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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 potentiblyofogenobacter thermophilus/tochromecss;
[Takahashi, Y., Sasaki, H., Takayama, S. J., Mikami, S., Kawano, S., Mita, H., Sambongi, Y., and
Yamamoto, Y. (2006Biochemistry 4511005-11011], 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 th¢iand data. Among a variety of spectroscopic techniques available
1 angles, that endows their polypeptide chains with intrinsic for studies on protein dynamics, NMR is unique in terms of
conformational flexibility. The three-dimensional structure not only its sensitivity as to dynamic structures exhibiting a
of a native protein is determined by countless nonbonding wide range of time scales but also its ability to provide
molecular interactions, and hence the conformation of a information from which detailed descriptions of the dynamic
native protein in nature is labile and crucially dependent upon structures of proteins in solution can be made.
the environment. As a consequence, a biologically active  Cytochromec (cyt ¢),* in which the heme Fe is coordinated
protein is a dynamic entity that can respond quickly to to a His and a Met as axial ligands at the redox center, is
changes in its environment)( This motility is often a key  one of the best characterized redox proteins, and much has
to protein function, and hence, in order to elucidate the been learned about the overall properties that determine its
functions of proteins, their static structures described by redox activity @). Hydrogenobacter thermophilusyt css,
X-ray crystallographic coordinates must be augmented by (HT) (3, 4) and Pseudomonas aeruginosgt css; (PA) (5)
the dynamic structures manifested in various spectroscopicare composed of 80 and 82 amino acid residues, respectively,

and exhibit high sequence identity (56%3) (@and hence
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provide valuable information about the molecular mecha-
nisms responsible for thE, 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 presside {[Taking
advantage of the high sensitivity of solution NMR as to
protein structure, together with the use of low-temperature
measurements down te20 °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
FIGURE 1. Schematic representationtef thermophilusytochrome polar, as a result of the altered orientation of the loop with
Css2 (HT) (PDB code 1YNR) 4) (left) and P. aeruginosacyto- respect to the heme due to its conformational change, than
chromecss, (PA) (PDB code 351C)3) (right). The polypeptide  that arising at higher temperature. The conformational

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 U ansition of a polypeptide chain in close proximity to the

amino acid residues at positions 48, 49, 61, and 64, is highlighted Néme was found to be crucial for ti&, control of the
(bottom). The amino acid residues are illustrated as a ball and stickprotein.

model. Pink broken lines indicate hydrogen bonds which are likely

to contribute to the stability of the loop conformation, i.e., the K49  MATERIALS AND METHODS

Q64 hydrogen bond in HT4j and the 148-N64, K49-N64, and

M61—N64 hydrogen bonds in PAb]. Protein SamplesThe wild-type HT and PA were produced
using Escherichia coliand purified as reported previously

300} (15, 16). Uniformly **N-labeled proteins were also prepared

as described1). The oxidized and reduced forms of the
X PA 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,
3 Amicon), and then 10%H,0 was added to the protein
solutions. The pH of each sample was adjusted using 0.2 M
KOH or 0.2 M HCI, and the pH was monitored with a Horiba
F-22 pH meter with a Horiba type 6069-10C electrode.
i HT Cyclic VoltammetryCyclic voltammograms of the proteins
were obtained under a nitrogen atmosphere as described
240 previously (7). A glassy carbon electrode (GCE) was
polished with a 0.0%tm alumina slurry and then sonicated
I in deionized water for 1 min. Two microliter§ @ 1 mM

0 020 60 protein solution was spread evenly with a microsyringe onto
the surface of the GCE. Then the GCE surface was covered

Ficure 2: Plots of the redox potentiakf,) against temperature with a semipermeable membrane. All redox potentii (
E T pléts, for HT (filled circles) and PA (open circles) at pH were referenced to a standard hydrogen electrode (SHE). The

6.00 @). The plots for HT exhibited an upward curvature, whereas €Xperimental error forE, was +5 mV. The variable
those for PA could be fitted with a single straight line (see text). temperature experiments were performed using a home-built
nonisothermal electrochemical cell configuration, with which
the temperature of the reference electrode was kept constant.
which were attributed to a reversible conformational transi- The anodic to cathodic peak current ratios obtained at various
tion between low- and high-temperature forms (ldvend potential scan rates 1100 mV s1) were all~1. Both the
high-T forms, respectively) possessing distinctly different anodic and cathodic peak currents increased linearly as a
thermodynamic properties as to the redox reaction. Although function of the square root of the scan rate in the range up
the low-T and highT forms of the proteins have been to 100 mV st Thus, HT and PA, and their mutants exhibit
differentiated only by means of subtle changes in the heme quasi-reversible redox processes.
environment 9—13), the structural factors responsible for IH NMR.NMR spectra were recorded on a Bruker DRX-
the conformational transition between the |dvand highT 800 or a Bruker Avance-600 FT NMR spectrometer operat-
forms, and hence their distinctly different redox properties, ing at a'H frequency of 800 or 600 MHz, respectively. A
have remained to be elucidated. Hence, detailed characterizapressure-resistant quartz cell with an active sample volume
tion of the conformational transition in HT is expected to of ~20 uL was used for the measurement of variable-
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Ficure 3: 'H NMR spectra of oxidized HT and PA in 90%,8/10% DO, 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 {1 proton signal of the oxidized PA observed-at-40 ppm is not shown in the spectra. The assignments of

heme methyl and M61 El; 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.

