Asp, Asn, Glu, Gin, Lys, Arg, His 

Class of ,yL angle 
f&b angles g- t g+ Total 

B 68 (10) 269 (40) 333 (50) 670 (43) 

aIt 82 (10) 260 (33) 460 (57) 792 (51) 

EL 2 (3) 15 (24) 46 (73) 63 (4) 
Other 16 (52) 5 (16) 10 (32) 31 (2) 
Total 168 (11) 549 (35) 839 (54) 1556 

The number and percentage (in parentheses) of residues having x1 angles if each of the three 
120” ranges are compared for 4 classes of main-chain conformations, defined in the text ax zones 
of the Ramachandran diagram, rather than as elements of secondary structure. The percentages 
in t,he rightmost column are those of the 4 classes in the sample of 1656 residues. The 4th class 
(other) includes the few residues having $I/ angles outside the zones defined here as 8, (~a and Q. 
Most of them arc likely to be experiment,al errors, and th(tir untypical x1 distribution is spurious. 

make the tcL configuration less favourablt: (Fig. 14(b)). The permitted region corres- 
ponding to right-handed helices is also reduced. Thus, the ,6/aa ratio, which is 0% 
on average, increases to 1.03 in residues of the t side-chain type, while it is 0.74 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 by one of the two C!, atoms (except 
when the side-chain is in the rare g- configuration) : the /l/aR ratio is high (1.15 in our 
sample). Lastly, in the g- position, the side-chain overlaps with the amino and with 
the carbonyl group of the residue. The aL main-chain configuration is forbidden, the 
permitted aR and /3 regions of the $# map are reduced in area (Fig. 14(a)). An immedi- 
ate consequence is the uneven distribution of the g-: t and g+ side-chain classes 
among the three main-chain classes (Table 4). The most extreme situation is that of 
GIN residues, three-quarters of which are g+ . But the preference for g+ is also strong in 
right-handed helices, where it is almost twice as frequent as t. This effect of the main- 
cha,in conformation, coupled with the different amino acid composition of the ,tI> aR 
and aL classes, is the source of some of the departures from the average g+/t ratio, 
which are observed when each type of amino acid residue is considered independently 
in the statistics. Thus, g+/t is higher (1.33) for Glu residues. due to their high frequent! 
in helices, than for Gln (g+/t = 1.0). 

(f) Hydrogen bonding 

The major effect of main-chain atoms on the conformation of the side-chain is steric 
hindrance, which leads to the correlations observed above for side-chains having 
y-carbon atoms. In residues having an oxygen atom in y position, and to a lesser 
extent in Asp and Asn, the main chain also affects the side-chain configuration by 
providing possibilities of favourable electrostatic interactions (Zimmerman & 
Scheraga, 1977) usually hydrogen bonds to a neighbouring carbonyl group. 

(i) Se&e, threonine 

Out of 492 Ser and Thr residues in the sample we find that 70% have their 0, atom 
within hydrogen-bonding distance (3.5 A) of at 1 east one carbonyl group, with an 
acceptab!a angular geometry for a OH . . . 0 bond. Tf 0, HN bonds are considered: 
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Fra. 14. &S maps. Main-chain dihedral angles of Trp, Tyr. Phe, His, Met, Leu, Asp, Am, Glu, 
Gln, Lys and Arg residues are plotted on 3 separate Ramachandran maps depending on the 
position of C,. 

(a) q- position, x1 less than 120”; 168 data points. (b) t position, x1 from 120” to 240”; 649 points. 
(c) q+ position, x1 larger than 240”; 840 data points. 
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the fraction of bonded Ser and Thr side-chains is even larger. Most of these bonds 
involve a main-chain carbonyl group as acceptor (831,,), though side-chain t’o side- 
chain bonds may coexist with side-chain to main-chain bonds. In 859/, of t,he cases 
(i.e. in 50’~/0 of t’he Ser and Thr side-chains), the carbonyl group belongs to a neigh- 
bouring residue in the amino acid sequence. If i is t,he Ser or Thr hydrogen-bond 
donor, the carbonpl group may belong to residue i - 5 to i -+ 2> with high frequencies 
of i -- 4. i -- 3 and i. Thus, at least 500b of the Ser and Thr side-chains are involved in 
L’local” hydrogen bonds with main-chain atoms. 

