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Understanding of the molecular basis of protein thermosta-
bilitiy is an aim of immense fundamental and practical

importance.1,2 Comparative studies on the structures of homo-
logous proteins from thermophiles and mesophiles have con-
tributed significantly to understanding of the relationship
between protein structure and thermostability.3�15 In particular,
studies on mutants of a mesophilic protein, of which amino acid
substitutions were selected with reference to the corresponding
residues in its thermophilic counterpart, have been quite effec-
tively used to directly prove that specific interactions contribute
to the high thermostability of thermophilic proteins.2�5,13 Ther-
mophile Hydrogenobacter thermophilus cytochrome c552 (HT)
andmesophile Pseudomonas aeruginosa cytochrome c551 (PA) are
monoheme-containing electron transfer proteins composed of
80 and 82 amino acid residues, respectively. Although the two

proteins exhibit high sequence homology (56%),14 and hence
their main-chain folding is almost identical,4,16,17 the denatura-
tion temperatures (Tm) of the oxidized and reduced forms of HT
are higher by∼27 and∼20 deg than those of the corresponding
forms of PA, and the redox potential (Em) of HT at pH 6.0 and
25 �C is lower by∼60 mV relative to that of PA.7,8,10 Mutants of
PA, of which amino acid substitutions were selected with
reference to the corresponding residues in HT in order to
reinforce the hydrophobic protein interior, exhibited Tm and
Em values between those of the two proteins.5�7 These studies
clearly demonstrated not only that the contextual stereochemical
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ABSTRACT:Careful scrutiny of the protein interior ofHydrogenobacter
thermophilus cytochrome c552 (HT) on the basis of its X-ray structure
[Travaglini-Allocatelli, C., Gianni, S., Dubey, V. K., Borgia, A., Di
Matteo, A., Bonivento, D., Cutruzzola, F., Bren, K. L., and Brunori, M.
(2005) J. Biol. Chem. 280, 25729�25734] indicated that a void space,
which is large enough to accommodate a methyl group, exists in the
hydrophobic protein interior near the heme. We tried to reduce the void
space through the replacement of a Val by Ile or Leu (Val/Ile or Val/Leu
mutation), and then the structural and functional consequences of these
two mutations were characterized in order to elucidate the relationship
between the nature of the packing of hydrophobic residues and the
functional properties of the protein. The study demonstrated striking
differences in the structural and functional consequences between the
twomutations. The Val/Ile mutation was found to cause further enhancement of the thermostability of the oxidized HT, as reflected
in the increase of the denaturation temperature (Tm) value by ∼3 deg, whereas the thermostability of the reduced form was
essentially unaffected. As a result, the redox potential (Em) of the Val/Ile mutant exhibited a negative shift of∼50mV relative to that
of the wild-type protein in an enthalpic manner, this being consistent with our previous finding that a protein with higher stability in
its oxidized form exhibits a lower Em value [Terui, N., Tachiiri, N.,Matsuo, H., Hasegawa, J., Uchiyama, S., Kobayashi, Y., Igarashi, Y.,
Sambongi, Y., and Yamamoto, Y. (2003) J. Am. Chem. Soc. 125, 13650�13651]. In contrast, the Val/Leu mutation led to a decrease
in thermostability of both the redox forms of the protein, as reflected in the decreases of the Tm values of the oxidized and reduced
proteins by∼3 and∼5 deg, respectively, and the Em value of the Val/Leu mutant happened to be similar to that of the Val/Ile one.
The Em value of the Val/Leumutant could be reasonably interpreted in terms of the different effects of themutation on the stabilities
of the two different redox forms of the protein. Thus, the present study demonstrated that the stability of the protein is affected quite
sensitively by the contextual stereochemical packing of hydrophobic residues in the protein interior and that the structural properties
of the hydrophobic core in the protein interior are crucial for control of the redox function of the protein. These findings provide
novel insights as to functional control of a protein, which could be utilized for tuning of theTm and Em values of the protein bymeans
of protein engineering.
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packing of hydrophobic residues is crucial for the increased
hydrophobic interaction conferring overall thermostability to
proteins but also that the Em value can be controlled through
alteration of the protein stability. These findings have been
successfully utilized to design and prepare HT mutants of which
the Tm and Em values are even higher and lower than the
corresponding values of the wild-type protein, respectively.18

