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ABSTRACT: The inability of imidazole to complement function in the axial histidine deletion mutant, H175G,

of yeast cytochrome peroxidase has been an intriguing but unresolved issue that impacts our understanding
of the role of axial ligands in heme catalysis. Here we report the functional and spectroscopic properties
of H175G and of its complexes with imidazole. Combined with the crystal structures for these complexes,
the data provide a detailed and consistent account of the modes of Im binding in the H175G cavity and
their dependence on buffer and pH. BVis, EPR, and resonance Raman spectra reveal multiple
coordination states for H175G/Im which can be correlated with the crystal structures to assign the following
heme environments: H175G/8/H,0, H175G/Imy/phosphatg H175G/Imy/H>O., H175G/Im/H,04, and
H175G/Im/OH~, where H175G/X/Y defines the proximal species as X and the distal species as Y and
¢ and d subscripts refer, where known, to the coordinated and dissociated states, respectively. Resonance
Raman data for reduced H175G/Im show two substates for heme-coordinated Im differing in the strength
of their hydrogen bond to Asp-235, in a fashion similar to WT CCP. NO binding to ferrous H175G/Im
results in dissociation of Im from the heme but not from the cavity, while no dissociation is observed for
WT CCP, indicating that steric tethering may, in part, control NO-induced dissociation of trans ligands.
H175G/Im forms an oxidized compound | state with two distinct radical species, each with a dramatically
different anisotropy and spin relaxation from that of the Trp-191 radical of WT CCP. It is suggested that
these signals arise from alternate conformations of Trp191 having different degrees of exchange coupling
to the ferryl heme, possibly mediated by the conformational heterogeneity of Im within the H175G cavity.
The kinetics of the reaction of H175G/Im with,8, are multiphasic, also reflecting the multiple
coordination states of Im. The rate of the fastest phase is essentially identical to that of WT CCP, indicating
that the H175G/IniH.Oq state is fully reactive with peroxide. However, the overall rate of enzyme turnover
using cytochrome as a substrate is5% of WT and is unaffected by Im coordination. In summary, Im
coordination to H175G results in a number of conformers, one of which is structurally and spectroscopically
very similar to WT CCP. However, while this form is fully reactive with peroxide, the reaction with
cytochromec remains inefficient, perhaps implicating the altered Trp-191 radical species.

