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Correlating dynamics to conforma-
tional properties: An analysis of atomic
displacement parameters (B-values)
in high-resolution protein structures
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Atomic displacement parameters (ADPs) obtained by high
resolution X-ray diffraction studies on single crystals of
proteins represent the mean square displacement of atoms
about their mean position. The relationship between the
flexibility of the protein molecule and its conformation
could be examined by a careful analysis of these ADPs.
This communication presents the results of such a statis-
tical analysis. It is shown that the ADPs are related to side
chain conformations and are low for energetically favour-
able rotamers. Examination of the dependence of ADPs on
non-planar distortions of the peptide geometry as repre-
sented by ωω angle reveals that the parameters depend on
the direction of non-planar distortion. Those conformations
with ωω  larger than the ideal trans geometry (180°–190°)
are more flexible when compared to those with ωω < 180°
(170° –180°). The average ADP of a peptide unit depends
weakly on the Ramachandran angles at the corresponding
Cαα atom. Thus, the flexibility of different segments of the
polypeptide appears to be sensitive to the conformation of
the side chains as well as the main chain.

ADVANCES in high brilliance X-ray sources as well as com-
putational procedures for the refinement of proteins at high
resolution have provided accurate Atomic Displacement
Parameters (B-values) for several proteins1,2. These struc-
tures have been analysed with reference to the atomic inter-
actions responsible for protein stability, evolution, function,
molecular recognition and principles that govern oligomeri-
zation. The information on protein flexibility and mobility
available in terms of the ADPs obtained by protein high-
resolution structure refinement, in contrast, has not been
exploited to the same extent3–5. ADPs (or B-factors or tem-
perature factors) deposited in the Protein Data Bank corre-
spond to B = 8π2 〈u2〉, where 〈u2〉 is the average of the mean
square atomic displacements (Å2) along the three coordinate
axes and is given by (ux

2   + uy
2   + uz

2  )/3. These parameters rep-
resent the flexibility of protein atoms and are important fac-
tors controlling protein function and stability. The atomic
displacement parameters determined for different proteins
show large variations from one structure to another due to
the differences in the static disorder and are also influenced
by refinement procedures6. However, it has been shown
that the frequency distribution of the B-factors expressed in
units of standard deviation about their mean value at the Cα

atoms (B′) are similar in protein structures7. This distribution
could be accurately described as a superposition of two
Gaussian functions. The frequency distribution for different
amino acids could be used to deduce flexibility indices that
are helpful in predicting mobile segments in proteins3,4,7. In
this communication, we examine the dependence of ADPs
on conformation of both the main chain and the side chain:
(a) χ1 representing the side chain rotamer, (b) ω represent-
ing the peptide bond geometry, and (c) Ramachandran an-
gles φ and ϕ representing main chain conformation.
Generally, energetically unfavourable conformations are
associated with high flexibility.
  The representative list of protein structures8 determined
by single crystal X-ray diffraction methods and available in
the Protein Data Bank9 (November 1996 release) was chosen
for the analysis. None of these structures has
sequence identity greater than 25%. The resolution is better
than 2.0 Å and the R factor is less than 0.2 for all the se-
lected structures. The code numbers of the selected pro-
teins are listed in Table 1.
  For each of the selected structures, the B-values at the
Cα positions were replaced by a normal variate as B′-factor,
B′ = (Bi – 〈B〉)/σ(B), where 〈B〉 = ΣBi/N, where Bi is the B-
value associated with Cα of the ith residue and N is the
total number of residues in the protein, and σ2(B) = Σ(Bi –
 〈B〉)2/N. Normalization of B-values is required to compare B-
values of different protein structures.
  The χ1 (N–Cα–Cβ–Cγ for most amino acids, Oγ for
Ser and Cγ1 for Ile) torsional angle for each side chain was
computed as the angle between the planes containing N–
Cα–Cβ and Cα–Cβ–Cγ atoms, respectively. Following the
usual convention, the angle was taken as the clockwise
rotation of the N–Cα vector, looking down the Cα–Cβ di-
rection, required to bring it to overlap with the Cβ–Cγ vec-
tor. The rotamer conformation was represented as gauche–

for – 120°< χ1 < 0°, gauche+ for 0° < χ1 < 120°, and trans for
120°< χ1 < 240°. Frequency distribution of χ1 was sampled at
10° intervals. Similarly, the ω angle representing the devia-
tion of the peptide geometry from a planar configuration
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Table 1.  PDB codes for the high-resolution structures selected
for the analysis

