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The crystallographic temperature factors (B factor) of individual atoms contain important information about the

thermal motion of the atoms in a macromolecule. Previously the theory of flexibility of active site has been established

based on the observation that the enzyme activity is sensitive to low concentration denaturing agents. It has been

found that the loss of enzyme activity occurs well before the disruption of the three-dimensional structural scaffold of

the enzyme. To test the theory of conformational flexibility of enzyme active site, crystal structures were perturbed

by soaking in low concentration guanidine hydrochloride solutions. It was found that many lysozyme crystals tested

could still diffract until the concentration of guanidine hydrochloride reached 3 M. It was also found that the B factors

averaged over individually collected data sets were more accurate. Thus it suggested that accurate measurement of

crystal temperature factors could be achieved for medium-high or even medium resolution crystals by averaging over

multiple data sets. Furthermore, we found that the correctly predicted active sites included not only the more flexible

residues, but also some more rigid residues. Both the flexible and the rigid residues in the active site played an important

role in forming the active site residue network, covering the majority of the substrate binding residues. Therefore, this

experimental prediction method may be useful for characterizing the binding site and the function of a protein, such as

drug targeting.
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1. Introduction

Proteins are dynamic molecules that are in con-
stant motion. These motions range from small con-
formational changes due to the local movements of
backbone and side chain atoms to large scale loop or
domain motions, in which parts of a protein move as a
whole with respect to one another.[1] Since the struc-
tural data provide the essential framework for under-
standing the molecular mechanism of a protein, the
study of structural flexibility is necessary to under-
stand the mechanism of molecular functions such as
molecular recognition and catalytic activity.[2−10] In
addition, characterizing the protein mobility and the
protein flexibility will provide valuable guidelines for
structure-based drug design.[11,12]

The crystallographic temperature factors or the
B factors, which are derived from the x-ray analysis
of a single crystal, provide a quantitative measure-
ment on the mobility of each atom in the structure.[13]

They take into account the decrease of intensity in
the diffraction due to the dynamic disorder caused
by the thermal vibration of atoms and the static
disorder related to the imperfect orientation of the
molecules.[14,15] A quantitative expression of the B

factor in the isotropic case is A = 8π2〈u2〉, where
〈u2〉 is the mean square displacement of the atom
averaged over time and crystal lattice. While in the
anisotropic case, the B factors are frequently repre-
sented by anisotropic ellipsoids with six parameters
per atom.[16]

The B factors have been studied from a vari-
ety of viewpoints. It has been shown that the dy-
namic motion in protein crystals could be interpreted
by the accurately measured B factors.[17] A study
of lysozyme crystals has revealed that the residues
of highest apparent motion are in the active site re-
gion, where conformational change has been observed
upon substrate binding.[18] Furthermore, the applica-
tions of the B factors include predicting the protein
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flexibility,[19−22] characterizing the active sites,[23,24]

analyzing the protein thermal stability,[25,26] consid-
ering the side chain mobility within the structure,[27]

and investigating the protein disordered regions.[28]

However, the experimentally determined B value is
not an absolute quantity, which inherently depends
on the measurement of Bragg intensities of sufficiently
high resolution.[29] Besides, the B factors in different
structures may be different owing to the applications
of different refinement procedures.[30] Typically, nor-
malized B factors[19,21,25,26,30] are compared among
different structures.

The experimental determined B factors provide
valuable information on the flexibility and the mobil-
ity of the protein structures. More importantly, the
local flexibility of active sites may be especially helpful
in understanding the protein functions. Tsou[31−33]

has demonstrated that enzyme active sites may be
conformationally more flexible than the overall en-
zyme. Jiang[34] has also shown that there are con-
served “structural codes” for protein scaffold struc-
tures, which are formed at the early stage of protein
folding and therefore are usually more stable than the
other parts of the structures. As a result, under mild
denaturing conditions, the active site conformations
could be perturbed significantly without detectable
global changes in the enzyme structures.

In this study, we proposed new methods for ac-
curately measuring the B factors and for predict-
ing the active site residues of the hen egg white
lysozyme by using partially denaturing perturbation.
We show that protein crystals could be perturbed
with chaotropic agents such as GdnHCl,[35,36] and
still give high resolution diffraction patterns. X-ray
crystallography has been used to structurally char-
acterize the interaction between the protein and the
denaturants.[37−41] Here, we perturb the crystal struc-
ture by quick soaking the crystal in a low concentra-
tion GdnHCl solution and freeze the crystal structure
in an ensemble of perturbed states by subsequent flash
cooling the soaked crystal.[35] It will be shown that the
diffraction analysis of the frozen crystal, especially the
B factors averaged over multiple crystals, are more
accurate and more reliable than a single measurement
from one data set. The difference in the B factors
between the native and the denatured crystals can be
used to explore the characteristics of the active site
effectively.

