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Influences of the Hydrophobicity of the Heme-binding Pocket on the
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The mutation sites of the four mutants F35Y P40V V45E and
V45Y of cytochrome b; are located at the edge of the heme-
binding pocket. The solvent accessible areas of thé¢' pocket inte-
rior” of the four mutants and the wild-type cytochrome b; have
been calculated based on their crystal structures at high resolu-
tion. The change in the hydrophobicity of the heme-binding
pocket resulting from the mutation can be quantitatively de-
scribed using the difference of the solvent accessible area of the

pocket interior” of each mutant from that of the wild-type cy-
tochrome bs. The influences of the hydrophobicity of the heme-
binding pocket on the protein stability and redox potential are
discussed .
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Introduction

Electron transfer reactions are the key steps in photo-
synthesis respiration and many other biochemical process-
es.! Cytochrome bs is a redox protein existing widely in
nature which acts as an electron-carrier during various
electron transfer processes in the biological system .?

Cytochrome bs is a membrane protein with molecular
weight of approximately 16 kDa of which the hydrophobic
C-terminal domain anchors cytochrome bs to the mem-
brane and the hydrophilic N-terminal domain contains
heme prosthetic group and exhibits the biological functions
of the intact cytochrome bs.>

Proteolyzed by lipase or trypsin cytochrome bs pro-
duces a soluble N-terminal fragment. The crystal structure
of the former was reported earlier.*® We prepared the re-
combinant wild-type fragment of the latter which is referred
to as WT-Ths and its crystal structure was determined.’
The heme prosthetic group is bound in a hydrophobic
pocket which is shown in Fig. la. Four helices «all

L32—H39 olll E43—A50 oIV A54—V61 «aV
S64—I175 form the wall and three 3-strands BII T21—
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G51—A54  form the bottom
and the top part of the heme

L25 gHI Y27—L32 BIV
of the heme-binding pocket
is exposed to the aqueous environment.

Site-directed mutagenesis combined with X-ray crys-
tallography NMR
netics were used to study the structure-function relationship
of cytochrome bs.512

spectrometry electrochemistry and ki-

We prepared seven mutants of Ths and determined
their crystal structures as well as the properties and func-
tions.” 31 The seven mutants are grouped into two types
according to the locations of the mutation sites the first
type includes F35Y P40V V45E V45Y V6IH '31°
with the mutation sites at the edge of the heme-binding
pocket as shown in Fig. 1b the second type includes
E44/56A and a quadruple-site mutant 7 with the mutation
sites at some negatively charged amino acid residues locat-
ed at the molecular surface which are involved in the in-
teractions with cytochrome ¢ and greatly influence the
electron transfer rate. Based on the crystal structures and
various properties and functions of WT-Tbs and its seven
mutants the relationship between the structures and prop-
erties or functions was previously discussed in detail for
each mutant respectively and a variety of influencing fac-
tors were suggested.7 13-17

In this paper based on the comprehensive analysis of
the structure-function relationship we focus on the first
type of the mutants. For WT-Tbs and four of the five mu-
tants of this type F35Y P40V V45E and V45Y the
crystal structures were determined at high resolution

0.18—0.19 nm .

pocket interior” of WT-Ths and these four mutants were

The solvent accessible areas of the

calculated and the difference of the area of each mutant
from that of WT-Tbs was taken as the quantitative descrip-
tion of the hydrophobicity change of the heme-binding po-
cket resulting from the mutation. The redox potentials and

the protein stability of F35Y P40V V45E and V45Y are
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Fig. 1 Stereo ribbon diagrams of the heme-binding pocket of WT-7bs and the first type of mutants. a Heme and the side chains of F35
P40 V45 and V61 in WT-Tbs are shown. b Heme and the side chains of Y35 V40 E45 Y45 and H61 in the first type of

mutants are superimposed and shown. These diagrams were prepared using the program SETOR .

summarized in Table 1. The influences of the hydropho- its crytsal structure was determined at lower resolution and
bicity of the heme-binding pocket on the protein stability the calculated solvent accessbility based on its crystal
and redox potential are discussed. This paper does not structure could not be compared with that of WT-7bs with
deal with one of the first type of mutants V61H because sufficient accuracy .