We further extended our efforts to control of the Tm and Em
values of HT through alteration of the packing of hydrophobic
residues in the protein interior using amino acid substitutions.
Careful scrutiny of the protein interior of HT on the basis of its
X-ray structure16 indicated that a void space, which is large
enough to accommodate a methyl group, exists between the
Val28 and Ile76 residues buried in the hydrophobic protein
interior near the heme 17-propionic acid side chain
(Figure 1A). The presence of such a void space possibly makes
an unfavorable contribution to the stability of the protein interior.
Consequently, the insertion of an extra CH2 group into the Val28
side chain through a V28I or V28L mutation could possibly
reduce the void space and hence reinforces the hydrophobic
protein interior, leading to enhancement of the protein stability.
Furthermore, Val28 is also located very close to Trp54, which
plays a pivotal role in the noncovalent bond interaction between
the heme and protein.16 The Trp54 amide NH and NεH
hydrogen atoms are hydrogen-bonded to the carboxyl oxygen
atoms of the heme 13- and 17-propionic acid side chains,
respectively (Figure 1B).16 The carboxyl oxygen atoms of the
heme 13- and 17-propionic acid side chains also form hydrogen
bonds with the Val53 amide NH hydrogen atom, and the Tyr32
and Tyr41 OH hydrogen atoms, respectively (Figure 1B).16

Consequently, it is of fundamental interest to elucidate the effects
of the V28I and V28L mutations on this heme�protein interac-
tion and their functional consequences. Thus, this study was
performed to provide detailed information as to the relationship
between the nature of the contextual stereochemical packing of
hydrophobic residues in the protein interior, and the structural
and functional properties of the protein.

In the present study, we determine the influence of the
introduction of an extra CH2 group into the Val28 side chain
buried in the hydrophobic protein interior of HT on the heme

active site structure, and the Tm and Em values of the protein
through characterization of the V28I and V28L mutants in order
to elucidate the relationship between the nature of the packing of
hydrophobic residues and the functional properties of the protein.
The study demonstrated striking differences in the structural and
functional consequences between the two mutations. First, the
V28Imutation caused further enhancement of the thermostability
of the oxidized HT, as reflected in the increase of the Tm value by
∼3 deg, whereas the thermostability of the reduced form was
essentially unaffected. As expected from the observed effects of
the V28I mutation on the thermostability of the two different
redox forms of the protein, the Em value of the V28I mutant
exhibited a negative shift of ∼50 mV relative to that of the wild-
type protein in an enthalpic manner. These results were com-
pletely consistent with the previous finding that a protein with
higher stability in its oxidized form exhibits a lower Em value.10,18

In contrast, the V28L mutation led to a decrease in thermo-
stability of both the redox forms of the protein, as reflected in the
decreases of theTm values of the oxidized and reduced proteins by
∼3 and ∼5 deg, respectively, and the Em value of the V28L
mutant happened to be similar to that of the V28I one. The Em
value of the V28L mutant could be reasonably interpreted in
terms of the different effects of the mutation on the stabilities of
the oxidized and reduced forms of the protein. Thus, the present
study demonstrated that the stability of the protein is affected
quite sensitively by the contextual stereochemical packing of
hydrophobic residues in the protein interior and that the struc-
tural properties of the hydrophobic core in the protein interior are
crucial for control of the redox function of the protein.

’MATERIALS AND METHODS

Protein Samples. The wild-type HT and its mutants were
produced using Escherichia coli and purified as reported
previously.5,6 The oxidized forms of the proteins were prepared
by the addition of a 10-fold molar excess of potassium ferricya-
nide. For NMR samples, the proteins were concentrated to about
1 mM in an ultrafiltration cell (YM-5, Amicon), and then 10%
2H2O or 100% 2H2Owas added to the protein solutions. The pH
of each sample was adjusted using 0.2 M KOH or 0.2 MHCl and

Figure 1. (A) Schematic representation of locations of amino acid residues V28, Y32, Y41, V53, W54, and I76 in the heme active site ofHydrogenobacter
thermophilus cytochrome c552 (HT).

16 The amino acid residues are drawn as a stick model, and the heme as a ball and stick model. The hydrogen bonds
between the residues and heme propionic acid side chains are denoted by broken lines. (B) Schematic drawing of the hydrogen bonds between the
residues and heme propionic acid side chains. The hydrogen bonds are represented by bold gray broken lines.
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was monitored with a Horiba F-22 pH meter with a Horiba type
6069-10C electrode.
Cyclic Voltammetry (CV). The procedures used for obtaining

