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Secondary structures without backbone: an analysis of backbone
mimicry by polar side chains in protein structures

Narayanan Eswar and C.Ramakrishnart residues can mimic backbone conformations and thoughtful
) ) ) ) ) ) hypotheses have been made based on this feature (Richardson,
mg:gcgar;z'ff:ﬁ%gﬂugdrf‘g]u'n:gtg:ﬁe‘:ﬂnsc'ence Bangalore 560 012, 1981 Richardson and Richardson, 1989). One is the formation
of the Asx turn which involves a hydrogen bond between the
*To whom correspondence should be addressed side chain ‘peptide-like’ group of Asx to one of the neighboring
Backbone mimicry by the formation of closed-loop G, C;;,  backbone peptide groups (Reetsal., 1983). The first occur-
and C;3 (mimics of y-, B- and a-turns) conformations  rence of such a conformation was reported as the ‘pseudo
through side chain—main chain hydrogen bonds by polar turn’ owing to its close similarity to th@-turn (Taineret al,,
groups is a frequent observation in protein structures. A 1982). Another example of such a mimic occurs at the start
data set of 250 non-homologous and high-resolution protein sites ofa-helices. One such feature has been described at helix
crystal structures was used to analyze these conformations capping sites where the hydrogen bonds from flanking polar
for their characteristic features. Seven out of the nine polar ~ residues are shown to satisfy the otherwise unsatisfied hydrogen
residues (Ser, Thr, Asn, Asp, GIn, Glu and His) have bonding potential of backbone amides (Presta and Rose, 1988;
hydrogen bonding groups in their side chains which can Richardson and Richardson, 1988).
participate in such mimicry and as many as 15% of all The hydrogen bonding interactions of side chains with
these polar residues engage in such conformations. The backbone amide groups have been the focus of many early
distributions of dihedral angles of these mimics indicate investigations. Ptitsyn and co-workers (Finkelstein and Ptitsyn,
that only certain combinations of the dihedral angles 1977, Finkelsteiret al, 1977) had analyzed the ‘class of local
involved aid the formation of these mimics. The observed contacts’, namely those conformations of the polypeptide chain
examples were categorized into various classes based on which have side chain to backbone hydrogen bonds but lack
these combinations, resulting in well defined motifs. Asn hydrogen bonds between the backbone atoms. The results were
and Asp residues show a very high capability to perform then used to evaluate the thermodynamic parmeters governing
such backbone secondary structural mimicry. The most the formation of such substructures. A more recent analysis
highly mimicked backbone structure is of the Goconforma- ~ was one of Asx—Pro turns where there is a pseudo-turn
tion by the Asx residues. The mimics formed by His, Ser, followed by a regulap-turn (Wilson and Finlay, 1997). Questel
Thr and GlIx residues are also discussed. The role of et al.(1993) in an analysis described closed ring structures in
such conformations in initiating the formation of regular ~ which the side chain peptide groups hydrogen bond to backbone
secondary structures during the course of protein folding groups in a way similar to the hydrogen bonding pattern of

seems significant. B-hai_rpins. _ o _
Keywords backbone mimicry/g C;, C;3 conformations/ This analysis focuses on backbone mimics which closely
hydrogen bonds/polar residues resemble the standard secondary structures observed in pro-

teins. Here we show that side chain—main chain hydrogen
bonds involving 7, 10 or 13 atoms or, in other words, mimics
Introduction of y-, B- or a-turns is common in protein structures. Such

. . . formations may be crucial to understanding the mechanism
Secondary structures in proteins are characterl_zed by_repeatng,g formation of secondary structures during the course of
patterns of hydrogen bonds between the main chain atomﬁrotein folding.

