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Prediction of protein side chain conformations: a study on the
influence of backbone accuracy on conformation stability in the
rotamer space
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France (Hwang and Liao, 1995). In order to overcome the problem

of exploring the complex energy hypersurface associated with
the side chain conformations and despite the fact that it was
We have studied the effects of backbone inaccuracy on the suggested that rotamers may not correspond to any side
efficiency of protein side chain conformation prediction chain conformational reality (Schraubet al, 1993), many
using rotamer libraries. The backbones were generated by approaches make use of rotamer libraries to limit the search
randomly perturbing the crystallographic conformation of to a small number of conformations for each type of side
12 proteins and exhibit G, r.m.s.d.s of up to 2 A. Our  chain (Ponder and Richards, 1987; Reid and Thornton, 1989;
results show that, even for a perturbation of the backbone Holm and Sander, 1991; Tuffergt al, 1991, 1993; Desmet
fully compatible with the temperature factors of the pro- et al, 1992). The use of such libraries has allowed the design
teins, the predicted side chain conformations of approxi- of search methods that are fast enough to compute side chain
mately 10% of the buried side chains remain variable. This  conformations in a few seconds or minutes even for proteins
fraction increases further for larger backbone deviations.  having more than 200 residues. Their efficiency has been
However, for backbone deviations of up © 2 A rm.s.d.,  assessed by comparing the predicted side chain conformations
the predicted side chain r.m.s.d. varies only in a ratio of obtained to those of the crystal structures.
<1.4. Moreover, a possible strategy for obtaining side chain However, little information is available about the robustness
conformations close to the experimental ones consists of and sensitivity of such methods when applied in cases where
extracting the consensus conformations of the side chains the backbone is not ‘perfect’, in particular when building a
from a series of backbone conformations. Such a procedure model. Holm and Sander (1992) observed a decrease in the
allows the computation of the side chain conformations prediction accuracy for side chains positioned on the backbones
with no loss of accuracy for backbones exhibiting r.m.s.d.s rebuilt from the G data, compared with those obtained for
of up to 1 A from the crystallographic coordinates. For  backbones defined by their crystallographic coordinates. In a
larger backbone deviations (up to 2 Arm.s.d.)therm.s.d. few cases, Wilsoret al. (1993) studied the influence of the
of the buried side chains increases from 1.33 up to 1.60 A. sequence homology on the prediction, by permutating the
We also discuss the influence of the size of the rotamer sequences of homologous proteins of known structure. A
library on the quality of the prediction. recent study (Chung and Subbiah, 1996) used a similar
Keywords modelling/protein/rotamers/side chains approach to tackle the problem of the relevance of side chain
packing methods as a function of the homology to a template
more systematically.
Introduction In the present study, we analyse the si_de chain prediction
- : accuracy in the rotamer space as a function of the backbone
When building protein structural models, once a frame for the,ro; 16 achieve this, we have simulated a series of backbone
backbone has been defmed, one of'the Pmb'e”.‘s IS t.h&eformations for a set of 12 proteins and studied the stability
calculation of the side chain conformations. To achieve thisy ihe side chain conformations as a function of the backbone
complex goal, different strategies have been proposed. Reyiation to its crystallographic conformation. In addition,
commonly accepted hypothesis consists of assuming that, Qe era| catalogues were used to assess the influence of the

homologous proteins, the side chain conformations remai ; ;

close (Summerst al, 1987; Summers and Karplus, 1989; Yotamer library choice.

Eisenmengeret al, 1993; Wilsonet al, 1993; Laughton, .

1994). Thus, one can derive side chain conformations froml\/late”f’JIIS and methoc.is ]

those of a sufficiently homologous protein. However, whenSelection of a collection of proteins

modelling proteins that exhibit a low homology to any experi-  We chose to study a total of 12 proteins of known crystallo-
mentally determined structures, this hypothesis becomes leggaphic structures (resolved to better than 2.4 A and haRing

and less acceptable as the number of substituted side chains  va@lu@®). The structures were selected from a catalogue
increases and as the conformation of the backbone differsf non-redundant structures (Hobohm and Sander, 1994) from
more and more. Several algorithms, designed for determining  the Protein Data Bank (PDB) (Berhstgini977). They

the optimal side chain conformations associated with a backwere also chosen in order to exhibit the different folds 8

bone conformation and only based upon an energy criterion, o/f®raccording to Orenget al. (1993, 1994) and to have
have been described. Different conceptual search strategisizes large enough so that each protein should have a well-
have been employed, such as simulated annealing (Holm and defined internal core, since it is commonly recognized th
Sander, 1991, 1992; Lee and Subbiah, 1991; Niugles anside chain prediction is less efficient for residues located at
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the surface of the proteins. Their protein codes (associated otle  dihedrals were considered and prolines were

number of amino acids, fold type and fraction of buried excluded).

residues) are 1bfg (126, 0.46), 11z1 (130¢ + B, 0.47), 1lis (i) Select a random dihedral perturbation to apply to the

(131, a, 0.35), laak (1500 + (3, 0.43), 1bgc (158q, 0.47), variable. The range of acceptable values usually employed

4gcr (174,03, 0.47), 1lmb (179,a, 0.44), 1gky (186,0/B3, was close to+1°. By using such small steps, it is expected

0.44), 1sacA (204p, 0.53), lahc (2460 + B, 0.52), 5timA  that the structures are not likely to exhibit large deviations

(249,0/B, 0.56) and 1nbaA (253y/B, 0.49), where A denotes  from the crystallographic conformations.

the A chain for multimeric proteins built of repeated identical (iii) Go to step (i) and repeat the process 1000 times. This

monomers. The fertilization protein 1lis exhibits a particularly ~ large number of modifications ensures that a large number o

low fraction of buried residues (0.35) while all other proteinsresidue conformations will be affected.

exhibits ratios between 0.43 and 0.56. A visual inspection of  (iv) Superimpose the generated and the crystallographic col

this protein shows that its shape is more flat than globular. Ifiormations and check that the,@.m.s.d. is acceptable (see

fact, it consists of a three-helix bundle, with one helix crossing below).

the others. Only a few residues have no contact with th€v) Check that the variation in the backbone—backbone energy

solvent. Thus, we can consider that the core of this protein is relative to that of the crystallographic structi®eoisThis

an intermediate between a real ‘hydrophobic core’ and anmvas done to ensure that the generated backbone conformations,

exposed residue set. even if not optimal, are not unrealistic (i.e. no conformation
These proteins exhibit a total of 2186 residues and thexhibiting crossing backbones or backbone—backbone steric

amino acid distribution is 187 (120) Ala, 139 (20) Arg, 104  conflicts can be selected). It also avoids the bias due to the

(31) Asn, 113 (30) Asp, 32 (27) Cys, 97 (27) GIn, 125 (27)influence of non-acceptable backbone conformations in the

Glu, 150 (70) Gly, 32 (14) His, 127 (107) lle, 197 (159) Leu, side chain positioning. The energies were computed including

120 (11) Lys, 42 (27) Met, 87 (65) Phe, 103 (32) Pro, 153all the atoms of the backbone.

