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Abstract It is well-known that the IgG-binding domain
from staphylococcal protein A folds into a 3o helix bundle
structure, while the IgG-binding domain of streptococcal
protein G forms an (« + f) structure. Recently, He et al.
(Biochemistry 44:14055-14061, 2005) made mutants of
these proteins from the wild types of protein A and protein
G strains. These mutants are referred to as protein A219
and protein G311, and it was showed that these two
mutants have different 3D structures, i.e., the 3o helix
bundle structure and the (x + f§) structure, respectively,
despite the high sequence identity (59%). The purpose of
our study was to clarify how such 3D structural differences
are coded in the sequences with high homology. To address
this problem, we introduce a predicted contact map con-
structed based on the interresidue average-distance
statistics for prediction of folding properties of a protein.
We refer to this map as an average distance map (ADM).
Furthermore, the statistics of interresidue distances can be
converted to an effective interresidue potential. We cal-
culated the contact frequency of each residue of a protein
in random conformations with this effective interresidue
potential, and then we obtained values similar to ¢ values.
We refer to this contact frequency of each residue as a p(u)
value. The comparison of the p(u) values to the ¢ values
for a protein suggests that p(u) values reveal the informa-
tion on the folding initiation site. Using these techniques,
we try to extract the information on the difference in the
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3D structures of protein A219 and protein G311 coded in
their amino acid sequences in the present work. The results
show that the ADM analyses and the p(u) value analyses
predict the information of folding initiation sites, which
can be used to detect the 3D difference in both proteins.
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Introduction

Many proteins are the targets of drug design against pan-
demic diseases (see, e.g., Chou et al. 2006; Du et al. 2007,
Gao et al. 2007; Li et al. 2007; Oxenoid and Chou 2005;
Schnell and Chou 2008; Wang et al. 2007a, b; Wei et al.
2006a, b; Wu and Yan 2008; Ye et al. 2007; Zhang et al.
2006), and hence it is vitally important to acquire their
three-dimensional (3D) structural information via various
computational approaches (see, e.g., Chou 2004; Lubec
et al. 2005). The information on the 3D structure and
function of a protein must be coded on its amino acid
sequence, and how we decode a protein sequence is the
main problem for predicting 3D structural information in
bioinformatics and molecular biophysics. We usually use
sequence alignment of sequentially homologous proteins to
solve such problems (see, e.g., Chou 2004). Except for
some special cases (e.g., Chou et al. 1999), usually for 3D-
structure prediction of a protein with sequence homology,
more than 30% sequence homology is required, and we can
make a relatively accurate model of the 3D structure of a
protein if we can use a template structure with more than
50% sequence homology.

Recently, however, a pair of proteins sharing 59%
sequence homology but possessing different 3D structures
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Fig. 1 Multiple sequence
alignment for protein A, protein
A219, protein G and protein
G311. The PDB code of each
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was reported (He et al. 2005; Alexander et al. 2005). It has
been observed that the IgG-binding domain from staphy-
lococcal protein A folds into the 3o helix bundle structure,
and the IgG-binding domain of streptococcal protein G
forms the (o + f) structure. He et al. (2005) made mutants
from the wild types of protein A and G strains with the
phage display technique. These mutants are referred to as
protein A219 and protein G311, respectively, and the
authors showed that these two mutants have different 3D
structures, i.e., the 3o helix bundle structure and the
(e + ) structure, respectively, despite the high sequence
identity (59%). It should be noted that there is just 11% of
the sequence identity between the sequences of protein A
and protein G. The difference in the 3D structure formation
of these proteins has been investigated recently with
molecular dynamics technique starting with the native
structures (Scott and Daggett 2007).

The purpose of our paper is to clarify how the 3D
structural difference is coded in the sequences with high
homology. However, in the present case, the sequence
homology is too high, and it is difficult to solve the present
problem with the usual sequence alignment or other stan-
dard bioinformatical techniques.