2. Materials and methods

2.1. Sample preparation

Hen egg white lysozyme was purchased from
Sigma-Aldrich Co. and used without further purifi-
cation. Prior to the crystallization, all solutions were
filtered through 0.22 mm filters and left at 4 ◦C in
a refrigerator for a few days. Crystals of tetragonal
lysozyme were grown by the hanging-drop vapor dif-
fusion method at 293 K. The crystallization drop con-
sisted of equal volumes of protein solution (14 mg/ml
lysozyme and 1.33% NaCl in a 200-mM sodium ac-
etate buffer at pH 4.4) and reservoir solution (4% NaCl
in a 200-mM sodium acetate buffer at pH 4.4). It took
about 5–8 days to yield isomorphous crystals with di-
mensions of ∼ 0.3 mm× 0.3 mm× 0.2 mm.

The denaturant GdnHCl was SigmaUltra grade
and was dissolved into a 200-mM pH 4.4 sodium
acetate buffer solution containing 5% of NaCl and
15% (v/v) Glycerol. Totally four concentrations of
GdnHCl were used to perturb the crystal structures:
0.5, 1, 2 and 3 M.

2.2.Denaturation procedures

In order to get the protein with different crys-
tal structures, lower concentration GdnHCl (i.e. 0–
3 M) solutions were used as denaturant to perturb
the crystal structures partially. There were altogether
12 crystals of almost identical dimensions, about
0.3 mm×0.3 mm×0.2 mm, selected and used.

The perturbed lysozyme crystals were harvested
by the following procedure. First, we consecutively
soaked a crystal in the cryoprotectant solutions con-
taining increasing concentrations of Glycerol (5%,
10%, 15%) for about 3 min each. Second, we took
out the crystal from the 15% (v/v) Glycerol solution
and soaked it into a less than 10 ml drop containing a
certain concentration of GdnHCl, for example, 0.5 M.
In our experiments, the crystals were rinsed in a 2-M
GndHCl for about 3 min, which is comparable to 40 s
in 3-M GdnHCl. Care must be taken when perturb-
ing the lysozyme crystal with 3-M GdnHCl, because a
longer period of time (more than 1 min) would cause
the crystal to shrink quickly or even break into sev-
eral small pieces and dissolve into the solution quickly,
which would be quite beyond the extent of so-called
partially denaturing perturbation.
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2.3.Data collection and structure deter-

mination

The partially denaturated crystal was quickly
mounted to a goniometer head equipped with a stan-
dard cryoloop and flash cooled in a cold nitrogen-
gas stream to 100 K using an Oxford cryosystem.
Diffraction data were collected with an in-house X-
ray source (Rigaku RA-Micro7 Desktop Rotating An-
ode X-Ray Generator with a Cu target at a wave-
length of 1.5418 Å operating at 40 kV, 20 mA and
R-AXIS IV++ imaging-plate detector). The col-
lected intensities were indexed, integrated, corrected
for the absorption, then scaled and merged using
HKL2000.[42] The structures of denatured and na-
tive lysozymes were solved by the molecular replace-
ment method using the program MOLREP[43] with
1RFP as the search model. The initial model was re-
fined using REFMAC5,[44] and the extensive model
building was performed using COOT.[45] The fur-
ther rounds of refinements were performed using the
phenix.refine program implemented in the PHENIX
package[46] with the isotropic ADP refinement and
the bulk solvent modeling. The stereochemical qual-
ity of the final model was checked using the program
PROCHECK.[47] The calculation of the average B fac-
tors by residues was performed using the CCP4 mod-
ule BAVERAGE.[48] The final statistics of data col-
lection and refinement are shown in Table 1.

3. Results

3.1.Accurate measurement of the B fac-

tors

3.1.1. Statistical results with lysozyme crystals

First, 72 PDB entries of hen egg white lysozyme
crystal structures containing B values were taken
from an unbiased selection of the Protein Data Bank
(PDB), as shown in Table 2. These 72 entries were
selected for having the same amino acid sequence but
different structures, i.e., the same set of atoms in dif-
ferent entries have different coordinates and different
B factors. Secondly, structure comparisons were per-
formed using the program LSQMAN from the Upp-
sala Software Factory.[49] Due to the limitation of the
program that at most 26 chains or NMR models can
be accommodated at one time, the 72 entries were di-
vided equally into three groups contained 24 chains
each. Within each group, the structure which had the
lowest value of root mean square deviation (RMSD)
in the least square superposition was considered as

