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Atomic displacement parameters of homologous
proteins: Conservation of dynamics
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Atomic displacement parameters (ADPs) obtained from
high-resolution refinement of protein structures rep-
resent the mean square displacement of protein atoms
from their centroid positions. They contain informa-
tion regarding the flexibility of the polypeptide. Com-
parative analysis of the ADPs in homologous proteins
shows that the local flexibility of the polypeptide is not
correlated to the mutability of the segment. The flexi-
ble and rigid regions in the three-dimensional fold of
proteins remain largely conserved during the course of
evolution. In related proteins, the variation in the
flexibility of a given segment is only weakly correlated
to the variation of the amino acid sequence at the cor-
responding positions. These results illustrate that the
relationship between sequence and dynamics has degen-
eracy similar to that of sequence and three-dimensional
structure. The observations are consistent with the im-
portance of protein flexibility to protein function.

COMPARATIVE analysis of protein structures has shown
that proteins with no detectable sequence similarity could
be homologous'. It is known that homologous proteins
with similar folds can perform very different functions,
(e.g. TIM-barrels) while non-homologous proteins with
very difterent folds can be functionally similar, (e.g. ser-
ine proteinase inhibitors). The function i1s determined
mainly by the stereo-chemistry and dynamics of the few
residues or atoms that constitute the active site. Move-
ment of 'loops that are located far from the active sites
might also play an important role tn catalysis. It 1s of inte-
rest, therefore, to study the vartation in the dynamics of
proteins during the course of evolution. Towards this end
an analysis of crystallographic Atomic Displacement Para-
meters (ADP, B-values) of high resolution structures is
presented 1n this article.

In X-ray diffraction studies, intensities of Bragg reflec-
ttons fall-off with increasing resolution. This intensity
fall-off 1s due both to static disorder and dynamics of the
molecule 1n the crystal. In the structure factor equation,
F =X f, exp(~B sin 26/A%) the exponential term describes
this fall-off in intensity. In protein crystallography, the
ADPs are expressed as B-values, B = 87%(u®), where (u”)
is the average of the mean square atomic displacements
along the three coordinate axes and 1s given by
(u§+ u§+ ui)/3 (1sotropic approximation). Analyses of the
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atomic displacement parameters have been carried out to
derive flexibility indices of amino acid residues™. These
indices have been used to predict antigenic regions along
the polypeptide chain.

Refinement of B-values for protein structures ts more
complicated than that of atomic positions. Different re-
finement packages apply different restraints on the B-
values. The final B-values are also affected by the
welghting schemes followed by individual crystallo-
graphers®. The frequency distribution of B-values, how-
ever, in a given protein structure is very characteristic and
can be analytically expressed as the summation of two
Gaussian functions’.

Even in the crystalline state, protein atoms are in con-
stant motion about their mean positions. This dynamics or
flexibility is essential for activity or function. On the other
hand, structural stability requires rigidity. The core of
globular proteins is usually densely packed with apolar
residues. Surface residues are generally more mobile due
to fewer stabilizing interactions. Apart from higher flexi-
bility, they also tend to display larger sequence variation.
Further, 1t is assumed that the regions of the polypeptide
that play a decisive role in function need to conserve their
dynamics as ‘enzyme eye-views’ of evolution®. It is of
interest, therefore, to investigate whether B-values can be
correlated to the mutability of residues in globular pro-
teins and to make an assessment of the degree of change
in the B-values of structurally equivalent residues in the
course of evolution. |

We present here, an analysis of the B-values of repre-
sentative haemoglobin structures and show that the dyna-
mics of these polypeptide chains are conserved in spite of
having very low sequence similarity. We have extended
the analysis to all high-resolution haemoglobin structures
(representing o class), trypsin structures (representing f3
class) and to triosephosphate isomerase (representing o/f3
class) to correlate the changes in B-values of structurally
equivalent resides to amino acid replacements.