For our purpose, we introduce a predicted contact map
constructed based on interresidue average-distance statis-
tics for prediction of folding properties of a protein. We
refer to this map as an average distance map (ADM)
(Kikuchi et al. 1988; Kikuchi 2002). ADM was originally
developed to predict compact areas such as domains in the
sequence of a protein. We can show that the information of
folding processes of a protein is reflected in its ADM, i.e.,
the locations of subdomains predicted by its ADM are
related to early folding segments (Ichimaru and Kikuchi
2003; Nakajima et al. 2005). In this paper, we present the
results of analyses of ADMs for IgG-binding proteins and
their mutants.

At the same time, the statistics on interresidue distances
can be converted to an effective interresidue potential
(Kikuchi 1996, 1999). We calculated the contact frequency
of each residue of a protein with random conformations
using the interresidue potential based on the interresidue
average-distance statistics, and we obtained values similar
to ¢ values (Daggett and Fersht 2000). Of course, the
underlying concept of these values, which we refer to as
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p(p) values, is not exactly the same as ¢ values. However,
the comparison of the p(u) values with the ¢ values for a
protein suggests that a profile of p(u) values reveals the
information on the folding initiation site. In this paper, we
try to analyze how the difference in 3D structures of the
mutants of IgG-binding protein A and protein G can be
detected from their sequences with the p(u) value analyses
in combination with the ADM analyses.

Methods
Proteins used in the present work

We treat protein A, protein A219, protein G, and protein
G311 in this study. The sequences of these proteins are
shown in Fig. 1. The identical residues between protein
A219 and protein G311 are indicated, and the sequence
homology between these two proteins is 59%. The 3D
scaffold of protein A and protein A219 is 3« helix bundle
structure, and that of protein G and protein G311 is (x + f3)
structure. We present the 3D structures of protein A and
protein G in Fig. 2.

(a)

Fig. 2 3D structures of a protein A (3« helix bundle structure) and b
protein G [(o + ) structure]. The « helices are shown in red and the
p strands in blue
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Brief survey of the average distance map (ADM)
method

The ADM method is described in Kikuchi et al. (1988) and
Kikuchi (2002) in detail. Here, let us briefly present a
survey of the method.

Calculation of the average distances between residues
in each range defined as separation between residues
along the sequence of a protein

Interresidue average distances were calculated according
to ranges defined in advance. When i and j are residue
numbers along a given sequence, a range is defined as the
length between two residues along the sequence. That is,
a range is defined as M =1 when 1<k <S§;
9 <k<20,21 <k<30,31 <k <40 and so on define
ranges M = 2, 3, 4, ..., respectively, where k = |i — jl. An
average distance, d(A, B, M), where A and B denote
amino acid types, was calculated for every residue pair in
the range M. Then, a contact map for a protein with
unknown 3D structure based on the average distances was
constructed. If the average distance between i-th and j-th
residues in range M is less than a cutoff distance defined
in advance, i.e., d(A, B, M) < d.(A, B, M), we make a
plot on the map. Here, d.(M) denotes a cutoff distance of
the range M. The cutoff value was determined in the
following way.

Definition of cutoff distances used to construct ADMs

The procedure to define a cutoff distance value in each
range for the construction of the ADM of a given
sequence is as follows. A cutoff distance for each range
is determined in order that the contact density of the
whole ADM is close to that of the real distance map
(RDM) of a given protein, where the RDM represents a
contact map constructed based on the actual 3D structure
of a protein. (A contact on RDM is defined when the
interresidue Co atomic distance is less than 15 A in the
present study). The contact density on RDM can be
approximated by the formula p,, = C/N, where p,, is
the average value of contact density for the entire region
of a map, N is the total number of residues, and C is an
adjustable constant (Kikuchi et al. 1988). C = 36.12 is
used in the present work. To reproduce a value of
Pav = C/N, cutoff distances for construction of ADM of
a given protein are determined. Thus, a different cutoff
distance is used for a different range in the construction
of ADM. Furthermore, the following formula is assumed,
i.e., the number of residue pairs that make contacts
obeys the following equation for range M (Kikuchi et al.
1988).

