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ABSTRACT The extent to which local 
strain is present in the polypeptide backbone of  
folded protein molecules has been1 examined. 
The occurrence of steric strain associated with 
momproline cis peptide bonds and energetically 
unfavorable main chain dihedral angles can be 
identified reliably from the well ordered parts 
sf  high resolution, refined crystal structures. 
The analysis reveals that there are relatively 
few sterically strained features. Those that do 
occur are located overwhelmingky in regions 
concerned with function. We attribute this to 
the greater precision necessary for Bigand bind- 
ing and catalysis, compared with the require- 
ments of  satisfactory folding. 
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INTRODUCTION 

Functional globular protein molecules are a t  a 
minimum of free energy with respect to their con- 
formational degrees of freedom. Although the free 
energy difference between the folded and unfolded 
state of these molecules is small (typically in the 
range of -5 to -15 kcal/rnoll), large favorable con- 
tributions are required to offset the configurational 
entropy cost of ordering the polypeptide chain, of 
approximately 1.3 kcalimol per residue.' If protein 
molecules are suffkiently malleable, the required 
total could he achieved simply by accumulating fa- 
vorable free energy contributions within the protein 
structure. However, the constraints of packing, and 
the limited flexibility of the main chain suggest that 
some off setting strain might be necessary to maxi- 
mize favorable interactions. Functional properties, 
for example, binding to ligands and catalysis, re- 
quire precise distribution of appropriate groups, and 
may result in local strain. Thus, assessing the ex- 
tent of such strain should provide insight into t,he 
nature of protein architecture. A full analysis of the 
energetics of protein molecules is not yet possible, 
because of the crudeness of present models of the 
strength of interactions. Nevertheless, some types of 
strain are sufficiently straightforward that they can 
be assessed, given the availability of refined high 
resolution crystallographic structures. 

An example of such strain is that present in the 
polypeptide backbone. Specifically, combinations of 
the three dihedral angles (6, JJ, and o) which lead to 
local close contacts between backbone atoms. There 
are two categories of these. When the peptide bond is 
in the cis conformation (o = 0") there is a close con- 
tact between the a-carbon a t o m  of the adjacent 
amino acid residues, whereas in the trans conforma- 
tion the corresponding distance between the first a- 
carbon atom and the following amide hydrogen is 
acceptahle. A link containing proline in the second 
position is an exception: There the cis and tra.as con- 
formations are more nearly equienergetic, since 
both involve 1-4 contacts of aliphatic carbon atoms. 
Nuclear magnetic resonance experiments give a 
value of about 2.8 kcai!mol for the energy difference 
between the two states for the nonproline containing 
link." The cis conformation is believed to be further 
destabilized by longer range interactions, resulting 
in an expected frequency of occurrence of about 0.1% 
in the denatured state.4 

Unfavorable combinations of I$ and $ result in a 
number of possible bad contacts, first enumerated by 
Ramakrishan and Rarnachandran.' With the 
availability of refined protein structures, it has be- 
come clear that the Ramachandran rules are gener- 
ally obeyed by proteins. Accurate relative energies 
for different 4, t) values are not available experi- 
mentally. Precise calculation of the energy as a 
function of the three dihedral angles is not possible, 
but the energy surface is relatively flat in the Ra- 
machandran permitted regions. In contrast, excur- 
sions into the Rarnachandran prohibited regions 
probably induce a strain of up to at least 5 kcalimol 
(see later). Thus such conformations can be associ- 
ated with significant strain. 

It should be emphasized that errors in even the 
most accurate crystal structures may lead t.o missed 
occurrences of these outliers or their wrongful inclu- 
sion. The missed occurrences can be determined only 
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by further crystallographic work. However, restrict- 
ing the survey to the well-ordered parts of high-res- 
olution well-refined structures minimizes the inclu- 
sion of wrongfully assigned strained conformations 
in the analysis. 

METHODS 

A set of structures was analyzed for two types of 
steric strain: cis peptide bonds, and energetically 
unfavorable main chain dihedral angles. The survey 
was restricted to a subset of structures known at 2 A 
resdution or better, and refined to an R value of 
Q.20 or below (R = ZI(F,, - IF,J1/2EFQI, where IF,,] and 
IFc[ are the observed and calculated structure factor 
amplitudes, respectively). Any amino acid residue 
with one or more backbone atoms that had been as- 
signed a crystallographic B factor of 20 A2 or higher 
was also excluded from consideration. The latter re- 
striction biases the sample toward exclusion of flex- 
ible surface loops, but the data used do faMy repre- 
sent all types of structural motif. 