pressure NMR %, 18). The hydraulic pump used for Hz (Figure 3A). Interestingly, the heme methyl proton signals
controlling pressure was calibrated with a Heise gauge beforeof the oxidized HT exhibited characteristic line broadening
use. The variable temperature control unit in the spectrometerat lower temperatures such that the line widths of the heme
was calibrated with standard temperature calibration samples7- and 12-CH proton signals were distinctly greater than
of methanol and ethylene glycol. Sensitivity enhancement those of the heme 2- and 18-€bhes at lower temperatures;
5N/*H heteronuclear single-quantum coherence (HSQC) i.e., the line widths of the former and latter signals atC2
spectra were recorded using a standard pulse sequencevere~350 and~200 Hz, respectively, whereas those of all

Spectra were zero-filled to give a final matrix of 2048
256 data points and apodized with a°%hifted sine-bell
window function in both dimensiondH and>N chemical
shifts were calibrated against thel shift of sodium 2,2-
dimethyl-2-silapentane-5-sulfonat&9j.

RESULTS

'H NMR Spectra of Oxidized HT and PA at Various
Temperatures and Pressurésl NMR spectra of oxidized

the heme methyl proton signals at 88 were ~50 Hz
(Figure 3A). In addition, as has been reported for the oxidized
forms of other cytg (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

HT at various temperatures and pressures are compared wittelectronic structures in the ground sta@4,(25) and/or
those of oxidized PA in Figure 3. As was reported previously temperature-dependent structural changes in their heme active

(20—23), with decreasing temperature from 65 t6Q, the

sites. Various low-spin Fe(lll) model hemes and hemopro-

line widths of the downfield-shifted heme proton signals of teins have been shown to be in thermal equilibrium between

the oxidized HT broadened by600 Hz, while those of the
corresponding signals of the oxidized PA did so only~50

two states separated by an energy within several factors of
thermal energy. The thermal equilibrium has been shown to
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be manifested in anomalous temperature-dependent shifts othe value o~10* s™* as a transition rate under the conditions,
heme NMR signals. We have analyzed the temperature-0 °C and 2000 bar, where the signals broadened out almost
dependent shifts of heme methyl proton signals of both completely, i.e., the coalescence temperature and pressure

oxidized HT and PA on the basis of an admixture of two
energy states. Using the shifts of the reduced proteins (

(Figure 3D). Furthermore, with decreasing temperature from
20 to—20°C at 2000 bar, the axial M61.83 proton signal

15) as the reference diamagnetic shifts for the correspondingappeared to split into multiple components, with line

proteins, the Curie plots for all of the heme methyl proton
signals of the proteins were fitted to a reported equaéih (

in order to estimate the energy gajK) between the ground
and low-lying excited states (Supporting Information, SI 1).
The AE values of~20 and~9 kJ mol* were obtained for
HT and PA, respectively. Although the plots of HT could
be fitted with the equation, thAE value of~20 kJ mot*
was well over the values reported for various low-spin Fe-
(1 model hemes and hemoproteir®4-26), and hence the

broadening o#~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 by50 and~10 Hz over the temperature
and pressure ranges of 65 °C and 36-3000 bar, respec-
tively (panels A and C of Figure 3, respectively). But the
broadening of the resolved signals of the oxidized PA 20

°C and 2000 bar (Figure 3D) reflected a change in the heme

anomalous temperature-dependent shifts of HT would not active site structure in the protein under these conditions.

be due solely to the contribution of the excited state to its

IH NMR Spectra of Reduced HT at Various Temperatures.

heme electronic structure in the ground state. This finding In order to clarify the paramagnetic contribution to the
suggests the occurrence of temperature-dependent structuradnomalous broadening of the HT signals, we next analyzed
changes in the heme active site of HT, presumably the and compared theH NMR spectra of reduced HT and PA

conformational transition between lowand highT forms
(see below). In contrast, thAE value of ~9 kJ mol?
obtained for PA was within the upper limit range of the

at various temperatures. In the spectra of the reduced proteins
(Figure 4), the W56 M and axial M61 CH3 proton signals
were resolved in the downfield- and upfield-shifted regions

values reported for model hemes and hemoproteins, indicat-of the spectra, respectivel,(27). The line widths of the
ing that the temperature-dependent structural change, if any W56 N.H and M61 CHj3 proton signals of the reduced HT

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~100 and~20 Hz, respectively, over the
temperature range of-178 °C, while those of the corre-
sponding PA signals did so only by25 and~5 Hz,

broadened by more than 1000 Hz, while those of the respectively (Figure 4). The broadening of the signals of the

corresponding signals of the oxidized PA did so only-a0

reduced HT is likely to be related to the conformational

Hz. On the other hand, the signals of both of the proteins transition responsible for the line broadening of the signals

exhibited shift changes of1 ppm over the pressure range

for the oxidized HT at lower temperatures. Thus the

examined (Figure 3C). These results indicated that the broadening of the HT signals at lower temperatures is

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 lowF and highT forms, was not so

independent of the magnetic property of heme iron.