131L 153L 1AMP 1ARB 1ARV 1ATL
1BAM 1BP2 1CCR 1CHD 1CHM 1CNS
1CSE 1CSH 1DAA 1DTS 1DUP 1DYR
1EDE 1FKJ 1FNC 1GOF 1GPR 1HMT
1IAE 1ISC 1KPT 1LCP 1LEN 1LTS
1MOL 1NFP 1NHK 1NAR 1OVA 1PBE
1PDA 1PGS 1PHG 1PTX 1REC 1REG
1RSY 1SAT 1SBP 1SNC 1SRI 1TAG
1TAH 1TCA 1THV 1TRY 1TTB 1TYS
1XNB 2ACQ 2ALP 2AYH 2AZA 2CBA
2CCY 2CDV 2CPL 2CTC 2END 2ER7
2GST 2HMZ 2HTS 2MNR 2NAC 2OLB
2PHY 2POR 2PRK 2SIL 2TGL 3CHY
3CLA 3COX 3DFR 3GRS 3PTE 3SIC
3TGI 4ENL 4GCR 4FGF 5RUB 5TIM
8ABP 8FAB 9RNT
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was evaluated as the torsional angle Cαi–C′i  –Ni+1–Cαi+1

(where i and i + 1 represent consecutive residues). 0° and
180° in ω correspond to ideal cis and trans peptide geome-
tries, respectively. Sampling was at 1° intervals for statisti-
cal analysis. Ramchandran angles φ and ϕ representing the
polypeptide conformation at each Cα atom were calculated
as angles C′i –1–Ni–Cαi–C′i   and Ni–Cαi–C′i  –Ni+1, respectively.
Frequencies were counted in 60° bins of φ and ϕ.
  The mean value of B′-factors corresponding to each ro-
tamer and residue type was evaluated considering all the
proteins. Similarly, the variation of mean B′-factors was

monitored as a function of χ1 angle by grouping side chains
into bins of 10°. Residues were also grouped in to different
bins in the Ramachandran plot10. Even for fairly large bins,
the population in certain regions of the Ramachandran map
is sparse and hence the estimation of the mean B′-factors
for these regions will not be statistically significant. An
interval of 60° in φ as well as ϕ
was found to provide sufficient number of residues in the
bins corresponding to the allowed and partially allowed
regions of the map.
  Figure 1 shows the frequency distribution of side chain
rotamers and their mean B′-factors for structures used in
this study. The χ1 distribution of side chain rotamers in the
representative structures follows features that have been
noted earlier11. For most residues, the preferred rotamers are
gauche– and trans with somewhat less frequency in the
gauche+. However, for amino acids branched at Cβ, the ro-
tamer is either not well-defined or well determined. As these
residues form only a small fragment of all the

Figure 1.  Frequency distribution of χ1 values and dependence of
mean B-factor on χ1.

Figure 2.  Frequency distribution of peptide non-planar distortion
as represented by the dihedral angle ω.

Figure 3.  a, Variation of mean B′-factors of the main (. . .) and
the side chain (– – –) of the Cα atom preceding the peptide bond as a
function of peptide plane distortion ω. b, Variation of mean B′-
factors of the main (. . .) and the side chain (– – –) of the Cα atom
following the peptide bond as a function of peptide plane distortion
ω.

b
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residues, they have not been excluded or treated independ-
ently in the present analysis. The peaks corresponding to
the preferred rotamers have widths at half maximum of ~ 25°.
Although this spread might depend on the resolution at
which the structures have been determined as well as the
constraints used in refinement, the distribution shown in
Figure 1 is typical11. The plot also shows the mean B′-
factors for these conformational states. It should be noted
that the frequency in bins mid way between preferred ro-
tamers are low and hence the estimates of the mean B′-
factors have large errors. The frequencies for intervals close
to the preferred torsion angles are large and hence the esti-
mated B′-factors are reliable. The B′-factors have clear min-
ima at the preferred conformations of the side chains. It
might also be noted that the most favoured torsion angle
representing the gauche– form is less than 300°. The mini-
mum in B-factor curve also occurs at this value. Similar ob-
servations have been made earlier11–13.
  Figure 2 illustrates the frequency distribution of the ω
angle, representing out of plane deviation of the trans pep-
tide unit about the C′–N bond and Figures 3 a and b show
the variation of the mean B′-factor as a function of ω for