Recent studies have shown that the axial histidine ligand myoglobin (Mb} (1) and cytochrome peroxidase (CCP)
in several heme proteins can be deleted and replaced by(2) provided crystallographic observations of imidazole
exogenous small ligands to generate a range of novel hemecoordination within the cavity formed by deletion of the
protein complexesl(—16). These results pose questions at native histidine. Spectroscopic data showed that in the
a new level of detail about how heme coordination dictates absence of added ligands, the ferric state of both H93G Mb
function, and how the protein environment enforces or (14) and H175G CCP9) exist as mixtures of water- and
modulates the properties of the hertigand complex. Initial hydroxide-coordinated species. Subsequent studies have
reports of the substitution of imidazole for histidine in provided spectroscopic, kinetic, and thermodynamic param-
eters for binding of various substituted imidazole-{, 15—
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myoglobin (Mb). Finally, partial rescue of functional activity that provide a firm foundation for interpretation of the
by Im has been reported in the horseradish peroxidase H170Aspectroscopic and functional properties of this ligand defi-
mutant 8). Thus, exogenous ligand replacements are possiblecient mutant. We use the nomenclature H175G/M X4 to
in each of the archetypal globin and peroxidase structures,represent the state in which ligand X occupies the proximal
allowing interesting comparisons to be made with respect heme cavity, ligand Y occupies the distal heme cavity, and
to the proposed roles of the axial ligand in these different these are either coordinated (c) to or dissociated (d) from
proteins. the heme iron. A more simplified notation H175G/X refers
Although the “push-pull” concept has been widely to the protein in the presence of ligand X where the
regarded as the pivotal difference in reactivity between occupation and coordination are unspecified. With insights
globins and heme enzymeg9j, the relative importance of  provided by crystal structures characterizing the phosphate
the proximal-push has recently come under question. Heme-bound state and the pH dependence of axial imidazole
containing globins, such as Mb, form stable ferreus coordination, the spectroscopic and functional data can now
dioxygen complexes, and the ferric forms are either unre- be rationalized and placed in context of the active site
active, or react only slowly with peroxid€(). In contrast, structure. Most importantly, the contrasting properties of the
most heme enzymes, such as peroxidasggs Bnd nitric H93G Mb and H175G CCP axial ligand replacements
oxide synthases (NOS), form reactive ferric-peroxy and provide the opportunity to inquire, at a new level of detail,
ferrous-dioxygen complexes that readily undergo heterolytic into the intrinsic differences in their axial ligand function.
cleavage of the ©0 bond to generate oxidized ferryl heme
specieg:Zl). In peroxidases, a histidirearginine pair in the EXPERIMENTAL METHODS
distal heme cavity produces a distal-pull effect, providing  Protein Expression and PurificatiofExpression of CCP-
acid—base and electrostatic assistance for the heterolytic(MKT) and the H175G mutant fronEscherichia coliwas
O—0 bond cleavage stefig, 21). In support of this mech-  carried out as described previouslg).( All samples of
anism, mutations of these distal residues in peroxidases haveH175G, unless specifically noted, were prepared in the
large and specific effects on peroxy bond cleava&f®. (In phosphate-free from as described in the previous paper in
addition, repositioning of the distal histidine in Mb, not this issue 85). Protein was stored frozen at 77 K as a crystal
normally oriented properly for this role, has provided Mb suspension in distilled water and prepared for spectroscopic
variants with increased reactivity toward peroxideé, (23, studies by removing the supernatant and dissolving the
24). crystals in a minimal volume of 500 mM MES at the
On the other hand, a proximal-push effect, arising from appropriate pH, centrifuged to removed insoluble material
an electron donating proximal heme ligand, has been and then diluted into the final buffer conditions. Imidazole
proposed to stabilize the oxidized ferryl intermediates of ligands were added to the specified concentration from pH
many heme enzymed9, 21, 25—-27). For thiolate coordi- adjusted stock solutions.
nated enzymes, such agfand NOS, the absence of residues ~ UV—uis Spectroscopy, Binding, and Kinetic Measure-
capable of providing the distal-pull effect has led to a ments.UV—vis absorption spectra were collected at°ZD
widespread acceptance of the importance of proximal pushusing a Hewlett-Packard 8453 diode-array spectrometer.
in these systemsl, 21, 28). Peroxidases contain an axial Imidazole binding constants were determined by recording
histidine heme ligand strongly hydrogen bonded to an spectra on separate aliquots of H175G as a function of
aspartate side chain; this interaction may partially deprotonateimidazole concentration in 2100 mM MES buffer, rather than
the histidine and thus produce a strong imidazolate-like successive titration of a protein with imidazole. This was
ligand @9). In CCP, spectroscopic and redox potential studies necessary due to the relatively long times required under
have indicated that disruption of the Asplis hydrogen bond ~ some conditions (ca. 10 min) to reach equilibration. Each
has significant effects on the strength of the axial ligegitH( sample was monitored for approach to equilibrium in the
30). However, several recent results appear to be inconsistentcuvette before the spectrum was recorded. Care was taken
with the proximal push concept in CCB1). For example, to record a whole series of spectra using the same protein
it was shown that the axial histidine of CCP can be replaced stock, thus establishing the same protein concentration in
by glutamate or glutamine without significantly impairing each spectrum and allowing direct comparison. Dissociation
function, implying that the delicately balanced Asp-His constants and cooperativity were evaluated using Scatchard
ligand was not strictly required for functior8Z, 33). In and Hill plots. Scatchard plots were linear over the measured
addition, studies on H93G Mb, in which the basicity of the range and a single set of isosbestic points was observed (for
axial imidazole ligand was varied, showed changes in example, at 393, 564, and 592 nm for H175Gm, pH 6).
reactivity only weakly correlated with theKp of the Kinetic spectrometric measurements for the peroxide reaction
imidazole (L6). Finally, a recent report has even suggested were conducted using an OLIS RSM-1000 rapid scanning
that the axial cysteine ligand of chloroperoxidase can be stopped-flow spectrometer. Solutions of protein (final con-
replaced by histidine without loss of functiogd), although centration 2-5 uM) were prepared in 100 mM MES buffer
this has not been verified. These results clearly show, thatat pH 6 and equilibrated to temperature in the spectrometer
while axial ligand identity may modulate functional proper- prior to reaction with a second solution 0f®, (0—20 uM).
ties or help in maintaining an active coordination state, it is Both solutions contained the same imidazole concentration.
not strictly required for activity, thus reopening many old Steady-state kinetics of cytochromexidation were mea-
issues about exactly what role the axial ligand does take insured at 20°C in buffer containing 100 mM MES (pH 6),
these enzymes. and 20 mM imidazole where specified. Reactions contained
The preceding paper in this issl&5) describes a number 25 uM of prereduced horse heart cytochrome250 pM
of crystal structures of the imidazole-bound H175G mutant enzyme, and varying concentrations ofQ4. Under these
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conditions, initial rates were linear over at least 10 s and the 409
oxidation of cytochrome, monitored at 550 nm, was used
to calculate the rate of enzyme turnover. Where possible an 0.8 4
Eadie-Hofstee plot was used to calculate an effectg