Methodology

Selection of structures

Ten representative structures of haemoglobin chains with
resolutions of 2.5 A or better were extracted from the
Protein Data Bank (PDB)’. Maximum sequence stmilarity
between any pair among these ten structures 1S 28%. The
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listing, PDB codes and sources of the ten structures used
for the study are given in Table 1. The analysis was ex-
tended to all the native structures of haemoglobin curr-

ently available in the PDB with resolution 2.0 A or better’

Table 1, List of representative haemoglobin structures used
in the analysis
Resolution
PDB Denoted of structure
code as Source (A)
IASH [ASH Ascaris recombinant haemoglobin 2.15
expressed in E. coli
1ECA 1ECA Haemoglobin from Chironomous 1.4
thummi thummi
1FLP 1FLP Haemoglobin 1 from Lucina pectinata 1.5
iHLB 1HLB Sea cucumber haemoglobin 2.5
1ITH 1ITH Innkeeper worm haemoglobin A chain 2.5
IPBX 1PBXA Antarctic fish haemoglobin A chain 2.5
IPBX 1PBXB Antarctic fish haemoglobin B chain 2.5
2HBG 2HBG  Marine bloodworm haemoglobin 1.5
2LHB 2LHB Sea lamprey haemoglobin 2.0
3SDH 3SDHA  Ark clam haemoglobin A chain 1.4

Table 2. List of all haemoglobin structures used in the analysis

Resoiution
PDB Denoted of structure
code as Source (A)
1ASH 1ASH Ascaris recombinant haemoglobin 2.15
. expressed in E. coli
IECA 1ECA Haemoglobin from Chironomous 1.4
thummi thummi
IFLP 1FLP Haemoglobin I from Lucina pectinata 1.5
2HBG 2HBG  Marine bloodworm haemoglobin 1.5
2LHB 2LHB Sea lamprey haemoglobin 2.0
3SDH 3SDHA  Ark clam haemoglobin A chain 1.4
1A3N 1A3NA Human deoxy haemoglobin A chain 1.8
1A3NB Human deoxy haemoglobin B chain 1.8
1A4dF 1A4FA  Haemoglobin A chain from Anser indicus 2.0
1A4FB  Haemoglobin B chain from Anser indicus 2.0
1CG5 1CG5A  Haemoglobin A chain from Dasyatis 1.6
akajei
ICG5B  Haemoglobin B chain from Dasyatis 1.6
akajei
IHBH 1HBHA Antarctic fish hagmoglobin A chain 2.2
. IHBHB Antarctic fish haemoglobin B chain 2.2
IHBR 1HBRA Chicken haemoglobin A chain 2.3
, IHBRB Chicken haemoglobin B chain 2.3
IHDA 1HDAA Bovine haemoglobin A chain 2.2
o IHDAB . Bovine haemoglobin B chain 2.2
IHDS 1HDSA Virginia white-tailed deer A chain 1.98
y IHDSB  Virginia white-tailed decer B chain .98
1IBE 1IBEA  Horse haemoglobin A chain 1.8
N IIBEB  Horse haemoglobin B chain ].8
1Q0PW 10QPWA Porcine haemoglobin A chain 1.8
y 1QPWB Porcine haemoglobin B chain [.8
1SPG  1SPGA  Teleost fish (Leiostomus xanthurus) .05
hacmoglobin A chain
1SPGB  Teleost fish (Lefustomus xanthurus) 1.95
hacmoglobin B chain
ITIN  TTINA  Fish hacmoglobin A chain 2.2
ITINB  Fish hacinoglobin 13 chain 2.2
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(Table 2) and also to structures of trypsin (Table 3) repre-
senting [ class, and triose phosphate isomerase (TIM:
Table 4) representing the ¢/ class of proteins. The reso-
lution was better than or equal to 2.2 A for trypsin struc-
tures and 2.8 A for TIM structures, respectively. The
maximum sequence identity between any two pairs of
structures was 77% and 84% for trypsin and TIM, res-
pectively.

Normalized B-values

For all analyses, B-values of the Cor atoms of the residues
alone were considered. Average B-values vary widely
between different structures. Therefore, to compare diffe-
rent protein structures B-values at Co atoms were
replaced by normalized B-values (B’-factors) as, B’ =

(Bca— {B)ca)/0(B), where o(B) is the standard deviation
in B-values of Co atoms.