The Rirkbeck Protein Structure Database 
(BIPED) was searched for the occurrence of nonpro- 
line cis peptides in structures fitting the criteria 
given above, Two proteins containing a total of four 
nonproline cis peptides were identified: dihydrofo- 
late reductase (3DFR and 4DFR6~7) and carboxypeg- 
tidase A (5CPA8."). The literature contains two 
more examples we are aware of: concanavalin A1' 
and the subtilisin Carlsbergieglin C complex."312 A 
seventh cis peptide found during the refinement of 
the crystal structure of p-lactamase from Staphylo- 
coccus a u r a s  PC1 (3BLM) a t  2 A resolution was 
also included.13.14 That structure has been refined to 
an R value of 0.164. 

The main chain 6 and $ dihedral angles in 24 
high-resolution refined protein structures were ex- 
amined (see Fig. 1 legend). A11 structural classes are 
represented in the set, with an overabundance of 
chymotrypsin class serine proteases, so that the ex- 
tent to which strain is a common feature in evolu- 
tionarily related proteins could be examined. Figure 
1 shows a plot of the observed 4, + angles from the 
low temperature factor regions of the structures. 
2,930 B-carbon-containing residues other than pro- 
lines are included, and of these, 14 points lie in high 
energy regions of the +,+ surface. The 24 structures 
have each been refined by one of four difyerent re- 
finement p r o g r a m ~ . ' ~ - ~ ~  All of these methods con- 
tain terms in the function minimized which reduce 
close atomic contacts. It is therefore possible that 
the degree of strain observed is underestimated. 
Nevertheless, examples of strain are found for struc- 
tures refined by each of the four methods, so the 
identification of strain is not confined to a particular 
refinement method. In one case (subtilisin Carls- 
bergleglin C complex"-") the structure has been de- 
termined by two different groups, and refined by two 
different methods (restrained-parametes reciprocal- 

Fig. 1. Distribution of observed +,$ dihedral angles for 24 
high-resolution, refined protein structures. Glycine and praline 
residues are omitted. Residues are also omitted if one or more of 
tho four atoms defining each torsion angle has a crystallographic 
temperature factor greater than 20 A2. (+) amino acid residues 
that lie within the normal distribution sf +,$ values. (n) residues 
that fall outside the normal clusters. The continuous lines enclose 
regions of equienergy according to Peters and Peters." The con- 
touring is at 4.0, 6.0, and 8.0 kcallmol. The energy in the unfa- 
vorable regions is overestimated (see text). The left-handed a 
region appears to be slightly misplaced. The proteins included are 
p-lactarnase (SBLM), actinidin (2ACT), crambin (ICRN), insulin 
(1 INS), lysozyme (1 El), myoglobin (1 MBO), phospholipase 
(1 BP2), hernerythrin ( I  HMO), penicillopepsin (2APP), troponin C 
(STNC), a-lytic protease (2ALP), protease A (PSGA), ovomucoid 
inhibitor (part 3SGB), Streptomyces griseus tlypsin (ISGT), trp 
repressor (2WRP), azurin (2AZA), Fab KQL (1 FB4), b7/L12 50 S 
ribosomal protein (ICTF), subtilisin Carlsberg/eglin C complex 
(1CSE and 2SEC), papain (SPAP), carboxypeptidase A (SCPA), 
glutathione reductase (3GRS), ubiquitin (IUBQ), tonin (ITON). 
Codes refer to entries in the Brookhaven data bank.38 References 
to the structures may be found there. 

space least-squares refinement,15 and energy mini- 
mization refinement16). The same steric strain fea- 
tures were found in each case. 

