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ABSTRACT: In order to elucidate the molecular mechanisms responsible for the apparent nonlinear behavior
of the temperature dependence of the redox potential ofHydrogenobacter thermophiluscytochromec552

[Takahashi, Y., Sasaki, H., Takayama, S. J., Mikami, S., Kawano, S., Mita, H., Sambongi, Y., and
Yamamoto, Y. (2006)Biochemistry 45, 11005-11011], its heme active site structure has been characterized
using variable-temperature and -pressure NMR techniques. The study revealed a temperature-dependent
conformational transition between protein structures, which slightly differ in the conformation of the loop
bearing the Fe-bound axial Met residue. The heme environment in the protein structure which arises at
lower temperature was found to be more polar, as a result of the altered orientation of the loop with
respect to the heme due to its conformational change, than that arising at higher temperature. The present
study demonstrated the importance of the structural and dynamic properties of the polypeptide chain in
close proximity to the heme for redox regulation of the protein.

Proteins exhibit freedom of rotation, through theirφ and
ψ angles, that endows their polypeptide chains with intrinsic
conformational flexibility. The three-dimensional structure
of a native protein is determined by countless nonbonding
molecular interactions, and hence the conformation of a
native protein in nature is labile and crucially dependent upon
the environment. As a consequence, a biologically active
protein is a dynamic entity that can respond quickly to
changes in its environment (1). This motility is often a key
to protein function, and hence, in order to elucidate the
functions of proteins, their static structures described by
X-ray crystallographic coordinates must be augmented by
the dynamic structures manifested in various spectroscopic

data. Among a variety of spectroscopic techniques available
for studies on protein dynamics, NMR is unique in terms of
not only its sensitivity as to dynamic structures exhibiting a
wide range of time scales but also its ability to provide
information from which detailed descriptions of the dynamic
structures of proteins in solution can be made.

Cytochromec (cyt c),1 in which the heme Fe is coordinated
to a His and a Met as axial ligands at the redox center, is
one of the best characterized redox proteins, and much has
been learned about the overall properties that determine its
redox activity (2). Hydrogenobacter thermophiluscyt c552

(HT) (3, 4) andPseudomonas aeruginosacyt c551 (PA) (5)
are composed of 80 and 82 amino acid residues, respectively,
and exhibit high sequence identity (56%) (3) and hence
almost identical protein folding (Figure 1) (4-6). Despite
their structural similarity, HT and PA exhibit remarkably
different redox properties (7). One of the major differences
is the nonlinearity of plots of redox potentials (Em) against
temperature (Em-T plots) for HT, as opposed to the usual
linearEm-T plots for PA (7) (Figure 2). Curvature was much
more apparent in the plots of designed mutants (8). Similar
nonlinear Em-T plots have been reported forBacillus
pasteuriicyt c553 at pH 7.0 (9), bovine heart cytc at pH 8.3
(10), and cytsc2 (11) and cytsc (12) from various sources,
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which were attributed to a reversible conformational transi-
tion between low- and high-temperature forms (low-T and
high-T forms, respectively) possessing distinctly different
thermodynamic properties as to the redox reaction. Although
the low-T and high-T forms of the proteins have been
differentiated only by means of subtle changes in the heme
environment (9-13), the structural factors responsible for
the conformational transition between the low-T and high-T
forms, and hence their distinctly different redox properties,
have remained to be elucidated. Hence, detailed characteriza-
tion of the conformational transition in HT is expected to

provide valuable information about the molecular mecha-
nisms responsible for theEm control of the protein.

In the present study, we have characterized and compared
the structural and dynamic properties of the heme active sites
of HT and PA using variable-temperature and -pressure
NMR. Since the freezing point of an aqueous solution
decreases with increasing pressure, solution NMR well below
0 °C can be observed at an elevated pressure (14). Taking
advantage of the high sensitivity of solution NMR as to
protein structure, together with the use of low-temperature
measurements down to-20 °C at 2000 bar, we could detect
a conformational transition between protein structures for
HT, which slightly differ in the conformation of the loop
bearing the Fe-bound axial M61. The thermodynamic
properties of the reduction of HT possessing different loop
conformations suggested that the heme environment in the
protein structure that arises at lower temperature is more
polar, as a result of the altered orientation of the loop with
respect to the heme due to its conformational change, than
that arising at higher temperature. The conformational
transition of a polypeptide chain in close proximity to the
heme was found to be crucial for theEm control of the
protein.