Such regular hydrogen-bonded motifs have been the motivation
behind several studies, including the pioneering postulation of _
the existence of tha-helical structure by Paulingt al. (1951).  Materials and methods
However, these hydrogen bonds between the atoms of th& set of 250 non-homologous protein crystal structures refined
polypeptide backbone do not discriminate between the variou® high resolution €2 A) and derived from the Brookhaven
residues involved since the backbone is identical for all théProtein Data Bank (PDB) (Bernsteit al., 1977) was used
naturally coded amino acids (except proline). Discriminationfor the analysis. [see Gunasekaranal. (1997) for list of
between residues comes into play only when interactionproteins]. In cases where the PDB entry had more than one
(hydrogen bonded or otherwise) between the side chain anchain which was homologous, only one of the them was used.
main chain or side chain and side chain atoms are considergdnly those residues which had temperature factors of 30 A
(Rose and Wolfenden, 1993). It has been established thar less was used for the analysis to identify the hydrogen
hydrogen bonds between the atoms of side chains are usualypnds without ambiguity.
local in nature, leading to the tightly packed structures of Hydrogen bonds were identified based on the well known
proteins (Baker and Hubbard, 1984; Ippoliet al, 1990; length and angle criteria (Ramakrishnan and Prasad, 1971).
Stickle et al, 1992). In this paper we show that a study of theThe donor—acceptor distande(N---O), was required to lie in
geometry of side chain to backbone interactions througlihe interval defined by 2.4 A< | < 3.6 A. In the case of a
hydrogen bonds can reveal interesting and crucial features. hydrogen bond between the side chain carbonyl and the main
Earlier observations have indicated that Asn or Asp (Asx)chain amide, the hydrogen atom was geometrically fixed on
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Table 1. Number of examples of different types of side chain—-main chain hydrogen bonds in protein structures leading to the conformations which mimic the
backbone

Residue No. of residues No. of residues Side chain Main chain No. of atoms in No. of examples
in data set with lowB-factor$ donor/acceptor acceptor/donor hydrogen-bonded ring of hydrogen bond
Ser 3463 2413 e} Oi_1 7 51
O._, 10 13
Oi_3 13 217
Thr 3226 2560 @, O_1 7 157
O, 10 32
Oi_3 13 204
Asn 2469 1566 &, Ni 41 7 32
Ni ;2 10 191
Ni: 3 13 96
N3 : 7 72
O 41 10 13
i+ 2 13 5
Asp 3172 1913 & Ni ¢ 1 7 69
P42 10 277
Ni 3 13 118
GIn 1862 962 &4 N; 7 30
Ni_q 10 0
Ni_» 13 2
Glu 2920 1180 &, Ni_q 7 88
Ni_» 10 5
Ni_3 13 6
HisP 1089 817 N o} 7 10
Oi+1 10 21
O 42 13 2

aExamples with temperature factors of each atom in the residue being smaller th&n 30 A
POnly the protonated state ofNis considered for the analysis.

the nitrogen atom of the backbone using planar geometry anoixygens in the succeeding portion of the chain will result in
the angle H-N-O was computed. The limits used for thisCs, Cy or C;, conformations.) Alternatively, the hydroxyl
angle were 0°< 6 < 45° (Mitra and Ramakrishnan, 1981). oxygen of Ser/Thr can act as an acceptor for hydrogen bonds
In the case of a hydrogen bond between the side chain amideom the amide hydrogens of the backbone. This would lead,
and main chain carbonyl, as in the case of Asn and Hishowever, to the formation of hydrogen bonds of the typgs C
the ambiguity in the positions of the amide hydrogens wasCg or Cy with the preceding amides in the chain;,(N; _ 4,
circumvented by calculating the angle-Gl°-O. The limits N, _,) or of types G, Cy or C;, with the succeeding amides

used for identification in these cases were #%8 < 165°. (Ni + 1, Ni + 2, N; 4 3). Table | also gives the number of
occurrences of the various polar residues in the data set and
Results and discussion also those with lowB-factors. Since this analysis contains