(52) Ser, 100 (43) Thr, 34 (26) Trp, 98 (60) Tyr and 146 (105) i ) i

Val, where the numbers in parentheses correspond to the The r.m.s. fit was performed using the procedure described

buried residues. by Sippl and Stegbuchner (1991). The selection criterion was

Determination of the exoosed/buried residues to ensure that either the fit between the two structures was
) P ) within a given range of the £r.m.s.d. or that the locations of
The solvent accessible surfaces were calculated using thge protein Gs do not deviate more than the maximal deviation

method described by Richmond (1984), using a sphere ofj associated with the temperature facBof the crystallo-
radius 1.4 A. All residues having less than 20% of the raphic structure, using the relati@h= 8xT@xU2,

accessible surface of the same residue in an Ala-X-Ala fragment |t the r.m.s.d. or backbone—backbone energy criteria were
with an a-helical conformation were classified as buried. Thepst met, the whole procedure was restarted.

internal and external residues were detected according to their This approach was based upon the generation of random
solvent accessible surfaces computed from the PDB filegackhone conformations and was preferred to extracting con-
These assignments were maintained whatever the backboR§mations from trajectories of molecular dynamics (MD),
deformation was. since it is considerably faster: large r.m.s.d.s could only be
Energy computations obtained in MD either at high temperatures or with long
The energies were Computed using the ‘Flex’ all-atom forc§imU|ati0n times. Neverth_eless, the _maximal variations in the
field (Lavery et al, 1986a,b). This force field is suited to backbone energy are quite compatible with that obtained by
internal coordinates and includes the standard van der Waal¥D. In addition the procedure that we employed for positioning
torsion angle, electrostatic and hydrogen bond energy contribdhe side chains is able to build side chain conformations
tions. In our calculations, a sigmoidal dielectric functigfi®) ~ adapted to each backbone.

was used as a model for the dielectric damping of theDetermination of the side chain conformations

electrostatic interactions between two charges in a pOla’fhe calculation of the side chain conformations, given the

solvent. backbone coordinates, was performed using the algorithm
Generation of a collection of backbone conformations SMD (Tuffery et al, 1991). This algorithm performs a con-
For each of the 12 proteins, five sets of 50 different backbonéormational search in the rotameric space, based on an energy
conformations were generated within different root mearcriterion. For the protein sizes considered in this study, it was
sqguare deviation (r.m.s.d.) ranges. In one set (referred to ahown to exhibit a good search efficiency (Tuffeey al,
the set sTF), the backbone conformations were constrained 4993), so that the influence of the search on the results is
as to have deviations compatible with the temperature factorexpected to be negligible. The conformations resulting from
of the G,;s of the proteins. Other sets were built by selectingthe SMD algorithm are usually refined using a fast quasi-
conformations having backbone r.m.s.d.s of between 0.25 andewton minimization procedure (QNMP). It corresponds to a
0.5 A (s05), 0.5 and 1.0 A (s10), 1.0 and 1.5 A (s15) andocal refinement once the global conformational search has
1.5 and 2.0 A (s20). Care was taken to select backbonkeen performed. Since we want to compare the conformers
conformations covering the whole range of r.m.s.d.s of eaclobtained starting from different backbone conformations, this
set. The mean £rm.s.d.s of the sets, compared to theprocedure was not used in this study.
crystallographic structures, are 0.18, 0.37, 0.75, 1.25 and 1.75stimation of the side chain conformation deviations
A for sets sTF, s05, s10, s15 and s20 respectively.

The conformations were generated using the followin
procedure.

The side chain conformation deviations were measured as the
Ydeviations from the side chain crystallographic conformations
which were taken as reference, since one does not know the
(i) Randomly select a variable describing the backbone (onhactual conformation that the side chains will adopt for the
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different backbone conformations and since one aim of the H=2" (- Inp)

present study was to assess the robustness of side chain -
positioning when it is performed starting from erroneousWherenr corresponds to the total number of rotamers describing

backbone conformations. a given amino acid ang denotes the frequency of occurrence
The r.m.s.d. for every side chain, performed in localOf rotameri observed in the 50 solutions. From this entropy,

orthonormal references built from the N, @nd C atoms of an equivalent rotamer numbBkq, can be derived as
each amino acid, is a measure independent of the variations Neg, = € = NI, pA)
between the backbone coordinates. This calculation is equiva- equ =1
lent to superimposing the N,,CC and G atoms of the amino  This measure varies between 1 andNeq s strictly equal
acids. Thus, only a measure of the difference in the sidéo 1 when only one rotamer is observed (i.e. the side chain
chain conformations is taken into account. The r.m.s.d.s wergoes not move)Ngq, takes the valuar when all the rotamers
computed on the heavy atoms of the side chains. are equally observed. A residue described by three rotamers
We have also considered the differences in termsxof opserved with frequencies 0.9, 0.05 and 0.05 exhibits a value
agreement: twox values were considered as ‘similar’ when of 148 for N, while observed frequencies of 0.65, 0.34 and
their difference was<=40° (according to Hwang and Liao, .01 exhibit aNeq, of 1.99. In this study, two thresholds were
1995). _ ) employed: 1.5 and 1.9. A value of 1.5 fd¥,,, can be
These two measures are somewhat different, sincethe consjdered as indicative of the fact that the side chain mainly
agreement does not warrant that the r.m.s.d.s are low for longqq s one given conformation but others are marginally
side chains. In addition, g, andx, agreement may still result ,pqerveq. Such sites will be denoted as variable since the side
in large r.m.s. values for bulky side chains. As an indicationain conformation adopted for a series of different backbone
of the correspondence between these measures, rotating theqq¢rmations is not constant. A valuel.9 indicates that the
(X2 and x, + X, respectively) of the side chains of the 12 o “chain adopts at least two rotameric states with non-
Er?éi'ns tgy 4|0 leads to a mean r.m.s.d. of 1.43 (0.69 and 1.§ egligible frequencies. Such sites will be denoted as highly
i .p.ec ively). ) ) variable since the most frequently selected conformation is
Definition of the rotamer libraries not selected in a large number of cases. Note that the variability
Three rotamer libraries were considered. measured here is different from the conformational instability

(i) The catalogue (RC1) defined by Ponder and Richard9fa side chain observed during an MD simulation. It is simply
(1987) exhibits a total of 84 rotamers to describe the 208 measure of the side chain conformation stability when

amino acids. predicted from different backbone conformations. Thus, it
(i) The catalogue (RC2) defined by Tuffergt al. (1991) measures how sensitive this side chain is to the perturbation
exhibits a total of 110 rotamers for the 20 amino acids. of the backbone conformation.

(i) An extended catalogue (RC3) including 214 rotamers was
built from a survey of the buried residues of 200 non-redundanResults

structures taken from the catalogue proposed by Hobohm anﬁwe side chain conformations were predicted for each of the