15N/AH HSQC Spectra of the Oxidized and Reduced Forms
of HT and PA at Various Temperatures and Pressuvés.
finally obtained>N/"H HSQC spectra for both the oxidized

significantly affected by a pressure change. However, the and reduced forms of HT and PA at various temperatures

pressure-induced shift changesé to ~3 ppm for the axial
M61 C.Hs proton signals of the proteins suggested the

and pressures in order to characterize the internal motion of
the proteins (Figure 5 and Supporting Information, SIS2

occurrence of a structural alteration of the heme active site 10). The cross-peaks exhibited distinct temperature- and

in the protein at higher pressure.

pressure-induced shift changes in theand**N dimensions,

At an elevated pressure, the freezing temperature of waterwhich were totally reversible. The observed shift changes
is depressed, and hence we could observe spectra in thédnave been shown to reflect the protein structure primarily

temperature range down t620 °C at 2000 bar. As shown
in Figure 3D, the downfield-shifted heme proton signals of
the oxidized HT broadened out almost completely &C0
and sharpened up with further decreasing temperatur@@o
°C. Additionally, the signals exhibited progressive downfield

through the effects of temperature and pressure on the
hydrogen bonds formed by the,N groups, as observed in
other proteins Z8—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-

shifts with decreasing temperature. Since observation of thetures @8, 30). In the spectra of the reduced proteins, the

axial M61 GHj proton signal at~—22 ppm indicated that
the Fe-Met coordination bond in the protein is intact under
these conditions, the signals downfield-shifted-t83 ppm

in the spectrum of the oxidized HT at20 °C can be

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 Sl 7). Thus distinct

attributed to the heme methyl protons of the protein structure differences in the dynamic properties between the two
which arises at lower temperatures. Hence these resultsproteins were clearly manifested in the temperature depen-
suggested that the protein structures at ambient and lowerdence of the line widths of these cross-peaks. As shown in

temperatures, i.e., highand lowT forms, respectively, are
in dynamic equilibrium. The difference in chemical shift
between the signals of the highand low-T forms (i.e., the
chemical shift difference of~10 ppm between them corre-
sponds to~8000 Hz at &H frequency of 800 MHz) yielded

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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Ficure 4: 1H NMR spectra of reduced HT (left) and PA (right) in 90%®10% DO, pH 7.00, at the indicated temperatures (top),
expansion of the W56 M and axial M61 CH3 proton signals (middle), and locations of W56 and M61 in HT (PDB code 1YNR) and PA
(PDB code 451C)4) (bottom). The W56 N and axial M61 CH3 proton signals of HT exhibited line broadening at lower temperatures.

DISCUSSION the axial H16 side chain conformation in ay(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 C.Hj; proton signal of the reduced HT broadened by
~20 Hz over the temperature range of 48 °C (Figure 4),
d demonstrating the occurrence of a conformational change
of the axial M61 side chain. Furthermore, analysis of the
I5N/*H HSQC cross-peaks observed at various temperatures
revealed the occurrence of a conformational change of the
floop 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

present study, the heme proton signals arising from theTlow- a_\ctivation volume associateq with the con_formational trgnsi-
form have been identified in the spectra obtained betd0 tion between the lowi-and highT forms (Figure 3C). This

°C at 2000 bar (Figure 3D). The conformational changes of confprmauonal transition is Ilk'ely to be responsible for the
the axial H16 and M61 side chains, relative to the heme, NonlinearEn—T plots of HT (Figure 2).

could be potential candidates for the time-dependent modula- The conformational change of the loop results in alteration
tion of the heme electronic structure responsible for the of the axial M61 coordination structure, which in turn
anomalous line broadening of the heme proton signals of modulates the heme electronic structure through the interac-
oxidized HT. However, considering the limited freedom of tion of the lone pair of the Satom with the d (dy, and d,)

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 previously20—23), anomalous line
broadening occurred selectively for the paramagnetically
shifted heme proton signals of oxidized HT at lower
temperatures (Figure 3A). Zhong et a20( have demon-
strated that the line broadening of the signals of oxidize
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 syattice relaxation
times of these protons were essentially independent o
temperature; i.e., the relaxation times wer&20 to~190
ms over the temperature range of 28#4 K (20). In the
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Ficure 5: 15N/*H HSQC slices, along th¥d axis, of N,H cross-peaks of S53, Q64 and Q53, N64 of the reduced forrtfiNadiniformly
labeled HT (left) and PA (right), respectively, in 90%®10% D,O, pH 6.00, at the indicated temperatures. The locations of the amino
acid residues at positions 53 and 64 in HT (PDB code 1YNRp(d PA (PDB code 351C}j 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.

temperature appeared to be insensitive in nature to the Met61
coordination structure; i.e., the M61.d; 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-GHyroups are barely covered
FiGUurRe 6: The residues ‘in the reduced HT, of which the amide by the loop and hence are more exposed to the solvent than
NoH HSQC cross-peaks exhibited broadeningi at lower temperatures,.the 2 anq 18-Chfones, which are.burled n the protein
i.e., H16, K47, G51, S53, M61, and Q64, are indicated in blue. interior (Figure 1). Hence the chemical environment of the
Pro residues which give no cross-peak are indicated in black. heme 7- and 12-CHgroups is more sensitive to a confor-