o, A i 0.6 1
the rate constant under limiting peroxide concentration,
measured with 2xM cytochromec. 0.4 1 H175G/Im pH S
Resonance Raman Spectroscdji.spectra were obtained 0.2

on a custom McPherson 2061/207 spectrograph set at 0.67
m with a 2400 groove grating and equipped with a Princeton
Instruments (LN-1100PB) liquid-Ncooled CCD detector.
Kaiser Optical supernotch filters were used to attenuate |4
Rayleigh scattering. Excitation sources consisted of an Innova

250 350 450 550 650 750

302 krypton laser (413 nm) and a Liconix 4240NB helium/ 081
cadmium laser (442 nm). Frequencies were calibrated relative 06
to indene and CGlstandards and are accuratett@ cm .

The integrity of the Raman samples before and after laser 041
illumination was confirmed by direct monitoring of their 0.2 -
UV —vis spectra in the Raman capillaries.

. 0 :
Electron Paramagnetic ResonancEPR spectra were 350 350 450 550 650 750

recorded on a Bruker ESP X-band spectrometer using a Wavelength (am)
TE102 rectangular cavity maintained at low temperature by FIGURe 1: UV—vis spectra of imidazole-free and imidazole-bound

an Air Products LTR-3 quuid_ helium. cryostat; SamP'e H175G as a function of pH. The top panel shows spectra at pH 6
temperature was measured with a calibrated GaAs diode.in the absences of imidazole, at pH 5 in the presence of 15 mM

Power levels were determined to be below microwave imidazole and at pH 6 in the presence of 10 mM imidazole. In the
saturation, and 100 kHz field modulation amplitudes chosen bottom panel, spectra were recorded at pH 7 in the presence of 15
to avoid signal distortion and rapid-passage effects. Sampleé“M imidazole. This spectrum is overlaid on that at higher imidazole

 ferri ined 50% al | f . _~“concentration (100 mM imidazole, pH 7) where the heme appears
offerric enzyme containe 0 glycerol to suppress ireezing , e removed from the protein. In all cases solutions contained 10

induced conversion to a low-spin staté6). Compound | 4M H175G and 100 mM MES buffer and spectra were recorded
was produced by adding B, from a concentrated stock at equilibrium at 20°C.