Multiple alignment of protein sequences

Relating the B-factors of a family of proteins to a para-
meter such as mutability requires the identification of
sequentially equivalent residues in the same protein family.
Multiple sequence alignment was done using the PileUp
program present in the Wisconsin Package®. For all
sequence alignments, the standard scoring matrix pro-
vided along with the PileUp program was utilized. The

Table 3. List of trypsin structures used in the analysis

PDB Denoted Resolution of

code as Source structure (A)
1A0) 1A0) North Atlantic Salmon (Salmo salar) 1.7
trypsin

IMCT IMCT  Porcine trypsin 1.6
ISGT 1SGT Streptomyces griesus 1.7
ITRN 1TRN Human trypsin 2.2
ITRY ITRY Fusarium oxysporum trypsin 1.55
3ITGL 3TGI Rattus norvegicus trypsin 1.8
5SPTP  5PTP Bovine trypsin 1.34

Table 4. List of trosephosphate isomerase structures used
in the analysis

Resolution of

PDRB code Denoted as Source structure (A)
JAMK 1AMK Leishmania mexicana 1.83
|AW?2 1AW?2 Vibrio marinus 2.65
|BTM IBTM Bacillus stearothermophilux 2.8
IHTL [HITL Human TIM 2.8
ITCD 1TCD Trypanosoma cruzi 1.8
[ TPF ITPF Trypunosama brucei brucel 1.8
I'TPH I TPH Chicken TIM (Gallus gallus) 1.8
I'TRE ITRE Iescherichia coli 2.6
YDV YDV Plusmodiant fulciparam 22
1YPI 1Y P] Succhdaromyces cereviyiae 1.9
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correlation coefficients of B-values at aligned posttions
between these structures were evaluated as,

LAB1i = {B)) (Bai = (BIYIZAByi ~ (B))) T(B,~(BN*)',

where By, is the B-value at position 1 in protein | and By,
is the B-value at the same position in protein 2 and (B,),
{B,;) are the averages of B-values in structures 1 and 2,
respectively.

Correlation between B-values and amino acid
replacements

The correlation between B-values and the mutability were
studied in terms of the following:

Per cent amino acid replacements. For a given align-
ment, for each residue number, pair-wise comparison of
the ten structures was carried out and the total number of
amino acid replacements in all the combinations ("C,,
where n 1s the number of sequences) and the percentage
of such replacements were determined. Deletions were
ignored in that the amino-acid replacements were counted
only for those pairs for which neither residue was a gap.
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Figure 1. Plot of B-values of representative structures of haemoglo-

bin smoathened with a window size of 5 and variable weightage against
aligned residue number.
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Dayhoff's scores. For a given alignment, the Dayhoff’s
score” of the kth residue number was calculated by the
pair-wise comparison of the structures as D, = LD;; for all
unique pairs { and j among the ten structures, where Dj; is
the Dayhoft’s score between the amino-acid residues
at the kth position in structures i and f according to the
Dayhoff’s similarity score matrix. Deletions were allotied
maximum penalty by assigning a score of zero between a
deletion and any other amino acid or another deletion.

Smoothening of B-value and other profiles

The smoothened B-value of the nth residue, under a
window size, w, Is defined as the weighted average of the
B-values of the w consecutive residues with the nth resi-
due at the center. Variable weights assigned to the resi-
dues increase in arithmetic progression from a certain
minimum weight at the residues farthest from the centre to
a maximum weight of 1 at the central residue. Therefore,
the smoothened B-value of the nth residue under a window
size of § and a minimum weight of 0.25 would be the
weighted average of the n-2, n—-1, n, n+ 1 and n + 2th
residues with weights 0.25, 0.625, 1, 0.625 and 0.25,
respectively. -

Results

Analysis of representative haemoglobin structures

B-value profile along the sequence. Sequence alignment
of the ten representative haemoglobin structures using
conventional sequence alignment programs resulted 1n an
alignment that did not reflect the actual evolutionary rela-
tionship between them because of their very low sequence
stilarity. To circumvent this, the alignment of these ten
sequences was carried out in the presence of a large num-
ber of haemoglobin sequences from various other sources
so as to form a chain of relationships that might link
together the seemingly unrelated sequences of the repre-
sentative structures. To this end, a total of 657 other hae-
moglobin sequences were obtained from the PIR library
accompanying the Wisconsin Package Version 9.0. The

Table 5. Correlation coefficients between B-values of representative structures of haemoglobin