MATERIALS AND METHODS

Protein Samples.The wild-type HT and PA were produced
using Escherichia coliand purified as reported previously
(15, 16). Uniformly 15N-labeled proteins were also prepared
as described (15). The oxidized and reduced forms of the
proteins were prepared by the addition of 10-fold molar
excesses of potassium ferricyanide and sodium dithionite,
respectively. For NMR samples, the proteins were concen-
trated to about 1 mM in an ultrafiltration cell (YM-5,
Amicon), and then 10%2H2O was added to the protein
solutions. The pH of each sample was adjusted using 0.2 M
KOH or 0.2 M HCl, and the pH was monitored with a Horiba
F-22 pH meter with a Horiba type 6069-10C electrode.

Cyclic Voltammetry.Cyclic voltammograms of the proteins
were obtained under a nitrogen atmosphere as described
previously (17). A glassy carbon electrode (GCE) was
polished with a 0.05µm 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 forEm was (5 mV. The variable
temperature experiments were performed using a home-built
nonisothermal electrochemical cell configuration, with which
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 PA, and their mutants exhibit
quasi-reversible redox processes.

1H NMR.NMR spectra were recorded on a Bruker DRX-
800 or a Bruker Avance-600 FT NMR spectrometer operat-
ing at a1H frequency of 800 or 600 MHz, respectively. A
pressure-resistant quartz cell with an active sample volume
of ∼20 µL was used for the measurement of variable-

FIGURE 1: Schematic representation ofH. thermophiluscytochrome
c552 (HT) (PDB code 1YNR) (4) (left) and P. aeruginosacyto-
chromec551 (PA) (PDB code 351C) (5) (right). The polypeptide
chain is illustrated as a ribbon model and the heme as a wire model
(top). The loop in close proximity to the heme, together with the
amino acid residues at positions 48, 49, 61, and 64, is highlighted
(bottom). The amino acid residues are illustrated as a ball and stick
model. Pink broken lines indicate hydrogen bonds which are likely
to contribute to the stability of the loop conformation, i.e., the K49-
Q64 hydrogen bond in HT (4) and the I48-N64, K49-N64, and
M61-N64 hydrogen bonds in PA (5).

FIGURE 2: Plots of the redox potential (Em) against temperature,
Em-T plots, for HT (filled circles) and PA (open circles) at pH
6.00 (8). The plots for HT exhibited an upward curvature, whereas
those for PA could be fitted with a single straight line (see text).
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pressure NMR (1, 18). The hydraulic pump used for
controlling pressure was calibrated with a Heise gauge before
use. The variable temperature control unit in the spectrometer
was calibrated with standard temperature calibration samples
of methanol and ethylene glycol. Sensitivity enhancement
15N/1H heteronuclear single-quantum coherence (HSQC)
spectra were recorded using a standard pulse sequence.
Spectra were zero-filled to give a final matrix of 2048×
256 data points and apodized with a 90° shifted sine-bell
window function in both dimensions.1H and15N chemical
shifts were calibrated against the1H shift of sodium 2,2-
dimethyl-2-silapentane-5-sulfonate (19).

RESULTS

1H NMR Spectra of Oxidized HT and PA at Various
Temperatures and Pressures.1H NMR spectra of oxidized
HT at various temperatures and pressures are compared with
those of oxidized PA in Figure 3. As was reported previously
(20-23), with decreasing temperature from 65 to 1°C, the
line widths of the downfield-shifted heme proton signals of
the oxidized HT broadened by∼600 Hz, while those of the
corresponding signals of the oxidized PA did so only by∼50