These hydrogen bonds are determined by the conformation of the main chain. 
which fixes the position and orientation of the acceptor oxygens. In extended struc- 
t,ures, the 0,, atom is within hydrogen-bonding distance of the residue’s own carbonyl 
ox.ygen (Oi), when the side-chain is g- or f (Fig. 15(b)), though the angular geometry 
is poor. Hydrogen bonds to the preceding residue’s carbonyl oxygen (Oi _ 1) require the 
side-chain t)o be g+ (Fig. 15(a)). We find that 30qd of t’he Ser/Thr residues with +# 
angles in the /3 region of the Ramachandran map have # and x1 angles compatible with 
the rxistrncr of a OH . Oi bond, and another 13 y0 have + and x1 angles compatible 
with a OH . Oiel bond. In small crystal structures, intermolecular hydrogen bonds 
arci preferred. but solution studies support the exist,ence of Oi _ 1 and Oi types of bonds. 
which theory predicts in blocked Ser residues (Lipkind et al., 1973). 

These bonds are impossible in right-handed helices, because the carbonyl groups of 
the residue and of its immediate neighbours 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-llelices, both NH and 0,H can bond to Oiw4 (Fig. 15(c)): this is observed in 55 Ser 
and Thr residues of the sample, i.e. 23%) of tjhosr belonging to the aR region of the 
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FIG. 15. Side-chain to main-chain hydrogen bonds in Ser and Thr. The Ser/Thr residue is i, its 
hydroxyl group is H-bonded to a peptide oxygen atom near in the amino acid sequence. 

(a) Extended main-chain conformation, bond to 0, _ 1 in the preceding peptide group; 0, is 
in the g+ position. (b) Extended main-chain conformation, bond to 0,; 0, is in the g- or 1 position. 
(c) a-Helix, bond to O,-*; 0, is in the g+ position. (d) s10 helix, bond to Om3; 0, is in the g- 
position, or g + 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- a and is either in the g - or g+ position ; Oi- 3 is the 
hydrogen-bond acceptor of the peptide NH of residue i in 31, helices (Fig. 15(d)): 
which are not common in protein structures. However, a 3r,, helix exists in haemo- 
globin (helix C). In the horse methaemoglobin structure (Ladner et al., 1977), all four 
Thr residues of the C helix (Thr ~38, a39, a41 and 838) have their side-chain hydrogen- 
bonded to Oi- a. This type of bond is also frequent in Ser and Thr residues placed at 
the end of a-helices, where the main-chain conformation is often close to 3,,. Thus, in 
helices, nearly 40% of the Ser and Thr side-chains make a Oim4 or Oi-a type of 
hydrogen-bond. No such bond can be made if 0, is in the t position. This explains 
why the t side-chain position is rarer for helical Ser residues than for extended ones 
(see above). 

(ii) Aspartic acid and asparagine 

These side-chains have two polar atoms, and more possibilities of forming hydrogen 
bonds than Ser or Thr. However, the large majority of Asp and Asn residues are 
accessible to the solvent (see Table 1) and may bond to water molecules. The orienta- 
tion of the amide group of Asn is always ambiguous in electron density maps. Accept- 
ing the choices made in published atomic co-ordinates, we find that 40:/, of the 348 
Asp and Asn side-chains of the sample are involved in one or more hydrogen bond. 
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The majority (60%) involve a main-chain peptide group either as donor (NH) or 
acceptor (CO bonded to the side-chain amide group of Asn) ; 63% of these (17Oi of 
the Asp and Ssn residues) are local hydrogen bonds to the NH of residues i - 3 to 
i + 3. The most frequent (37 cases, or 60:;; of the local bonds) is to Ni + 2 ; this side- 
chain hydrogen bond requires x1 to be larger than 180” and cannot be made when the 
main chain is extended. 

(iii) Other polar side-chains 

The side-chains of Glu, Gln, Lys, 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 sterically forbidden (aromatic side-chains) or 
unlikely. 

(g) Accessibility to solvent and side-chain conformation 

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 sma,ller than 20 A2 have generally fewer than 
two atoms on the protein surface. They are involved in many tight contacts with other 
residues in the protein. Exposed residues with A larger than 60 A2 have most of their 
side-chain in contact with the solvent. The value of A is therefore a crude estimate 
of the strength and number of int,eractions made bp t,he residue with the remainder 
of the protein structure. 