Relative energies for some dihedral db,$ values 
were obtained from ab iintio quantum mechanical 
calculations. These rest on a better theoretical foun- 
dation than those involving empirical potentials and 
should represent the general shape of the energy 
surface reliably. They also agree qualitatively with 
the hard sphere calc~lations.~ The energy contours 
in Figure 1 are taken from Peters and Peters calcu- 
lations on an alanine dipeptide (N-formylalanyl 
arnide).lg Larger basis sets are required to obtain 
usefully quantitative energies. Relaxation of the 
molecular geometry for different conformations is 
also needed, particularly in the high energy re- 
g i o n ~ . ~ "  Calculations were performed an N-acetyl- 
N'-methylalanyl amide with geometry optimization 
of all bonds, bond angles, and torsions, except for the 
central db and $. The Gaussian 8g2' program and the 
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TAB13 I. Nonproline cis Peptides 
.... .... .... 

Protein cis peptide Remarks 
P-Lactamase Glu-166-Hle-167 On the omega loop of the active site."3" 41u-166 is essential for 

catalysis. Ile-167 is believed b interact with bound substrate. 
Concanavalin A Ala-207-Asp-208 The carboxylate group of Asp208 interacts with a water molecule 

ligandcd to the calcium ion.'' In a saccharide-protein 2.9 A resolution 
structure, the Asp208 carboxylate is hydrogen bonded to the sugar.30 

Subtilisin Pro-210-Thr-211 The side chain of Pro-210 contacts Glly-63, adjacent to the catalytic 
Carlsbergleglin H i ~ - 6 4 . ~ ~ , ' ~  The main chain nitrogen of Asn-212 is hydrogen bonded 
(ICSE, 2SEC) to the side chain of 6111-36, four residues away from the catalytic 

Asp-32. 
DHFR Gly-98-Gly-99 The nitrogen atom of Gly-99 interacts with the 5' phosphat,e group of 

(SDFR, 41)FR) the bound NADPN. The adjacent residues to the cis peptide are 
involved in the binding to both NADPH and meth~trexate .~,~ 

Carboxypeptidase Ser-197-Tyr-198 Adjacent to the active site I I i ~ - 1 9 6 . ~ ~ ~  
A (SCPA) 

Arg-272-Asp-273 Two residues after Nu-270, which has been implicated in catalysis. 
Also enables the simultaneous hydrogen bonding of the main chain 
carbony). oxygens of Leu-271 and Asp273 to the poptide nitrogen of 
Ser-199. Ser-199 has strained dihedral angles, and is located on a key 
loop that contacts the bound inhibitor, as seen in a 2.5 A resolution 
crystal structure 14CPA3'). 

Pro-205-Tyr-206 Not associated with the active site directly. Its functional significance, 
if any, is not clear. 

.... 

421G basis setzz were used. Geometries were ob- 
tained for three representative strained +,$ points 
and for a reference low energy conformation with C$ 
= -92", $ = -50.20 The energies of these geometries 
were then calculated with the more accurate CEP- 
3BG* basis set,"" which includes polarization basis 
functions on the nonhydrogen atoms. 

RESULTS AND DISCUSSION 
cis Peptides 

Table I summarizes the location and functional 
significance of the seven nonproline cis peptides ex- 
amined. All but one (5CPA Pro-205-'l'hr-206) are 
intimately involved in ligand binding andior the po- 
sitioning of catalytic residues. Figure 2 shows the 
arrangement in the case of p-lactamase, highlight- 
ing the contacts that appear to be contributing most 
to the stabilization of this energetically unfavorable 
cis peptide. In related B-lactamases, the second res- 
idue of the cis link is often a proline, and sometimes 
a tbreonine (Coulson, private communication). One 
could speculate that in those cases where a proline 
residue is found the protein stability would be 
greater. Denaturation studies indicate that the 
Staphlyococcus aureus enzyme is marginally stable, 
with a low energy of denaturation of about 6 krcali 
r n 0 1 . ~ ~  A naturally occurring mutant (P51) that re- 
moves a salt bridge in the loop containing the cis 
peptide causes disorder in these residues (Mapadia, 
Coulson, and Herzberg, unpublished). Discussion of 
the role of some of the other cases can be found in the 
references given in Table I. 