Hz (Figure 3A). Interestingly, the heme methyl proton signals
of the oxidized HT exhibited characteristic line broadening
at lower temperatures such that the line widths of the heme
7- and 12-CH3 proton signals were distinctly greater than
those of the heme 2- and 18-CH3 ones at lower temperatures;
i.e., the line widths of the former and latter signals at 12°C
were∼350 and∼200 Hz, respectively, whereas those of all
the heme methyl proton signals at 65°C were ∼50 Hz
(Figure 3A). In addition, as has been reported for the oxidized
forms of other cytsc (24, 25), Curie plots, i.e., paramagnetic
shift vs reciprocal of absolute temperature, of the paramag-
netically shifted heme methyl proton signals of HT as well
as PA did not obey the Curie law applicable to the systems
of which the electronic and molecular structures are inde-
pendent of temperature (Figure 3B), suggesting the possibility
of a sizable contribution of excited states to their heme
electronic structures in the ground state (24, 25) and/or
temperature-dependent structural changes in their heme active
sites. Various low-spin Fe(III) model hemes and hemopro-
teins have been shown to be in thermal equilibrium between
two states separated by an energy within several factors of
thermal energy. The thermal equilibrium has been shown to

FIGURE 3: 1H NMR spectra of oxidized HT and PA in 90% H2O/10% D2O, pH 7.00, at the indicated temperatures and ambient pressure
(A), at pH 6.00, 25°C, and the indicated pressures (C), and at pH 6.00, the indicated temperatures, and 2000 bar (D). Curie plots, i.e.,
paramagnetic shift vs reciprocal of absolute temperature, for heme methyl proton signals of the proteins at pH 7.00 and ambient pressure
are shown in (B). The M61 CγH proton signal of the oxidized PA observed at∼-40 ppm is not shown in the spectra. The assignments of
heme methyl and M61 CεH3 proton signals (27, 55) are given with the spectra. Heme proton signals of the oxidized HT exhibited line
broadening at lower temperatures and higher pressures.
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be manifested in anomalous temperature-dependent shifts of
heme NMR signals. We have analyzed the temperature-
dependent shifts of heme methyl proton signals of both
oxidized HT and PA on the basis of an admixture of two
energy states. Using the shifts of the reduced proteins (6,
15) as the reference diamagnetic shifts for the corresponding
proteins, the Curie plots for all of the heme methyl proton
signals of the proteins were fitted to a reported equation (26)
in order to estimate the energy gap (∆E) between the ground
and low-lying excited states (Supporting Information, SI 1).
The ∆E values of∼20 and∼9 kJ mol-1 were obtained for
HT and PA, respectively. Although the plots of HT could
be fitted with the equation, the∆E value of∼20 kJ mol-1

was well over the values reported for various low-spin Fe-
(III) model hemes and hemoproteins (24-26), and hence the
anomalous temperature-dependent shifts of HT would not
be due solely to the contribution of the excited state to its
heme electronic structure in the ground state. This finding
suggests the occurrence of temperature-dependent structural
changes in the heme active site of HT, presumably the
conformational transition between low-T and high-T forms
(see below). In contrast, the∆E value of ∼9 kJ mol-1

obtained for PA was within the upper limit range of the
values reported for model hemes and hemoproteins, indicat-
ing that the temperature-dependent structural change, if any,
in its heme active site is small.

With increasing pressure from 30 to 3000 bar, the line
widths of the heme proton signals of the oxidized HT
broadened by more than 1000 Hz, while those of the
corresponding signals of the oxidized PA did so only by∼10
Hz. On the other hand, the signals of both of the proteins
exhibited shift changes of<1 ppm over the pressure range
examined (Figure 3C). These results indicated that the
activation volume of the conformational transition of HT is
largely positive, as reflected in the broadening of the signals
at higher pressure, and that the equilibrium of the transition,
i.e., the population of low-T and high-T forms, was not so
significantly affected by a pressure change. However, the
pressure-induced shift changes of∼2 to∼3 ppm for the axial
M61 CεH3 proton signals of the proteins suggested the
occurrence of a structural alteration of the heme active site
in the protein at higher pressure.

At an elevated pressure, the freezing temperature of water
is depressed, and hence we could observe spectra in the
temperature range down to-20 °C at 2000 bar. As shown
in Figure 3D, the downfield-shifted heme proton signals of
the oxidized HT broadened out almost completely at 0°C
and sharpened up with further decreasing temperature to-20
°C. Additionally, the signals exhibited progressive downfield
shifts with decreasing temperature. Since observation of the
axial M61 CεH3 proton signal at∼-22 ppm indicated that
the Fe-Met coordination bond in the protein is intact under
these conditions, the signals downfield-shifted to∼33 ppm
in the spectrum of the oxidized HT at-20 °C can be
attributed to the heme methyl protons of the protein structure
which arises at lower temperatures. Hence these results
suggested that the protein structures at ambient and lower
temperatures, i.e., high-T and low-T forms, respectively, are
in dynamic equilibrium. The difference in chemical shift
between the signals of the high-T and low-T forms (i.e., the
chemical shift difference of∼10 ppm between them corre-
sponds to∼8000 Hz at a1H frequency of 800 MHz) yielded