cyclic voltammograms for the proteinswere essentially the same as
those described previously.19,20 CV experiments were performed
with a Potentiostat-Galvanostat PGSTAT12 (Autolab, Nether-
land). A glassy carbon electrode (GCE) was polished with a 0.05
μm alumina slurry and then sonicated in deionized water for 1
min. Two microliters of a 1 mM protein solution was spread
evenly with a microsyringe onto the surface of the GCE. Then the
GCE surface was covered with a semipermeable membrane. All
redox potentials (Em) were referenced to a standard hydrogen
electrode (SHE). The experimental error for Em was ( 2 mV.
Variable temperature experiments were performed using a home-
built non-isothermal electrochemical cell configuration,21 inwhich
the temperature of the reference electrode was kept constant. The
anodic to cathodic peak current ratios obtained at various
potential scan rates (1�100 mV s�1) were all ∼1. Both the
anodic and cathodic peak currents increased linearly as a function
of the square root of the scan rate in the range up to 100 mV s�1.
Thus,HT and its mutants exhibit quasi-reversible redox processes.

1H NMR.NMR spectra were recorded on a Bruker Avance 600
FT NMR spectrometer operating at the 1H frequency of 600
MHz. The signal assignments were based on two-dimensional
double quantum-filtered chemical shift correlation spectroscopy
(DQF-COSY), total COSY (TOCSY), and nuclear Overhauser
effect correlated spectroscopy (NOESY) spectra acquired using
the standard pulse sequences. To detect connectivities between
paramagnetically shifted signals, NOESY spectra with a spectral
width of 60 ppm in the t1 and t2 dimensions, with 512 and 4096
complex points in the t1 and t2 dimensions, respectively, were
acquired. To optimize the detection of connectivities in the region
of about �5.0 to 15 ppm (�25 to 35 ppm), two-dimensional
spectra of the reduced (oxidized) proteins were acquired with a
spectral width of 20 ppm (60 ppm) and 4096 complex points in
both dimensions, respectively. TOCSY spectra were obtained
with a mixing time of 10 or 200 ms, and NOESY spectra with a
mixing time of 100 or 200 ms. Before Fourier transformation, a
phase-shifted sine-squared window function was applied to both

dimensions. Water suppression was performed by the presatura-
tion method or watergate method.22 Chemical shifts are given in
ppm downfield from sodium 2,2-dimethyl-2-silapentane-5-sulfo-
nate with H2O as an internal reference.
Circular Dichroism Spectroscopy. CD spectra were re-

corded on a JASCO J-820 spectrometer over the spectral range
of 200 to 250 nm and in the temperature range of 30�160 �C,
using an airtight pressure proof cell compartment with quartz
windows, which was described previously.11

’RESULTS

1HNMR Spectra of theMutants.We first analyzed the effects
of the mutations on the heme active site structure of the protein
by means of 1H NMR (Figure 2). In the 1H NMR spectrum of
the reduced protein, several signals had shifted outside the
diamagnetic envelope due to porphyrin ring-current shifts or a
deshielding effect of an intramolecular hydrogen bond
(Figure 2A). The upfield-shifted Met59 proton signals were
slightly affected by themutations, suggesting subtle differences in
the orientation of the Met59 side chain protons with respect to
the heme porphyrin ring among the proteins. Furthermore, the
downfield shift changes of ∼0.3 ppm for the Ile76 CγH proton
signals of the mutants, relative to that of the wild-type protein,
could be attributed to the decreases in their porphyrin ring-
current shifts. Since the side chains of Ile76 and V28 are in
contact with each other16 (Figure 1A), the insertion of an extra
CH2 group into the side chain of Val28 through a V28I or V28L
mutation could result in displacement of the Ile76 side chain
away from the porphyrin ring of the heme, leading to reduction of
their upfield shifts in the porphyrin ring-current. In addition, the
Trp54 amide NH and NεH proton signals observed at 10.54 and
12.22 ppm, respectively, in the spectrum of the wild-type protein
exhibited upfield shift changes of 0.01 and 0.08 ppm, respectively,
upon the V28I mutation, and ones of 0.04 and 0.59 ppm,
respectively, upon the V28L mutation. In contrast to the
Trp54 NH proton signals, the Val53 amide NH proton signal
exhibited slight downfield shift changes upon the mutations.
Finally, the shifts of most heme peripheral side chain proton