Strained +,$ Pairs 

Table I1 lists the 14 occurrences of strained C$,$ 
values in the selected protein set. Some of them are 
discussed in the references given. Nearly all of these 
outliers are closely associated with the function of 
the protein concerned, and can be rationalized in 
terms of constraints on the structure imposed by the 
function. The exceptions are in actinidin, where a 
surface loop remote from the substrate binding site 
contains the strained peptide; subtilisin Carlsberg, 
where the strain is only indirectly linked to the sub- 
strate binding site; and perhaps insulin, but in this 
case the functional role is not well understood. Fig- 
ure 3 shows the role of the two strained +,+ pairs in 
the function of B-lactamase. Both these residues are 
involved in positioning catalytic components. 

The ab initio quantum mechanical calculations 
were carried out for 3 of the observed strained +,+ 
points and a point in the Ramachandran permitted 
region. The 2 points from p-lactamase (42,- 140) and 
(- 108, - I251 are both approximately 4 kcalimol 
higher in energy than the reference conformation 
(-92,-5). The point (150,O) from carboxypeptidase 
is approximately 7 kcal/mol higher. These strains 
must be maintained by stresses exerted on the res- 
idues by the rest of the structure. In the p-lactamase 
example the two residues with strained +,$ angles 
are in interdomain regions of chain. The whole in- 
terface between the domains can be formed only 
when the crossing strands are folded in this manner. 
The energy of the interdomain interactions is thus 
presumably large enough to overcome the strain re- 
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Fig. 2. The environment of the cis peptide bond between Glu- this may be an usually strong interaction. Additionally, the main 
166 and lle-167 in the crystal structure of p-ladarnase from Sta- chain nitrogen and carbonyl oxygen atoms d Glu-166 are both 
phylocoecus aureus PC1 .",14 Main chain bonds are filled and hydrogen bonded to a conserved asparagine side chain, Asn-136, 
side chain bonds are open. Important stabilizing interactions are fixing the glutamate conformation further. On the other side of the 
shown in dashed lines. The side chain of the residue before the cis cis link, a conserved leucine, Leu-169, packs into the interior of 
link, Glu-166, makes a salt bridge to Lys-73. Both residues are the protein. 
involved in catalysis. The two charges are partially buried, so that 

quired. In other cases, possible causes of strain can 
also be identified. For instance, comparison of two 
subtilisin structures, one with a cis peptide between 
residues 210 and 211 (subtilisin Carlsberg, 1CSE, 
and 2SEC11.12) and one with trans there (subtilisin 
Novo, 2SNI12) suggests that different side chains a t  
position 36 are responsible for the change. A glu- 
tamine residue in Carlsberg is replaced by an aspar- 
tate in Novo, providing space to accommodate a 
trans peptide, and forming a hydrogen bond to the 
main chain nitrogen of the peptide. Thus, one would 
expect that replacing Gln-36 by an aspartate in sub- 
tilisin Carlsberg should result in Pro-210-Thr-211 
adopting the trans pcptide conformation. 

In three cases, the positions of nonproline cis pep- 
tides are close in sequence to those of a strained +,+ 
pair (two in carboxypeptidase: Ser-19'7-Tyr-198 
with Ser-199 and Arg-272-Asp273 with Asp-273, 
and in svbtilisin Carllsberg, Pro-210-Thr-211 with 
Thr-213). The reason for this coupling is unclear. 
More detailed study of the energetics of all these 
examples would be informative. 

Occasionally, proteins related to the examples 
given are seen to avoid strain. For example, the sec- 
ond residue of the cis peptide of the S. aureus B- 
lactamase (Glu-166-Ile-167) is sometimes replaced 

by a proline residue in other p-lactamases, thus re- 
ducing the strain. In protease A from Streptomyces 
g r i s e u ~ , ' ~  Asn-100, with strained +,+ angles, lies in 
a tight turn between two p-strands. In the equiva- 
lent mammalian serine proteases, this loop is en- 
larged, and the stress associated with the sharp 
change of direction thus avoided. Conversely, Gln- 
60 in actinidin is one of two residues inserted rela- 
tive to papain, and its strained conformation may be 
needed in order not to disturb t,he rest of the 
structure.26 

CONCLUSION 
Four main points emerge from the analysis: (1) 

Significant steric strain of these types is rare in pro- 
teins. (2) Where i t  does occur, it is almost always in 
regions of the structures intimately involved in 
function. (3) Qbservation of strain is not the same as 
understanding the stresses inducing it, and further 
development of analytical tools is needed for that. 
(4) These findings indicate that the concept that pro- 
teins can always relieve steric strain by small ad- 
justments of their atomic positionsz7 requires revi- 
sion. 