The chemical structures of each of the nine polar residuekesults of side chain—main chain hydrogen bonds, it was
(Arg, Asn, Asp, GIn, Glu, His, Lys, Ser, Thr) were consideredthought appropriate to use only those residues with low
as part of a system of six-linked peptide units, with the polatemperature factors for the analysis. Column 3 of Table I gives
residue at the central °®Catom (&¥,) and checked for all the number of such residues considered in the analysis.
possible side chain—main chain hydrogen bonds leading to the Out of 4973 Ser and Thr residues considered for the analysis,
formation of G, C;o and G5 conformations corresponding to 674 (13.6%) form hydrogen bonds which mimic the main
the mimics of they-turn, B-turn and a-turn, respectively chain in the one of the three closed-loop conformations. There
(Toniolo, 1980). Table | gives a number of examples of theare a total of 208 examples of the €onformation (51 of Ser
various mimics. It can be seen that seven out of the nine pola@nd 157 of Thr). The ¢ conformation does not seem to be
residues have at least one atom in the side chain which casery favorable, which is indicated by the relatively fewer
donate/accept a hydrogen bond leading to the formation ogxamples (a total of 45 with 13 Ser and 32 Thr examples)
these conformations. The polar atoms of the Arg and Lysvhile the G; conformation appears to be the most favored
side chains cannot form such hydrogen-bonded conformationsith 421 examples (217 examples of Ser and 204 examples
owing to their greater separation from the main chain. Whileof Thr).

most of the hydrogen bonds are of the N-H---O type, those of The3-atoms of Asn (&, N%), Asp (O!) and His (W) are

Ser and Thr, which have an oxygen at thgosition, can form  further removed from the main chain by another atom. An
hydrogen-bonded rings of the types stated earlier, only througimcrease in the length of the side chain implies an extra
O-H---O hydrogen bonds. Also, the fact that the number ofreedom about another dihedral angle which in turn implies a
atoms in the hydrogen-bonded loops are specific makes theggeater number of combinations which produce the required
bonds highly directional. For instance, the Ser and Thr sideonformations. The & atoms of the Asn and Asp side chains
chains can form hydrogen bonds of the, C,; or Ci3types seem to easily participate in all the three conformations.
only with backbone carbonyl oxygens from residues earlier inAlmost 22.5% of the 3479 Asn and Asp residues considered
the chain. (The possibilities of hydrogen bonds to carbonyform such conformations. There are 101 examples (32 of Asn
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and 69 of Asp) of the €conformation, 468 examples (191 of nitrogen of residueé + 3 forming a closed-ring structure of
Asn and 277 of Asp) of the {g conformation and 214 (96 of 10 atoms (Venkatachalam, 1968). Similajy@€onformations,
Asn and 118 of Asp) of the g conformation. Among all the forming a ring structure closed by a hydrogen bond, result
polar residues, these residues show the greatest ability to forthrough a hydrogen bond between the side chain carbonyl
the G conformations. The Natoms of Asn and His do not group of an Asn or Asp at position i and the backbone amide
seem to favor the formation of such hydrogen-bonded ringsnitrogen of the residue at positidn+ 2. This conformation
However, there seems to be a marginal preference for thkas been referred to in the literature as ‘pseudo turn’ or Asx
formation of a G conformation with 72 examples from Asn. turn (Taineret al, 1982; Reest al, 1983). Figure 1 depicts
The side chains of GIn and Glu which have polar atoms athe remarkable similarity between the stand@stlirn and the
the e-position do not show a significant preference to formAsx turn. It can be seen that the side chain of Asx substitutes
such closed-ring conformations. It could be that an extrahe backbone with its €atom in the place of the backbone
degree of freedom renders too much flexibility on the sidenitrogen and the peptide plane replaced by the side chain
chain which could impede the formation of backbone mimics.amide group in the case of Asn or the carboxyl group in the
However, the ®atom of Glu and GIn side chain shows only case of Asp.
a very marginal preference for the formation of the C  The 468 examples of { conformations occurring in the
conformation while the others are almost absent. It is to belata set were analyzed for the distribution of the dihedral
noted that the Natom of GIn (or Arg or His) side chain angles which characterize the hydrogen bond. Table Il shows
cannot form closed-ringed hydrogen-bonded structures of thg ‘one to one’ comparison of the relevant dihedral angles of
types of interest here. Any hydrogen bond to the precedinghe Asx turnvis-avis the B-turn. In contrast to thés-turn,
part of the chain would lead to rings of 9, 12 or 15 atomswhich is governed by theg( )s at the central two residues
whereas those to the succeeding part would lead to 8, 11 gassuming the planaransconformation for all the intervening
14 atoms. It is interesting that only the side chains of Asn an eptide units) (Venkatachalam, 1968), tfRe¢urn mimic has
Asp are endowed with polar groups at an optimal distance teedom about an extra dihedral angle, namely theQ4-CP—
mimic the backbone. The side chains of other residues arga, which need not necessarily be planar. The dihedral angles
either too constrained for certain conformations or too flexibleyhich differentiate the Asx turn from th@-turn are shown in
for others. For the sake of convenience, residues with polaso|d in Table Il. The angles of the Asx side chain have been
atoms of similar spatial disposition will be grouped together.defined in a slightly different order from usual in order to
Ser and Thr will be considered together for interactions througthermit easy comparison with th@turn. The distribution of
their O’ atom. Asn and Asp will be considered together forhese dihedral angles is shown in Figure 2. TBg 6s) plot
hydrogen bonds through the?@tom, whereas Asn and His shows striking similarity to that op-turns (data not shown)
for hydrogen bonds through the’tom and Glu and GIn for - (venkatachalam, 1968; Wilmot and Thornton, 1990). The
bonds through their Gatoms. points cluster around four regions which are approximately
S-Turn mimic defined by Cluster |- (-60, 120), Cluster ll- (—60, —30),