Figure 2. (A) 600 MHz 1H NMR spectrum of the reduced form of the wild-type HT in 90% H2O/10%
2H2O, pH 7.0, at 25 �C, and portions of the

spectrum (�4 to �0.5 ppm and 10�12.3 ppm), together with corresponding ones of the reduced forms of V28I and V28L mutants under identical
solution conditions, is expanded in the inset. (B) 600MHz 1HNMR spectra of the oxidized forms of the three proteins in 100% 2H2O, pH 7.0, at 25 �C.
The assignments of some signals are indicated in the spectra, and the corresponding resonances are connected by broken lines.
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signals were affected very little by the mutations, the exception
being the heme 18-methyl proton signal, which exhibited upfield
shift changes of 0.16 ppm upon the mutations (Table 1).
In the spectra of the oxidized proteins, paramagnetically shifted

signals arising from the Fe-coordinated Met59 side chain and
Ile46 Cγ0H3 protons, and heme peripheral methyl ones were
resolved in upfield and downfield shifted regions, respectively
(Figure 2B). These signals have been shown to be sensitive to the
heme environment.23�25 The Met59 CεH3 proton signal exhib-
ited relatively large downfield-shifts of 1.54 and 0.94 ppmwith the
V28I andV28Lmutations, respectively. Since the shift of the Ile46
Cγ0H3 proton signal was only slightly affected by the mutations,
the observed shift changes of the Met59 CεH3 proton signal are
likely to be due to a local structural alteration induced by
the mutations, possibly a subtle conformational alteration of the
Met59 side chain relative to the heme (see below). Among the
assigned heme proton signals of the oxidized proteins, the heme
methyl proton signals exhibited relatively large mutation-induced
shift changes (Table 1), suggesting that the heme electronic
structure is affected by the mutations. Furthermore, the large
mutation-induced shift changes observed for the heme propionic
acid R-CH2 proton signals also suggested that the conformation
of the heme propionate side chains is affected by the mutations
(see below).
Thermostabilities of the Mutants. We next analyzed the

thermostabilities of the oxidized and reduced forms of the
mutants at pH 7.0 through measurement of CD spectra
(200�250 nm) in the temperature range of 30�160 �C (Sup-
porting Information). The fractions of the unfolded proteins
calculated from the CD ellipticity at 222 nm were plotted against
temperature, thermal unfolding profiles for the two mutants in
both redox forms being obtained (Figure 3). Similar plots for the
wild-type protein are also illustrated, for comparison, in Figure 3.
The Tm values of the oxidized and reduced V28I mutant were
determined to be 113.2 and 129.9 �C, respectively, and those of
the oxidized and reduced V28L one to be 106.6 and 124.4 �C,
respectively (Table 2). Comparison of the Tm value between the
mutant and wild-type proteins showed that the V28I mutation
increases the thermostability of the oxidized protein, as reflected
in the elevation of the Tm value by ∼3 deg, whereas that of the
reduced protein is essentially unaffected by the mutation. On the
other hand, the V28L mutation decreases the thermostabilities of

both the oxidized and reduced proteins, as reflected in the
decreases of the Tm values of the oxidized and reduced proteins
by ∼3 and ∼5 deg, respectively.
The thermostabilities of the heme active site structures of the

oxidized proteins were also analyzed through measurement of 1H
NMR spectra at various temperatures (Supporting Information).
The heme methyl and Met59 proton signals of the oxidized V28I
and V28L mutants could be observed up to 86 �C (Supporting
Information), reflecting the thermostabilities of their heme active
sites. Similar to the case of the wild-type protein, the hememethyl
and axial Met59 proton signals of the oxidized V28I and V28L
mutants exhibited anomalous line-broadening at low tempera-
tures due to a dynamic structure transition of the heme active site
(Supporting Information).20

pH Profiles of the Em Values of the Mutants. We also
measured the Em values of the mutants at various pHs
(Supporting Information). The pH profiles of the Em values of

Table 1. Chemical Shifts (ppm) ofHeme Side Chain 1HNMRSignals of theWild-TypeHT, and V28I and V28LMutants at pH 7.0
and 25 �C

Reduced Form
18-Me 12-Me 7-Me 2-Me 3-HR 3-Meβ 8-HR 8-Meβ 5-H 10-H 15-H 20-H

HT 3.44 3.31 2.43 1.99 6.14 3.67 6.22 3.86 9.78 9.42 9.36 9.27

V28I 3.40 3.29 2.40 1.97 6.12 3.67 6.19 3.83 9.73 9.38 9.30 9.23

V28L 3.28 3.31 2.39 1.97 6.11 3.64 6.22 3.83 9.73 9.45 9.32 9.19

Oxidized Form

propionic acid side chain

18-Me 12-Me 7-Me 2-Me 17-HR 17-HR0 ΔδR
a 13-HR 13-HR0 ΔδR

a

HT 24.15 22.96 22.14 18.21 13.03 2.09 11.81 9.17 3.64 5.53

V28I 24.75 22.48 22.07 17.81 13.14 3.19 9.95 8.49 3.40 5.09

V28L 25.60 22.30 22.38 17.17 13.81 4.55 9.26 8.15 2.99 5.16
aThe difference between HR and HR0 proton shifts.