both the preceding and succeeding residues, respectively.
It is clear that the highest frequency occurs, not for the
ideal trans geometry, but for ω = 179°. This deviation from
the planarity of the peptide unit in proteins has previously
been observed14. The distribution is nearly symmetrical
about the preferred angle. On the contrary, the mean B′-
factor appears to monotonically increase with increasing ω
in the range 170°–190°. It implies that the peptide group
becomes more flexible when ω increases from the value cor-
responding to the ideal trans geometry. The feature of
larger B′-factors associated with ω > 180° are similar to the
trend observed for rotamers – conformations with lower
occupancy are associated with larger B′-factors. However,
B′-factors continue to decrease when ω changes to values
lower than 180°, although the peptide changes to a higher
energy state, as reflected by lower frequency of occurrence.
Ramakrishnan and Balasubramanian15 have shown that the
area allowed in the Ramachandran diagram for non-glycyl
residues reduces with increasing ω, in the range 170°– 190°.
Therefore, the reduction of B′-factor for non-planar distor-
tions with ω < 180° might be due to the fact that the energy
corresponding to the peptide geometry is determined by the

Table 2.  Frequency of residues in bins of Ramachandran map and respective average
B′-factors in brackets

4378 (– 0.19) 6220 (– 0.06)   733 (0.23)   16 (0.85) 138 (0.25)   91 (0.25)
  709 (0.04) 1652 (– 0.06)   55 (0.94)   47 (0.79)   39 (0.46)   11 (1.87)
  309 (0.20) 1253 (0.32)   16 (0.65) 453 (0.23) 722 (0.38)   13 (0.00)
  167 (0.32) 9611 (– 0.09) 3382 (0.12)   20 (0.33) 348 (0.56)   22 (0.26)
  36 (0.35)   110 (0.42)   64 (0.83)   28 (0.64)   34 (1.65)   9 (0.8)
  244 (0.00)   243 (0.21)   15 (0.59)   75 (0.17) 177 (0.17) 114 (0.02)

Figure 4.  Variation of the B′-factor as a function of (a) φ and (b) ϕ.
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partial double bond character of the C′–N bond, while the
flexibility might be related to the allowed area (lack of close
contacts) of the Ramachandran diagram for the corre-
sponding ω. Similar trends are observed for the side chain
and both the preceding and succeeding residues of the pep-
tide bond.
  Table 2 lists the frequencies of residues occurring in dif-
ferent bins of the Ramchandran plot sampled at 60° intervals
in the structures selected for analysis. The numbers are
consistent with the well-known features of the
Ramachandran map16. The largest occupancy is found for
the helical regions in the third quadrant and for strand re-
gions in the second quadrant of the map. The B′-factors
associated with the atoms Ni, Ciα, C′i , Ni+1 of all residues
falling in the bins were averaged. The mean B′-factor of all
Cα atoms was subtracted from this average. The values
shown in Table 2 correspond to these. It is evident
that the mean B′-factor is low for all cells where the
occupancy is high. Since the frequency of occurrence
depends on the energy corresponding to the particular cell,
the flexibility is linked to the energy as observed
for χ1. Similar observations were made for the B′-factors
associated with the Cα atom alone. Thus the occurrence of
a particular pair of Ramachandran angle has the
effect of influencing the flexibility of the local segment
of the polypeptide. Figure 4 a illustrates the frequency and
the mean B′-factor as a function of φ (including all ϕ), while
Figure 4 b shows the same parameters as func-
tions of ϕ (including all φ). The correlation between
high frequency and low flexibility is evident in these
plots also.
  Availability of a large number of well-determined three-
dimensional structures of proteins makes possible studies
on protein structure, function, evolution and dynamics.
Preliminary examination of the ADPs determined during the
course of high resolution X-ray structure
determination of a set of unique proteins carried out in this
communication clearly demonstrates that flexibility of the
protein chain is dependent on conformation. Both main
chain and side chain conformations appear to affect the
mobility of residues. Residue mobility is minimum when the

side chain confirms to the most preferred rotamer. On the
contrary, the mobility of the backbone depends asymmetri-
cally on the departure of the peptide plane from ideal trans
geometry. For non-planar distortions resulting from in-
creasing ω, the flexibility increases. Peptides with ω < 180°
tend to be less flexible although the distortions are not in
the direction of reducing energy. This might be a conse-
quence of a larger area of Ramachandran diagram allowed
for peptides with ω < 180°. Flexibility of the polypeptide is
also found to depend on the Ramachandran angles, partially
allowed and disallowed regions correspond to larger B′-
factors. Thus, the local flexibility of polypeptides appears to
be influenced by main chain as well as side chain conforma-
tions.
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