the value of∼104 s-1 as a transition rate under the conditions,
0 °C and 2000 bar, where the signals broadened out almost
completely, i.e., the coalescence temperature and pressure
(Figure 3D). Furthermore, with decreasing temperature from
20 to-20 °C at 2000 bar, the axial M61 CεH3 proton signal
appeared to split into multiple components, with line
broadening of∼1500 Hz. Therefore, the Met61 side chain
of the low-T form would exhibit multiple conformational
states under these conditions. In contrast to the case of HT,
the line widths of the heme proton signals of the oxidized
PA broadened only by∼50 and∼10 Hz over the temperature
and pressure ranges of 1-65 °C and 30-3000 bar, respec-
tively (panels A and C of Figure 3, respectively). But the
broadening of the resolved signals of the oxidized PA at-20
°C and 2000 bar (Figure 3D) reflected a change in the heme
active site structure in the protein under these conditions.

1H NMR Spectra of Reduced HT at Various Temperatures.
In order to clarify the paramagnetic contribution to the
anomalous broadening of the HT signals, we next analyzed
and compared the1H NMR spectra of reduced HT and PA
at various temperatures. In the spectra of the reduced proteins
(Figure 4), the W56 NεH and axial M61 CεH3 proton signals
were resolved in the downfield- and upfield-shifted regions
of the spectra, respectively (6, 27). The line widths of the
W56 NεH and M61 CεH3 proton signals of the reduced HT
broadened by∼100 and∼20 Hz, respectively, over the
temperature range of 1-78 °C, while those of the corre-
sponding PA signals did so only by∼25 and ∼5 Hz,
respectively (Figure 4). The broadening of the signals of the
reduced HT is likely to be related to the conformational
transition responsible for the line broadening of the signals
for the oxidized HT at lower temperatures. Thus the
broadening of the HT signals at lower temperatures is
independent of the magnetic property of heme iron.

15N/1H HSQC Spectra of the Oxidized and Reduced Forms
of HT and PA at Various Temperatures and Pressures.We
finally obtained15N/1H HSQC spectra for both the oxidized
and reduced forms of HT and PA at various temperatures
and pressures in order to characterize the internal motion of
the proteins (Figure 5 and Supporting Information, SI 2-SI
10). The cross-peaks exhibited distinct temperature- and
pressure-induced shift changes in the1H and15N dimensions,
which were totally reversible. The observed shift changes
have been shown to reflect the protein structure primarily
through the effects of temperature and pressure on the
hydrogen bonds formed by the NRH groups, as observed in
other proteins (28-34). On the other hand, the line widths
of the cross-peaks have been used as sensitive probes for
detecting site-specific dynamic properties of protein struc-
tures (28, 30). In the spectra of the reduced proteins, the
cross-peaks of S53 and Q64 of HT exhibited much greater
broadening at lower temperatures than those of the corre-
sponding residues of PA, i.e., Q53 and N64 (Figure 5 and
Supporting Information, SI 6 and SI 7). Thus distinct
differences in the dynamic properties between the two
proteins were clearly manifested in the temperature depen-
dence of the line widths of these cross-peaks. As shown in
Figure 6, the residues of which the HSQC cross-peaks
exhibited broadening at lower temperatures were mostly
found in the loop region bearing the axial M61 in HT,
demonstrating the occurrence of a conformational change
in this loop.
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DISCUSSION