Figure 3. Thermal unfolding profiles of the oxidized (top) and reduced
(bottom) forms of the wild-type HT (O), and V28I (b) and V28L (2)
mutants at pH 7.0.
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the mutants were highly similar to each other and were also quite
similar in pattern to that of the wild-type protein, the exception
being the negative shifts of ∼50 mV for the mutants relative to
that of the wild-type protein throughout the pH range examined
(Table 2). The negative shift of the Em value of the V28I mutant
relative to that of the wild-type protein is consistent with our
previous finding that a protein with higher stability in its oxidized
form exhibits a lower Em value.10,12,18 On the other hand, the Em
value of the V28L mutant happened to be almost equal to that of
the V28I one, although the thermostability of the former mutant
is distinctly lower than that of the latter. This finding could be
interpreted in terms of the difference in the effect of the V28L
mutation on stability between the two redox forms of the protein
(see below).
Temperature Dependence of the Em Values of the Mu-

tants. We finally measured the Em values of the mutants at
various temperatures, and the obtained values, together with
those of the wild-type protein for comparison, are plotted against
temperature (Em�T plots) in Figure 4. From the Em�T plots,
we estimated the enthalpic (ΔH) and entropic (ΔS) contribu-
tions to the Em value (Table 2). The plots for the proteins could
be fitted by two straight lines with a transition temperature (Tc)

of ∼35 �C 15,18,20,26 (Figure 4). Hence, two sets of values,
ΔH(Low) and ΔS(Low), and ΔH(High) and ΔS(High), in the tem-
perature ranges of < Tc and > Tc, respectively, were determined
for these proteins (Table 2). The anomalous line-broadening of
the 1H NMR signals arising from the heme methyl and Met59
protons of the HT proteins at low temperatures has been
attributed to a temperature-dependent conformational transition
between two different protein structures, which slightly differ in
the conformation of the loop bearing the Met59 residue.20

Hence, the appearance of the two different protein structures
exhibiting distinctly different thermodynamic parameters re-
sulted in the two sets of thermodynamic parameters for the
protein. Not only the absoluteΔH(Low) andΔH(High) values but
also the absolute ΔS(Low) and ΔS(High) ones determined for the
mutants were smaller than the corresponding values of the wild-
type protein. Hence, the observed negative shifts of the Em value
caused by themutations indicated that the enthalpic contribution
prevails over the entropic one in Em control.

’DISCUSSION

Effects of the Mutations on the Heme Active Site Struc-
ture. The effects of the mutations on the structure of HT were
manifested in the shift changes of the 1H NMR signals in the
spectra of both the reduced and oxidized proteins. The Ile76
CγH proton signal of the reduced protein exhibited downfield
shifts of ∼0.3 ppm upon the two mutations (Figure 2A),
indicating sizable displacement of this residue away from the
heme due to the steric hindrance with the contact between the
side chains of Ile76 and the 28th residue in the mutant proteins.
In addition, the Trp54 amide NH and NεH proton signals
exhibited relatively large mutation-induced shift changes, which
could be interpreted in terms of the effects of the mutations on
the hydrogen bonding interactions associated with these NH
protons. The Trp54 amide NH and NεH protons are hydrogen-
bonded to the carboxyl oxygen atoms of the heme 13- and 17-
propionic acid side chains, respectively, and the other carboxyl
oxygen atom of the heme 13-propionic acid side chain also
accepts the Val53 amide NH hydrogen atom to form a hydrogen
bond (Figure 1B). The upfield shift changes of the Trp54 amide
NH and NεH proton signals upon the mutations are most likely
due to weakening of the hydrogen bonds between the Trp54 and
heme propionic acid side chains (Trp54-heme hydrogen bonds).
Since the Trp54NHproton signals of the V28Lmutant exhibited
larger mutation-induced shift changes than those of the V28I
one, the Trp54-heme hydrogen bonds in the former mutant

Table 2. Denaturation Temperature and Thermodynamic Parameters of the Redox Reaction for theWild-TypeHT, and V28I and
V28L Mutants