solution directly b a 4 mmquartz EPR tube containing ferric ) ,
enzyme without glycerol, followed by mixing and freezing ©f Phosphate causes a conversion of the-Wié spectra with

to 77 K within 15 s. Samples of the ferrous-NO complex & single set of mfleg:tlon points to a high-spin species with
were also prepared directly in EPR tubes in the absence of2 Sharp Soret maximum at 409 nm between pH 5 and 6,
glycerol by reduction with a 2-fold excess of sodium Shifting to 411 nm at pH 7 (Figure 1). The pH-dependent
dithionite, followed by addition of a small aliquot of saturated C€hanges are more evident in the visible region, where the
NO solution (prepared by bubbling NO through an oxygen .char.ge-transfer band at 629 nm Shlft.S to 639 nm as the pH
free solution) before freezing in liquid nitrogen. All samples IS raised from 5to 6. At pH 7, H175G in 15 mM Im converts
were kept strictly anaerobic throughout by use of a glovebox Partially to alow-spin state as evidenced by the 411 nm Soret
with a N, atmosphere. Control samples reduced in this Maximum and the weak bands observed at 533 and 568

fashion, but without the addition of NO, displayed little or "M (sh). Finally, as the Im concentration is raised to 100
no signal from ferric heme; further, identical ferrous-NO mM at pH 7, the spectrum shifts Qramatlcglly to that with a
samples gave UMvis spectra consistent with the desired SOrét maximum of 432 nm and with prominexft bands at

conversion when observed ugia 1 mmpath-length cuvette, 240 and 567 nm. This spectrum is unlike that of low-spin
heme proteins, but is essentially identical to that of free

RESULTS heme in imidazole containing buffer, indicating that the heme
is removed from H175G by high concentrations of Im at
UV—Vis Spectroscopy and Imidazole Bindifidpe effects pH 7.
of imidazole binding on the U¥vis spectra of H175G CCP Equilibrium dissociation constants for Im binding to
have been reexamined following the crystallographic obser- H175G were found to be pH dependent, reflecting imidazole
vations (see preceding paper in this issue) that imidazole protonation as well as the final coordination state of the
coordination is pH dependent, and phosphate can coordinatecomplex. UV-vis spectra collected as a function of total
to the iron on the distal heme face of H175G. As shown in Im concentration were fit to a single binding equilibrium
Figure 1, in the absence of Im and phosphate, H175G model as described in the Experimental Methods and the
exhibits a broad Soret band with a maximum of 390 nm, overall dissociation constants (expressed in terms of the total
which is pH independent between pH 5 and 7 (data not imidazole concentration, [lfn= [H.Im*] + [HIm]) are
shown). This is in contrast to the pH dependence previously Kf,°"5 = 1.5 mM, Kgﬁvﬁ = 0.5 mM, anng’” =9 mM at pH
reported for H175G in phosphate buffe®,(where the 390 5,6, and 7, respectively. The values determined at pH 7 are
nm form at pH 7 converted to a form with a sharper Soret only approximate as binding was partially obscured by the
peak at 408 nm at pH 5. above-noted loss of heme at high [Im]. Thus, as the pH is
A number of additional coordination states can be detectedraised and the complex converts from the high- to low-spin
by UV—vis spectroscopy for H175G in the presence of state, imidazole binding becomes dramatically weaker. This
imidazole. Addition of 15 mM Im to H175G in the absence is despite the higher relative concentration of unprotonated
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1300 1350 1400 1450 1500 1550 1600 1650 1700 Ficure 3: Low-frequency RR spectra of dithionite-reduced H175G
in 100 mM MES pH 6.0, in the absence of imidazole (A), in 10
) ) mM 15N,-imidazole (B), and in 10 mM“N,-imidazole (C). Spectra
FicurRe 2: High-frequency RR spectra of H175G in 200 MM MES  were obtained with 442-nm excitation (4 mW) at room temperature,
buffer at pH 5 with 15 mM imidazole, at pH 6 with 10 mM  wjth a total acquisition time of 20 min.

imidazole, and at pH 7 with 15 and 50 mM imidazole. Spectra
were acquired at room temperature for 2 min by excitation at 413
nm with 5 mW of power.

Wavenumber (cm'l)

imidazole at higher pH, which we assume to be the
coordinating species.