Temperature-Dependent Conformational Transition in HT.
The paramagnetically shifted heme peripheral side chain
proton signals of hemoproteins have been shown to be highly
sensitive to the structural features of their heme active sites
(35-37). As reported previously (20-23), anomalous line
broadening occurred selectively for the paramagnetically
shifted heme proton signals of oxidized HT at lower
temperatures (Figure 3A). Zhong et al. (20) have demon-
strated that the line broadening of the signals of oxidized
HT at lower temperatures is due to time-dependent modula-
tion of the heme electronic structure through a conformational
change of the protein, because the spin-lattice relaxation
times of these protons were essentially independent of
temperature; i.e., the relaxation times were∼120 to∼190
ms over the temperature range of 284-344 K (20). In the
present study, the heme proton signals arising from the low-T
form have been identified in the spectra obtained below-10
°C at 2000 bar (Figure 3D). The conformational changes of
the axial H16 and M61 side chains, relative to the heme,
could be potential candidates for the time-dependent modula-
tion of the heme electronic structure responsible for the
anomalous line broadening of the heme proton signals of
oxidized HT. However, considering the limited freedom of

the axial H16 side chain conformation in cytc (38) as well
as the conserved H16 coordination structure in both HT and
PA (4, 5, 38), it is unlikely that the axial H16 coordination
structure in HT is significantly affected by temperature
changes, unless the protein unfolds. On the other hand,
relatively large freedom is possible for the axial M61 side
chain conformation (Figure 1). In fact, the line width of the
M61 CεH3 proton signal of the reduced HT broadened by
∼20 Hz over the temperature range of 1-78 °C (Figure 4),
demonstrating the occurrence of a conformational change
of the axial M61 side chain. Furthermore, analysis of the
15N/1H HSQC cross-peaks observed at various temperatures
revealed the occurrence of a conformational change of the
loop bearing the axial M61 at lower temperatures (Figure
6). The conformational change of not only the axial Met61
side chain but also the loop is consistent with a large positive
activation volume associated with the conformational transi-
tion between the low-T and high-T forms (Figure 3C). This
conformational transition is likely to be responsible for the
nonlinearEm-T plots of HT (Figure 2).

The conformational change of the loop results in alteration
of the axial M61 coordination structure, which in turn
modulates the heme electronic structure through the interac-
tion of the lone pair of the Sδ atom with the dπ (dxz and dyz)

FIGURE 4: 1H NMR spectra of reduced HT (left) and PA (right) in 90% H2O/10% D2O, pH 7.00, at the indicated temperatures (top),
expansion of the W56 NεH and axial M61 CεH3 proton signals (middle), and locations of W56 and M61 in HT (PDB code 1YNR) and PA
(PDB code 451C) (4) (bottom). The W56 NεH and axial M61 CεH3 proton signals of HT exhibited line broadening at lower temperatures.
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orbitals of heme Fe (39-44). The paramagnetically shifted
heme proton signals of the protein are highly sensitive to
the coordination structures of the axial ligands, as manifested
in the large difference in the shift pattern of the heme methyl
proton signals between the oxidized HT and PA (Figure 3A).
Since the M61 side chain in HT is rather extended with aø2

angle of 177° (4), as opposed to the value of 166° for PA
(5), the conformation of the M61 side chain in HT would
be more directly and sensitively affected by a change in the
loop conformation than that in PA. The rotation around the
M61 Sδ-Fe bond as well as the changes in both the M61
Sδ-Fe bond length and tilt, relative to heme normal,
contributes to the modulation of the heme electronic structure
(45). Thus, the line broadening of the heme proton signals
of HT at lower temperatures could be explained in terms of
the alteration in the M61 coordination structure, which is
accompanied with the conformational change of the loop.
On the other hand, in contrast to the heme proton signals,
the axial M61 CεH3 proton signal of HT was not so
significantly affected by the alteration in the Met61 coor-
dination structure (Figure 3A). Judging from the remarkable
similarity in the Met61 CεH3 proton shift between the
oxidized HT and PA (Figure 3A), the signal at ambient

temperature appeared to be insensitive in nature to the Met61
coordination structure; i.e., the M61 CεH3 proton shifts of
the oxidized HT and PA are-17.1 and-16.8 ppm at 23
°C, respectively.