Tm (�C)a ΔH (kJ mol�1)d ΔS (J K�1 mol�1)d

oxidized reduced ΔTm (�C)b Em (mV)c low high low high

HT 109.8e(�)f 129.7e(�)f 19.9 245g �32.2g �37.5g �28.4g �45.7g

V28I 113.2 (þ3.4)f 129.9 (þ0.2)f 16.7 199 �26.0 �29.0 �22.6 �32.5

V28L 106.6 (�3.2)f 124.4 (�5.3)f 17.8 196 �26.1 �29.7 �23.7 �35.7
aDenaturation temperature determined through analysis of the temperature dependence of the CD ellipticity at 222 nm and pH 7.0. The experimental
error was ( 0.2 �C. bThe difference in Tm value between the reduced and oxidized forms of the protein. cRedox potential determined at pH 6.0 and
25 �C. The experimental error was( 2 mV. d Entropic and enthalpic contributions to the Em value at pH 6.0. The experimental errors forΔH andΔS of
the proteins were( 2 kJ mol�1 and( 3 J K�1 mol�1, respectively. eCited from ref 11. fThe numbers in parentheses indicate the change in the Tm value
relative to that of the wild-type HT. gCited from ref 18.

Figure 4. Plots of the redox potentials (Em) against temperature for the
wild-type HT (O), and V28I (b) and V28L (2) mutants at pH 6.0. The
plots for the proteins could be fitted by two straight lines with a
transition temperature of∼35 �C, and hence two sets of thermodynamic
parameters for the Em value were obtained, as shown in Table 2.
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appeared to be more significantly weakened than those in the
latter. In contrast to the Trp54 NH proton signals, the Val53
amide NH proton signal of the protein exhibited slight downfield
shift changes upon the mutations, indicative of slight strengthen-
ing of the hydrogen bond between Val53 and heme 13-propionic
acid side chains. Thus, the Trp54-heme hydrogen bonds were
found to be affected by the stereochemical packing around the
28th residue. Finally, despite these local and subtle structural
changes induced by the mutations, the overall protein structures
of the V28I and V28L mutants were quite similar to that of the
wild-type protein, as reflected in the similarity in the Ile46 Cγ0H3

proton shifts among the oxidized proteins (Figure 2B).
The effects of the mutations on the heme active site structure

could be characterized in detail through analysis of the shifts of the
1H NMR signals of the oxidized proteins. First, the large down-
field shift changes observed for the Met59 CεH3 proton signal of
the oxidized protein upon the mutations could be accounted for
by a subtle change in the Met59 side chain conformation. The
Met59 CεH3 proton is located at 0.36 nm from the heme Fe
atom,16 and hence its shift is extremely sensitive to its orientation
with respect to the heme. Assuming that the mutation-induced
shift change for the Met59 CεH3 proton signal is solely due to a
paramagnetic pseudocontact shift contribution, the conforma-
tional change of the Met59 side chain could be inferred from the
shift analysis involving the previously determined principal axes of
the paramagnetic susceptibility tensor in the oxidized HT.27 The
paramagnetic pseudocontact shift for the Met59 CεH3 proton
signal depends upon the orientation of the vector between the
heme Fe atom and the center of gravity of the Met59 CεH3

hydrogen atoms (Fe-Met59 CεH3 vector), with respect to the
principal magnetic axes. The analysis indicated that a change of a
few degrees in the angle between the Fe-Met59 CεH3 vector and
the z axis of the tensor accounts for the observed shift changes.
Such an alteration of the Met59 coordination structure induced
by the mutations could also account, to some extent, for the
mutation-induced shift changes observed for the heme methyl
and propionic acid side chain proton signals of the oxidized
protein, because the coordination structure of the Met59 side
chain is the main determinant of control of the delocalization
pattern of an unpaired electron from the heme iron atom toward
the porphyrin π-system, which predominantly determines the
paramagnetic shifts of the heme peripheral side chain proton
signals.27�29 Thus, the coordination structure of the Met59 side
chain as to the heme Fe atom was found to be slightly affected by
the V28I and V28L mutations. Furthermore, the small mutation-
induced shift change of the Met59 proton signal of the reduced

protein, that is, 0.08 ppm, also supported a subtle change in the
conformation of the Met59 side chain.
We next analyzed the effects of the mutations on the con-

formation of the heme propionic acid side chains through analysis
of the R-CH2 proton shifts of the oxidized proteins. The para-
magnetic shift of a heme propionic acid side chain R-CH2 proton
signal is extremely sensitive to the orientation of the CH2 group
relative to the heme plane. Its paramagnetic contact shift is
approximately proportional to the quantity F � cos2 θH, where
F and θH represent the unpaired electron density in the pz orbital
of a pyrrole carbon atom to which the CH2 group is covalently
attached, and the dihedral angle between the CH vector and the
normal to the heme plane, respectively24,30 (Figure 5). Hence,
roughly speaking, the difference in the shift between the R-CH2