Sander (1994). 50 generated backbones describing sets sTF to s20 and using
The method of determining the rotamers of RC3 is baseghe three rotamer catalogues.
on a combination of data segmentation and dynamic clustering; ; : -
and is identical to that used to determine those of Rczggit?gr?énc%ilfourﬁg?igr]:gr the crystallographic PDB
Compared to RC2, the changes mostly concern residues havirjlg
more than twoxs: Glu was described by 12 rotamers, Lys by Table | reports the overall rm.s.d.s calculated for the 12
49, Met by 17, GIn by 19 and Arg by 39. This improvement Proteins and for the three rotamer libraries. The conformations
corresponds mainly to the description)af-xs, for which we  Of the side chains issued either from a rotamer best fit (i.e.
observed a tendency for the standard-660 and 180° values. ©obtained by taking the rotamer that exhibits the lower r.m.s.d.
Compared to RC2, some supplementary rotamers were alde the crystallographic conformation for each side chain) or
introduced for residues having tws: Leu (-84, 75:—167,  fromthe SMD algorithm are compared to their crystallographic
—82; 64, 160), lle (=79, 87; 68, 98), Asp (168, 80; 57, 103),conformations. The ‘best fit' (BF) r.m.s.d. represents a quanti-
Asn (-167,—128; —169, 62;—170, —46; 61, 64; 58,—75; fication of how the rotamer library can describe the crystallo-
—75, 75; 68, 179), His (66, 176:162, 173; 60—161), Trp  graphic side chain conformations, omitting any energy
(=173, 21), Tyr [(RC2-64, 102) changed into (-67, 82) and consideration. As expected, the narrower the discretization of
(-61, 137);—68, —29]. For Asn, the rotamers were defined the conformational space of the side chains the better the fits
so that they sample the angular space, since no well-definete. RC3 also exhibits the smallest difference between the BF
cluster is observed for values ¢f close to 60 and 180°. (all residues) and Bf(buried residues only) which suggests
Instead, it seems thgb can adopt any angular value. Overall, a better approximation for the external residues: the number
all the conformations described in RC1 or RC2 are representegf rotamers describing side chains preferentially located at the
in RC3, even if small differences are observed between theurface of the proteins was much greater in this library.

angular values of the corresponding rotamers (gener°). Considering the predicted conformations (SMD values), the
RC3 contains, in addition, some new conformations, particur,m.s.d.s exhibit large differences compared to those of the BF
larly for the side chains having more than twys. values. As illustrated in a previous study (Tuffetyal., 1993),

Assessment of side chain conformational variability by an this does not correspond to a failure of the search algorithm,
‘equivalent rotamer number’ but rather illustrates the fact that the BF conformations are

To quantify the variability of the residue conformations not necessarily associated with the energy minimum within
observed for a series of the backbone of a given protein, wéhe rotamer space. This might also be partly due to the fact
have used the Shannon entropy, that we do not consider the crystal packing forces that might
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Table 1. Side chain r.m.s.d.s (A): three rotamer sets (RC1, RC2 and RC3) are considered

Protein RC1 RC2 RC3
BF2 BFP SMD?  SMDP BF2 BFP SMD?  SMDP BF2 BFP SMD?  SMDP

1bfg 0.98 0.81 1.94 1.08 0.85 0.61 1.72 0.96 0.65 0.50 1.82 1.06
1lz1 0.96 0.63 1.65 0.96 0.97 0.62 1.60 1.14 0.66 0.50 1.68 1.09
1lis 0.89 0.70 2.26 2.07 0.78 0.59 2.28 1.82 0.61 0.52 2.49 1.85
laak 1.06 0.84 2.01 1.88 1.01 0.70 1.92 1.73 0.81 0.64 2.13 1.66
1bgc 0.85 0.73 1.72 1.27 0.72 0.54 2.06 1.64 0.61 0.50 1.85 1.25
4gcr 1.11 0.95 2.03 1.95 0.87 0.73 1.73 1.32 0.71 0.68 1.83 1.07
1lmb 0.87 0.62 1.63 0.94 0.78 0.55 1.86 1.07 0.64 0.52 1.91 1.02
1gky 0.76 0.72 1.83 1.42 0.68 0.60 1.82 1.73 0.58 0.49 1.56 1.19
1sac 0.85 0.80 2.07 1.91 0.77 0.68 1.95 1.77 0.65 0.61 1.83 1.51
lahc 0.91 0.69 2.00 1.67 0.87 0.62 2.02 1.63 0.61 0.51 1.87 1.28
5tim 0.91 0.82 1.84 1.53 0.83 0.74 1.76 1.33 0.69 0.64 1.60 1.31
1nba 0.88 0.74 1.86 1.73 0.75 0.68 1.75 1.45 0.57 0.48 1.87 1.69
Mean 0.91 0.75 1.90 1.53 0.82 0.63 1.87 1.46 0.64 0.54 1.87 1.33

BF: r.m.s.d.s obtained by approximating each side chain by its best fit rotamer.
SMD: r.m.s.d.s obtained by positioning the side chains using SMD.

8All side chains.

bBuried side chains only.

affect the side chain conformations. The influence of using PDB backbone with those obtained for set sTF shows that th
RC1, RC2 or RC3 appears to be nil when we consider all thenean values are similar overall. In some cases, notably for
residues together (SMIR but a dependence appears for buriedgranulocyte colony-stimulating factor (1bgc) with RC2, the
residues (SMB): the r.m.s.d. decreases down to a mean valuenean r.m.s.d. is lower than the r.m.s.d. obtained with the
of 1.33 A for RC3. As a reference, the mean r.m.s.d. obtainedrystallographic backbone. When considering the standard
by randomly assigning rotamers of RC2 to the 12 proteins igleviations we observe that some of them are as high as 0.26
29 A for the fertilization protein 1llis with RC2. In that case, the
Considering individual proteins, the situation appears more.m.s.d. obtained for one backbone can differ by as much as
complex. The rm.s.d.s vary from 1.60 to 2.49, while the+0.5 A from the mean value: the side chain r.m.s.d. can be
r.m.s.d.s of the buried residues vary from 0.94 to 2.07. Thas high (as low) as 2.6 A (1.5 A) for the buried residues.
effect of the rotamer library seems dissimilar. When considerin@’hus, a very small backbone perturbation can induce large
all the side chains, some proteins present a smaller r.m.s.donformational changes in the side chains. However, the mean
with a smaller number of rotamers: two-thirds of the proteinsstandard deviations remain generally close to 0.1 A, suggesting
exhibit larger r.m.s.d.s with RC3 than RC2 or RC1. On thethat for set sTF, the r.m.s.d. variations are restrictedt @2 A.
other hand, for buried residues, the situation is the opposite: For increasing values of backbone error, the r.m.s.d.s tend
two-thirds of the proteins are better predicted with RC3. Theto increase. Figure 1A shows the variation in the mean r.m.s.d.s
worst prediction of the study was obtained for the fertilizationassociated with sets sTF to s20 for the buried residues and for
protein 1lis. In fact, the poor score obtained for its buriedthe different rotamer libraries. The error bars correspond to
residues is mainly due to the poor prediction of Tyrl1ll andhe confidence intervals of the means. From sets s10 to s20,
Tyr130. During the search, a conformation that flushes thesghe means deviate significantly from set sTF. From set s05,
side chains on the outside of the protein is selected. Thes@e behaviour is approximately linear and the best results are
two side chains thus becorde factoexposed in their predicted optained for RC3. Note that the slopes of the curves reflect a

conformations. This suggests that one must be careful withariation in the side chain r.m.s.d. which is much smaller than
the assignment of the buried residues. However, for thenhat of the backbone.

remainder of the study, we kept the assignments of the buried |y terms ofy agreement, Figure 1B shows that the fraction
residues as defined above. _ _ . of x4 predicted within+40° decreases for the three rotamer
In terms of thex agreement (the fraction of the side chains|ipraries from values of between 80 and 85% for set STF down
having theirx exhibiting a deviation<*40° from the value g yalues close to 70% for set s20. Again, for sets s10 to s20,
observed within the crystallographic conformation), the valuespe mean values are significantly smaller than that of set sTF.

vary at around 72% fog, and 60% forx, when considering  The same tendency is observed Jgr with values decreasing
all the side chains together (buried and external). The agreemepbm close to 73% down to 60—65%. We also observe that
is better for buried residues, with mean values close to 82%¢3 gives the best results fgs but the worst for..