Classically, ap-turn is characterized by a hydrogen bond Cluster lll - (60, ~120) and Cluster I\& (60, 30). Maximum

between the carbonyl oxygen of residieand the amide population occurs at cluster Ill. It should be recalled that a
cluster in this region would have corresponded to a type |l

B-turn (Wilmot and Thornton, 1990). The clustering d@,(
Bs) points, which corresponds to the, () of the residue
following Asx, is constrained to the bridge region of the
Ramachandran map (Ramakrishnan and Ramachandran, 1965;
Ramachandran and Sasisekaran, 1968) between =90°,
again very similar to those @-turns. One can also see from
the distribution of0;, which corresponds to the planar peptide
group in the case of th@-turn, that there are almost no
examples in the region —962 6; < +90°, indicating another
facet of near similarity to th@-turn.

Figure 3 shows the distribution of the,()s of Asx and

Bets-Tumn A its following residue and the side chain torsion angles of Asx
Fig. 1. Similarity of conformation between thgturn and the Asx-turn. The for the examples which form thel@conformaﬂon' It can be
CP of Asx replaces the N of the backbone amide while the-Q® of Asx seen that theq Y)s of Asx cluster strongly at the extended

replaces the backbone carbonyl of wurn. region of the Ramachandran map with very few examples

Table Il. Equivalence of dihedral angles defining fBeurn vis-avis the Asx-turn

B-Turns Asx turns Angle Remarks

C%—C—N—C%, NO,—CY—CP-C%, 0, Taken agrans (~180°) inf-turns
Cl—Nz—C(lz—Q CVZ—CBZ—CO‘Z—Q 62 @ In B-'[ums

Nz—C%~Cr—N3 CP-C-CrNg 03 Yo in B-turns

C%—C,—Nz—C%;3 C%5—C,—Nz—C%3 0,4 Taken agransin both B-turns/Asx turns
Co—Nz—C"3-C4 Co—Nz—C"3-C4 05 @3 in both B-turns/Asx turns
N3—C93—Cs—Ny N3—C%3-Cs—Ny 05 3 in both B-turns/ Asx turns
C%5-Cy—N4—C% C95-C4—N4—C% 6, Taken agransin both B-turns/Asx turns
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Fig. 2. Distribution of dihedral angles defining the gxonformation (see Table Il for definitions). Similarities to the corresponding plotB-farns can be
seen. The largest cluster di,( 63) corresponds to the mimic of the typ€ B-turn.
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Fig. 3. Distribution of the backbone dihedralg, () at (a) Asx and (b) Asx+ 1 and (c) the side chain torsion anglelsvs x2* at Asx.