PO = () P00 )

P(M).. is the number of amino acid pairs whose average
distances in the range M are less than the cutoff distance,
i.e., residue pairs to be plotted on the ADM, and P(M), is
the total number of residue pairs in the range M, i.e., 210
pairs of residues minus the number of pairs with statisti-
cally insufficient occurrence (Kikuchi et al. 1988). D is an
adjustable parameter that gives the overall average density
Pay of ADM close to the predicted value of p,, on RDM.

Contact density difference

A map is divided into two parts by a line parallel to the
ordinate at the i-th residue or by a line parallel to the
abscissa at the i-th residue as shown in Fig. 3a and b. We
define a contact density difference as Ap; = p; — p; where
p; and p; denote the contact density of the triangular and
trapezoidal parts, respectively (see Fig. 2).

Ap; = p; — p; is scanned from residues 1 to N, and then
a scanning plot of contact density differences is obtained.
We call the scanning plot produced by the division using
the line parallel to the ordinate horizontal scanning, and the
plot produced by the line parallel to the abscissa vertical
scanning. The h of Ap! and v of Ap} denote the horizontal
and vertical divisions of a map, respectively.

Definition of compact regions

A scanning plot usually shows some peaks and valleys,
which denote a large change in contact density values on a
map. Schematic drawing of a horizontal scanning plot of
Ap? from 1 to N is shown in Fig. 3¢, and the peak and
valley appear at a and b in the figure at the large change in
the contact density values. The same situation is observed
in the vertical scanning in Fig. 3d. Thus, we can detect the
boundary of a compact region on a map by a peak and a
valley appearing in horizontal and vertical scanning plots
of contact density differences.

Prediction of locations of subdomains

The positions of the peaks of scanning plots also define the
locations of subdomains as indicated in Fig. 4. A fictitious
contact map with two compact areas near the diagonal of a
map is presented in this figure, showing the horizontal and
vertical scanning plots. The peaks at the residues A and B
in the horizontal scanning plot and the residues C and D in
the vertical scanning plot indicate the existence of two
domains. Thus, we predict the regions A—C and B-D on the
map as possible compact regions or domains in the given
protein.
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Fig. 3 a Contact map for a ()
fictitious protein divided by a

line parallel to the ordinate at the

residue i. The density of contacts ~h
(plots) on the triangular part of
the divided map is defined as p,”
and that of trapezoidal part as
ﬁ?. b Contact map for a fictitious
protein divided by a line parallel
to the abscissa at the residue i.
The density of contacts (plots)

(b)

on a triangular part of the i
divided map is defined as p;" and

that of trapezoidal part as p;. (c)
¢ Schematic drawing of a

scanning plot of the differences

in contact density, Apl' =

p? - f)?, from 1 to Nona

fictitous map. A peak and a

valley appear at a and b in the

figure at a large change in

contact density values. We refer R sk
to the scanning plot produced by

the division using the line
parallel the ordinate as a b
horizontal scanning.

d Schematic drawing of a
scanning plot of the differences

in contact density, Ap) = pr 4

p; — p}, from 1 to N on the

fictitous map. A peak and a

valley appear at ¢ and d in the b

figure at a large change in contact

density values. We refer to the
scanning plot produced by the
division using the line parallel
the abscissa as vertical scanning

—

Interresidue potential calculated from the
average-distance statistics

We derive an interresidue effective potential from the
average-distance statistics, which reproduces the average
distances and standard deviations used for the construction
of ADMs using the Gaussian function as a distribution
function (Kikuchi 1996).

Model of a protein

We employ a simple bead model for a protein, i.e., each
amino acid is represented by its Co atom, and the detailed
structure of each amino acid is ignored. A peptide bond is
represented as a virtual bond with a length of 3.8 A. In this
model, each bond angle 6 and each dihedral angle ¢ are
variables as shown in Fig. 5.

Interresidue effective potential

When ggfl(r,»j) is an interresidue effective potential between
residue i and j, ggfl(r,-j) is expressed as Eq. 2 where 75 is the
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average distance between Co atoms of residue types A and
B in range M and o%; is the standard deviation.
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r;; is the distance between Co atoms of residues i and j. Z is
the partition function. Residue types A and B correspond to
the residue types of i and j. k and T are the Boltzmann
constant and temperature, respectively. The constant terms
in Eq. 2 can be regarded as the zero point. In the present
study, we put ey (r;) = enc when A <rew. We set
Fewe = 1.9 A and eyc = 50 kcal/mol. These values were
obtained empirically (Kikuchi 1996).