for X1 ando 72% forx,. The best values are obtained for RC3 " g re oA shows the mean r.m.s.d.s for set STF obtained
where 85% ofx, are correctly predicted for buried residues o, gach residue type (on all the proteins, for buried residues).

and 73% forx,. The average r.m.s.d. is 0.90 A. For most residue types, small
Side chain calculation for the different sets of perturbed  r.m.s.d. variations are observed between the profiles obtained
backbones for the different rotamer libraries, except for His which is
Table Il shows the mean r.m.s.d.s obtained for each proteipredicted worse with RC1, Trp for which the prediction is

and for the different backbone sets. A comparison of thémproved from RC1 to RC3 and Arg for which the best results
r.m.s.d.s obtained when positioning the side chains on the are obtained with RC2. For most of the residue types, tt
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Table Il. Overall buried side chain r.m.s.d.s computed upon 12 proteins, considering different rotamer catalogues (RC1, RC2 or RC3) and different backbone
sets (sTF, s05, s10, s15 and s20)

Protein sTF s05 s10 s15 s20
Mean SD Mean SD Mean SD Mean SD Mean SD
RC1 1bfg 0.98 0.09 1.09 0.19 1.48 0.32 1.56 0.26 1.74 0.30
1llz1 1.08 0.09 1.18 0.21 1.28 0.24 1.78 0.49 2.09 0.38
1lis 2.04 0.10 2.00 0.17 2.02 0.34 2.27 0.31 2.35 0.31
laak 1.89 0.05 1.82 0.12 1.83 0.16 1.97 0.21 2.07 0.24
1lbgc 1.37 0.11 1.46 0.14 1.69 0.16 1.91 0.21 2.01 0.21
4gcr 1.92 0.16 1.98 0.15 2.10 0.17 2.18 0.17 2.22 0.19
1lmb 0.94 0.09 1.00 0.11 1.11 0.19 1.30 0.22 1.40 0.20
1gky 1.56 0.16 1.61 0.17 1.67 0.20 1.82 0.21 1.94 0.23
1lsac 1.89 0.17 2.03 0.22 2.05 0.28 2.19 0.27 2.34 0.26
lahc 1.70 0.08 1.68 0.06 1.75 0.12 1.79 0.16 1.88 0.21
5tim 151 0.04 1.56 0.10 1.66 0.14 1.76 0.18 1.83 0.14
1nba 1.75 0.11 1.80 0.15 1.91 0.17 1.93 0.18 1.98 0.15
RC2 1bfg 0.99 0.09 1.05 0.18 1.43 0.35 1.48 0.30 1.58 0.28
1llz1 1.19 0.18 1.20 0.16 1.33 0.23 1.82 0.40 2.07 0.41
1lis 2.17 0.26 2.02 0.29 2.07 0.31 2.23 0.33 2.37 0.33
laak 1.75 0.10 1.76 0.12 1.83 0.16 1.97 0.18 2.09 0.23
1lbgc 1.35 0.09 1.36 0.10 1.56 0.21 1.88 0.20 1.95 0.22
4gcr 1.43 0.17 1.62 0.18 1.75 0.18 1.95 0.20 1.93 0.21
1lmb 1.02 0.04 1.10 0.11 1.20 0.18 1.36 0.22 1.48 0.24
1gky 1.50 0.16 1.50 0.14 1.56 0.20 1.65 0.25 1.88 0.20
1sac 1.80 0.16 1.86 0.19 1.92 0.26 2.05 0.26 2.27 0.30
lahc 1.59 0.07 1.61 0.08 1.62 0.10 1.64 0.18 1.81 0.22
5tim 1.35 0.07 1.42 0.12 1.57 0.15 1.69 0.17 1.80 0.17
1nba 1.40 0.13 1.51 0.20 1.63 0.22 1.80 0.22 1.87 0.19
RC3 1bfg 0.83 0.11 0.93 0.22 1.30 0.30 1.42 0.26 1.53 0.34
1llz1 1.05 0.05 1.08 0.06 1.20 0.21 1.68 0.44 1.93 0.38
1lis 1.88 0.16 1.80 0.28 1.88 0.35 2.15 0.39 2.32 0.36
laak 1.68 0.05 1.68 0.12 1.85 0.20 1.99 0.23 2.12 0.27
1lbgc 1.31 0.13 1.37 0.20 1.68 0.23 1.96 0.25 2.02 0.21
4gcr 1.34 0.20 1.33 0.20 1.46 0.22 1.63 0.20 1.69 0.24
1lmb 0.98 0.08 1.02 0.10 1.15 0.17 1.28 0.20 1.47 0.22
1gky 1.41 0.14 1.46 0.16 1.54 0.20 1.75 0.25 1.93 0.21
1sac 1.59 0.14 1.71 0.16 1.73 0.22 1.82 0.27 2.06 0.23
lahc 1.48 0.12 1.48 0.12 1.54 0.16 1.63 0.21 1.77 0.26
5tim 1.37 0.05 1.43 0.11 1.53 0.14 1.68 0.18 1.75 0.16
1nba 1.68 0.08 1.76 0.09 1.88 0.14 1.94 0.12 1.98 0.18

The mean r.m.s.d.s and associated standard deviations obtained from 50 backbone conformations.

rm.s.d. values are close to the average value. Above thBiscussion

threshold, we find essentially the aromatic amino acids (Tr ; ; ; .
and Tyr), the longest chains (Arg and Lys). GIn and Glu. Fbomparlson of the behaviour of exposed versus buried residues

For larger backbone deviations, the residue prediction i§irst. we briefly discuss our observations concerning the
affected as shown in Figure 2B. It shows the r.m.s.d. difference@XPPosed versus buried residues relative to the crystallographic
with respect to set sTF for the different backbone sets. IPackbones. Obviously, increasing the number of rotamers
reports only the results obtained with RC3, but similar profilesMostly seems to improve the prediction of the buried residues,
are observed with RC1 and RC2. For all the rotamer librarieglespite the fact that for RC2 and RC3 it is mainly for amino
and all the residue types, the divergence relative to set sTgeids preferentially !ocated on the surface that the number of
increases with the backbone deviation. Note that the divergend@tamers has been increased.
values remain much smaller than the reference values of set In fact, among the pseudo-optimal rotamer conformations
sTF. Between sets s05 and s20, the mean r.m.s.d. varies ath@t exhibit energies no more than 10% greater than that of
ratio of 4.7 (i.e. 0.37 to 1.75) for the backbone, but at a ratidhe optimum found by the SMD algorithm, we observe that
<2 for the different types of side chains. Beside this generathe side chains for which different rotamers are selected
tendency, the relative behaviour of each amino acid can beorrespond mostly to the external side chains, in a ratio close
strongly different. Ser, for instance, is the least sensitive tdo three times that for the buried side chains. This fact simply
the backbone variations whereas large differences are observegflects that the surface residues are more labile than the buried
for His. Globally, the largest differences are observed for theones for a smaller energy cost and, hence, suggests a weak
same residues as mentioned above, the biggest and the longpstver of discrimination for the exposed residues. This situation
side chains. could be changed if the solvent effect could be taken into
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A 21 When considering all the side chains, we observe that, for the
, L i three rotamer libraries, at least 21% of the side chains can be
labelled as variable (i.e. they appear to be affected by the
19k ] backbone modification) for set sTF. This fraction evolves up
to a maximal value of 71% for set s20 using RC3. For buried
1.8 | . residues alone, the fraction of the side chains affected is
systematically higher (from 23 to 79%). In addition, we
w7r T observed an increasing difference between the buried and all
6l | residues: while the difference is close to O for set sTF, we
' observed differences of 3-4% (3-6, 6-9 and 8-11%) for set
15| i s05 (sets s10, s15 and s20 respectively). Concerning the highly
variable side chains, their proportion is at least 12% for set
14 . sTF and increases further up to 67% for set s20. Again, a
slight increasing difference (0—10% from sets sTF to s20) is
[ w10 o 20 observed between the proportion obtained for all and the
buried side chains. Moreover, we also noted a larger fraction
0.9 of highly variable side chains for RC2 and RC3.
B These results suggest that the loss of prediction efficiency
085 - 7 can be attributed more to an increasing number of mispositioned
08 L i side chains rather than to larger deviations for a small number
’ of residues. Concerning the core of the proteins, the results
0.75 - | suggest that the stronger steric constraints lead to an enhanced
conformational variability in terms of the rotamers. As a
07 |+ . corollary, increasing the number of rotameric states describing
each type of side chain facilitates the adaptability of the side
065 - g T chain conformations, but leads to larger fractions of highly
0 L e variable side chains.
’ We have investigated the location of the side chains that
0.55 | 4 appear highly variable to analyse whether the fluctuating side
chains are randomly distributed within the structures. Figure
0.5 L L L L ! 3 shows the location of the highly variable buried side chains
sTF s05 s10 s15 s20