the central one. Corresponding to three groups, three
different central structures were obtained. When the
structures in the three groups were reshuffled, three
different new central structures were obtained. By
trial and error, in total six frequently selected central
structures were found: 1lfq, 1lfu, 1jis, 1kxy, 1RFP and
1uig. When these structures were put into one group,
the 1RFP structure would be the central structure. If
used as the central structure for the whole set of 72
entries, the 1RFP had the smallest RMSD 0.109 Å
among the six central structures. Thus it would be
safe enough to select the 1RFP structure as the cen-
tral structure and the reference structure for the 72
PDB entries, whose resolution was 1.75 Å.

The correlation coefficients were calculated
against the 1RFP structure for the B factors. There is
no clear relationship between the resolutions and the
correlation coefficients, except that a good portion of
the 71 structures have correlation coefficients above
0.85. It also shows that the B factors of very high res-
olution structures do not correlate well with the others
and are not necessarily more accurate. We have found
that the three structures with the highest resolutions
(three data points on the far left of the Fig. 1) did not
even correlate well with each other. The correlation
coefficients were less than 0.60.

In order to study the relationship between the
B factor of the reference structure and that of the
other structures in the sample set, correlation coeffi-
cients were computed and analyzed. The residue B

factors were obtained by averaging the B factors of
main chain and side chain atoms. The correlation co-
efficients between the residue B factor of the reference
structure and that of the individual structures were
calculated and their distribution as a function of reso-
lution is shown in Fig. 1. Most correlation coefficients
are above 0.85. However, there is no particular linear
or any other relationship between the resolution and
the correlation coefficient, suggesting that an individ-
ual set of B factors is not always reliable, not even
with high resolution measurements. The average of
the 71 correlation coefficients is 0.8681. In contrast,
the correlation coefficient between the B factor of the
reference structure and that of the average structure
of the remaining 71 entries is 0.9792, which is not only
higher than 68 of the individual coefficients, but also
indicates a fairly good consistency with the reference
B factors. This trend is shown in Fig. 1. These results
show that the averaged temperature factors are more
accurate and reliable than that of a single measure-
ment, even the single measurement result is from high
resolution data.
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Å

0
.0

0
7

0
.0

0
2

0
.0

0
2

0
.0

0
3

0
.0

0
5

0
.0

0
4

0
.0

0
5

0
.0

0
2

0
.0

0
3

0
.0

0
2

0
.0

0
2

0
.0

0
1

rm
sd

a
n
g
le

/
◦

1
.0

4
2

.0
6
6
6

0
.6

9
1

0
.7

5
0

0
.9

5
0

0
.8

7
1

0
.9

5
7

0
.5

8
7

0
.7

0
9

0
.6

1
0

0
.6

2
6

0
.5

9
3

R
a
m

a
ch

a
n
d
ra

n
p
lo

t/
%

F
a
v
o
re

d
9
7
.6

9
8
.4

9
8
.4

9
8
.4

9
7
.6

9
7
.6

9
7
.6

9
8
.4

9
8
.4

9
9
.2

9
6
.9

9
7
.6

A
ll
o
w

ed
2
.4

1
.6

1
.6

1
.6

2
.4

2
.4

2
.4

1
.6

1
.6

0
.8

3
.1

2
.4

V
a
lu

es
in

p
a
re

n
th

es
es

a
re

fo
r

th
e

la
st

re
so

lu
ti
o
n

sh
el

l.
T

h
e

R
=

∑
|F

o
−

F
c
|/

∑
F

o
fo

r
th

e
9
5
%

o
f
th

e
re

fl
ec

ti
o
n

d
a
ta

u
se

d
in

th
e

re
fi
n
em

en
t.

T
h
e

F
o

a
n
d

F
c

a
re

th
e

o
b
se

rv
ed

a
n
d

th
e

ca
lc

u
la

te
d

st
ru

ct
u
re

fa
ct

o
r

a
m

p
li
tu

d
es

,
re

sp
ec

ti
v
el

y.
T

h
e

R
fr

e
e

is
th

e
eq

u
iv

a
le

n
t

o
f

R
,
ex

ce
p
t

th
a
t

it
is

ca
lc

u
la

te
d

fo
r

a
ra

n
d
o
m

ly
ch

o
se

n
5
%

te
st

se
t

ex
cl

u
d
ed

fr
o
m

th
e

re
fi
n
em

en
t.