elsewhere. Thexf, x2) points for Asx indicate a preference is used to describe the completely extended conformations
for a bimodal distribution with thg conformer §* =~ —60°)  occurring on the top and bottom edges of the Ramachandran
completely absent. Based on the combinations of these threeap. The maximum number of examples occur in class I
pairs of dihedral angles, the observed examples can be groupwdhich is described by the mof{(t)ag. There are 326 examples
into four classes. The characteristic range of the angles amf this type which differ from the examples of class | by a
shown in Table lll. It is interesting to see from that there is asmall difference in thg value but which requires a completely
strong distinction in thex® values between classes | and Il different orientation of the side chain to effect ring closure
and also classes lll and IV. Class | is characterized by a fullythrough the hydrogen bond. While the side chain orientation
extended state for the Asx. There are 82 examples of this clagg the Asx residues of class | are in tlgg conformation,
which fall under the motif described I8/(g™)ag. TheB’ here  those in this class are in thieconformation. Also, thex!
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Table Ill. Parameters differentiating the various classes gf@nformations formed by Asx residues

Class 6, Y) at x! at Xt at @ W) at No. of

Asx Asx Asx Asx+ 1 examples
| Completely extended g’ ~0 to +90° R 82
Il Extended t ~—90 to+90° oR 326
I Bridge R gt ~0° ap 55
\ Right-handeda-helical t ~—90° o 5

1 21
(¢,y) at ASX (0,y) at ASX+1 (x ,x")at ASX
+180 +180 +180
&8
+180 +180  -180 +180
-180 -180 -180

Fig. 4. The stereochemically permitted ranges of tpeyf) angles at Asx, Asxt+ 1 and the side chain rotamers of Asx, calculated using a systematic
conformational search technique.

values of class Il seem to have a greater freedom indicated b
the larger spread of the distribution shown in Figure 3(c). The
class Il which has 55 examples is characterized by the
(¢, Y) values of the Asx lying in the bridge region of the
Ramachandran map. The side chain conformer observed fc
these examples is thgt conformer. This along with the
examples of class IV require the residue following Asx to be § ]
in the a, conformation. There are just five examples in class*®
IV. Interestingly, as in the case of the first two classes, a smal
difference in they-values at Asx leads to entirely different
orientations of the side chain between the examples of clas
IIland IV.

In order to explore other stereochemically allowed conforma-
tions with no observed examples in the data set, a theoretic:
ponformatlonal sef?‘mh. was performed. b)_/ SyStematlca”X, Varyl-:ig. 5. Propensity of amino acid residues that follow Asx residue when the
ing each of the six dihedral angles in intervals of 30° andsjge chain mimics a G conformation.
checking for the required hydrogen bond. The output of the
search algorithm was screened by eliminating conformations
with positive non-bonded energies or with ())s lying outside  termed the Asx—Pro turn. From the present analysis, it is very
the allowed regions of the Ramachandran map. Figure 4vident that since most of the examples havexarfollowing
shows the regions of the Ramachandran map which allow thAsx, the constrained conformation of proline makes it an
formation of the Gg conformation, for Asx and its following obvious choice to occur following the Asx. The propensity of
residue. The comparison of Figures 3 and 4 shows thaamino acids to occur at the position following Asx, shown in
theoretical results agree with the observed data. Three poinggure 5, indicates that though Pro shows an overwhelming
of importance arising out of the results are that (1) at thepreference to be at this position, Gly too shows a moderate
position of the Asx while both thegz and 3 regions of the preference. Asn, Lys, Met, Ser, Thr and Trp with propensity
Ramachandran map favor formation of such hydrogen bondsialues close to 1 indicate neither favor nor disfavor.
the a, region is completely disfavored; (2) the conformation Richardson and Richardson (1989) had indicated that a
of the residue following Asx is strongly restricted to the regionpossibility to form such hydrogen-bonded structures would
of the map enclosed betwegn= =90°; and (3) the possibility make Asx a less likely residue at position 2[®furns, since
of a g~ conformer is indeed completely ruled out. it would then compete with the backbone carbonyl group to