Table 1 The calculated solvent accessible area of the' pocket interior” of WT-Ths and the four mutants as well as their redox potentials and

stability

WT-Tbs F35Y P40V V45E v4s5Y
Resolution of crystal structure nm 0.19 0.18 0.19 0.18 0.19
Solvent accessible area nm? 29.90 29.83 30.17 30.16 30.39
Solvent accessible area difference® nm? -0.07 0.27 0.26 0.49
Redox potential shift’® mV - 66 -40 -23 -32
AT, shift© C 3.4 -8.6 -9.9 -6.2
A AGH*% 4 kJ/mol 3.3 -10.0 -11.2 -6.4
AC,, shift® mol/L 1.2 -1.4 -2.0 -1.2
A AGHP% J k]J/mol 4.3 -5.3 -8.0 -4.0

« The difference of the solvent accessible area of thé' pocket interior” of the mutant from that of WT-Tbs. * The redox potential shift of the mu-
tants compared with WT-Tbs. © The shift of the midpoint temperature of transition of the oxidized mutant compared with that of WT-Tbs.
 Difference in free energy at the midpoint of denaturation induced by heat between the mutant and WT-Tbs. ¢ The shift of the concentration of
urea to produce 50% unfolded protein compared with that of WT-Tbs. / Difference in free energy at the midpoint of denaturation induced by
urea between the mutant and WT-T7bs .
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Materials and methods

The procedure to prepare the four mutants and the
methods to determine the protein stability and redox poten-
tials were described previously.!'* 18 19

The complete crystal structure of WT-Tb5" is shown in
Fig. 2a left . The upper part of the WT-Tbs structure
containing the prosthetic group heme can be obtained by
removing water molecules and the amino acid residues
which are not involved in the wall or bottom of the heme
pocket i.e. the 20 N-terminal residues the 8 C-terminal
residues and the segment H26—K28. The inside wall and
bottom of the upper part of the WT-Tbs structure comprise
the hydrophobic heme-binding pocket. However there are
some hydrophilic or charged side chains distributed at its
outside surface that are flexible in conformation and point
into the solvent in the direction approximately perpendicu-

lar to the surface of the pocket such as W22 D31 K34

—-

A
S

(@

(b

E37 E38 E43 E44 R47 E48 D53 E56 D60

T6S D66 E69 K72. These side chains were removed
from the outside wall or bottom of the upper part of the
structure of the WT-Tbs. The obtained structure contain-
ing heme group was referred to as“ pocket interior” in
this paper which is shown in Fig. 2a right and Fig.
2b and the solvent accessible area of it was calculated for
WT-Tbs and each mutant using the program AREAIMOL of
the CCP4 suite . > 2!

Results and discussion

Quantitative description of the hydrophobicity of the heme-
binding pocket

The hydrophobicity of the heme-binding pocket could
be quantitatively described using the solvent accessible
area inside the heme-binding pocket. However the calcu-

Fig. 2 a Left The complete crystal structure of WT-Ths. Water molecules are not shown. Right The structure of pocket interior” of

WT-Tbs. b The stereo diagram of the' pocket interior” structure of WT-Ths. These diagrams were prepared using the program

TURBO-FRODO .%
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lated solvent accessible area of the heme-binding pocket
includes not only the interior surface but also the exterior
surface of the heme-binding pocket that are solvent acces-
sible. Since’ pocket interior” was generated by removing
the hydrophilic side chains of the outside surface of the
heme-binding pocket the solvent accessibility of the exte-
rior surface of the' pocket interior” is contributed only by
the amino nitrogen and the carbonyl oxygen atoms of the
main chain as well as some side chains which constitute a
part of the pocket wall. This contribution from each mu-
tant is almost the same as that from WT-Tbs because the
overall structure does not change due to the mutation and
those side chains show conserved conformations in WT-
Ths and various mutants.’ 137 Therefore the change in
the hydrophobicity of the heme-binding pocket of each
mutant relative to WT-Tbs could be quantitatively de-
scribed using the difference of the solvent accessible area
of the” pocket interior” of the mutant from that of WT-
Ths the lower the hy-

drophobicity .

the more positive the difference

Solvent accessible areas of the' pocket interior” of WT-Tbs
and its mutants

The calculation was based on the crystal structures of
WT-Tbs and its four mutants refined at 0.18—0.19 nm
resolution. Table 1 lists the solvent accessible areas of the

pocket interior” of WT-Tbs and the four mutants F35Y
P40V V45E and V45Y. Compared with WT-Tbs the
solvent accessible areas of the® pocket interior” increase
by 0.26—0.49 nm? for P40V V45E and V45Y and it
decreases by 0.07 nm? for F35Y.