T
h
e

R
a
m

a
ch

a
n
d
ra

n
p
lo

t
w

a
s

ca
lc

u
la

te
d

b
y

P
R

O
C

H
E

C
K

.
T

h
er

e
a
re

in
to

ta
l
1
2

in
d
ep

en
d
en

t
te

tr
a
g
o
n
a
l
ly

so
zy

m
es

cr
y
st

a
ls

d
a
ta

se
ts

co
ll
ec

te
d

a
ft

er
q
u
ic

k
so

a
k
in

g
in

4
d
iff

er
en

t
co

n
ce

n
tr

a
ti
o
n

G
d
n
H

C
l

so
lu

ti
o
n
s:

C
ry

st
1
,

C
ry

st
2

a
n
d

C
ry

st
3

w
er

e
so

a
k
ed

in
th

e
0
.5

M
G

d
n
H

C
l

fo
r

3
m

in
;

C
ry

st
4
,

C
ry

st
5
,

C
ry

st
6

w
er

e
so

a
k
ed

in
1
M

G
d
n
H

C
l

fo
r

3
m

in
;

C
ry

st
7
,

C
ry

st
8
,

C
ry

st
9
,

C
ry

st
1
0

w
er

e
so

a
k
ed

in
2

M
G

d
n
H

C
l
fo

r
3

m
in

,
w

h
il
e

C
ry

st
1
1

a
n
d

C
ry

st
1
2

w
er

e
so

a
k
ed

in
3

M
G

d
n
H

C
l
fo

r
a
b
o
u
t

4
0

s.

058701-4



Chin. Phys. B Vol. 20, No. 5 (2011) 058701

Table 2. PDB codes of 72 lysozyme chains used in this analysis.

PDB ID

193lA 1bhzA 1fluA 1ioqA 1jisA 1kxy− 1lzgA 1uidA 2cdsA

194lA 1bvxA 1flwA 1iorA 1jitA 1ljnA 1lznA 1uieA 2lyoA

1akiA 1c10A 1flyA 1iosA 1jiyA 1lpiA 1n4fA 1uifA 2lz2A

1at5A 1dpwA 1fn5A 1iotA 1jj0A 1lyoA 1ps5A 1uigA 3lymA

1at6A 1dpxA 1hswA 1ir7A 1jj1A 1lzbA 1qioA 1uihA 3lyoA

1azf− 1f0wA 1hsxA 1ir8A 1jseA 1lzcA 1qtkA 1xeiA 3lztA

1b0dA 1f10A 1ieeA 1ir9A 1kxw− 1lzdA 1RFPA 1xejA 4lyoA

1bgiA 1flqA 1io5A 1jefA 1kxx− 1lzeA 1uicA 1xekA 4lztA

Fig. 1. Scatter plot of data resolutions and correlation

coefficients.

A relative difference B factor is defined to de-
scribe more precisely the difference between the refer-
ence structure and the averaged structure. The rela-
tive difference B factor is defined as follows:

Breldiff = 2(Bave −Bref)/(Bave + Bref), (1)

where Bave is the averaged residue B factor of the 71
structures and Bref is the residue B factor of the ref-
erence structure. It is clear from the definition that
the relative difference B factor is dimensionless and
may be useful in evaluating the relative accuracy of
the two measurements of the real B factors. A small
relative difference B factor indicates that there are
two stable sets of the B factors and hence there is an
accurate measurement. For example, if a positive rel-
ative difference B factor occurred, there might be an
under-estimation of the B factor in the 1RFP struc-
ture relative to the average B factor, while a negative
one means an over-estimation. When the relative dif-
ference B factor is close to zero and stable along a
stretch of residues, the region of residues in the two
measurements is considered to have stable B factors.

In the current case, the relative difference B fac-
tors generally oscillate around zero with three seg-
ments more stable than that suggested by the abso-
lute B factors of the 1RFP structure: two α helices

and one β sheet (Fig. 2(a)). The first segment, the
most obvious part, is the second helix (from No. 25 to
34 residues) of the reference structure, in which the
relative difference B factor stably oscillates around
−0.018. This is because the second α helix assem-
bles in the inner part of the structure and the B fac-
tors measurement is more stable compared to those
exposed in the solvent. The second segment, residues
88–101, corresponds to the third helix in the struc-
ture and shows the same characteristics. Similarly,
the third segment is the middle β sheet ranging from
residues 49 to 54 and has more stable relative dif-
ference B factors compared to the other two β sheet
segments exposed to the solvent. In those regions com-
posed of loops or exposed to the solvent, the distribu-
tion of the relative difference B factors shows a wider
oscillation. From Fig. 2(a) it can be seen that big
relative difference B factors can also occur in regions
where absolute B factors are small. Therefore, the
relative difference B factor is a more stringent test of
the stability and accuracy of the B factors. More im-
portantly, the case here indicates that the stability in
the relative difference B factor means less flexibility
in the 1RFP structure.