mational change of the loop than that of the 2- and 1&CH
orbitals of heme Fe30—44). The paramagnetically shifted ones. Since paramagnetic shifts of heme proton signals have
heme proton signals of the protein are highly sensitive to been shown to be influenced by the heme environmé&s)s (
the coordination structures of the axial ligands, as manifestedthe shifts of the heme 7- and 12-gHroton signals of the
in the large difference in the shift pattern of the heme methyl oxidized HT are affected by both the change in the chemical
proton signals between the oxidized HT and PA (Figure 3A). environment, due to the altered orientation of the loop with
Since the M61 side chain in HT is rather extended wifhh a  respect to the heme, and the modulation of the heme
angle of 177 (4), as opposed to the value of 16@®r PA electronic structure, induced by the change in the M61
(5), the conformation of the M61 side chain in HT would coordination structure through the conformational change of
be more directly and sensitively affected by a change in the the loop. Thus, the chemical shifts of the heme 7- and 12-
loop conformation than that in PA. The rotation around the CH; proton signals are expected to be more greatly influ-
M61 Ss—Fe bond as well as the changes in both the M61 enced by the conformational equilibrium between the Tow-
Ss—Fe bond length and tilt, relative to heme normal, and highT forms of the protein than those of the heme 2-
contributes to the modulation of the heme electronic structureand 18-CH ones. As a result, the line widths of the heme
(45). Thus, the line broadening of the heme proton signals 7- and 12-CH proton signals were distinctly larger than those
of HT at lower temperatures could be explained in terms of of the heme 2- and 18-Gbnes at lower temperatures. The
the alteration in the M61 coordination structure, which is dielectric constant of bulk water increases with decreasing
accompanied with the conformational change of the loop. temperature, and hence a temperature-dependent conforma-
On the other hand, in contrast to the heme proton signals,tional transition of the loop in HT would be induced through
the axial M61 CHs proton signal of HT was not so a polarity change of the environment, because a loop region
significantly affected by the alteration in the Met61 coor- generally possesses a large solvent-accessible surface area
dination structure (Figure 3A). Judging from the remarkable and excluded volume. The heme Fe coordination structure
similarity in the Met6l CHs proton shift between the in HT at lower temperatures could be in principle inferred
oxidized HT and PA (Figure 3A), the signal at ambient from the results of analysis of the paramagnetic shifts of the
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heme proton signalgl). However, such a study is hampered similar to those of HT, the exception being the formation of
at present by the difficulty in the assignment of the signals a unique tetrad hydrogen bond network, i.e., the NG#HN
of the oxidized HT at lower temperatures. NsH, and NyH protons are hydrogen-bonded to K49 CO,

The present variable-temperature and -pressure NMRI148 CO, and M61 § respectively, and the presence of an
studies indicated that the broadening of the oxidized HT additional Pro residuebf (see Supporting Information, SI
signals at lower temperatures is due to a conformational 12). The importance of the residue at position 64 in the
transition of the loop region bearing the Met residue, which anomalous line broadening of the signals of HT at lower
occurs in both the reduced and oxidized proteins. On the temperatures has been demonstrated through studies on a
other hand, Zhong et al.2() had attributed the line series of designed mutant§, (22, 23). The M61-N64
broadening of the heme methyl proton signals of the oxidized hydrogen bond in the tetrad hydrogen bond network has been
HT at lower temperatures to the chemical exchange, in which proposed to suppress the conformational change of the axial
the Fe-bound M61 Satom inverts between two different M61 side chain in PAZ2). However, the observation of
configurations. According to the proposal of Zhong et al. similar line broadening of heme proton signals of the
(20), the chemical exchange occurs at any temperature, andoxidized form ofNitrosomonas europaeeyt css, (NE) at
hence the heme methyl proton shift pattern of the protein low temperatures argued against this proposal, because the
reflects the average rate of fast exchange between two state161—N64 hydrogen bond appeared to be conserved in NE
with different paramagnetic shift patterns due to flipping of (47). NE is homologous to both HT and PA and hence
the chirality of the M61 § atom. On the basis of this possesses a loop bearing axial M61, of which the structural
proposal, an exchange rate ofi®® s* has been estimated properties are similar to those of the other two proteins. NE
from a simulation of the heme methyl proton paramagnetic possesses N64 as PA does, and the orientation of the N64
shift pattern 20). It is not obvious from our results whether side chain, relative to the heme, in NE was thought to be
inversion of the M61 $atom configuration occurs in HT  similar to that in PA, because thel NMR shift pattern of
as well as whether the conformational transition of the loop the N64 proton signals of reduced NE is remarkably similar
bearing the Met residue in the protein is associated with to that of reduced PA; i.e., the N64,N, C,H, CsH, CgH,
flipping of the chirality of the M61 $atom. The similarity NsH, and NyH proton shifts are 6.48, 4.71, 2.29, 2.39, 7.11,
between the rates estimated for the conformational transitionand 3.35 ppm for the former at pH 7 and 323 K, respectively
of the loop region bearing the Met residue and the flipping (47), and 6.89, 4.80, 2.05, 2.43, 7.23, and 3.19 ppm for the
of the chirality of the M61 $atom, i.e.,~10* and~10Ps? latter at pH 5.2 and 323 K, respectivelg7j. The unusual
for the former at ®C and 2000 bar and the latter at ambient upfield shifts of the NYH proton signals of both proteins,
temperature and pressure, respectively, is most likely to bedue to the porphyrin ring current of the heme, indicated that
just a coincidence. Furthermore, as far as functional conse-the N64 NyH proton is hydrogen-bonded to the Fe-bound
guences of the dynamic nature of the heme active site M61 S; atom, located~0.24 nm away from the heme Fe, in
structure of the protein are concerned, the nonlirigarT the protein.
plots could not be accounted for by the flipping of the  The unique tetrad K49N64—148/M61 hydrogen bond
chirality of the iron-bound Met side chain, which has been network in PA appears to contribute significantly to the
proposed to occur throughout the accessible temperaturestability of the loop conformation5j. According to the
range R0). solution NMR structure of the reduced NE7j, 148 CO is