for 5timA, for sets sTF to s15. As can be seen, for set sTF
Fig. 1. (A) Overall mean r.m.s.d.s for the predicted conformations of the ~ the highly variable side chains are not uniformly distributed
buried side chains of 12 proteins, for three rotamer libraries (RC1, RC2 andwithin the structure. For larger backbone deviations, the
RC3t)-”The prﬁ_files é}re a ftl.’”C“E’r’;] of the rgean baCkbonedf-tm-ti-d- to ;hde variability seems to evolve by diffusing from ‘seeds’ corres-
et ot b sreoene "€ ponding {0 the side chains highly variable for set STF (here three
Top: fraction ofx, agreement. Bottom: fraction gf, agreement. main clusters). To evaluate whether this scheme corresponds to
any general tendency, we have studied the fraction of the
highly variable side chains that are close to each other. The
account. In addition, it has to be noted that, due to their largespatial proximity of the side chains was simply detected using
lability, the side chain conformations of the exposed residuean interatomic distance criterion, supplemented by an angular
are less precisely determined by crystallography (in some casespndition upon theC,, — Gy, vector and the tw&,, — B Cy, —
. . . . j i j
they might simply be constructed using standard rotameri@; vectors, wherds; andB; are the centres of geometry of the
conformations). atoms of the side chairisandj. This last condition selects the
Due to our definition of the buried/exposed residues, theide chains that face each other. Table IV shows that even for
question remains of evaluating how much the poor externadet sTF, nearly 75% of the buried residues that are highly
side chain prediction can affect the prediction of the buriedyariable (representing close to 12% of the buried residues; see
side chains. To evaluate this, we have performed a searctmple Ill) are close to another highly variable residue, while
with the e_xternal side chains frozen in their crystallographlcthe non-highly variable sites have only ~45% highly variable
conformations. The new mean r.m.s.d.s for the buried res.ldUQﬁeighbours. Considering all the residues, this fraction (see
are 1.47, 1.34 and 1.37 A for RC1, RC2 and RC3 respectively=igure 3B-D for 5timA) increases, on average for the three
Thus, a maximal difference of 0.12 A is obtained for RC2.\otamer libraries, from 65% for set STF to 92% for set s20. It
Clearly, considering the average accuracy ranges observed i |arger for buried residues. This suggests that one part of the
this study, the influence of the surface amino acid on thggyiaility is conditioned by the side chain dependence in the
buried residue conformations is weak. core of the protein. It seems to ‘diffuse’ from the seeds
Side chain conformational variability for non-optimal observed for set sTF. However, the distribution of the seed
backbone side chains within the structures is not uniform.
We now investigate the mechanisms underlying the decrease Finally, since the proteins belong to different structural
in the prediction efficiency. First, we analyse the variability classes, we have analysed the differences observed between
of the side chain conformations observed for the differenthe classes to check whether the different structural constraints
backbone sets. Table Il shows the fractions of side chains foassociated with the different classes influence the side chain
which the equivalent rotamer numbélk,, is >1.5 or 1.9. conformational variability. For example, for set sTF and RC1,
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Fig. 2. (A) Mean r.m.s.d.s for the predicted conformations of the different types of buried side chains of 12 proteins having their backbone perturbations
compatible with the crystallographic temperature factors. The arrows indicate residues exhibiting large differences for the different rotamer libraries. The erro
bars correspond to the confidence intervals of the me&)Differences between the mean r.m.s.d.s observed for set STF and those obtained for larger

backbone perturbations, for the rotamer library RC3.

Table lll. Fraction (%) of side chains having an equivalent number of conformaliggs>1.5 or 1.9. RC1, RC2 and RC3 correspond to different rotamer
catalogues. All or only the buried side chains are considered. Side chains that cannot be described by more than one rotamer (Gly, Ala and Pro) were not

included

Nequ STF s05 s10 s15 s20
All Buried All Buried All Buried All Buried All Buried
15 RC1 21 23 35 39 49 57 60 69 64 75
RC2 24 24 38 41 53 59 62 71 67 77
RC3 31 30 43 43 59 62 67 73 71 79
1.9 RC1 11 12 21 26 34 40 44 54 50 60
RC2 12 12 24 26 37 43 48 56 52 62
RC3 19 16 28 27 44 46 54 59 60 67

the fraction of highly variable side chains appears the highest ated (Table Il) clearly show that, for a given backbone
for a proteins (14%) and the lowest for3 (9%). Looking at  deviation, different possibilities exist for positioning of the

the ratio of the ‘fraction of highly variable side chains having side chains. Therefore, one can ask how much information on

at least one highly variable neighbour’ on the ‘fraction of non-the side chain crystallographic conformations can be retrieved
highly variable side chains having at least one highly variablérom the different conformations adopted by the side chains
neighbour’ gives values of 2 foB proteins, 1.8 fora + B for the different backbones. We have considered the consensus
proteins, 1.6 fora/B proteins and 1.0 fo proteins. This  conformations, namely the most probable rotamer combination
would indicate a stronger dependence between side chains fgeduced from the series of conformations obtained by simula-

B than fora proteins. This indication remains however to betjon, Table V shows the r.m.s.d.s obtained for the buried
confirmed upon a larger set of proteins to obtain reliableesjdues by using such a consensus deduced from the series

statistics. of 50 backbones. The prediction appears better than that
Side chain positioning for a non-optimal backbone: obtained previously (Table Il). In all cases, the analysis of the
consensus conformations differences between the consensus and the mean data (using

The results discussed above are based on the average propertiesigned rank test) shows that the consensus significantly
computed from 50 different simulations in given backboneimproves the prediction. For set sTF, the consensus brings
deviation ranges. Even if small, the standard deviations associ- only a few improvements to the prediction. However, for se
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Fig. 3. Location of the highly variable residues of 5tim fok)(set sTF, B) set s05, C) set s10 andl¥) set s15. Stereo views obtained with XmMol (Tuffery,
1995).