Recently, Wilson and Finlay (1997) reported an analysis orform a hydrogen bond with the amide group of residue 4 (see
such Gq conformations followed by a 41 backbone—back- Figure 1). In complete agreement with this observation Asx
bone hydrogen bond and a proline following Asx, which theyhas been shown to have extremely low propensities for position
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Fig. 6. Distribution of @@, W) angles at Asx, Asxt 1, Asx + 2 and the side chain rotamers of Asx residues adoptingsa@hformation.

2 of any of thep-turns except the typ€ Wwhich requires an
o, at position 2 of the turn (Wilmot and Thornton, 198
Hutchinson and Thornton, 1994; Ramakrishreral., 1996).

8: Table IV. Motifs of various Gz conformations formed by Asx and the
" number of examples of each motif

Interestingly, it can be seen from Figure 4 that an Asx in anvotif No. of examples
o, conformation cannot form such a hydrogen bond. Also, it

has been shown that Asx residues have a great tendency 3d9")%rdr 7

occur at position 1 of type-turns (Hutchinson and Thornton, B(t)gagg? 11%

1994; Srinivasaret al, 1994). These turns require ak  g()pa, 2
conformation at position 2 and from the data presented abov@x(g")aag 9

one can then guess that it presents a favorable situation f@r(@)aiar 4

the formation of the ¢ conformation. This hydrogen bond

would help stabilize the tum by satisfying the hydrogen bong,, 4,0 ¢, s at Asx and its two following residues and also
Zggegilmoﬂégeaﬁg?t;ael dpgg'(;? uggi.ticljrr]]diegf t292 (I)l:f”?]fst?sthe &, x%Y) at Asx. The distributions of these parameters are
the very rr?uch simi?/ar type 111 rfnd 68 examp?/eps out of theE,hown in Figure 6. It can bg seen again that the AsX residues
294 fall in the category of Asx—Pro turns as described byCIUSter at the exter!ded region of the, () space while the
Wilson and Finlay (1997) (@, W)s of.the follpwmg two residues predomlnantly _clu_ster_ at
o : Og. The side chain torsion angles show a bimodal distribution,
a-Turn mimic similar to that of thep-turn mimics, with theg~ conformer
The a-turns are characteristic of the helical segments oftompletely absent. A description of the motifs formed and the
proteins. It is a three-residue turn requiring the description ohumber of examples of each kind is presented in Table IV.
the middle threed, W)s for its definition and is also character- Out of a total of 210 examples, almost as many as 119
ized by a hydrogen bond between the backbone carbonyl arekamples fall under the motif described Byt)agag. The
amide groups of residué and i + 4, respectively (¢  B'(g")agag motif containing 75 examples differs from the
conformation) (Nataragt al, 1995). The mimicry of such previous motif at the conformation of Asx by a change in its
turns is frequently formed by Asx residues involving a hydro-y value and also its side chain conformer.
gen bond between the side chain carbonyl oxygen of Asx and Several analyses have shown that such a hydrogen-bonded
the main chain amide of residue Ask 3, as indicated in motif is characteristic of helix start sites (Presta and Rose,
Table I. The defining parameters of such mimics would therl988; Richardson and Richardson, 1988; Deigal., 1997;
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Fig. 7. An example of a helix-initiating site by an Asx residue mimicking

ana-turn (1ABE, Asn205).
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Backbone mimicry by polar side chains in protein structures

Aurora and Rose, 1998). Out of the 210 examples ¢f C
conformations observed, 129 examples initiate a helix at
position Asx+ 1. At helix start sites, the G conformation
mimics the backbone to form a turn of the helix, but in effect
leads the backbone away from helical conformation as shown
in Figure 7. Among the 81 examples which do not initiate an
a-helix, it was found that in 26 examples the Asx residue is
at the starting position of an-turn. This is also in agreement
with calculations on the preference of various amino acids to
occur at each of the five positions afturns, which indicates
that Asn is a preferred residue at position loefurns (Nataraj

et al, 1995).