The present study demonstrated that the loop regionnot hydrogen-bonded to the N64yN proton, but to both
bearing the axial M61 in HT yields a highform, possibly the G50 and G51 M protons, and hence the K4N64—
described by X-ray crystallographic coordinated), (at 148/M61 tetrad hydrogen bond network is not formed in NE.
ambient temperature, and with decreasing temperature, arhe K49-N64 and N64-148 hydrogen bonds in the tetrad
low-T form arises. The higf-and lowT forms exchange = K49—N64—148/M61 network, which links the ends of the
faster than the NMR time scale, and the latter dominates atloop, appear to play important roles in stabilizing the overall
—20 °C at 2000 bar. The occurrence of a conformational loop conformation in the proteins, and hence, due to the lack
change around the heme of HT was also supported by theof these hydrogen bonds, the loop by NE would be more
results of analysis of the temperature-dependent shifts of thesusceptible to a conformational change than that in PA. In
heme methyl proton signals, which suggested the presencdact, as manifested in the line broadening of the HSQC cross-
of temperature-dependent structural changes in its hemepeak of Q64 of the reduced HT at lower temperatures (Figure
active site, in addition to the contribution of low-lying excited 5), the K49-Q64 hydrogen bond alone was not strong
states to its heme electronic structures in the ground stateenough to suppress the conformational change of the loop
(24—26). The curvature of th&,—T plots could be reason-  in the protein at lower temperatures. Furthermore, Chen et
ably explained in terms of the temperature-dependental. (48) found in NMR studies on PA, NE, and homologous
structure changes of the protein revealed in the present studyproteins that the heme active site structures of the proteins

Loop Structures of HT and PAhe loops bearing the axial —adapt multiple conformational states, when the axial Met61
M61 in HT and PA consist of 15 amino acid residues, i.e., is displaced by exogenous ligands such as @Nd OH,
the residues at positions 586, the homology being 60% and that some conformational states are in dynamic exchange.
(see Supporting Information, SI 11%,(5). Most of the Therefore, the heme active site structure of the protein
residues in the loop are involved in intramolecular hydrogen appeared to be determined and stabilized by the formation
bond networks (see Supporting Information, Sl 12), and theseof the axial coordination bonds and intramolecular hydrogen
hydrogen bonds, together with the presence of three Probond network, together with various nonbonding interactions.
residues, reduce the conformational freedom of the loop in  Functional Consequences of the Conformational Transi-
HT. The hydrogen bond networks in the loop of PA are tion. We finally discuss the functional consequences of the
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conformational transition of the loop in HT. Tiig,—T plots structures suggested that the suppression of the conforma-
of HT exhibited upward curvature. We have shown that the tional transition in PA is presumably due to the formation
nonlinearity of theE,—T plots correlates well with the  of a unique hydrogen bond network among four amino acid
occurrence of line broadening of the heme proton signals atresidues.

lower temperatures?( 8). Considering the NMR results,

which indicated that the conformational equilibrium between ACKNOWLEDGMENT

thlzéot\;vr-;l]' a;rgth'r%h;;o;mfhg;?s dpgoetﬁ:ncoz(igﬁé?e?gr;ﬂ]er We thank Drs. Hajime Mita (Fukuoka Institute of Tech-
Wi peratu g€, y ICp = nology), Yoshihiro Sambongi (Hiroshima University), and

e e oo o . 3 Hasegatia (Daichy Saryo Co, L1 for usel com:
P 9 : ments. The'H NMR spectra were recorded on a Bruker

less, the upward curvature of tlis—T plots reflected that . .
AVANCE-600 spectrometer at the Chemical Analysis Cen-
the AH and AS values of the lowF form are both less ter, University of Tsukuba.

negative than the corresponding values of the Highne.

The less negativAH value of the lowT form, compared SUPPORTING INFORMATION AVAILABLE
with that of the highT one, can be attributed to either . ) )
stabilization of the oxidized protein and/or destabilization ~Analysis of Curie plots of the heme methyl proton shifts
of the reduced one in the low-form (49, 50). The heme  ©Of oxidized HT and PA, superpositioning 8N/*H HSQC
environment is crucial for the stability of the protein, and SPectra of the oxidized forms &fN uniformly labeled HT
the increased polarity of the heme environment in theTow- @nd PA in 90% HO/10% DO, pH 6.00, at various
form accounts for both the stabilization and destabilization temperatures from 1 to 48C, and at 0°C and various
of the oxidized and reduced proteins, respectively (see Pressures from 30 to 3000 bar, superpositioning“if*H
below). The polarity of the heme environment in the protein HSQC spectra of the reduced forms'af uniformly labeled
is related to the degree of exposure of the heme to the solventHT @nd PA in 90% HO/10% DO, pH 6.00, at various
which is likely to be predominantly determined by the temperatures from 1 to 48C, *N/*H HSQC slices, along
orientation of the loop relative to the heme in the protein the*H axis, of N.H cross-peaks of the amino acid residues
(Figure 1). As described above, a temperature-dependenft Positions 15, 24, and 64 in the oxidized formse
conformational transition occurs in the loop of HT. uniformly labeled HT and PA in 90% #0/10% DO, pH
6.00, at various temperatures, a summary of the hydrogen

bond networks in HT [PDB code 1YNRY] and PA [PDB
code 351C §)], 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.