Table 5 shows how the posit’ion of a residue rela’tive to the protein surface affects 
its side-chain conformat’ion. The remarkable feature is the smaller frequency of the 
rare g- side-chain position observed in buried residues (5*50/) compared to average 
(11 “iA) 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 6.6: the observed number 24 has a probability of 10e6. The difference does not 
result. from the different amino acid compositions of the three classes of accessibilibies: 
the exclusion of the g- side-chain position in buried residues occurs in aromatic 
side-chains (8q;, g-: average 13%), in long side-chains (Glu, Gln, Lys, Arg : buried fi”?,, 

!I- 1 average 9’;&) and in Asp and Asn (buried 6’$& g-, average 15%). Similarly, the t 
configuration. with t’he methyl group in g- is rarer (12”‘{,) in buried Thr residues than 

TABLE 5 

Correlation between x1 angles and accessibility 

Accessibility Class of x1 angle 
g- t g+ 

Exposed 82 (12) 222 (32) 390 (56) 694 (46) 
Intermediate 62 (lb) 153 (36) 212 (60) 427 (27) 
Buried 24 (6) 174 (40) 237 (66) 435 (28) 
Total 168 (11) 649 (35) 839 (54) 1656 

The number and percentage (in parentheses) of residues having x1 angles in each of the 120” 
ranges are compared for 3 classes of accessibility to solvent: buried residues with accessible 
surface areas smaller than 20 Aa, intermediate (20 to 60 AZ) and exposed residues (more than 
60 bz). The percentages on the rightmost column are those of the accessibility classes in the sample 
of 1556 Trp, Tyr, Phe, His, Met, Leu, Asp, Asn, 01~1, Gin, Lys and Arg residues. 
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average (150/,,). The y+ configuration is less predominant in c~xpos~~l I It’ :~ntl \‘;I I 
residues (55’34) t(han average (SYq/,,). In ea,ch case. t.hc contrast l)t+ween frc~quet~t a ntl 
infrequent side-chain configurations is more pronounced in huricd t,han in ~spost~l 
residues. 

4. Discussion 
The experimental data on side-chain dihedral angles derived from protein X-r;t>, 

crystallography are of better quality than is oft’en assumed. The reproducibilit’y of thtb 
x angles measurement may be lou:er than for main-chain dihedral angles, hcacaustb 
changes in 4 and I/ affect the totality of the protein structure, while side-chain dihedral 
angles control the position of a small number of atoms only. A fra&ion of the sidc- 
chain conformations obtained by model-building from electron den&y maps are 
incorrect due to misinterpretation of the density, or result from arbitrary choices 
made when the side-chain is mobile. Still, the rahles of x angles appear to be reliabk~ 
when they control the position of more than one non-hydrogen atom. Thus, OUI 

statistics imply that no more than a.bout) 5?{, of the x1 angles have large errors, except 
in serine, and that xz is generally correct, except perhaps in Asp and Asn residucxs. 
The distribution of the side-chains in t’hree large classes g-. t and g+ is therefore 
precisely established. Within these three categories. the standard deviations of x1 and 

xz estimated from duplicate measurements vary between 3” and 16’. depending on tJho 

residue type (Table 2). 
The consistency of the data leads to a high degree of contra& in the experimental 

distribution of the side-chains between the permitted configurat’ions. Par all residue 
types, one to five configurat’ions account for 85% or more of the side-chain structures 
up to the S atom; one or two configurations account for fiO(:{, or more (Ta,ble 6). The 
least favourable of the permitt*ed configurations represent a few per cent of t’ht: dat’a. 
Serine residues stand alone in taking all permitted configuratjions \I-ith comparahlc 
frequencies. The least mobile side-chains are Val and Ile, t’hc aromatic residues and 
Cys, though Cys residues with a free -SH group may be less restricted than substituted 
cysteines. Leucine residues appear surprisingly mobile, with more than 400;, of t#h(k 
side-chains in a variety of conformations. 

The side-chain configurations found in proteins may hc compared to those found in 

TABLE 6 

Principal configurations observed 

Residue Configurations 

ser c/- 3874, g + 3476, t ~28~;~ 
cys g+ 570/o,, t 2790, g- 16% 
Thr I/+ 48%, g- 39%, t 13% 
\‘a1 ,g+ 66%, ,q- 21%, t 13% 
Ile g+t 46%, g+g+ 16%, g-t 14%, It lo”;, 
LCW g+t 38%, tg- 19% 
Met, Glu, Gin, Lys, Arg g+t 330/o, tt 2SQ/& g+g+ 14%, tg- 8(/o. g-t 7y 0 
Asp, Asn g+ 51%, t 34%, g- 15”/0 
Trp, Tyr, Phe g+ 57%, t 31%, g- 13% 
His g+ 45%, t 45%. g- lOsl/o 

The most frequent configurations are indicated along with their frequency in t,he sample. 
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small crystal structures. The two sets of data are in general agreement’ (Lakshminara- 
yanan et al., 1977; Ponnuswamy & Sasisekharan, 1970), at least for amino acids with 
blocked N and C terminals. The free amino acids are quite different: crystalline 
L-valine.HCl, L-tyrosine and L-phenylalanine.HCl have their side-chain in the g- 
position, which is rare in proteins and in blocked amino acids (Benedetti, 1977 ; Cod>- 
Pt al., 1973). 