3.1.2. Perturbing the crystals with quick soak-
ing in 0.5 M–3 M GdnHCl

In this work, 12 independent data sets of tetrag-
onal lysozyme crystals were collected after quick
soaking the crystals in four different concentration
GdnHCl solutions: three data sets with 0.5 M, three
data sets with 1 M, four data sets with 2 M and two
data sets with 3 M. The correlation coefficients be-
tween the residue B factor of the reference structure
1RFP and that of the individual structures were cal-
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culated and the results are shown in Table 3. Of the
12 correlation coefficients, the maximum is 0.8966, the
minimum is 0.8310, the median is 0.8598 and the stan-
dard deviation is 0.016. The average of the 12 correla-
tion coefficients is 0.8624. In comparison, the correla-
tion coefficient of the B factors of the reference struc-
ture 1RFP and the averaged structure is 0.8763, which
is higher than 10 of the individual correlation coeffi-
cients. The result thus demonstrates again that the
averaged measurement of the crystallographic temper-
ature factors is generally better than the individual
measurement, even the individual measurement has a
higher resolution. The average of the correlation coef-
ficient matrix excluding the self correlation coefficients
is 0.9540, which indicates that the independent struc-
tures after partially denaturing perturbations are still
very similar.

Figure 2(b) shows the detailed distribution of the
B factors in the experiment. Although only 12 data
sets were obtained in 4 partially denatured conditions,
it is obvious that the average B factors have the same
variation pattern as that of the 1RFP structure, which
is further confirmed by the correlation coefficient of
0.8763. However, it must be pointed out that the over-
all B factors in the experiment are smaller than that
of the 1RFP structure. The average of the residue B

factors in the experiment is 20.8 Å2, comparing to
22.7 Å2 for the reference structure. All the data sets
of the partially denatured crystals were collected at
100 K, while the data of the 1RFP structure was col-
lected at 295 K. The temperature factor is a conse-
quence of the dynamic disorder in the crystal caused
by the temperature-dependent vibration of the atoms
in the structure,[14] the overall B factors will decrease

accordingly at low temperatures due to less thermal
vibrations, which may account for above difference.
Interestingly, the relative difference B factors do of-
fer some useful information. For example, the relative
difference B factors of the segment of residues 25–34
are also stable as shown in Fig. 2(a), which indicates
stable B factors and accurate measurement along this
segment.

Fig. 2. Distribution of temperature factors for amino acid

residues. (a) The dash lines with empty boxes are for the

reference structure 1RFP, the dash lines with empty trian-

gles are for the 71 averaged structures, the solid lines with

filled diamonds are for the relative difference B factors. The

two straight lines represent the average of 1RFP (lower line,

22.7 Å2) and Brel.diff (upper line, 0.01) for the 129 amino

acids respectively. (b) The dash lines with empty boxes are

for the reference structure 1RFP, the dash lines with empty

triangles are for the 12 averaged structures in the perturba-

tion experiments, the solid lines with filled diamonds are for

the relative difference B factors. The two straight lines rep-

resent the average of 1RFP (lower line) and Brel.diff (upper

line, 0.02) for the 129 amino acids respectively.

Table 3. Correlation coefficients between different data sets.

Data1 Data2 Data3 Data4 Data5 Data6 Data7 Data8 Data9 Data10 Data11 Data12 B−12ave 1RFP

Data1 1.0000

Data2 0.9726 1.0000

Data3 0.9748 0.9832 1.0000

Data4 0.9813 0.9752 0.9709 1.0000

Data5 0.9800 0.9872 0.9761 0.9826 1.0000

Data6 0.9776 0.9786 0.9785 0.9852 0.9809 1.0000

Data7 0.9830 0.9620 0.9542 0.9755 0.9759 0.9648 1.0000

Data8 0.9694 0.9447 0.9482 0.9689 0.9637 0.9635 0.9690 1.0000 1.0000

Data9 0.9748 0.9632 0.9626 0.9837 0.9766 0.9806 0.9692 0.9776

Data10 0.9801 0.9670 0.9683 0.9776 0.9756 0.9830 0.9760 0.9729 0.9759 1.0000

Data11 0.9608 0.9526 0.9444 0.9594 0.9585 0.9599 0.9556 0.9517 0.9535 0.9637 1.0000

Data12 0.9451 0.9674 0.9558 0.9476 0.9543 0.9450 0.9343 0.9292 0.9308 0.9334 0.9447 1.0000