Resonance Raman Spectroscdpgsonance Raman scat-
tering was used to further characterize the coordination states
of H175G and their dependence on axial ligand, temperature,
and solution/crystalline states. Spectra in the high-frequency
region for the ferric H175G/Im complex are shown in Figure
2. In the presence of X015 mM Im, the protein exhibits a
pH-dependent conversion from a 5-coordinate high-spin state
at pH 5 @3 = 1493 cm'?) to a mixture of 5-coordinate high-
spin and 6-coordinate low-spin stateg & 1504 cnl) at
pH 7. This low spin state is distinct from that obtained at 50
mM Im concentration where the heme appears to be removed
from the protein. Importantly, RR data collected from H175G %0 110“3,39;;?: Fie:;?g) 3400

crystals suspended in solutions containing 15 mM Im at pH FiIGURE 4: Ferric state EPR spectra for H175G as a function of

6_Or 7 are essentially identiC_aI to the _S°|Ution SPeC”a of imidazole and phosphate. The fundamental differences in coordina-
Figure 2 (data not shown). This comparison establishes thattion states of H175G are shown for WT CCP in 500 mM MES
the spectroscopic data collected on samples in solutionbuffer, 20 mM imidazole; phosphate coordinated H175G (H175G/

accurately reflect the observed coordination states observedMdphosphatg in 20 mM imidazole, 100 mM phosphate buffer;
in the crystal structures of these complexes. H175G in 200 MES buffer; H175G/Im in 20 mM imidazole, 500

. - . mM MES. For each sample, the pH was 6.0, and glycerol was added
Details of the coordination and hydrogen bonding between 15 500, to prevent freezing induced transition to low spin forms.

Asp-235, Im, and heme were obtained by RR scattering of All spectra have been corrected for slight differences in microwave
the reduced ferrous protein. In WT CCP, two Fe-histidine frequency and are reported for a frequency of 9.52 GHz. In all
stretching modes at 233 and 246 ¢ngorrespond to states ~ Cases, microwave power was 1.0 mW (except H175G: 0.1 mW),

- - TR and a modulation amplituddg & G at 100kHz, conversion time of
in which the histidine is weakly or strongly hydrogen bonded g, ms. and time constant of 328 ms were used. The numbers 1, 2,

to Asp235, respectively2g). Resonance Raman data in the and 3 designate three separate high-spin ferric heme signals
low-frequency region for reduced H175G and its imidazole observed in the H175G/Im sample with the indicated splitting

complex at pH 6 are shown in Figure 3. No-Hen stretching betweengy and g,.
modes are observed in the absence of Im, and the spectrum
is consistent with those of other heme proteins and mutantscoordinated states. Each of the signals are characteristic of
lacking axial histidine coordination. In the presence of 10 anS= °; high-spin ferric heme in a rhombically distorted
mM Im, two new bands are observed at 230 and 256'cm  axial environment wittg, ~ gy ~ 6 andg, ~ 2. WT CCP,
Confirmation that both of these bands result from-fe H175G and H175G/lgfphosphate each show a single,
vibrations was obtained by comparison of samples containing predominant high-spin signal, but can be distinguished from
“N-imidazole and®N-imidazole. As shown in Figure 3, the each other by small differences ED (rhombicity), line-
bands at 230 and 256 ctboth shifted to lower frequency  width, and averagg value (Figure 4 and Table 1). The signal
by 1 and 1.5 cm?, respectively. for H175G in the absence of exogenous ligands has a
Electron Paramagnetic Resonantew-temperature EPR ~ somewhat broader line-width, and a larger rhombicity
was found to be an effective method for distinguishing the compared with WT CCP, while H175G/lfphosphatg
variously coordinated forms of H175G. Figure 4 compares which was shown by crystallography to contain a coordinated
the EPR spectra at 7 K for WT CCP, H175G in the absence phosphate and a dissociated Im, exhibits a smaller rhombic
of exogenous ligands, and for the phosphate and imidazoledistortion compared to WT CCP. It is also noted that both
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Table 1: EPR Parameters for the Ferric High-Spin Complexes of
H175G

Ox % (9« +gy)/2 E/D?