In our sample of protein structures, the distribution of side-chain dihedral angles 
wit’hin a given configuration is rather narrow. The average value of x1 is predicted 
accurabely on the basis of van der Waals’ interactions and of steric hindrance. Thta 
y- peak is centered at 61”, the t peak at 190” and t’he g+ peak at 290” ; the deviat)ion 
from the ideal values (180” and 300”) is significant in the last two cases. Similarly, t.hr 
xZ distribution in aromatic side-chains is expected and found to be centered at values 
below 90” in the t position (E = 76”) and above 90” in the g+ position (z = 96”). Daba 
frOlti small crystal structures (Cody et al., 1973) show the same trends. The root-mean- 
square dispersion of the protein data around the mean value xl is of the order of 16 
in aromatic residues, and of 20” to 25” in other residues. This dispersion results from 
(1) random errors in the experimental data, (2) perturbations of the x1 angle caused 
by int)eractions of the side-chain with main-chain atoms, and by interactions between 
side-chain atoms when rotation around /3--r and other bonds is possible. These arch 
“local’! effects. (3) Perturbations due to other atoms in the protein structure,especiall> 
by side-chain packing in the protein interior, which is close-packed (Richards. 1974 : 
Chothia, 1975). These are “long-range” effects. 

We have estimated the magnitude of the experimental errors (Table 2). and ca,n 
thtrcfore set an upper limit to the magnitude of the other factors: the x1 angles are 
probably di&ibuted 15” to 18” (standard deviation) around the best, t and g+ posi- 
t’ious. Our energy calculations indicate that the positions of the g+ and t minima, art’ 
rather insensit’ive to the conformat’ion of the main chain : the effect on x1 of side-chain 
atoms beyond C, is small in the most common situation where they are tram to (I,. 

Thcrcfore. the major perturbations results from long-range interactions, which displace 
th(a side-chains from their ideal configuration. Changing x1 by 15” in the g+ or t 
potential well affects the residue’s energy t)y no more than 0.6 kcal/mol (Fig. 4) : t’htl 
I\-idtb of the x1 a.ngle dist’ribution around the peaks is about the same as if it, were dur 

to thermal vibration (RT = 0.6 kcal/mol at 300 K). Th e a,verage contribution of 
long-range forces to the side-chain conformational energy cannot be larger, or it 
would significantlp perturb the distribution and broaden the peaks. However. a small 
numl)er of side-chains have x1 angles corresponding to large energies. Whether any of’ 
thrsc: are real remains to be determined. Experience with energy refinement of prot,ein 
structure indicates t’hat small atomic displacements are sufficient in most cases to 
rcmovn strain localized in individual residues (LeviU. 1974: Gelin & Karplus, 1975: 
McCammon et al. 1977). 

These conclusions derived from t,he study of x1 hold for other side-chain angles to 
a large extent,. Unbranched side-chains (Met,, Glu, Gln, Lys, Arg) prefer t,he extended f 
contiguration u-Xh xZ near 180”. while the aromatic rings of Phe, Tyr, Trp and His 
prefer to lie flat on the main chain (x2 near 90”). ln contrast’, t’he distribution of x2 
angles in Asp and Asn residues cannot be derived solely from consideration of van 
der Waals’ forces and steric hindrance. It is deeply affected by electrostatic intrr- 
actions made by the polar carboxylate or amide groups. These interactions are also of 
obvious importance in fixing the position and orientation of the polar ends of the Glu. 
Gln. 1,~s and Brg side-chains. 