proton signals (ΔδR) reflects its orientation with respect to the
heme plane. According to the X-ray structural data for the wild-
type HT,16 four HT molecules are accommodated in an asym-
metric unit of a protein crystal, and average θC values of∼4� and
∼7� were calculated for the values for the heme 13- and 17-
propionic acid side chains, respectively, where the θC value is
defined as the dihedral angle between the CR-Cβ vector and the
normal to the heme plane (Figure 5). Therefore, the ΔδR values
of 5.53 and 10.94 ppm for the heme 13- and 17-propionic acid
side R-CH2 groups, respectively (Table 1), were roughly con-
sistent with the smaller θC value for the former than the latter. By
the way, the shifts of the heme 13-propionic acid R-CH2 proton
signals of the oxidized protein were affected by the mutations due
to the slight mutation-induced alteration of the heme electronic
structure, as reflected in the slight shift changes of the heme
methyl proton signals (Table 1). The shifts of heme propionic
acid R-CH2 proton signals are altered through a change in the F
value as a result of alteration of the heme electronic structure.
Despite the relatively large shift changes for the R-CH2 proton
signals, theΔδR values for the heme 13-propionic acid side chains
of themutant proteins, that is, 5.09 and 5.16 ppm for the V28I and
V28L mutants, respectively, were similar to that of the wild-type
protein, that is, 5.53 ppm. These results suggested that the θC
value of the heme 13-propionic acid side chain is only slightly, if
any, affected by the mutations. In contrast, the ΔδR value for the
heme 17-propionic acid side chain was greatly altered by the
mutations, that is, 11.81, 9.95, and 9.26 ppm for HT, V28I, and
V28L, respectively, suggesting that the θC value of the heme 17-
propionic acid side chain of the protein is greatly affected by the
mutations. The mutation-induced change of the heme 17-pro-
pionic acid side chain conformation could be due to that of the
Trp54-heme hydrogen bonds, as reflected in the shift changes of

Figure 5. (A) Orientation of the heme 13- and 17-propionic acid R-CH2 groups with respect to the heme in the active site of Hydrogenobacter
thermophilus cytochrome c552 (HT).

16 (B) The orientation of the heme propionic acid side chainR-CH2 hydrogen (Cβ carbon) atomwith respect to the
heme plane is defined by the dihedral angle θH (θC) between the CR-H (CR-Cβ) vector and the normal to the heme plane, which is illustrated as a
dotted line.
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the Trp54NH proton signals. Thus, the insertion of an extra CH2

group into the Val28 side chain through the mutations was found
to result in local and subtle structural changes in the heme active
site of the protein.
Effects of the Mutations on Protein Stability. In spite of the

structural similarity among themutant andwild-type proteins, the
thermostability of the protein was affected by the mutations. The
Tm value of the oxidized V28I mutant was higher by ∼3 deg
relative to that of the oxidized wild-type protein, whereas those of
the reduced forms of the two proteins were almost identical to
each other. This finding is consistent with our previous one that,
upon reinforcement of the hydrophobic protein interior through
reduction of the void space by means of amino acid replacements,
an oxidized protein is more greatly stabilized than its reduced
form.10,18 In contrast, the V28L mutation resulted in decreases in
the thermostability of not only the oxidized protein, but also, and
even more significantly, the reduced one, as reflected in the
decreases of the Tm values by ∼3 and ∼5 degrees, respectively.
Hence, theV28Lmutationwas different from the othermutations
in terms of its effects on the thermostabilities of the two different
redox forms of the protein.
The decrease in the protein thermostability upon the V28L

mutation could be attributed to a structural alteration that causes
weakening of the Trp54-heme hydrogen bonds, as reflected in the
mutation-induced shift changes of the Trp54 NH proton signals
(see above). Sinceweakening of theTrp54-heme hydrogen bonds
is thought to arise from an unfavorable steric interaction among
Trp54, Ile76, heme 17-propionic acid, and introduced Leu28 side
chain in the V28L mutant, the stereochemical packing of hydro-
phobic residues in the protein interior of thismutant is likely to be
inferior to that in the wild-type protein. Hence, such an unfavor-
able steric interaction in the protein interior of the V28L mutant
decreased the stability of the highly stable reduced protein to a
greater extent, compared with that of the less stable oxidized one.
The observed difference in the thermostability between the V28I
and V28L mutant proteins demonstrated that the overall protein
stability is quite sensitively affected by the nature of the contextual
stereochemical packing of hydrophobic residues in the protein
interior.
Relationship between Redox Function and Protein Stabi-