1ASH 1ECA 1FLP 1HLB
[ASH .00
1ECA 0.28 1.00
1FLP 0.33 0.30 1.00
THLB 0.21 0.22 0.53 1.00
1ITH 0.22 0.14 0.41 0.41
IPBXA 0.53 0.28 0.42 0.29
I1PXAB 0.37 0.30 0.79 0.64
ZHBG 0.47 0.17 0.29 0.39
2LHB 0.48 0.19 0.34 0.54
JSDHA 0.40 0.37 0.30 (.50

tITH

1.00

IPBXA IPBXB 2HBG ILHB  3SDHA
0.10 1.00
- 0.53 0.49 1.00
0.34 0.17 0.16 1.00
0.36 0.37 0.43 0.77 1.00
0.28 0.35 0.23 0.62 0.62 1.00
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PileUp program, however, can align atmost 500 sequen-
ces at a time. Therefore, alignments were carried out
using 490 sequences chosen randomly from the 657 PIR
sequences and the sequences of the 10 structures. of inte-
rest. Ten such random sets were chosen and multiply
aliecned with gap creation penalty =12, gap extension
penalty = 4 and end-weight = 0.25.

The alignments of the ten sequences were not identical
in the ten sets. However, large trends of similarity could
be observed in all the ten alignments, especially between
residues 51 and 150 of the alignments. All the plots shown
here with reference to the representative structures of
haemoglobin correspond to one of these ten alignments,
which was chosen randomly, viz. alignment number 7.
The plot of smoothened B-values (window size 5) versus
aligned sequence number is shown in Figure 1. But for a
few minor differences, all the ten alignments produce
similar profiles for this plot. All the ten structures exhibit
large humps between aligned residue numbers 51 and 85
and between 111 and 135, approximately.

Treating gaps in the aligned sequences as deletions,
the correlation coefficients between the B-values of the
aligned residues were determined for each of the 43 pairs
of structures. The correlation coefficients for alignment 7
are shown 1n Table 5. It can be seen that the correlation
coefficients between the B-values of most pairs were sig-
nificant. This suggests that the dynamics of certain seg-
ments were conserved even when the sequence similarity
has almost disappeared.

Correlation between B-values and sequence
similarity

Plots of smoothened B’-factors and normalized percentage
amino acid replacements against residue number sug-
gested that the two parameters do not have significant
correlation (data not shown). Similarly, no significant
correlation was observed between Dayhoff scores and B’-
factors.
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Figure 2. Scatter plot of pair-wise correlation coefficients of B-values
and pair-wise Dayhofl’s scores.
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The correlation between the B-values will be unity if
there 1s complete sequence identity between two struc-
tures. However, as the differences in sequences accumu-
late, the correlation between the B-values is likely to
decrease. To study the profile of B’-factors versus sequence
similarity, the correlation coefficients of B-factors of all
possible pairs chosen from the ten structures were det-
ermined. These were plotted against the sum of the
Dayhotf’s scores over all the residues and sequence iden-
tities of the corresponding pairs of structures (Figure 2). The
correlation coefficient was low.

Since Dayhoff’s score measures the total amino acid
Invariance at a particular residue, it is likely to be corre-
lated with a parameter that measures the total B’-variation
at that particular residue. In order to measure the B’-
variation at a particular position, a normalized parameter
(loB’l) was defined. Here 108l refers to the absolute value
of the difference in B’-values between a pair of residues at
a particular position and {I0B’l) refers to the average of
such differences over all possible pairs of residues at that
position. Figure 3 a shows the profiles of smoothened D’-
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Firure 3. a, Profiles of smoothened {I68°) values (dotted) and
smoothened D’-values of representative haemoglobin structures (sotid),
b Correlation between (168]) values and smoothened Dayholf's scores
of representative haemnoglobin structures.,
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values and {I6B’l) vs the aligned residue number, The pro-
files of the two curves indicate that there s significant
anti-cortelation betwecen the two parameters along the
sequence. Figure 3 b shows the scatter plot of (l0B)
values vs smoothened Dayhotf's scores (cc =—0.49). The
line that best fits this plot has a negative slope indicating
that the variation in the thermal parameters is higher in
the regions of greater sequence variability. It may also be
observed that even in regions of low sequence similarity
there are points where (I6B’l) values are as low as the
(16B°1) values of regions of high sequence similarity and
that the number of points with high (I0B’l) values are rela-
tively few,

Analysis of all native structures of haemoglobin

Of the 28 native haemoglobin structures with resolution
2.0 A or better available in the PDB, six were representa-
tive structures considered for the earlier analysis. The
sequences of these structures were aligned using the

PileUp program with the same parameters as for the rep-

resentative structures, but without any extraneous sequen-
ces. The smoothened B’-values of the structures were
plotted against the aligned sequence number (Figure 4). It
may be observed that the humps seen in the corresponding
plot of the representative structures are conserved, but
that they are shifted to the left by a few residues, probably
due to reduction in the total alignment length resulting
from the greater similarity between the structures. Further,
the minor humps are amplified in this case.