1-I 
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Long-rnngc~ interactions do not perturt) strongly tire conformation of’ indiritlua I 

side-chains. However. and especially for residues buried insittc tBlw I)rotcJin. ttr(s\- 
determine which of t’hr few permitted contigurat,ions is adopted by t811rb sitlcl-c*tr;rill, 
Small rariat,ions (1Ti” t’o 18”) of x angles around the preferred values arc rquirc~tl f’or 

optimal packing of the side-chains in the protein interior. They correspond to xt80mic* 
movement,s of 04 !I or so and have little effect, on t’he ~ollforrn~~tional ent’rpy. a:: iv,’ 
have seen. Changing the ,vl angle by 120” to move a side-chain from t t,o I/+ involvcah 
large at,omic movements, more than 2.5 B at’ t,he 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 ;\torllic* 

positions, is permitted even in buried aromat,ic residues (Win & Karptus. 1975). 
For x1 at least, the critical choice has t’o be made during the folding of the polypeptidc 
chain. One of the permitted configurations is select’ed. and only minor movements Ina!- 
occur later. It, is then advantageous. from a kinetic point of view, to reduce t)he uumbc~r 
of configurations accessible in the unfolded state (Levinthal. 1968: kiarplus & \Veavcbr. 
1976). This is achieved in the amino acid side-chains of the 20 t,ypc:s found in protclins. 
and the choice of x angles is further restricted I)y the secondary structnrc, xvhich 

excludes the g- configuration in helice?. and favours “local” modes of hydrogen 
bonding for polar side-chains like Ser. Thr. Asp and Asn. One may think t)hat the 20 
chemical structures of the natura,l amino acids have been salect)ed in part on the h4s 
of their limited conformational mobility. 

Steric hindrance limits the range of x1 and x2 for most’ residues, CVOII in the unfolded 
polypeptide chain. The side-chain segments least subject to steric restrictions, such 
as the extremity of Lys and Arg side-chains. remain out,side t’he folded structure due 
to their polar character. Both effects cont’ribute to limit, the loss of conformat,ional 
entropy associated with the immobilization of the dihedral angles during folding. The 
corresponding loss of free energy depends on the statistical dist,ribution 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 +,!J values for residues having their side-chain in the g -, t or g+ position. 
Similarly, Finkelstein & Ptitsyn (1977) measure the area,s of the permitted regions of 
the $# map. This amounts to taking a hard-sphere model with no enthalpy term for 
non-bonded interactions, an excessively crude model if WC must explain the g + /t ratio 
in, say, aromatic residues: the observed value is 57:31 (Table 6). equivalent to RT 
In 1.8 = 0.36 kcal/mol of free energy. Obviously non-bonded interactions having 
enthalpies larger than that occur even in the unfolded st’ate. A proper prediction of 
the distribution would require a precise estimate of the energy of non-bonded inter- 
actions with averaging on main-chain conformation and on the posit.ion of side-cha,in 
atoms beyond C,. 

An approximation to the statistical distribution of x1 in the unfolded state may brb 
much more easily obtained in an empirical way by restricting the sample of side-chains 
analyzed to external residues of the protein. As we have seen. the same configurations 
are adopted by external (exposed to solvent) and internal (buried) side-chains, but 
some differences exist in their relative frequencies : configurations which are infrequent 
in exposed residues (i.e. g-) are even rarer in buried residues: dominant configurations 
(such as g+ in Val and Ile) are even more so in buried residues. This is undoubtedly due 
in part to the poorer definition of many external side-chain positions in electron 
density maps. Still, this effect of accessibility on the side-chain distribution is observed 
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in aromatic residues as well as in smaller, less well-positioned side-chains. Most likely. 
it is a real feature of protein structures, that the most frequent configurations of the 
free side-chain are selected during folding. This is again advantageous from a kinetic 
point of view: and leads to a lower conformational free energy in the immobilized 
side-chain. Assuming that the distribution of g-, t and g+ observed in external side- 
chains (1274, 3274, 56% in Table 5) re p resents the statistical distribution in the 
unfolded state, the free energy of the folded state is lower by RT In (56/12) = 03 
kcal/mol when an internal side-chain takes the g+ position rather than the g- position. 
since the entropy loss resulting from the immobilization of x1 is the same. The gain 
may, of course, be balanced by a large release of enthaply in the case where favourable 
long-range interactions are made in the g _ position and not in g + . Still, it is reasonable 
to think that protein structures have evolved to minimize individual components of 
their free energy, such as side-chain conformational free energy, in order to lower thtx 
overall free energy of the folded state and the barriers of activation opposing folding. 

We are grateful to J. L. De Coen, C. Chothia, R. C. Ladner and A. McCammon for 
usc,ful criticism and discussion. One of us (S. W.) was supported by the Fonds National 
de la Recherche Scientifique Suisse. Part of this work was completed during the I!)77 
workshop on virus crystallography of the Centre Europrcn de Calcul Atomiquc~ cat 
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