WT 6.58 521 5.90 0.0285
H175G/Imy/phosphate 6.44 559 6.01 0.0177
H175G 6.70 5.27 5.99 0.0298
H175G/Im species 1 6.63 5.40 6.01 0.0256
H175G/Im species 2 6.37 5.23 5.80 0.0238
H175G/Im species 3 6.03

H175G+ 2Melm 6.50 5.52 6.01 0.0204
H175G+ 1Melm 6.61 5.38 6.00 0.0256
H175G+ 4Melm species1  6.63

H175G+ 4Melm species2  6.49  5.20 5.85 0.0269

aE/D calculated fromg, — gy = 48 (E/D) (59).

H175G/Im pH 7

pH®6

pH5

600 800 1000 1200 1400 1600 1800
Magnetic Field (G)

Ficure 5: pH dependence of the EPR spectra of H175G/Im is
shown for samples containing 20 mM imidazole and 500 mM MES
buffer adjusted to the indicated pH and 50% glycerol. Sample and
EPR conditions are as described in Figure 4.

of these signals have a slightly larger value@ft g,)/2 =
6.0 compared with a value of 5.9 for WT CCP.

In contrast to the Im free forms, a mixture of coordination
environments is observed for H175G in the presence of 20
mM Im at pH 6, where at least three high-spin signals appear
to contribute to the spectrum (Figure 4). Variation in the
relative contribution of these signals with sample pH (Figure
5) allows the assignment @f values to individual species,
labeled 1, 2, and 3 at the bottom of Figure 4 and in Table 1.
Species 1 and 2 have similar values /D, which are
intermediate between those of H175G and H175@/Im
phosphatg Species 3 is a nearly axial species, and it was
not possible to determiné/D from the unresolved) and

gy components. Species 1 is distinguished from species 2

by differences in ¢« + g,)/2 which are 6.01 and 5.8,
respectively. The values of( + gy)/2 shown in Table 1
suggest that signal 1 may result from a heme environment
that is similar to that of H175G withgg + gy)/2 = 5.99 and
signal 2 may correspond to an environment like that of WT
CCP with @« + gy)/2 = 5.9 (see Table 1). At pH 5, only

Hirst et al.
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Ficure 6: UV—vis characteristics of the ferrous NO complexes
of WT CCP and H175G/Im. UWvis samples were prepared by
adding small aliquots of a stock NO solution to samples of
dithionite-reduced enzyme in a sealed anaerobic cuvette. Saturated
NO solutions were made by bubbling NO gas first through a KOH
trap and then into anaerobic buffer in a crimp-sealed vial. Samples
contained 106200 mM MES, pH 6 at 20 C, H175G/Im contained
additionally 15 mM imidazole.

WT

H175G/Im

H175G

3150 3250 3350 3450 3550
Magnetic Field (G)

FiIGURe 7: EPR spectra for the ferrous-NO complexes of WT CCP,
H175G, and H175G/Im. Samples were prepared as described in
Figure 6. EPR spectra were collected at 9.52 GHz, 0.1 mW
microwave power, 100 MHz field modulation and at 70 K (WT
CCP) or 35 K (H175G and H175G/Im).

observe variations in the relative contributions of species
similar to 1, 2, and 3 as the position of the methyl substituent
is varied.

Ferrous-NO Complexe3he spectroscopic and structural

species 1 and 3 are seen, while species 2 develops as thdata indicating that the proximal Fém bond of H175G/

pH is raised to 6. As the pH is raised further to 7, species 1 Im is tenuous and prone to dissociation is augmented by the
and 2 persist along with the appearance of additional low- observation that NO bhinding to H175G/Im clearly results in
spin signals (not shown). Finally, a number of methylimi- full dissociation of any bound Im. U¥vis and EPR spectra
dazoles were examined in an attempt to reconstitute the activeof the ferrous-NO complexes of WT CCP and H175G/Im
site in a fully native state. So far, these efforts have met are compared in Figures 6 and 7. The Y\s spectra clearly
with only limited success except that it has been possible to indicate different ferrous-NO complexes for the two proteins.
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Ficure 8: UV—vis spectra at 20 C for 10M H175G/Im (10 mM 0 . . . : \-
imidazole, 100 mM MES, pH 6) before (light line) and after (bold 0 2 4 6 8 10
line) reaction with a 2-fold excess of,H,, showing the conversion [H,0,] uM

from Fe(lll) to Fe(IV)=0. I .
FiIGure 9: Stopped-flow kinetics for the reaction of WT CCP (open