With the more polar heme environment in the Idvfierm

than the hight 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 negativeAH value of the lowT form. On the
other hand, the negativAS value for cytc has been
attributed to solvent ordering{) and the decrease of the REFERENCES
polarity of the heme environment upon reductié2)( The
oxidized protein with a more polar heme environment is 1. Akasaka, K. (2006) Probing conformational fluctuation of proteins
expected to possess more ordered solvent molecules because_ PY Pressure perturbatioGhem. Re. 106 1814-1835.

L - 2. Moore, G. R., and Pettigrew, G. W. (199Qytochromes c:
of the presence of the cationic ferriheme, whereas the effect Evolutionary, Structural, and Physicochemical Aspegiringer-
of the polarity change of the heme environment in the Verlag, Berlin.
reduced protein on solvent ordering could be rather small 3. Sanbongi, Y., Ishii, M., Igarashi, Y., and Kodama, T. (1989)

due to its neutral ferroheme. Consequently, in the framework ~ Amino acid sequence of cytochrome c-552 from a thermophilic
hydrogen-oxidizing bacteriuntjydrogenobacter thermophilu3.

for na_tive f(_)ldi_ng, theA_SvaIue f_or the protein becor_nes less Bacteriol. 171 65-69.

negative with increasing polarity of the heme environment. 4 Travaglini-Allocatelli, C., Gianni, S., Dubey, V. K., Borgia, A.,
Thus, the difference in thE, value between the low- and Di Matteo, A., Bonivento, D., Cutruzzola, F., Bren, K. L., and
high-T forms of HT could be explained by the proposed Brunori, M. (2005) An obligatory intermediate in the folding

. . pathway of cytochromess, from Hydrogenobacter thermophilus
conformational change of the loop. The functional relevance 3. Biol. Chem. 28025729-25734.

of the ligand-containing loop has been demonstrated for other 5 watsuura, Y., Takano, T., and Dickerson, R. E. (1982) Structure

metalloproteins %3, 54). of cytochromecss: from Pseudomonas aeruginosefined at 1.6
A resolution and comparison of the two redox fordsMiol. Biol.
CONCLUDING REMARKS 156 389-409.

6. Hasegawa, J., Yoshida, T., Yamazaki, T., Sambongi, Y., Yu, Y.,

. . . . . Igarashi, Y., Kodama, T., Yamazaki, K., Kyogoku, Y., and
In order to elucidate the differences in functional properties Kobayashi, Y. (1998) Solution structure of thermostable cyto-

between homologous HT and PA, their protein dynamics and chromec-552 from Hydrogenobacter thermophilugetermined
conformation have been characterized and compared using by 1H-NMR spectroscopyBiochemistry 379641-9649.
variable-temperature and -pressure NMR. Despite their 7-Takahashi, Y., Sasaki, H, Takayama, S. J., Mikami, S., Kawano,

S . S., Mita, H., Sambongi, Y., and Yamamoto, Y. (2006) Further
structural similarity, the study revealed a remarkable differ- enhancement of the thermostabilityléjdrogenobacter thermo-

ence in the dynamic properties of the loop in close proximity philus cytochromecss;, Biochemistry 4511005-11011.

to the heme between them. The loop of HT was found to be 8. Takahashi, Y., Takayama, S. J., Mikami, S., Mita, H., Sambongi,
involved in the conformational transition at lower temper- Zr-; {ah”ed rYeZ‘?xarfﬂﬂtéiioT{ é%%%?dg‘gﬁgcse;Jrﬁ‘;g‘g;;%@r"?g rﬁ;"“p
ature, which resulted in nonline&;,—T plots. In contrast Gess, Chem. Lett. 35528-529.

to HT, the loop of PA is not involved in the conformational 9. Benini, S., Borsari, M., Ciurli, S., Dikiy, A., and Lamborghini,
transition. Scrutiny of the architecture of their protein M. (1998) Modulation ofBacillus pasteurii cytochrome Csss



High-Pressure NMR Study of Cytochronse

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

reduction potential by structural and solution parametgrBjol.
Inorg. Chem. 3371-382.

Ikeshoiji, T., Taniguchi, I., and Hawkridge, F. W. (1989) Electro-
chemically distinguishable states of ferricytochromand their
transition with changes in temperature and @HElectroanal.
Chem. 270297-308.

Battistuzzi, G., Borsari, M., Sola, M., and Francia, F. (1997) Redox
thermodynamics of the native and alkaline forms of eukaryotic
and bacterial class | cytochromes Biochemistry 3616247
16258.

Battistuzzi, G., Borsari, M., Cowan, J. A., Eicken, C., Loschi, L.,
and Sola, M. (1999) Redox chemistry and acid-base equilibria of
mitochondrial plant cytochromes Biochemistry 385553-5562.
Battistuzzi, G., Borsari, M., and Sola, M. (2001) Medium and
temperature effects on the redox chemistry of cytochroniur.