The effect of the conformational change of the loop on
the heme environment was manifested in the differential line
broadening of the heme methyl proton signals of the oxidized
HT at lower temperatures. Among the four heme methyl
groups in HT, the 7- and 12-CH3 groups are barely covered
by the loop and hence are more exposed to the solvent than
the 2- and 18-CH3 ones, which are buried in the protein
interior (Figure 1). Hence the chemical environment of the
heme 7- and 12-CH3 groups is more sensitive to a confor-
mational change of the loop than that of the 2- and 18-CH3

ones. Since paramagnetic shifts of heme proton signals have
been shown to be influenced by the heme environment (46),
the shifts of the heme 7- and 12-CH3 proton signals of the
oxidized HT are affected by both the change in the chemical
environment, due to the altered orientation of the loop with
respect to the heme, and the modulation of the heme
electronic structure, induced by the change in the M61
coordination structure through the conformational change of
the loop. Thus, the chemical shifts of the heme 7- and 12-
CH3 proton signals are expected to be more greatly influ-
enced by the conformational equilibrium between the low-T
and high-T forms of the protein than those of the heme 2-
and 18-CH3 ones. As a result, the line widths of the heme
7- and 12-CH3 proton signals were distinctly larger than those
of the heme 2- and 18-CH3 ones at lower temperatures. The
dielectric constant of bulk water increases with decreasing
temperature, and hence a temperature-dependent conforma-
tional transition of the loop in HT would be induced through
a polarity change of the environment, because a loop region
generally possesses a large solvent-accessible surface area
and excluded volume. The heme Fe coordination structure
in HT at lower temperatures could be in principle inferred
from the results of analysis of the paramagnetic shifts of the

FIGURE 5: 15N/1H HSQC slices, along the1H axis, of NRH cross-peaks of S53, Q64 and Q53, N64 of the reduced forms of15N uniformly
labeled HT (left) and PA (right), respectively, in 90% H2O/10% D2O, pH 6.00, at the indicated temperatures. The locations of the amino
acid residues at positions 53 and 64 in HT (PDB code 1YNR) (4) and PA (PDB code 351C) (5) are illustrated in the inset. The line widths
of the HT cross-peaks were greater than those of the PA cross-peaks at lower temperatures.

FIGURE 6: The residues in the reduced HT, of which the amide
NRH HSQC cross-peaks exhibited broadening at lower temperatures,
i.e., H16, K47, G51, S53, M61, and Q64, are indicated in blue.
Pro residues which give no cross-peak are indicated in black.
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heme proton signals (45). However, such a study is hampered
at present by the difficulty in the assignment of the signals
of the oxidized HT at lower temperatures.

The present variable-temperature and -pressure NMR
studies indicated that the broadening of the oxidized HT
signals at lower temperatures is due to a conformational
transition of the loop region bearing the Met residue, which
occurs in both the reduced and oxidized proteins. On the
other hand, Zhong et al. (20) had attributed the line
broadening of the heme methyl proton signals of the oxidized
HT at lower temperatures to the chemical exchange, in which
the Fe-bound M61 Sδ atom inverts between two different
configurations. According to the proposal of Zhong et al.
(20), the chemical exchange occurs at any temperature, and
hence the heme methyl proton shift pattern of the protein
reflects the average rate of fast exchange between two states
with different paramagnetic shift patterns due to flipping of
the chirality of the M61 Sδ atom. On the basis of this
proposal, an exchange rate of∼105 s-1 has been estimated
from a simulation of the heme methyl proton paramagnetic
shift pattern (20). It is not obvious from our results whether
inversion of the M61 Sδ atom configuration occurs in HT
as well as whether the conformational transition of the loop
bearing the Met residue in the protein is associated with
flipping of the chirality of the M61 Sδ atom. The similarity
between the rates estimated for the conformational transition
of the loop region bearing the Met residue and the flipping
of the chirality of the M61 Sδ atom, i.e.,∼104 and∼105 s-1

for the former at 0°C and 2000 bar and the latter at ambient
temperature and pressure, respectively, is most likely to be
just a coincidence. Furthermore, as far as functional conse-
quences of the dynamic nature of the heme active site
structure of the protein are concerned, the nonlinearEm-T
plots could not be accounted for by the flipping of the
chirality of the iron-bound Met side chain, which has been
proposed to occur throughout the accessible temperature
range (20).