Monte Carlo simulation

A simulation was performed from a totally randomized
conformation, i.e., we performed sampling of random
structures with the present potential using the standard
Metropolis Monte Carlo technique. In a Monte Carlo
simulation, each dihedral angle, ¢, and bond angle, 0, of a
residue was varied within —yn < ¢, 0 < yn followed by
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Fig. 4 A fictitious contact map with two compact areas near the
diagonal of a map with horizontal and vertical scanning plots. The
peaks at the residues A and B in the horizontal scanning plot and
the residues C and D in the vertical scanning plot indicate the
existence of two domains. The regions A—C and B—D on the map are
the possible compact regions or domains in the protein

Co atom

Fig. 5 The model of a protein in this study. Each amino acid is
represented by its Co atom and the detailed structure of each amino
acid is ignored. A peptide bond is represented as a virtual bond with
the length of 3.8 A. In this model, only bond angle 0 and dihedral
angle ¢ are variable

the Metropolis judgment. y and temperature parameter T
were adjusted in order that the acceptance ratio in the
Monte Carlo routine was around 0.5. This procedure was
iterated for all residues. For a whole simulation, this rou-
tine was iterated 60,000 times.

Calculations of the contact frequency during the
simulations

The contact frequency g(i, j) for a residue pair of the
sequence, in other words, the contact probability, was
calculated. Contact is defined as r;; of less than 10 A in this

study. A measure of high contact frequency, Q(u, v), is
defined according to the following equation, where y and v
are the u-th and v-th residues.

(g(/l,v) - (ZZJ—W» _

D(m)

O(u,v) = (3)

Here, D(m) is defined as in Egs. 4 and 5.

D(m) _ Z|i—j‘:m (g(;)__g(l7 j)|i-j‘:m) (4)

_ E|i7j\:m g(i’ ])
2

p(n) = >, 0(u, v) expresses a residue showing high con-
tact frequency with other residues and this value
corresponds to a ¢ value (Daggett and Fersht 2000). We
ran 10 simulations for each protein, and took average
values of the 10 simulations.

A ¢ value is an experimentally observed value defined
for each residue, and this value denotes the measure of the
involvement of each residue in the native structure for-
mation during its folding transition state (Daggett and
Fersht 2000).

g(m) (5)

Results

ADMs for protein A, protein A219, protein G, and
protein G311

The ADMs for protein A, protein A219, protein G, and
protein G311 are presented in Fig. 6a—d. For protein A,
ADM predicts the region 9-54 as a domain including the
3a helices, and for protein A219, the region 16-56 is
predicted as a domain that contains the second and third
helices and a part of the first helix. The ADMs of these 3«
bundle proteins basically show that the predicted compact
regions or subdomains contain 3o helices.

On the other hand, the ADM for protein G predicts the
region 20-54, located in the C-terminal side, as a subdo-
main, and for protein G311 the region 2945, as presented
in Fig. 6¢ and d, respectively. That is, the compact regions
predicted by the ADMs of the (o + f§) proteins contain
mainly the central « helix and f strand(s) located in the C
terminal region of the sequence. From these ADMs, the
following predictions are made. For proteins with the 3«
helix bundle structure, the threee helices form compact
regions during the folding, and for the (o + f) structure
proteins, the C terminal part is mainly involved in the
folding. Thus, some differences can be observed on the
ADMs.
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Fig. 6 Average distance maps (a)
(ADMs) for the proteins treated

in this paper. The positions of %
secondary structures are 07
indicated near the diagonal lines

of the maps. a ADM for protein 20
A. The predicted region of the
subdomain is 9-54, enclosed by 30 1
thick black lines on a map.

b ADM for protein A219. The 40
predicted region of the
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Analysis with the interresidue effective potential
and p(u) value analysis