Table IV. Fraction (%) of side chains having at least one highly variable neighbour

Nequ STF s05 s10 s15 s20
All Buried All Buried All Buried All Buried All Buried
Highly variable &1.9) RC1 56 65 77 81 85 94 90 97 91 98
RC2 68 71 77 88 87 94 92 98 92 99
RC3 71 84 81 89 88 95 93 99 94 99
Non-highly variable £1.9) RC1 28 41 47 69 63 86 66 89 65 93
RC2 31 45 50 69 60 85 68 91 68 93
RC3 42 56 53 74 68 91 69 93 74 97

For non-highly variable side chains, side chains that cannot be described by more than one rotamer (Gly, Ala and Pro) were not considered.

s05 to s20, a much larger improvement (range 0.08-0.30 A)  A), while for target/template main chain r.m.s.d.s of betwee
is observed. We also observed that the mean r.m.s.d.s obtain&d and 2.0 A, the buried side chain r.m.s.d. error deduced
from the consensus appear less sensitive to the rotamer library ~ from the homology data is between 1.8 and 3.5 A. We mt
choice than the means reported in Table Il. The total resulthowever remark that the number of structures simulated in the
show, within the rotamer space, a decrease in the quality of present study is much higher (600 different set s20 backbon
the prediction of the buried residues from 1.3 A for a backboneonsidered) and that, for some set s20 individual simulations,
uncertainty compatible with the crystallographic temperature  we found buried side chain r.m.s.d.s close to 3 A.

factors up to 1.6 A for backbones having theif €m.s.d.s To analyse when the consensus differs from that of set sTF
between 1.5 and 2.0 A. Comparing these results with those  and because of the weak number of observations (12 protein
obtained from homology data (Chung and Subbiah, 1996), butve have used a signed rank test. It indicates that the series
using a non-discrete (rotameric) space for the search, we  can be considered non-distinguishable from set STF up to ¢
observed similar tendencies. However, the present results shat0 for RC1 and set s15 for RC2 and RC3. Thus, even if we

a much more linear evolution of the side chain r.m.s.d.s for = observe an influence of the rotamer library, we can estimat
backbone r.m.s.d.s up to 2 A. Indeed, the consensus valudisat the limit amongst which the consensus differs is close to
remain below 1.7 A (the average values remaining below 2  set s15, i.e. close to 1.5 A r.m.s.d. We have analysed wheth
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Table V. R.m.s.d.s obtained for the consensus rotamer of the buried side chains of the proteins, RC1, RC2 and RC3 correspond to different rotamer
catalogues. sTF, s05, s10, s15 and s20 correspond to different backbone sets

Protein STF s05 s10 s15 s20
cns Bm-cns cns Brm-cns cns Bm-cns cns Bm-cns cns Bm-cns
RC1 1bfg 0.88 0.10 1.05 0.04 1.07 0.41 1.28 0.00 151 0.23
1liz1 1.02 0.06 1.02 0.16 1.15 0.13 1.04 0.74 1.14 0.95
1lis 2.07 -0.03 2.01 -0.01 2.12 -0.10 2.12 0.15 2.26 0.09
laak 1.88 0.01 1.88 0.06 1.65 0.18 1.67 0.30 1.97 0.10
1bgc 1.26 0.11 1.23 0.23 1.56 0.13 1.74 0.17 1.77 0.24
4gcr 1.75 0.17 1.86 0.12 1.94 0.16 2.17 0.01 2.02 0.20
1imb 0.94 0.00 0.92 0.08 0.92 0.19 0.88 0.42 0.93 0.47
1gky 1.46 0.10 151 0.10 1.48 0.19 1.67 0.15 1.72 0.22
1sac 1.68 0.21 1.68 0.35 1.70 0.35 1.71 0.48 1.80 0.54
lahc 1.60 0.10 1.60 0.08 1.62 0.13 1.63 0.16 1.63 0.25
5tim 1.52 -0.01 1.44 0.12 1.52 0.14 1.53 0.23 1.52 0.31
lnba 1.75 0.00 1.75 0.05 1.78 0.13 181 0.12 2.03 -0.05
m 1.48 0.06 1.49 0.11 1.54 0.17 1.60 0.24 1.69 0.30
RC2 1bfg 0.97 0.02 0.97 0.08 1.03 0.40 1.04 0.44 1.47 0.11
1liz1 1.00 0.19 0.99 0.21 1.02 0.31 0.97 0.85 1.07 1.00
1lis 221 —-0.04 2.01 0.01 2.13 —-0.06 2.08 0.15 211 0.26
laak 1.70 0.05 1.70 0.06 1.72 0.11 1.64 0.33 2.01 0.08
1bgc 1.37 -0.02 1.35 0.01 1.24 0.32 1.76 0.12 1.64 0.31
4gcr 1.27 0.16 1.52 0.10 154 0.21 1.66 0.29 1.67 0.26
1imb 0.98 0.04 0.98 0.12 0.99 0.21 0.98 0.38 1.09 0.39
1gky 1.34 0.16 1.31 0.19 1.34 0.22 1.31 0.34 1.79 0.11
1sac 1.74 0.06 1.65 0.21 1.78 0.14 1.91 0.14 1.99 0.28
lahc 1.56 0.03 1.56 0.05 1.52 0.10 154 0.10 1.66 0.15
5tim 1.34 0.01 1.24 0.18 1.20 0.37 1.34 0.35 1.48 0.32
1nba 1.38 0.02 1.47 0.04 1.51 0.12 1.73 0.07 1.61 0.26
m 1.40 0.05 1.39 0.10 1.41 0.20 1.49 0.30 1.63 0.29
RC3 1bfg 0.76 0.07 0.79 0.14 0.88 0.42 0.88 0.56 152 0.01
1iz1 1.03 0.02 0.96 0.12 1.05 0.15 1.02 0.66 1.10 0.83
1lis 2.04 -0.16 1.89 -0.09 2.04 -0.16 2.04 0.13 1.91 0.41
laak 1.68 0.00 1.67 0.01 1.63 0.22 1.69 0.30 2.12 0.00
1bgc 1.25 0.06 1.17 0.20 1.38 0.30 1.70 0.26 1.77 0.25
4qgcr 1.23 0.11 1.22 0.11 1.14 0.32 1.48 0.15 1.48 0.21
1imb 0.89 0.09 0.89 0.13 0.96 0.19 0.86 0.42 1.04 0.43
1gky 1.38 0.03 1.38 0.08 1.37 0.17 1.40 0.35 1.91 0.02
1sac 1.37 0.22 1.61 0.10 1.54 0.19 1.61 0.21 1.53 0.53
lahc 1.40 0.08 1.36 0.12 1.49 0.05 1.46 0.17 1.55 0.22
5tim 1.35 0.02 1.43 0.00 1.45 0.08 1.39 0.29 1.46 0.29
1nba 1.69 -0.01 1.73 0.03 1.72 0.16 1.73 0.21 1.82 0.16
m 1.33 0.04 1.34 0.08 1.38 0.17 1.43 0.31 1.60 0.28

cns r.m.s.d. obtained from the consensus fite.means of all proteins.
A _cns improvement brought about by using the consensus rotamer compared to the mean r.m.s.d.s obtained for the series of 50 backbones of the different
sets.

the consensus gives results comparable to those obtained for ~ consensus becomes statistically less representative wher
the crystallographic conformations. For RC1, no significantbackbone deviation increases.