The present study demonstrated that the loop region
bearing the axial M61 in HT yields a high-T form, possibly
described by X-ray crystallographic coordinates (4), at
ambient temperature, and with decreasing temperature, a
low-T form arises. The high-T and low-T forms exchange
faster than the NMR time scale, and the latter dominates at
-20 °C at 2000 bar. The occurrence of a conformational
change around the heme of HT was also supported by the
results of analysis of the temperature-dependent shifts of the
heme methyl proton signals, which suggested the presence
of temperature-dependent structural changes in its heme
active site, in addition to the contribution of low-lying excited
states to its heme electronic structures in the ground state
(24-26). The curvature of theEm-T plots could be reason-
ably explained in terms of the temperature-dependent
structure changes of the protein revealed in the present study.

Loop Structures of HT and PA.The loops bearing the axial
M61 in HT and PA consist of 15 amino acid residues, i.e.,
the residues at positions 52-66, the homology being 60%
(see Supporting Information, SI 11) (4, 5). Most of the
residues in the loop are involved in intramolecular hydrogen
bond networks (see Supporting Information, SI 12), and these
hydrogen bonds, together with the presence of three Pro
residues, reduce the conformational freedom of the loop in
HT. The hydrogen bond networks in the loop of PA are

similar to those of HT, the exception being the formation of
a unique tetrad hydrogen bond network, i.e., the N64 NRH,
NδH, and Nδ′H protons are hydrogen-bonded to K49 CO,
I48 CO, and M61 Sδ, respectively, and the presence of an
additional Pro residue (5) (see Supporting Information, SI
12). The importance of the residue at position 64 in the
anomalous line broadening of the signals of HT at lower
temperatures has been demonstrated through studies on a
series of designed mutants (8, 22, 23). The M61-N64
hydrogen bond in the tetrad hydrogen bond network has been
proposed to suppress the conformational change of the axial
M61 side chain in PA (22). However, the observation of
similar line broadening of heme proton signals of the
oxidized form ofNitrosomonas europaeacyt c552 (NE) at
low temperatures argued against this proposal, because the
M61-N64 hydrogen bond appeared to be conserved in NE
(47). NE is homologous to both HT and PA and hence
possesses a loop bearing axial M61, of which the structural
properties are similar to those of the other two proteins. NE
possesses N64 as PA does, and the orientation of the N64
side chain, relative to the heme, in NE was thought to be
similar to that in PA, because the1H NMR shift pattern of
the N64 proton signals of reduced NE is remarkably similar
to that of reduced PA; i.e., the N64 NRH, CRH, CâH, Câ′H,
NδH, and Nδ′H proton shifts are 6.48, 4.71, 2.29, 2.39, 7.11,
and 3.35 ppm for the former at pH 7 and 323 K, respectively
(47), and 6.89, 4.80, 2.05, 2.43, 7.23, and 3.19 ppm for the
latter at pH 5.2 and 323 K, respectively (27). The unusual
upfield shifts of the Nδ′H proton signals of both proteins,
due to the porphyrin ring current of the heme, indicated that
the N64 Nδ′H proton is hydrogen-bonded to the Fe-bound
M61 Sδ atom, located∼0.24 nm away from the heme Fe, in
the protein.

The unique tetrad K49-N64-I48/M61 hydrogen bond
network in PA appears to contribute significantly to the
stability of the loop conformation (5). According to the
solution NMR structure of the reduced NE (47), I48 CO is
not hydrogen-bonded to the N64 Nδ′H proton, but to both
the G50 and G51 NRH protons, and hence the K49-N64-
I48/M61 tetrad hydrogen bond network is not formed in NE.
The K49-N64 and N64-I48 hydrogen bonds in the tetrad
K49-N64-I48/M61 network, which links the ends of the
loop, appear to play important roles in stabilizing the overall
loop conformation in the proteins, and hence, due to the lack
of these hydrogen bonds, the loop by NE would be more
susceptible to a conformational change than that in PA. In
fact, as manifested in the line broadening of the HSQC cross-
peak of Q64 of the reduced HT at lower temperatures (Figure
5), the K49-Q64 hydrogen bond alone was not strong
enough to suppress the conformational change of the loop
in the protein at lower temperatures. Furthermore, Chen et
al. (48) found in NMR studies on PA, NE, and homologous
proteins that the heme active site structures of the proteins
adapt multiple conformational states, when the axial Met61
is displaced by exogenous ligands such as CN- and OH-,
and that some conformational states are in dynamic exchange.
Therefore, the heme active site structure of the protein
appeared to be determined and stabilized by the formation
of the axial coordination bonds and intramolecular hydrogen
bond network, together with various nonbonding interactions.