“

Influence of the hydrophobicity of heme-binding pocket on
protein stability

The heme prosthetic group is located in a hydropho-
bic pocket in the cytochrome bs. The hydrophobicity of
the pocket is necessary to maintain the stability of cy-
tochrome bs5. Cytochrome bs denaturates toward heat or
denaturants due to the dissociation of the heme from the
protein.

In the structure of WT-Tbs the side chains of some
hydrophobic key residues such as F35 P40 and V45 are
located at the edge of the heme-binding pocket pointing
to the heme plane.*% 7 They form the' gates” at the edge
of the heme-binding pocket Fig. la  preventing the ac-
cess of solvent into the pocket and maintaining its proper
hydrophobicity ~which was demonstrated by the crystal
structure of WT-Tb5 in which no solvent molecule was ob-
served in the heme-binding pocket.’

In the V45E and V45Y mutants E45 and Y45 are po-
lar or charged residues and their side chains are too large
to be accommodated inside the heme pocket and are forced
to point into solvent. In the P40V mutant the side chain of
V40 also points into solvent to avoid the unreasonably
close contacts although it is a hydrophobic residue. In

these mutants the gates at the edge of the heme-binding
pocket are thus open and the solvent accessibility of the
pocket is increased as shown in Table 1. Especially in
V45Y the phenol ring of Y45 is almost parallel to the
mean plane of heme and the gate is greatly opened giv-
ing the highest difference of the solvent accessible area of
the' pocket interior” 0.49 nm? . The higher solvent ac-
cessibility of these mutants than that of WT-7bs is verified
by the fact that water molecules are found in the heme-
binding pocket in the P40V and V45Y mutant struc-
tures.'* 13 For example a water molecule is introduced to
the entrance of the heme-binding pocket in the V45Y mu-
tant forming hydrogen bonds to the main chain carbonyl
oxygen of Y45 as well as the side chains of E48 and Q49

and this water molecule does not exist in WT-Tbs. It indi-
cates that the calculated solvent accessible area of the
pocket interior” is supported by the results from X-ray
experiments .

the hydrophobicity of the
heme-binding pocket is reduced resulting from the muta-

In these three mutants
tion so that the heme dissociation toward heat or denatu-
rants is easier to take place than in the WT-Tbs leading
to the less stability of these mutants than the wild-type
protein which is shown in Table 1.

The structure of F35Y mutant obviously differs from
the above three mutant structures. The local structure
around the mutation site in F35Y is not obviously altered
since F35 points toward the heme plane in the WT-Tbs
and there is sufficient space to accommodate the additional
hydroxyl group of Y35. The hydroxyl group is very close
to the heme group pointing toward a carbon atom of the
heme with the closest distance of 0.32 nm?!* indicating
that Y35 makes very strong van der Walls contacts with
the heme group which leads to a slight decrease of the
solvent accessibility of the heme-binding pocket. Table 1
shows that the solvent accessible area of its' pocket interi-
or” decreases by 0.07 nm* compared with WT-Tbs. This
mutant is even more stable than WT-Tbs as shown in
Table 1 which is unusual since for most of the proteins in
nature various mutants are usually less stable than the wild
type ones. The high stability of F35Y can be attributed to
the strong van der Waals interactions of the hydroxyl group
of Y35 with the heme group which prevent the heme from
leaving and the slight increase of the hydrophobicity is
also helpful for the stability.

Influence of the hydrophobicity of the heme-binding pocket
on the redox potential

The redox potential is the driving force of the electron
transfer between two redox proteins. The increase of the
solvent accessible area of the® pocket interior” of each of
P40V V45E and V45Y compared with WT-Tbs is in the
range of 0.26—0.49 nm* as shown in Table 1. The in-
troduction of the negatively charged electronegative or
less hydrophobic groups to the edge of the heme-binding

pocket makes the redox potential of each of the three mu-
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tants shift negatively

in the range of 23—40 mV .
In the case of F35Y the slight increase of the hy-

drophobicity of the heme-binding pocket would not obvi-

ously influence the redox potential. However the hydrox-

yl group of Y35 is located near the center instead of at the

edge of heme-binding pocket and this unusual location of

the electronegative group leads to an exceedingly large

shift of the redox potential in the negative direction — 66

mV
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