. diamonds), H175G (closed squares), and H175G/Im (closed
The broadened and blue shifted Soret for H175G/IM/NO giamonds) with peroxide. The pseudo-first-order rate constants for

(Amax = 404 nm) compared with WT CCP/NQ.{ax = 423 the rapid phase of the reaction are shown as a function,0% H
nm) are consistent with 5-coordinate and 6-coordinate ferrousconcentration, along with the linear least-squares fits to give the
nitrosyl complexes, respectivelg?). The EPR spectrum of ~ Second-order rate constants of Table 2.

the WT ferrous-NO complex shows the 9-line hyperfine )

pattern in thegy region that is characteristic of tte= %/, well with the value of 3.64< 10" M~* s™* observed for WT
spin coupled to two nitrogens®), clearly indicating that CCP under_ the same condlt_lons. In the absence of Im, no
both NO and the proximal His-175 are simultaneously bound. corresponding fast phase is observed and, under these
However, the 3-line pattern observed for the H175G/Im conditions, H175G reacts only slowly (7.3310° M~*s™%)
ferrous-NO complex shows that only one nitrogen is coupled With H202. Notably, therate constanfor the fast phase is

to the radical, demonstrating that the Im has dissociated fromindependent of [Im], while itsnagnitudeis dependent on
the heme. As shown at the bottom of Figure 7, a somewhatlIml, as the degree to which the heme is bound with
different ferrous-NO complex is observed for H175G in the imidazole changes. At 10 mM Im, the amplitude of the
absence of Im, perhaps indicating that dissociated imidazolefast phase is of the same order as that for WT CCP, while
is retained in the proximal cavity. the amplitude decreases at lower [Im], becoming too small

Functional Properties of H175G/ImThe reactivity of [0 accurately measure atl mM. The slower phases
H175G CCP toward kO, is highly dependent on its following this initial burst are complex and nonexpongntlal,
coordination state. Following our original report of the @nd we have been unable at present to obtain a satisfactory
reaction of H175G/Im with kD, to produce an unusual duantitative analysis of them.
compound | state?), efforts to produce and characterize  The steady-state rate of aybxidation by HO, catalyzed
this state met with only limited success. These difficulties by H175G/Im was reexamined to determine if the low values
have now been resolved with the identification of phosphate previously reported could have resulted from phosphate
and pH-dependent imidazole coordination to this mutant. inhibition. Our earlier study reported that ayturnover for
Thus, in the presence of both Im and phosphate, H175G isH175G was only 4% of that observed for WT CCP and was
essentially unreactive toward,8, due to the direct coor- ~ Nnot stimulated by addition of Im. As shown in Table 2, cyt
dination of phosphate within the distal heme cavity. How- € oxidation by H175G in the absence of phosphate is very
ever, as shown in Figure 8, in the absence of phosphate Similar to the previous values, and the rate is not significantly
addition of HO, to H175G/Im results in complete conversion ~ Stimulated by the presence of Im. Thus, despite the fact that
to a species with an optical spectrum characteristic of the the 5-coordinate Im bound form of H175G is fully reactive
ferryl species (F&=0). This reaction is dependent on the With H20, it is capable of sustaining only 4% of the activity
presence of imidazole. Experiments are most advantageoushPf wild-type CCP with respect to the oxidation of ayt
carried out at pH 6 as a compromise between maximizing Compound | Radical Specid$175G/Im in the compound
the state with imidazole directly coordinated to the heme, | state contains two radical species that differ from that of
while avoiding conversion to a low-spin species. In the the Trp-191 radical in WT CCP. Figure 10 shows EPR
presence of 10 mM Im at pH 6, greater than 95% of the spectra &7 K for the compound | state of WT CCP and
protein has Im bound within the cavity, but the heme exists H175G/Im. An EPR signal with an unusual line-shape is
as a mixture of Im coordinated and dissociated states. Underobserved for H175G/Im that integrates at low powert8
these conditions, reaction with excesgCH results in the spins/protein molecule and, thus, is likely to represent a
conversion of ferric H175G/Im to the ferryl state via a stoichiometric radical centei39—42). By examination of
number of kinetic phases ranging from a few milliseconds its power dependence, it appears that two distinct signals
to many seconds. The fastest observable phase is on are present that differ in line-shape and signal saturation
sufficiently separate time scale to be isolated and fit to a characteristics. At high power (200 mW), a positive deriva-
single exponential, giving a pseudo-first-order rate constanttive peak at approximately 3390 G and a broad derivative
which increased linearly with [KD;] and was independent feature at approximately 3550 G is seen. At much lower
of [Im]. As shown in Figure 9 and Table 2, this rapid phase, power (2uW) an additional, more isotropic signal nep=
with a second-order rate of 3.56 10’ M~ s™, compares 2 appears. The high- and low-power spectra shown in Figure
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Table 2: Kinetic Parameters for the Reaction of H175G witdHand for the Oxidation of Cytochrome