difference was found up to set s20. For RC2 and RC3, set s20 Consequently, using the consensus appears a means
appears significantly different. We must however remark orobtain an enhanced side chain positioning when the backbone
the weak discrimination of the statistics. The profiles of Figure conformation is not optimal, such as when building a structura
4 suggest that the limit is somewhat closer to 1.0 A. We havenodel. What is the optimal number of backbone conformations
investigated whether the decrease in the efficiency of the  from which the consensus should be built? We have studie
consensus can be attributed to the fact that for increasinthe evolution of the mean prediction r.m.s.d. obtained for a
backbone deviations, the consensus is less informative or  consensus built from a variable number of combinations (he
whether some mechanism inherent to the packing of the side, 5, 10 or 25), randomly selected amongst the 50 backbone
chains drives their conformations towards another rotamer  conformations of each protein, for each of sets sTF to s20. A
combination or both. To check this, we have compared tha reference, the prediction obtained for all 50 backbones is
mean frequencies of occurrence of the rotamers defining the reported. Figure 4 shows for RC3 that increasing the size of t
consensus for each side chain, for the different backbone setsonsensus leads in all cases to better-predicted conformations.
For RC3, the corresponding means are 0.84 (sTF), 0.81 (s05), Similar profiles are observed for RC1 and RC2. For size
0.73 (s10), 0.68 (s15) and 0.64 (s20). A similar decrease imrger than 10 backbones, the improvement appears mainly
obtained for RC1 and RC2. This suggests that the main cause located in the sets having the largest backbone deviations.
of the decrease of the consensus efficiency is because th&es larger than 25 backbones, the improvement becomes
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Fig. 4. Overall mean r.m.s.d.s for the predicted conformations of the buried residues of 12 proteins, using as the predicted conformation the consensus
rotamer obtained with RC3 from a backbone number varying from 3 to 50. The error bars correspond to the standard deviations. The different lines
correspond to the different ranges of perturbation of the backbones.

weak in all cases. In addition, we observed that the overall the rotamers describing Tyr were modified in RC3: one
best prediction is obtained for set s05. Thus, it seems thabtamer was split in two and another was added. In fact, the
perturbing a backbone by deviations from 0.25 to 0.5 Aconformation selected by RC2 is included in RC3 but differs
corresponds to the flexibility necessary to allow the besby 20° ony,. This deviation seems to trigger the selection of
repositioning of the side chains. This suggests a simplanother pair of conformations for the two residues. Including
procedure to increase the robustness of the side chain conformigre rotamers of RC2 within RC3 leads back to a correct
tion prediction for the structural models. prediction, as observed for RC2. Thus, a difference of only
Influence of the rotamer library 20° on, for one rotamer of Tyr can induce a change in the

We first discuss the relative prediction accuracy for the differenfombination of the rotamer selected. Furthermore, this change
rotamer libraries. As shown by Table Il and Figure 1A, we'S preserved amongst the series of perturbed backbongs, from
observe a tendency towards better results for larger librarieSets STF to s20. This poses the question of how sensitive the
The best results are obtained for RC3 and, for buried residueg€arch is to the space discretization imposed by the rotamers.
RC1 exhibits significantly higher means than RC2 and RC3, Looking at the effects per residue type, for some residues
while RC3 appears better than RC2 (the error bars ar#/@ observed a significant improvement in the quality of the
associated with 2 standard deviations of the mean). For Brediction depending on the rotamer library, notably for Trp,
given backbone set, the mean r.m.s.d.s tend to decrease fropff and GIn (Figure 2A). However, the gains remains small
RC1 to RC3, while the variabilities remain similar. This (0.5 A for Trp). For Arg, we noted that, despite a much larger
indicates that the use of a more detailed rotamer libranpumber of rotamers, the prediction in RC3 is somewhat worse
increases the accuracy of the prediction. This improvemerihan within RC2. However, the number of buried Arg residues
tends, however, to be diminished when the backbone perturbés low (20).
tion increases. To check whether increasing the number of rotamers can
Looking separately at the proteins, the ‘better predictionead to non-used states, we considered the frequency of
when using the largest library’ rule is not met in some casesselection of each rotamer of each residue type. In all cases,
for the lyzozyme (1lz1), the fertilization protein (1lis) and the the number of equivalent conformations was close to the real
lambda repressor (1lmb) where RC1 gives a lower r.m.s.gotamer number, indicating that all the rotamers are evenly
than RC2 and for thé-carbamoylsarcosine amidohydrolase selected. Moreover, the influence of the backbone perturbation
(1nba) where RC2 gives a lower r.m.s.d. than RC3. The casen this number is weak. In fact, the whole conformations of
of 1lis has already been discussed above. For 1nbaA, die rotamer libraries are used at least once in the prediction.
examination of the predicted conformations obtained, starting hus, the poor scores obtained for some residues cannot be
from the crystallographic backbone, shows that it is mostlyattributed to a systematic non-selection of some rotamers.
due to a mismatch of the conformations of two residues in In fact, Figure 1B suggests that the main effect of increasing
contact (Phel7 and Tyr206) when using RC3. Between RCthe number of rotamers appears to be a better prediction of
and RC3, the Phe rotamers differ only slightlg10°), while X4, while the discrimination is weakened fgp. If RC1 and
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A L L B L B B Rl % and His. In fact, the rings of Trp and His exhibit a large
tendency to adopt the conformation obtained by rotajiag

by 180°. Indeed, the fraction ¢f, misalignment decreases to
15% for Trp and 20% for His if one accepts rotating the rings
by 180°. Thus, it seems that for these residues the search is
mainly able to discriminate the plane of the ring well.

We now examine the variations observed for the residue
types, dependent on the rotamer library. Again, it is surprising
that phenylalaning is predicted worse with RC3 and RC1
than RC2 (Figures 1 and 5) since the three rotamer libraries
exhibit the same number of rotamers. In total, the largest
angular deviation between the rotamers describing Phe in RC1,
RC2 or RC3 is only 16°. The same situation is found for His
where the largest difference between the rotamers of RC2 and
RC3 is 14°, while the corresponding value for RC1 and RC3
is 30°. However, only four residues (of 14 buried) appear to
be mainly responsible for this poor score. As estimating the
protonation state of one His is somewhat difficult, we have
considered both states for these His residues, without any
modification of the results. For Asn, as previously mentioned,
X2 can in fact adopt any value. Again, RC3 contains in each
case one rotamer close to those of RC1 and RC2. The maximal
deviations fory, are 28° and 7° for RC1 and RC2 respectively.
The analysis of the differences between the rotamer libraries
suggests that, for Phe, Trp, Tyr and His, duplicating the rotamer
conformations to introduce g, variation close to 20° could
improve the quality of the prediction. For the charged residues,
this situation does not seem realistic, since an enhanced number
of rotamers cannot be correlated to a systematic improvement.
Furthermore, the large increase in the number of residues
describing Lys and Arg in RC3, combined with the observation
that all of them have been used within the simulations,
suggest that, at this level of conformational discretization, the
agreement between the force field and the conformations might
be the limiting factor.