Figure 7a shows the p(u) values for protein A and protein
A219. The positions of the peaks of the p(u) values for
protein A are 16-V, 30-F, and 44-V, and the peaks appear
in the p(p) values for protein A219 at the same position.
These residues at the peaks are totally conserved between
protein A and protein A219. The residues are located in
the first, second, and third helices, respectively. Further-
more, in the native structures of these proteins, the
residues at the peaks of the p(i) values form a hydro-
phobic packing as shown in Fig. 8a. It is recognized that
the p(u) values of some residues around 16-V in the
N-terminal helix are higher than the p(u) values of the
residues in the second and third helices, which suggests
the deep involvement of the N-terminal helix in the
folding. The experimentally observed ¢ values for protein
A by Sato et al. (2004) are also presented in Fig. 7a (see
also Sato et al. 2006; Sato and Fersht 2007). We notice
from Fig. 7a that the locations of peaks of p(u) values
correspond well to the ¢ values.

We also show in Fig. 7b the p(u) values for protein G
and protein G311, whose structures exhibit (a + f)
topology. This figure indicates that the p(u) values of the
central o helix and the third f strand are higher compared
with those of the 3o helix bundle structures. Among
the residues on and near the peaks of the p(u) curve for
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protein G, 34-A and 43-W, and 23-A and 45-Y form
hydrophobic packing in the native structure as shown in
Fig. 8b. These residues correspond to 34-L and 43-W, and
23-A and 45-Y in protein G311, and they also form the
hydrophobic contacts in the native structure of protein
G311 (Fig. 8b). The ¢ value obtained by McCallister et al.
(2000) also indicates the role of the C-terminal region and
the o helix in the folding, although their detailed analysis
suggests the involvement of a f§ turn between 3 and f4.

Discussion

The predictions by the ADMs for protein A and protein
A219 suggest almost the same folding properties, i.e., the
ADMs predict a folding process in which 3« helices form a
compact region and grow to the native structure. This
observation is reflected in the p(u) profiles—the predicted
contact frequency of each residue with the other residues—
for protein A and protein A219, i.e., the three peaks are
observed in the p(u) profile and each peak corresponds to
each helix. These results correspond to the fact that the
three residues at the peaks form the hydrophobic contact in
the native structures of both protein A and protein A219 as
presented in Fig. 8a. These results also correspond to the ¢
value profile for protein A. Thus, the analyses with aver-
age-distance statistics predict the folding properties of
protein A and protein A219.
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Fig. 7 aPlots of p(y) values for protein A and protein A219. The plot
for protein A is denoted by triangles with a solid line and that for
protein A219 by rectangles with a broken line. The plot of ¢ values
for protein A (Sato et al. 2004) is also indicated with filled circles.
The black arrows indicate the location of the peaks of the p(u) values
for protein A and protein A219. The positions of « helices are
indicated by open rectangles. b Plots of p(y) values for protein G and
protein G311. The plot for protein G is denoted by rectangles with a
solid line, and that for protein G311 by triangles with a broken line.
The plot of ¢ values for protein G is also indicated with circles with a
chain line. The black arrows indicate the location of the peaks of the
p(p) values for protein G and protein G311. The positions of an o
helix and f strands are indicated by an open rectangle and open
arrows, respectively

For protein G and protein G311, the ADM profiles
predict that each protein folding starts at the C-terminal
region, i.e., folding occurs at the central « helix and the
third (and fourth) f strand(s) in each protein. The p(w)
profiles also indicate the activation of the central helix and
the third strand for the contact formation. The tendency in
the location of peaks of the p(u) profile for protein G
somewhat resembles the location of the peaks in the ¢
value profile obtained by McCallinger et al. (2000) as seen
in Fig. 7b. It is observed that some of the residues on and

near the peaks of the p(u) profiles for protein G and protein
G311 form hydrophobic contacts in the native structures as
presented in Fig. 8b, although the correspondence between
the residues forming the hydrophobic contacts and the
residues on the peaks of the p(u) profile is more remarkable
in the cases of protein A and protein A219. However, a
remarkably high peak is observed at the f§ turn between the
third and fourth f§ strands in the ¢ value profile (McCal-
linger et al. 2000) but not in the p(u) profile. The
involvement of the C-terminal f turn is also indicated by
the results of unfolding simulations (Scott and Daggett
2007). Thus, we need further detailed simulations to pre-
dict the fine structure of the ¢ value profile. We are
currently working on this problem by incorporating the
transition structure information into the contact-frequency
calculations.