B−12ave 0.9905 0.9866 0.9836 0.9914 0.9915 0.9906 0.9836 0.9788 0.9866 0.9885 0.9743 0.9640 1.0000

1RFP 0.8661 0.8728 0.8766 0.8568 0.8598 0.8683 0.8831 0.8568 0.8490 0.8592 0.8559 0.8966 0.8763 1.0000

058701-6



Chin. Phys. B Vol. 20, No. 5 (2011) 058701

3.1.3. Relationship between different B factor
data sets

Another 6 independent data sets of native
lysozyme crystals were also collected. Since the B

factor data sets from the PDB files may have been
handled by different refinement programs, normalized
B factors are thus used for comparison and for analy-
sis of the relationship between different data sets. The
normalized B factor (Z score) is defined as follows:

BZ =
B − 〈B〉

σ(B)
, (2)

where B is the temperature factor of a certain residue
in the protein sequence, 〈B〉 is the averaged tempera-
ture factor of all residues in the sequence, σ(B) is the
standard deviation of the temperature factors. By the
average of multiple independent measurements, we get
four sets of temperature factors: the temperature fac-
tors of the reference structure B1RFP

Z , those of the
71 structures B71

Z , those of the 12 denatured struc-
tures B12

Z and those of the 6 native structures B6
Z. By

comparing the distances defined below and the corre-
lation coefficients between any two BZ data sets, it is
found that the distance is inversely related with the
correlation coefficient. The distance between two tem-
perature factor data sets RZ (R-factor) is defined as
follows:

RZ =

∑
j |Bmi

Z −Bni
Z |

L
, (3)

where Bmi
Z is the normalized temperature factor of

the i-th residue in structure m, L is the length of the
protein sequence. We calculate the distances and the
correlation coefficients between any two normalized B

factor sets. As shown in Fig. 3, the distances of B71
Z ,

B6
Z and B12

Z to B1RFP
Z are in the increasing order, be-

ing 0.157, 0.307 and 0.329, respectively, while their
corresponding correlation coefficients are in the de-
creasing order, being 0.979, 0.909 and 0.876, respec-
tively. Comparing B1RFP

Z and B71
Z , it is found that

B71
Z is closer to B6

Z and B12
Z than to B1RFP

Z . This re-
sult suggests that the 71 averaged B factors are more
accurate and more reliable estimations of the true B

factors, because the 6 native and the 12 denatured
data sets were measured in-house while all other sets
were extracted from the PDB, which may come from
different experimental conditions. The relationships

among the four sets are the same using either the R-
factor or the correlation coefficient as the measure of
the distance.

Fig. 3. Diagram summarizing the relationships between four

sets of B factors obtained with different methods and sources.

(a) The diagram uses the relative R-factor, similar to the crys-

tallographic R-factor, to measure the distance between the

data sets. (b) The diagram uses the correlation coefficient.

The higher the correlation coefficient is, the smaller the dis-

tance is.

3.2.Prediction of the active site residues

The 1.8 Å resolution structure 1LZE, a complex
of lysozyme with carbohydrate, is selected from the
PDB. The residues within 6 Å of the carbohydrate
are defined as the active site residues of 1LZE. There
are in total 23 residues within 6 Å of the carbohydrate,
all of which are regarded as the active site residues,
as shown in Table 4. Furthermore, the two structures
1RFP and 1LZE are compared through the DaliLite
program.[50] The RMSD of the main chain Cα atoms
is only 0.2 Å. Therefore, it is reasonable to use these
23 residues as the active site residues of lysozyme in
this study.
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Table 4. The distribution of correctly predicted active site residues by B12
Z −B6

Z.

Condition Residue number B12/Å2 B6/Å2

B12
Z −B6

Z > 〈B12
Z −B6

Z〉+ 2σ none none none

〈B12
Z −B6

Z〉+ 2σ > 21, 22, 81, 82, 18.3 (99), 25.8 (100), 12.6 (99), 17.9 (100),

B12
Z −B6

Z > 〈B12
Z − 83, 84, 85, 86, 34.9 (101), 25.8 (101), 21.0 (102),

B6
Z〉+ σ 99, 100, 101, 28.7 (102), 20.6 (103)

102, 103 27.6 (103)

〈B12
Z −B6

Z〉 − 2σ 43, 44, 45, 48, 49, 16.2 (43), 17.7 (44), 13.6 (43), 18.1 (44),

< B12
Z −B6

Z < 〈B12
Z − 50, 58, 59, 68, 73, 23.9 (45), 28.1 (48), 19.7 (45), 24.2 (48),

B6
Z〉 − σ 124, 125, 126 16.3 (50), 16.4 (58), 13.7 (50), 11.9 (58),

19.2 (59), 29.7 (73) 19.2 (59), 23.3 (73)