Analysis of structures of trypsin

The seven structures of trypsin (Table 3) were aligned
using the PileUp program (gap creation penalty = 12, gap
extension penalty =4). No end-weight was necessary in
this case since the sequences had a high degree of iden-
tity. The smoothened B’-factor vs aligned residue number
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Algned residue number

Figured. Profiles of B’-factors of all haemoglobin structures.
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plots were very similar for all the structures (Figure 5 aq).
Table 6 gives the pair-wise correlation coefficients of the
B-values of the seven structures, all of which are high.
The plot of {l0B’l) vs Dayhoff’s scores (Figure 5 b) shows
the same trends as observed with the haemoglobin struc-
tures. The plots of pair-wise correlation coefficients

Smoclhened B'-facuys
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Aligred nesidis amber
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b o ] o .41
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Figure 8. a, Profile of smoothened B'-values of trypsin structures;
b, Scatter plot of {(I6B'l) and Dayhoff’s scores of trypsin structures;
¢, Scatter plot of pair-wise correlation coefficients of B-values and pair-
wise Dayhoff’ s scores. "
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versus Dayhott’s scores (Figure 5 ¢) showed little corre-
lation. It may be noted that, 1n this case, both these plots
are divided 1nto two distinct regions of high and low
similarity and that the average of the correlation coeffi-
cients in both these regions taken separately would be
comparable.

Analysis of structures of TIM

The TIM structures 1n Table 4 were aligned using the
PileUp program with gap creation penalty = 12 and gap
extension penalty = 4. Here too, no end-weight was nece-
ssary for alignment. The correlation coefficients between
the B-values were high for all the pairs (Table 7). The
smoothened B’-value vs aligned residue number plots for
all the TIM structures were almost identical (Figure 6 a).
The plot of {I0B’l) versus Dayhoff’s scores (Figure 6 b)
shows the same trends as observed with the haemoglobin
and trypsin structures. The plots of pair-wise correlation
coefficients versus Dayhoff’s scores and identity scores
(Figure 6 c¢) showed little correlation,

Discussion

Protein function depends on both its structure and dyna-
mics. In the early days of X-ray diffraction studies on
protein crystals, only a ‘static’ image of the protein
structure was represented. This was essentially due to
limitations on the resolution of data collection set by the
X-ray intensities available and lack of reliable protein
structure refinement protocols. However, with the advent
of powerful X-ray sources such as rotating anode X-ray

generator and synchrotron radiation it has been possible
to collect near-atomic resolution data on crystals of a
large number of proteins. Also advances in computer
technology have provided the resources required for re-
finement of protein structures. The information on the
dynamics of a large number of proteins is therefore now
available in terms of the atomic displacement parameters.
The dynamics of three protein families were investigated
in this analysis, viz. haemoglobin, trypsin and triose
phosphate isomerase, representing o, 8, o/f class of
structures.

It was not possible to obtain a unique alignment of rep-
resentative haemoglobin sequences using standard pro-
grams such as PileUp. The uncertainties in alignment are
probably due to the low sequence similarity between the
sequences used. This problem was circumvented by using
a large number of other sequences (a total of 500 at a
time) in the alignment that provided links between the
original low-similarity sequences. The validity of this
approach was justified by the observation that different
random selection for the 490 sequences used for linking
the original sequences led to closely similar alignments.