lity.We demonstrated previously that the Em value of a protein is
controlled through the protein stability.10,12 In the case of the
V28I mutation, as reflected in the elevation by∼3 deg of the Tm

value of the oxidized V28I relative to that of the oxidized HT
(Table 2), the oxidized protein was stabilized by the mutation,
whereas the stability of the reduced protein was essentially
unaffected by the mutation. Consequently, as expected from
the increased stability, the V28I mutant exhibited a negative shift
of ∼50 mV relative to that of the wild-type protein, this being
consistent with our previous finding that a protein with higher
stability exhibits a lower Em value.10,12,18 On the other hand, the
Em value of the V28L mutant exhibited a similar negative shift of
∼50 mV relative to that of the wild-type protein, although the
stability of this mutant was lower than that of the wild-type one.
The Em values of the V28I and V28L mutants could be

interpreted in terms of the effects of the mutations on the
thermostabilities of the oxidized and reduced proteins. The Em
value of a protein is determined by the difference in thermo-
dynamic stability between the two redox forms. Since the Tm

value of a protein may be considered as a semiquantitative index
for its thermodynamic stability, the difference in the Tm value
between the two redox forms of a protein (ΔTm) could be used

as a semiquantitative measure of the difference in thermody-
namic stability between them. ΔTm values of 19.9, 16.7 and 17.8
deg were calculated for the wild-type HT, and V28I and V28L
mutant proteins, respectively, and the calculated ΔTm values of
the proteins correlated fairly well with their Em values. This
interpretation was supported by the results of thermodynamic
analysis of the Em values, which demonstrated not only that the
∼50mV negative shifts of the Em values of themutants relative to
that of the wild-type protein are enthalpic in origin, but also that
the ΔH contributions of the V28I and V28L mutants are almost
identical to each other (Table 2).
Furthermore, thermodynamic analysis of the Em values indi-

cated that the absolute ΔS value (|ΔS|) was decreased by the
V28I and V28Lmutations. These results were in sharp contrast to
those for the mutations previously examined, which resulted in
either the same or an increased absoluteΔS value.10,15,18,26,31 The
internal mobility of a protein has been shown to play a crucial role
in ΔS control.32 The reinforcement of the hydrophobic protein
interior through reduction of the void space by the V28Imutation
is likely to decrease the entropy of the protein through suppres-
sion of its internal mobility. Hence, the entropy of the oxidized
protein exhibiting intrinsically greater internal mobility is ex-
pected to be more significantly reduced by the mutation than that
of the reduced form, leading to a decrease in the |ΔS| value, as
observed in the study. On the other hand, the smaller |ΔS| values
for the V28L mutant, compared with the corresponding ones for
the wild-type HT, might be attributed to the redox-dependent
effects of themutation on the internal mobility of the protein. The
unfavorable steric interaction among the introduced Leu28,
nearby amino acid and heme 17-propionic acid side chains in
the V28Lmutant is expected to result in an increase in the internal
mobility of both the reduced and oxidized proteins. As reflected in
the greater decrease of the Tm value for the reduced form of the
V28L mutant than the oxidized one, relative to those for the
corresponding redox forms of the wild-type HT, the increase in
the internal mobility of the reduced mutant appeared to be larger
than that in the oxidized one, leading to a decrease in the |ΔS|
value. Although it has been proposed that a redox-dependent
solvent reorganization effect plays a significant role in the ΔS
control of proteins,33�35 it is not clear at present if there is a
sizable difference in solvent accessibility among the proteins.

’CONCLUDING REMARKS

The influence of the introduction of an extra CH2 group into
the Val28 side chain buried in the hydrophobic protein interior of
HT on the heme active site structure, and theTm and Em values of
the protein have been determined through characterization of
the V28I and V28L mutants in order to elucidate the relationship
between the nature of the packing of hydrophobic residues and
the functional properties of the protein. Despite the structural
similarity among the mutant and wild-type proteins, the mutants
exhibited distinctly different Tm and Em values from those of the
wild-type protein. Although the Em values of the mutants were
very similar to each other, thermodynamic analysis of their Em
values revealed a distinct difference in the ΔS contribution
between them. Thus, the present study demonstrated a remark-
ably large effect of the introduction of an extra CH2 group on the
functional properties of the protein. This finding provides novel
insights as to functional control of a protein, which could be
utilized for tuning of the Tm and Em values of the protein by
means of protein engineering.
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