J. Inorg. Chem. 20012989-3004.

Eisenberg, D., and Kauzmann, W. (1968)e Structure and
Properties of WaterOxford at Clarendon Press, London.
Hasegawa, J., Shimahara, H., Mizutani, M., Uchiyama, S., Arai,
H., Ishii, M., Kobayashi, Y., Ferguson, S. J., Sambongi, Y., and
lgarashi, Y. (1999) Stabilization oPseudomonas aeruginosa
cytochromecss; by systematic amino acid substitutions based on
the structure of thermophiliddydrogenobacter thermophilus
cytochromecss,, J. Biol. Chem. 27437533-37537.

Oikawa, K., Nakamura, S., Sonoyama, T., Ohshima, A., Koba-
yashi, Y., Takayama, S. J., Yamamoto, Y., Uchiyama, S.,
Hasegawa, J., and Sambongi, Y. (2005) Five amino acid residues
responsible for the high stability éfydrogenobacter thermophilus
cytochrome g, J. Biol. Chem. 2805527-5532.

Lojou, E., and Bianco, P. (2000) Membrane electrodes can
modulate the electrochemical response of redox Protddiect
electrochemistry of cytochrongg J. Electroanal. Chem. 4851—

80.

Akasaka, K., and Yamada, H. (2001) On-line cell high pressure
nuclear magnetic resonance technique: application to protein
studies,Methods Enzymol. 33834-158.

Wishart, D. S., Bigam, C. G., Yao, J., Abildgaard, F., Dyson, H.
J., Oldfield, E., Markley, J. L., and Sykes, B. D. (1998), *°C

and N chemical shift referencing in biomolecular NMR,
Biomol. NMR 6 135-140.

Zhong, L., Wen, X., Rabinowitz, T. M., Russell, B. S., Karan, E.
F., and Bren, K. L. (2004) Heme axial methionine fluxionality in
Hydrogenobacter thermophiluytochromecss,, Proc. Natl. Acad.
Sci. U.S.A. 10186378642.

Bren, K. L., Kellog, J. A., Kaur, R., and Wen, X. (2004) Folding,
conformational changes, and dynamics of cytochrenpeobed

by NMR spectroscopyinorg. Chem. 432934-2944.

Wen, X., and Bren, K. L. (2005) Suppression of axial methionine
fluxion in Hydrogenobacter thermophiluaIin64Asn cytochrome
Cssz, Biochemistry 445225-5233.

Wen, X., and Bren, K. L. (2005) Heme axial methionine fluxion
in Pseudomonas aeruginogesn64GIn cytochromess;, Inorg.
Chem. 44 8587-8593.

Shokhirev, N. V., and Walker, F. A. (1995) Analysis of the
temperature dependence of tHe contact shifts off-pyrrole
substituents in low-spin Fe(lll) model hemes and heme proteins:
explanation of “Curie” and “anti-Curie” behavior within the same
molecule,J. Phys. Chem. 9917795-17804.

Banci, L., Bertini, I., Luchinat, C., Pierattelli, R., Shokhirev, N.
V., and Walker, F. A. (1998) Analysis of the temperature
dependence of théH and *3C isotropic shifts of horse heart
ferricytochromec: Explanation of Curie, anti-Curie and nonlinear
pseudocontact shifts in a common two-level framewdrkAm.
Chem. Soc. 12(8472-8479.

Shokhirev, N. V., and Walker, F. A. (1995) Analysis of the
temperature dependence of thecontact shifts in low-spin Fe(lll)
model hemes and heme proteins: Explanation of “Curie” and
“Anti-Curie” behavior within the same moleculé&, Phys. Chem.
99, 17795-17804.

Timkovich, R., and Cai, M. (1993) Investigation of the structure
of oxidized Pseudomonas aeruginosaytochrome c-551 by
NMR: comparison of observed paramagnetic shifts and calculated
pseudocontact shift®iochemistry 3211516-11523.

Kitahara, R., Sareth, S., Yamada, H., Ohmae, E., Gekko, K., and
Akasaka, K. (2000) High pressure NMR reveals active-site hinge
motion of folate-boundEscherichia colidihydrofolate reductase,
Biochemistry 3912789-12795.

29.

31.

32.

33.

34.

35.

36.

w

N

44,

45,

46.

47.

48.

49.

50.

7.

3.

Biochemistry, Vol. 46, No. 32, 2008223

Kitahara, R., Yamada, H., and Akasaka, K. (2001) Two folded
conformers of ubiquitin revealed by high-pressure NMBRo-
chemistry 4013556-13563.

. Kitahara, R., Yamada, H., Akasaka, K., and Wright, P. E. (2002)

High Pressure NMR reveals that apomyoglobin is an equilibrium
mixture from the native to the unfolded, Mol. Biol. 32Q 311~

319.

Kitahara, R., and Akasaka, K. (2003) Close identity of a pressure-
stabilized intermediate with a kinetic intermediate in protein
folding, Proc. Natl. Acad. Sci. U.S.A. 1081673172.

Hata, K., Kono, R., Fujisawa, M., Kitahara, R., Kamatari, Y. O.,
Akasaka, K., and Xu, Y. (2004) High pressure NMR study of
dihydrofolate reductase from a deep-sea bacterMoritella
profunda Cell. Mol. Biol. 5Q 311-316.

Kitahara, R., Yokoyama, S., and Akasaka, K. (2005) NMR
snapshots of a fluctuating protein structure: ubiquitin at 30 bar-3
kbar, J. Mol. Biol. 347 277—285.