In spite of the very low sequence identity of the repre-
sentative structures of haemoglobin, the stretches of high
flexibility are conserved to a large extent as is evident
trom Figure 1. The similarity in the flexibilities of diffe-
rent segments of haemoglobin chains is also reflected in
the correlation coefficients between the B-values of
aligned residues in these structures (Table 5). It might be
anticipated that the physical attributes of polypeptide
segments in proteins including flexibility would change
with mutations. Since the exposed loops are both likely to
be more flexible and also mutate at a faster rate when

Tabhle 6. Correlation coefficients between B-values of trypsin structures

1A0] IMCT 1SCT
1A0J 1.G0
IMCT 0.37 .00
1SCT 0.29 0.40 1.00
ITRN 0.53 0.41 0.15
ITRY 0.35 0.34 0.56
3TGI 0.39 0.73 0.59
SPTP 0.14 0.68 0.44

ITRN ITRY 3TGI SPTP
1.00

0.46 1.00

0.40 0.53 1.00

(.41 0.50 0.65 1.00

Table 7. Correlation coefficients between triosephosphate isomerase structures
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IAMK 1AW?2 IBTM IHTL ITCD I TPF I TPH ITRE YDV LYPI
1AMK 1.00
1AW?Z 0.23 1.00
IBTM 0.47 0.48 1.00
THTL 0.48 0.27 0.58 .00
ITCD 0.37 0.59 0.56 0.58 1.00
ITBE 0.47 0.44 0.48 0.54 0.57 .00
[TPH 0.46 .25 0.56 0.71 0.64 0.54 1.00
ITRE 0.26 0.65 (.49 0.43 0.57 (0.47 0.40 }.00
YDV 0.38 0.66 (.52 0.49 0.64 .61 (.58 0.59 1.00
1 YP} (J.35 0.46 0.46 0.69 0.69 0.47 0.73 .45 0.61 1,00
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Figure 6. a, Profile of smoothened B’-values of triosephosphate iso-
merase structures; b, Scatter plot of (I16B8’l) and Dayhoff’s scores of TIM
structures; ¢, Scatter plot of pair-wise correlation coefficients of B-
values and pair-wise Dayhoff's scores.

compared to buried segments, a correlation might exist
between mutability and flexibility. However, Figure 2
clearly shows that such a correlation is limited, if any.
Figure 3 a illustrates the variation of D" and {I6B’()
values against aligned restdue number for representative
haemoglobin structures. The Dayhoff’s scores and the
variation in B’-values are represented as scatter plots in
Figure 3 b. These plots indicated a negative correlation.
These plots were made for alignment number 7; however,
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when similar examination was made for other alignments,
the correlation was found to be weaker (data not shown).
These observations suggest that the changes in flexibility
are only weakly linked to the changes in the sequence.
Further, although points of high B’-value variation occur
only in the regions of low sequence similarity, there still
exist, even in such regions, many points where the B’-
value variation is as low as that observed in regions of
high sequence similarity. These analyses were extended to
all haemoglobin structures determined at high resolution
and consistent results were obtained (Figure 4). This imp-
lies that different sequences are compatible with similar
flexibility. Thus the relationship between sequence and
flexibility has a similar degeneracy as the relationship
between sequence and structure. It is also possible that the
amino acid sequence distribution determines the precise
three-dimensional structure, which in turn dictates the
flexibility.

Globins are o-helical proteins. In order to examine the
validity of the observations made in this class of proteins
for other classes, a set of structures representing fS-sheet
proteins (trypsin; Table 3) and a representative set for o/f3
proteins (TIM; Table 4) were selected and the analyses
were repeated. o

Trypsin sequences had a relatively higher degree of
sequence 1dentity and correspondingly the B’-profiles of
all the members selected for analysis were closely similar
(Figure S a). There was a small negative correlation
between (10B’l) and Dayhoff’s scores (Figure 5 b) sug-
gesting only a weak link between sequence changes and
the corresponding changes in flexibility. Interestingly, the
sequences of trypsin chosen clustered into two distinct
classes with low Dayhoff’s scores between members of
one class and the other. However, for sequences of high
and low sequence similarities, the correlation coefficients
between the B-values of corresponding residues were
similarly scattered (Figure 5 c¢) suggesting that the changes
in sequence do not result in substantial changes in flexi-
bility. Similar observations were also made on the o/
TIM structures (Figure 6).

The closely similar results in the three distinct classes
of proteins examined here suggest that the broad conclu-
sions on the retention of polypeptide flexibility in the
course of amino acid replacements resulting from muta-
tion is of general validity. This conservation of protein
tlexibility during the course of evolution is consistent with
the generally accepted importance of flexibility to protein
function.
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