B12
Z −B6

Z < 〈B12
Z − 60, 61, 62, 69, 16.0 (60), 26.1 (61), 13.2 (60), 29.5 (61),

B6
Z〉 − 2σ 70, 71, 72 26.4 (62), 24.6 (71), 24.0 (62), 22.8 (71),

21.2 (72) 23.0 (72)

The 23 active sites are: GLU35, ASN44, ARG45, ASN46, ASP52, LEU56, GLN57, ILE58, ASN59, SER60, TRP62,

TRP63, ARG73, LEU75, ILE98, ASP101, GLY102, ASN103, ASN106, ALA107, TRP108, VAL109, ALA110. The correctly

predicted active residue numbers are in boldface. The numbers in the parentheses are the corresponding residue numbers for the

B values. The average of B12 is 20.76 Å2, while the average of B6 is 16.14 Å2.

It is generally thought that the active sites of an
enzyme tend to be more flexible and more sensitive
to partial denaturation and thus may be more likely
to associate with high B factors. By the definition
of the normalized B factor, the difference B factors
B71

Z −B1RFP
Z , B12

Z −B1RFP
Z , B6

Z−B1RFP
Z and B12

Z −B6
Z

are calculated and identified. All the residues with
high B factors (whose Z-scores are about one or more
σ in the four data sets) are then compared with the
active site region, allowing plus or minus 2 residues
in position along the sequence. It should be pointed
out that the two N terminal residues and the two C
terminal residues are excluded from the data set statis-
tics because of their much higher flexibility. It is clear
that high B factor residues do not cover the whole
active region. However, when low B factor residues
(whose Z-scores are less than −σ) are included, most
of the active region is covered. Thus all the residues,
whose B factor Z-scores are one σ more or one σ less
than the average value, are predicted as the active
site residues. Take the difference B factor B12

Z −B6
Z as

an example, the predicted active site residue numbers
and their corresponding refined temperature factors
are shown in Table 4. The 〈B1

Z −B6
Z〉 is the averaged

(B12
Z −B6

Z). It is found that the predicted active site
residues include not only the residues with high B fac-
tors, but also some residues with low B factors. Thus
the predicted active site residues could be divided in
to two groups: the flexible residues (corresponding to

B12
Z − B6

Z > 〈B12
Z − B6

Z〉 + σ) whose B factors rise
after partial denaturation and the more rigid residues
(corresponding to B12

Z −B6
Z < 〈B12

Z −B6
Z〉 − σ) whose

B factors remain small or even decrease after partial
denaturation.

In order to evaluate the prediction efficiency of
different data sets, a series of evaluation parameters
are defined as follows:

Specificity =
The number of correct predictions
The number of active site residues
× 100%, (4)

Coverage =
The number of total predictions
The total number of residues

× 100%, (5)

Sensitivity =
The number of correct predictions
The number of total predictions
× 100%. (6)

Table 5 lists the prediction performance obtained
by using different data sets of B factors. The first three
sets are predictions based on difference B factors us-
ing 1RFP as the reference set, while the last row is a
difference set between the 12 denatured set (averaged
over 12 sets) and the 6 native set (averaged over 6
sets). The difference B factor B12

Z − B1RFP
Z has the

lowest prediction specificity, giving only 39%. Com-
paratively, the difference B factor B12

Z − B6
Z has the

highest prediction specificity of 78%. The other two
data sets B71

Z − B1RFP
Z and B6

Z − B1RFP
Z give equally
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prediction specificity of 61%. For the prediction cov-
erage, the four data sets show the same characteristics
as the prediction sensitivity. The B12

Z − B6
Z and the

B6
Z − B1RFP

Z give the highest and lowest prediction
coverage respectively. Too high or too low coverage
will definitely affect the prediction specificity (or accu-
racy). In terms of prediction sensitivity, the difference
B factors B12

Z −B1RFP
Z and B6

Z−B1RFP
Z have the lowest

prediction sensitivity, all less than 50%. Whereas the
difference B factors B71

Z −B1RFP
Z and B12

Z −B6
Z have

the highest efficiencies, giving 50% and 55% respec-
tively. These results suggest that using the difference
B factors and the data sets from partial denaturation
can increase the prediction performance considerably.
Figure 4 shows the distribution of the difference B

factors B12
Z −B6

Z, where all the residues with the dif-
ference B factors higher than the average plus σ or
lower than the average minus σ are the predicted ac-
tive residues.