Functional Consequences of the Conformational Transi-
tion. We finally discuss the functional consequences of the
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conformational transition of the loop in HT. TheEm-T plots
of HT exhibited upward curvature. We have shown that the
nonlinearity of theEm-T plots correlates well with the
occurrence of line broadening of the heme proton signals at
lower temperatures (7, 8). Considering the NMR results,
which indicated that the conformational equilibrium between
the low-T and high-T forms of the protein occurs in a rather
wide temperature range, thermodynamic parameters, i.e.,∆H
and∆S, for the redox reaction of the low-T form could not
be determined from the plots shown in Figure 2. Neverthe-
less, the upward curvature of theEm-T plots reflected that
the ∆H and ∆S values of the low-T form are both less
negative than the corresponding values of the high-T one.

The less negative∆H value of the low-T form, compared
with that of the high-T one, can be attributed to either
stabilization of the oxidized protein and/or destabilization
of the reduced one in the low-T form (49, 50). The heme
environment is crucial for the stability of the protein, and
the increased polarity of the heme environment in the low-T
form accounts for both the stabilization and destabilization
of the oxidized and reduced proteins, respectively (see
below). The polarity of the heme environment in the protein
is related to the degree of exposure of the heme to the solvent,
which is likely to be predominantly determined by the
orientation of the loop relative to the heme in the protein
(Figure 1). As described above, a temperature-dependent
conformational transition occurs in the loop of HT.

With the more polar heme environment in the low-T form
than the high-T one, the cationic ferriheme in the oxidized
protein is more stabilized, and in contrast, the neutral
ferroheme in the reduced one is more destabilized, resulting
in the less negative∆H value of the low-T form. On the
other hand, the negative∆S value for cyt c has been
attributed to solvent ordering (51) and the decrease of the
polarity of the heme environment upon reduction (52). The
oxidized protein with a more polar heme environment is
expected to possess more ordered solvent molecules because
of the presence of the cationic ferriheme, whereas the effect
of the polarity change of the heme environment in the
reduced protein on solvent ordering could be rather small
due to its neutral ferroheme. Consequently, in the framework
for native folding, the∆Svalue for the protein becomes less
negative with increasing polarity of the heme environment.
Thus, the difference in theEm value between the low- and
high-T forms of HT could be explained by the proposed
conformational change of the loop. The functional relevance
of the ligand-containing loop has been demonstrated for other
metalloproteins (53, 54).

CONCLUDING REMARKS

In order to elucidate the differences in functional properties
between homologous HT and PA, their protein dynamics and
conformation have been characterized and compared using
variable-temperature and -pressure NMR. Despite their
structural similarity, the study revealed a remarkable differ-
ence in the dynamic properties of the loop in close proximity
to the heme between them. The loop of HT was found to be
involved in the conformational transition at lower temper-
ature, which resulted in nonlinearEm-T plots. In contrast
to HT, the loop of PA is not involved in the conformational
transition. Scrutiny of the architecture of their protein

structures suggested that the suppression of the conforma-
tional transition in PA is presumably due to the formation
of a unique hydrogen bond network among four amino acid
residues.
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SUPPORTING INFORMATION AVAILABLE

Analysis of Curie plots of the heme methyl proton shifts
of oxidized HT and PA, superpositioning of15N/1H HSQC
spectra of the oxidized forms of15N uniformly labeled HT
and PA in 90% H2O/10% D2O, pH 6.00, at various
temperatures from 1 to 48°C, and at 0°C and various
pressures from 30 to 3000 bar, superpositioning of15N/1H
HSQC spectra of the reduced forms of15N uniformly labeled
HT and PA in 90% H2O/10% D2O, pH 6.00, at various
temperatures from 1 to 48°C, 15N/1H HSQC slices, along
the 1H axis, of NRH cross-peaks of the amino acid residues
at positions 15, 24, and 64 in the oxidized forms of15N
uniformly labeled HT and PA in 90% H2O/10% D2O, pH
6.00, at various temperatures, a summary of the hydrogen
bond networks in HT [PDB code 1YNR (4)] and PA [PDB
code 351C (5)], and schematic representations of the
hydrogen bond networks in the loops of HT and PA. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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