The problem in this paper is whether we can detect the
3D structural difference between protein A219 and pro-
tein G311 from the sequences with the high 59%
sequence homology. As an attempt, let us compare the
local sequences around the highest peaks of the p(w)
profiles for protein A219 and protein G311. The highest
peak of the p(p) profile for protein A219 is located at the
residue 16-V, and that for G311 at the residue 42-V.
Tentatively, let us take the sequence of i £ 5 residues,
where i stands for the residue number of the highest peak
of a p(p) profile. First of all, we compare the residues 11—
21 of protein A219 with the corresponding part of protein
A (see Figs. 1 and 9). We note that only one residue
differs between the local sequences of protein A219 and
protein A, i.e., the amino acid identity of this part is
90.9%. In contrast, when we compare this part of the
sequence of protein A219 with the corresponding local
sequence of protein G, the amino acid identity is 9%. It
should be recalled that the 3D scaffold of protein A219 is
the same as that of protein A, that is, the 3« helical
bundle structure. In other words, protein A219 folds to the
3D structure of a protein whose corresponding local
sequence is highly homologous to the sequence around
the highest peak of the p(u) profile for protein A219.

Next, the local sequence 37-48 of protein G311 is
compared with the corresponding part of protein G (see
Fig. 9). The amino acid identity of these local sequences is
81.8%. When we compare 37—48 of protein G311 with the
corresponding part of protein A, the amino acid identity is
18% (Fig. 9). The 3D structure of protein G311 is the
(a0 + p) structure, i.e., the 3D structure of protein G311 is
the same as that of protein G, whose corresponding local
sequence shows high homology with the local sequence
around the highest peak of the p(u) profile for protein
G311. Thus, as far as the IgG-binding domains are con-
cerned, we can detect the 3D structural difference between
protein A219 and protein G311 using the p(u) value
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Fig. 8 a The 3D structures of
protein A and protein A219 with
the residues showing the peaks
in the profiles of p(u) plots.
These residues form the
hydrophobic packing. b The 3D
structures of protein G and
protein G311 with the residues
located near the peaks in the
profiles of the p(u) plots, which
form hydrophobic packing

Protein A

16-V

Protein A219

23-A

44-W 45-Y
— — BN )  —
+ %+ + + 818% +
G(1PGA) MTYKLILNGKIIB SO RGNy DA A TAEKVFKQY ANDI N F RN ATKTF TVTE
G311 (12XH) MYYLVVNKGQNAFYETLTKAVDAETARNAFIQSLKTKTFTVQA
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90.9%

18%

Fig. 9 Comparison of the local sequences near the residue at the
peaks of the p(u) profiles. We take the sequence of i £ 5 residues,
where i stands for the residue number of the highest peak of a p(u)
profile. The local sequence used in the protein A219 comparisons is
the residues 11-21. This part is compared with the corresponding
regions of the sequences of protein A and protein G. The local
sequences used for the sequence comparisons are indicated by black
bars. The sequence identity between these regions of protein A219

profiles calculated based on the average-distance statistics
and local sequence homology. That is, even though two
IgG-binding domain sequences show very high homology,
the difference in local sequence homology around the
peaks of the p(u) profiles determines the 3D structural
difference. We consider that a region containing the
highest p(u) values promotes the folding of a protein and
therefore the difference in the folding can be detected in
the present manner. We are considering that the present
strategy can be extended to protein 3D-structure prediction.
We are currently working in this direction.

@ Springer

and protein A is 90.9%, whereas it is 9% when the local sequence of
protein A219 is compared with the corresponding part of protein G.
The highest peak of the p(u) profile for protein G311 is at 42-V. The
region 37-48 of protein G311 is compared with the corresponding
part of protein G. The amino acid identity of these local sequences is
81.8%, but the amino acid identity of 37—48 for protein G311 with the
corresponding part of protein A is 18%
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