Kitahara, R., Okuno, A., Kato, M., Taniguchi, Y., Yokoyama, S.,
and Akasaka, K. (2006) Cold denaturation of ubiquitin at high
pressureMagn. Reson. Chem. 4408-113.

La Mar, G. N., Satterlee, J. D., and de Ropp, J. S. (2000) Nuclear
magnetic resonance of hemoproteinsTire Porphyrin Handbook
(Kadish, K., Smith, K. M., and Guilard, R., Eds.) pp 18%98,
Academic Press, New York.

Bertini, I., and Luchinat, C. (1986NMR of Paramagnetic
Molecules in Biological Systemgp 19-46, The Benjamin/
Cummings, Menlo Park, CA.

Yamamoto, Y. (1998) NMR study of active sites in paramagnetic
hemoproteinsAnnu. Rep. NMR Spectrosc.,36-77.

. Barker, P. D., and Ferguson, S. J. (1999) Still a puzzle: why is

haem covalently attached ittype cytochromes?Structure 7
R281-R290.

. Shokhirev, N. V., and Walker, F. A. (1998) The effect of axial

ligand plane orientation on the contact and pseudocontact shifts
of low-spin ferriheme proteins]. Biol. Inorg. Chem. 3581~
594.

. Shokhirev, N. V., and Walker, F. A. (1998) Co- and counterrotation

of magnetic axes and axial ligands in low-spin ferriheme systems,
J. Am. Chem. Soc. 12081-990.

. Walker, F. A. (1999) inThe Porphyrin HandbookKadish, K.

M., Smith, K. M., and Guillard, R., Eds.) pp 8183, Academic
Press, San Diego, CA.

. Bertini, I., Luchinat, C., Parigi, G., and Walker, F. A. (1999) Heme

methyl *H chemical shifts as structural parameters in some low
spin ferriheme proteinsl. Biol. Inorg. Chem. 4515-519.

Banci, L., Bertini, I., Cavallaro, G., and Luchinat, C. (2002)
Chemical shift-based constraints for solution structure determi-
nation of paramagnetic low-spin heme proteins with bis-His and
His-CN~ axial ligands: the cases of oxidized cytochrobaend
Met80Ala cyano-cytochrome, J. Biol. Inorg. Chem. 7416—
426.

Turner, D. L. (1995) Determination of haem electronic structure
in His-Met cytochromes by *C-NMR. The effect of the axial
ligands,Eur. J. Biochem. 227829-837.

Tachiiri, N., Hemmi, H., Takayama, S. J., Mita, H., Hasegawa,
J., Sambongi, Y., and Yamamoto, Y. (2004) Effects of axial
methionine coordination on the in-plane asymmetry of the heme
electronic structure of cytochroneeJ. Biol. Inorg. Chem. 9733—

742.

Misumi, Y., Terui, N., and Yamamoto, Y. (2002) Structural
characterization of non-native states of sperm whale myoglobin
in aqueous ethanol of 2,2,2-trifluoroethanol medgipchim.
Biophys. Acta 160175—84.

Timkovich, R., Bergmann, D., Arciero, D. M., and Hooper, A. B.
(1998) Primary sequence and solution conformation of ferrocy-
tochromec-552 from Nitrosomonas europaediophys. J. 75
1964-1972.

Chen, Y., Liang, Q., Arciero, D. M., Hooper, A. B., and
Timkovich, R. (2007) Heme crevice disorder after sixth ligand
displacement in the cytochrome551 family, Arch. Biochem.
Biophys. 45795—-104.

Terui, N., Tachiiri, N., Matsuo, H., Hasegawa, J., Uchiyama, S.,
Kobayashi, Y., Igarashi, Y., Sambongi, Y., and Yamamoto, Y.
(2003) Relationship between redox function and protein stability
of cytochromeg, J. Am. Chem. Soc. 12836506-13651.
Takayama, S. J., Mikami, S., Terui, N., Mita, H., Hasegawa, J.,
Sambongi, Y., and Yamamoto, Y. (2005) Control of the redox
potential of Pseudomonas aeruginosgtochromecss; through



9224 Biochemistry, Vol. 46, No. 32, 2007

51.

52.

53.

the Fe-Met coordination bond strength ari¢, pf a buried heme
propionic acid side chairBiochemistry 445488-5494.

Cohen, D. S., and Pielak, G. J. (1995) Entropic stabilization of
cytochromec upon reductionJ. Am. Chem. Soc. 111675
1677.

Christen, R. P., Nomikos, S. I., and Smith, E. T. (1996) Probing
protein electrostatic interactions through temperature/reduction
potential profilesJ. Biol. Inorg. Chem. 1515-522.

Li, C., Yanagisawa, S., Martins, B. M., Messerschmidt, A.,
Banfield, M. J., and Dennison, C. (2006) Basic requirements for
a metal-binding site in a protein: The influence of loop shortening

54.

55.

Takayama et al.

on the cupredoxin azuritroc. Natl. Acad. Sci. U.S.A. 108258~
7263.

Li, C., Benfield, M. J., and Dennison, C. (2007) Engineering
copper sites in proteins: Loop confer native structures and
properties to chimeric cupredoxink,Am. Chem. Soc. 12909—

718.

Karan, E. F., Russell, B. S, and Bren, K. L. (2002) Characterization
of Hydrogenobacter thermophili/tochromesss, expressed in
the cytoplasm and periplasm &fcherichia coli J. Biol. Inorg.
Chem. 7260-272.

BI7000714