RC2 show similar results fogk,, those obtained with RC3  To test explicitly whether it is worth multiplying the number
appear significantly lower. We have investigated whether thisf conformations, we have built a rotamer library that includes
tendency could result from specific residue types. Figure hew conformations obtained by moving thevalues by+20°.
represents the fraction gf not predicted closer tham40° to  For His, Phe, Trp, Tyr and His the conformations where built
the crystallographic conformations .for each. residue type angtarting from RC3. For Arg, Asn, Lys and Met only the
upon the sTF sets of the 12 proteins. Again, we observed gyamers of RC2 were considered to avoid a huge library. For
better prediction foix, (range 20+ 6%) than forx, (range  Agp, the rotamers of RC1, RC2 and RC3 that are different
30 + 8%). Forx,, we noted a poor score for Ser, Glu, GIn yere gl included. Series of 10 conformations of set s05 for
and Arg for all the rotamer libraries. Despite the presence 0Of ., protein were considered. Using this library, the mean

three well-defined rotamers for Ser, the prediction is no
efficient. In addition, we noted that for Thr no such problemtr'm's'd' of the consensus decreased to 1.28 A. Compared to

X hat was obtained with the other libraries, there is a gain in
appears. ”.1 fact, an qnalyss of the resu!ts shows that .21 ?he Trp, Tyr and His and also in Met, Cys and Ser (the values
the 52 buried Ser residues are systematically well predicte ' ' Y

: - : : Obtained for Glu, Lys and Arg cannot be simply analysed since
while the others exhibit varying conformations. Few of the eir rotamers were those of RC2). Finally, looking at jhe

incorrectly positioned Ser residues are involved in a hydroge ; :
bond (for example, in the 12 proteins, only four buried Serdgreement shows a gain for the of Phe and His, no change

residues implicated in a hydrogen bond within the PpBfor Trp and a loss for Tyr. For,, the results show a
conformations are incorrectly positioned within the RC2 con-deterioration tendency. These observations suggest that, even
sensus for set sTF). Instead, if we impose the conformation$ the results can be improved by increasing the number of
of the mispositioned Ser residues to their best fit rotamer (i.giotamers, we appear to reach a limit due to the balance between
closest to the PDB conformation), we observe only slightthe complex energy hypersurface associated with the search
energy differences between the combinations, in favour of th@nd the conformational goal. Due to the smgll value
mispositioned combination. Thus, it appears that the small sizéifferences considered<0°), this would also suggest that

of this side chain allows several quasi-equivalent conformationglgorithms that work in a non-discrete space could face the
when it is not implicated in a hydrogen bond. Concernigg Ssame barrier. Finally, it must be considered that the gain
poor scores are obtained for Trp, His, Asp and Agn. We havéntroduced by increasing the size of the libraries is obtained
analysed these large differences between Phe and Trp and Tyr  at a higher computational cost.
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Fig. 5. Fraction (in percent) ofA) x; and B) x» not predicted closer than
+40° to the crystallographic value (backbone set sTF).
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Conclusions Desmet,J., Maeyer,B.M.D., Hazes,B. and Lasters,|. (1998jurg 356,
. : i . . 539-542,

In this stu_dy, we ha_VG examined the sensitivity of side chairtisenmenger,F., Argos,P. and Abagyan,R. (1803jlol. Biol, 231, 849-860.

conformations predicted by a method using rotamers to theiobohm,U. and Sander,C. (199Rjotein Sci, 3, 522-524.

accuracy of the backbone conformation. We have also studiedolm,L. and Sander,C. (1991) Mol. Biol,, 218 183-194.

; ; ; i i ; olm,L. and Sander,C. (199B®yroteins 14, 213-223.
'l[JhSeegpportunlty of increasing the size of the rotamer I|brar|e$jwang’J._K. and Lio W-F, (199B)otein Engng 8, 363370,

. . . Laughton,C.A. (1994). Mol. Biol., 235 1088-1097.
Concerning the size of the rotamer library, our results showavery,R., Sklenar,H., Zakrzewska,K. and Pullman,B. (198&aBiomol.

that an increase leads to an improvement in the prediction. Struct. Dynam 3, 989-1014.
However, the search algorithms appear confronted by the Iimitaﬁgﬁgz Parker,. and Kendrickn,J. (1986b) Biomol. Struct. Dyn 4,
of the agjequacy between the qonformatlonal sampling and tr\_eee,C. and Subbiah.S. (1992) Mol. Biol, 217, 373-388.
energetic search. Indeed, a difference of only 20° for)}he Njugles,M. and Brunner,A.T. (199 Brotein Engng 4, 649-650.
of one residue can trigger the selection of wrong side chaimrengo,C.A., Flores,T.P., Taylor, W.R. and Thornton,J.M. (1998ytein
conformations. This suggests that, for a thin space discretiz- EngngCB.A4%5—SOObT d Thornton .M. (18B&Jure 372, 631634
ation, the differences between the energies associated wiff{en90.¢-A., Jones,b.1. and Thornion,J.M. ( ure —oos.
each state are not discriminating enough to distinguish betwqu{g?;f_r’sj_'\gvhg r}dhg'ﬁgirg_s,’; "\(/Il'g(ég,)ggt)e'\fnosl'5?'?7"()391?327_75_791'
correct conformations rotated by a few degrees and anoth@fichmond,T. (1984). Mol. Biol,, 178 63-69.
pseudo-optimal rotamer combination. In summary, the mairschrauber,H., Eisenhaber,F. and Argos,P. (1993)ol. Biol, 230, 592-612.
improvement obtained by increasing the size of the rotamepippl;M.J. and Stegbuchner,H. (19pmput. Chem 15, 73-78.
library remains fory,, but at a higher computational cost. gﬂmiiﬁt agir'fs"’(‘)rﬁ'\‘/‘vsg\"' ;ﬁ%gﬁ’ga'\r"sldsBl{/‘l’"’ (2119%77)81\3;?1}3} ol. 196
Concerning the quality of the prediction for inaccurate  175_19g. T o S
backbones, our results indicate that the sensitivity is large iruffery,P. (1995)J. Mol. Graphics 13, 67—72.
terms of the number of side chains that change theirconformeimlfjfery,lg,lEZtggeligggC-, Hazout,S. and Lavery,R. (19R1Biomol. Struct.
tions when the backbones differ weakly. Indeed, even when -Y": & —1269.
the backbone coordinates differ by r.rr¥s.d.s<tﬂ).2 A, as q”fj”;’gd’_%%hebestc” Hazout.S. and Lavery,R. (1983jompuit. Chem
many as 10% of the buried side chains exhibit VaryinQWiIsc’)n,C.,Gregoy,L.M.and Agard,D.A. (1993) Mol. Biol., 229, 996—1006.
conformations. It also appears that for deviations of the
backbone>0.5 A, the quality of the prediction of the conforma- Received June 4, 1996; revised November 12, 1996; accepted December
tions of the buried residues is affected. However, it is to be” 199
remarked that the loss of accuracy within the prediction of the
side chains remains weak compared to the backbone deviations:
a 2 A rm.s.d. for the backbones only leads to a difference of
0.5 A r.m.s.d. for the predicted side chains.

Moreover, a means of diminishing the perturbation intro-
duced within the positioning of the side chains by the backbone
inaccuracy is to consider consensus conformations obtained
through series of predictions performed for different backbones.
Facing a concrete model construction, a plausible strategy
consists of extracting the consensus conformation of the side
chains from 10 backbones generated within 0.5 Ar@.s.d.
Larger backbone sets can lead to better prediction but at a
much higher computational cost. Using such an approach, one
can expect to obtain results close to that obtained with
the crystallographic backbone when starting from backbones
having G, r.m.s.d.s close to 1 A. Overall, our best results
show that the mean buried side chain r.m.s.d. increases from
1.33 A for series of backbones compatible with the temperature
factors of the crystallographic structures up to 1.6 A (only a
20% loss) for backbone deviations up to 2 A.

Finally, our results also show that when the backbone
deviation increases, the number of side chains that exhibit
varying conformations appears to increase by diffusion from
seeds. One can wonder if the fluctuations observed correspond
to adjustments due to the poor adequacy of the rotameric states
that create local steric hindrances or whether the fluctuations
can be interpreted as a measure of the cohesion of the
structures.
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