The extent and localization of strain are relevant 
to the development of algorithms that model pro- 
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TABLE 11. Strained Dihedral Angles 

Protein Residue (9& Remarks 
Adjacent to the active site Ser-70, on a crossover between 

two domains. The p-carbon of Ala-69 contacts the main 
chain of Gln-237, maintaining the appropriate relationship 
X~etween the oxyanion hole nitrogen  atom^.'^^'^ 

On the second crossover between domains. Makes a close 
contact with the fl-carbon of Ser-235 on the p-strand 
forming part of the active site. 

a-Lytic protease 
(2ALP) 

Subtilisin 
Carlsbergleglin 
(lCSE, 2SECj 

Glutathione 
reductase (3GRS) 

Fab KOL (1FB4) 
Insulin (1INS) 

Actinidin (2ACT) 

Two residues away from the active site Asp-102, on a turn 
assuring the proper positioning of this key residue.25 

On a loop flanking the active site.32 The loop is linked to the 
catalytic His-57 by a disulfide bond between Cys-42 and 
Cys-58. Based on the crystal structure of a complex 
between the related SGPn and an ovomucoid inhibitor 
(3SGB") Ala-39 would interact with bound inhibitors. 

Adjacent to residue 39 (previous entry), with the same 
functional significance (there is a deletion of three residues 
relative to a-chyrnotrypsin, the enzyme from which the 
numbering scheme is 

The catalytic triad aspartate.''.'" 

On a turn that includes the nonproline cis bond (see Table I). 
The cis bond is not observed in the subtilisin novo/CI-2 
complex (2SNI12), and residue 213 has unstrained tlihetlral 
angles there as well. 

Interacts with a phosphate ion located in the binding site of 
the 2'-phosphate of NADIP."' 

A hypervariable loop residue.36 
Between the intrachain disulfide bond Cys-6-Cys-ll and the 

intermonomer disulfide bond Cys-7-Cys-7. Involved in the 
hexamer contacts."' Aspects of the function are not well 
understood. 

On a reverse turn. No apparent relationship to the active 
site.26 

Adjacent to the cis peptide Ser-197-Tyr-198 associated with 
the active site (see Table I). Ser-199 contacts the bound 
inhibitor in a 2.5 A resolution crystal. structure of the 
enzyme-inhibitor complex (4CPp". 

Interacts with the bound inhibitor. 
Asp-273 -99,-150 A nonproline cis pegtide close to the active site (see Table I). -- - - --- .-. . -- 

teins chains using restricted scanning of +,a 
space.2a Its association with function may be under- 
stood in terms of the more stringent structural re- 
quirements of function compared with folding and 
stability. Thus, efficient catalysis and substrate rec- 
ognition and alignment may be expected to require 
the tuning of atomic positions to an accuracy of the 
order of 0.1 A. Such precision is necessary not only 
for the key catalytic residues themselves, but also 
for residues involved in substrate binding. Appar- 
ently, peptide chains do not always possess suffi- 
cient flexibility to satisfy these requirements with- 
out introducing strain. 

I t  has been suggested that steric strain in sub- 

strates may be induced upon binding, to increase the 
accessibility of transition states." Ifwe assume that 
the degree of strain found within the proteins them- 
selves (up to 5 kcaltmol) could be applied to that 
purpose as well, then catalytic sate enhancements of 
approximately two orders of magnitude would be ob- 
tained. 
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Fig. 3. The environment of the strained dihedral angles of is never observed in the known 8-lactamase sequences (Coulson, 
Ala-69 and He-220 in the crystal structure of p-lactamase from private communication). The alanine f3-carbon forms a knob 
Staphylococcus aureus PC1. Main chain bonds are filled and side which lacks into a depression on the neighboring p-strand. A pre- 
chain bonds are open. The important van der Waals contacts to cise relationship between these two pieces of chain is essential for 
the active site p-strand Ser-235-Ala-238 are shown in dashed both binding and catalysis. Leu-220 forms a close van der WaIs 
lines. Ala-69 is adjacent to the catalytic serine residue. Its d,$ contact with the other side of this p-strand, further restricting its 
values are such that a glycine would be acceptable here, but one position. 
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