Table 5. The prediction efficiency statistics.

Data set Specificity /% Coverage /% Sensitivity /%

B71
Z −B1RFP

Z 61 22 50

B6
Z −B1RFP

Z 61 22 48

B12
Z −B1RFP

Z 39 17 41

B12
Z −B6

Z 78 26 55

Fig. 4. Distribution of the difference B factors between

the 12 denatured set and the 6 native set. The BZ means

the B factors are normalized.

4. Discussion

To identify and to characterize protein–protein
interactions and their networks, a wide spectrum
of experimental methods have been developed.
These methods include yeast two-hybrid (Y2H),[51,52]

tandem affinity purification (TAP)[53] and high-
throughput mass spectroscopy protein complex identi-
fication (HMS-PCI).[54] Protein interaction databases
[55,56] have also been developed to integrate protein
interaction information from disparate sources. X-ray

crystallography has been the most prolific technique
for the structural analysis of protein and protein com-
plex in terms of accuracy and resolution, but the num-
ber of solved protein complexes remains small.[57] So
there is a need to develop other methods for analyzing
protein interactions. In this work, based on the the-
ory of the conformational flexibility of the active site
regions,[31−33] we have developed a new method for
characterizing the protein interaction sites by perturb-
ing the crystal structure using quick soaking at vari-
ous low concentration GdnHCl solutions. It has been
shown that the partial denaturation by low concen-
tration denaturing agents do not destroy the lysozyme
crystals completely, although it lowers the diffraction
resolution slightly, from 1.7 to 2.0 Å. This supports
our hypothesis that the overall structure or the fold-
ing scaffold of a protein is preserved during the partial
denaturation.

In addition, it has been shown that the aver-
aged B factors from multiple measurements are in-
deed more accurate and more reliable than a single
measurement. This result is consistent with the ba-
sic principles of measurement errors in experiment.
Therefore, this method is particular useful when no
high resolution diffracting crystals are available and
accurate determination of B factors are still needed,
although repeated measurements using multiple data
sets are necessary. The accurately measured B factors
would also benefit the calculation of phase information
in molecular replacement.[58,59]

Combining the above two new experimental
methods, we have extended the idea that the active
site residues are more sensitive to denaturing agents
and have designed a new method for predicting the
active site residues by using the difference B factors
between the native and the partial denaturated data
sets. This method offers a new experimental way to
predict the interaction sites of a protein. Such in-
formation is crucial in understanding the biological
functions of a protein.

Another very interesting result of our study is
that the active site residues are composed of not
only more flexible (B factors rise after denaturation)
residues but also more rigid (B factors remain stable
or even decrease after denaturation) residues. It seems
that the active site residues of lysozyme should be
more flexible or more mobile than the whole molecule
on average and consequently would be more sensitive
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to the perturbation by denaturants or by physical fac-
tors such as temperature. Take the B values of the
native and the denatured data sets as an example, we
have found that both the absolute B values and the
normalized B values of some active site residues are
higher than their corresponding average values for the
whole molecule (Table 4). This conforms to the results
of Artymiuk[18] that the active site residues are more
flexible than the non-active site residues. However, it
must be pointed out that while some of the active site
residues have raised their B values, the others have re-
mained or even reduced their B values and therefore
have become more rigid in the process of denaturation.
Yuan[24] and Bartlett[60] have shown that the B values
of active site residues are on average lower than that
of the non-active residues. The appearance of both
relatively flexible and rigid residues in the active site
is likely linked to functions.[61,62] So the active site
residues may be connected through a network that
covers the most part of the substrate binding sites
with a dynamic pattern of flexibility and rigidity.

It must be pointed out that our method was only
tested with the lysozyme crystals. In the future, we
will carry out tests with other crystals. In the ab-
sence of comparable methods, we cannot evaluate the
performance of our prediction method. Nevertheless,
for a protein of unknown function, the information of

its potential active site residues could be very useful
and may be obtained by the difference of the normal-
ized B factors between the native and the denaturated
crystals. It is expected that our method may also be
useful for drug discovery, such as the evaluation of
drug targets.

5. Conclusions

A method for accurately measuring the crystal-
lographic temperature factors has been described in
which GdnHCl is used as a chemical denaturant to
partially perturb the structure of a crystal. The mul-
tiple independent data sets are used to calculate the
average B factors for the crystal structure. The re-
sults show that the crystallographic temperature fac-
tors measured in this way may be as accurate as a sin-
gle measurement obtained at a higher resolution. The
method is further explored by developing a method
for predicting the active site residues with a high accu-
racy. This prediction method may be useful for charac-
terizing the binding site and the function of a protein.
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