Alternatively, 13-atom mimics can also be formed by an
O—H---O hydrogen bond between the hydroxyl oxygen of a
Ser or a Thr with the backbone carboxyl oxygen of residue
i — 2. There are 421 examples of this kind as shown in Table
I. The number of dihedral angles defining such conformations
is less than that in the Asx case. The distributions of the (
)s of the residues in the;gring and thex! of Ser/Thr are
shown in Figure 8. Theg! angles are clustered around te
conformation, with thé andg~ conformers almost completely
absent. It can be seen from the plots that most of ghepj
points cluster around the region of the right-handetelix.

(¢,v) at SER/THR-1

+180

+180

)

. ':.. g. .
-180 3& .

-180

(x") at SER/THR

140
120
100

60
120
180

Fig. 8. Dihedral angle distributions of the Ser/Thr examples which foryg @nformations. These examples are characterized by an O—H---O hydrogen bond
to the preceding part of the chain.
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Fig. 9. Distributions of the ¢, Y) angles of GIx residues forming;@onformations along with the distributions of the side chain rotamers.

Indeed, 223 out of the 421 examples are part of regulaan important purpose of initiating the helix by keeping the
a-helices. This indicates that these hydrogen bonds are mostfgllowing residues in aro-helical conformation through the
the effect of the helical nature of the surrounding residueshydrogen bond. The participation of Asx residues in such
offering stability to the helical conformation of the polypeptide mimicry also displays the elegance with which nature has
chain (Stickleet al, 1992). selected the 20 amino acids. From the data presented earlier,
yTurn mimics it is very clear that neither the shorter side chains of Ser/Thr

nor the longer side chains of Glx are favorable fieturn and

o-turn mimicry. The optimally placed polar groups of Asx
pseem to be the best candidates for the purpose. The Asx/Glx

sidues additionally show favorability to forgaturn mimics.

ese mimics might be essential in stabilizing the conformation
of single residues (Karplus, 1996).

Arguments similar to those presented here have been used

The formation of the € conformation [a mimic of the-turn

(Milner-White, 1990; Milner-Whiteet al., 1988)] also seems
to be a fairly common occurrence in protein structures. Fro
Table | it can be seen that there are 101 such conformatio
formed by the @ atom of Asx residues, 82 examples formed
by the N> atom of Asn or His and 118 examples formed by

OF atom of GIx residues. Apart from these N-H---O hydroge del the Asnrich ; f the ci it i
bonds there are a further 208 examples from Ser/Thr residucg MOUde! e ASN-TCh regions of the circumsporozite: coa
protein of Plasmodium falciparumin the absence of its

in which the O atom is hydrogen bonded to the main chain . .
carboxyl oxygen of the previous residue. The plots of theexperlmental structure (Wilsoret al, 1997). The results

relevant dihedral angles for the 118 examples of the Gl)presented here can aiso be used to identify the side chain
residues are shown in Figure 9. Here thieibm of the Glx carb_onyl oxygen_and amides which are otherwise sometimes
side chain is hydrogen bonded to the main chain amide nitroge mbiguously assigned (McDonald and Thornton, 1994). Fur-

of the same residue. Therefore, the dihedral angles whic heri,novtvmt% t% thlt(abcLose ;ﬁierr:]blg?ctenof them'i%SX/G'i)é side
determine conformation are only the, () at Glx and the chains to the backbones of the non-standglidamino acids,

three side chain torsion angles. It can be seen from Figure §'€ tr_gsults pt[e.se_ntectihhere R‘llghtﬁu%n%g;qv?(at&gn of
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