H175G H175G/Int WT WT + Im
reaction with HO, (M~*s™%) 7.33 x 10°(0.02%) 3.55x 107 (98%) 3.73x 107 (100%0) 3.64x 107 (100%)
steady state cyt oxidation (s%)° ~11 (5%) ~31 (4%) 209 (100%) 712 (100%)

a Second-order rate constant for the fastest observable phase of the reaction. The overall reaction kinetics were nuRiglatisie rates of
cytochromec oxidation expressed as CCP turnovers per second measured at$CZ3%) pM, [Cytc] = 25 uM, [H0;] = 250 uM.

WT 200 mW
[ ]
LA
1.0 _V.__._.T_Q______
v [ N
v L]
A
v
H175G/Im
Q
._& v
05
v
v
Non-saturating signal v
v B
v
0.0 v g
Saturating signal 2 -1 0 1
log P1/2

Ficure 11: Power saturation curves for the two isolated EPR

signals of H175G/Im compound I. The signal amplitude normalized

by the square root of the microwave power (in mW) is plotted

3300 3400 3500 3600 3700 3800 against log P2 for the nonsaturating signal (A, filled circles) and
Magnetic Field (G) the saturating signal (B, open triangles).

Ficure 10: EPR properties for the compound | radical species of : :
WT CCP and H175G. Signals are compared foOkoxidized The discovery that phosphate binds to the H175G mutant

samples of WT CCP and H175G in the presence of 20 mM Im. has resolved the somewhat perplexing behavior of this
Protein concentration was200uM and a 2-fold excess of 4D, mutant. Earlier reports of imidazole binding to H175G CCP
was added immediately before freezing. Spectra for H175G/Im are suggested a pH-dependent conversion of H175G from a

shown at 200 mW and 0,2W microwave power, while the WT 5 _cqordinate water bound form at pH 6 to an iron-hydroxo
CCP spectrum is shown at 200 mW. The intensity of each scan species at pH 7 (9), to which Im bound to give the

was normalized with respect to protein concentration and receiver . o . :
gain before plotting. Two distinct signals in the oxidized H175G/ 5-coordinate imidazole complex (2). With the observation
Im sample, corresponding to rapidly and slowly relaxing species, of phosphate coordination to the heme in the preceding paper

are separated by subtraction of the normalized high and low powerin this issue, the earlier results have been revisited to separate
spectra, assuming that the slowly relaxing species is fully saturated, o affects of imidazole from phosphate coordination. The
at high power. The nonsaturating signal represents 75% of the total .
integrated signal amplitude. results of this \{vork show that the .pH depende_nce of the
H175G spectra in the absence of Im is only seen in phosphate
10 have been appropriately scaled to demonstrate that thebuffer and is thus likely to reflect coordination by phosphate,
low-power signal appears to be a combination of both signals, as observed in the crystal structures. As the 390 nm form in
as expected. This is most readily seen by comparing thethe absence of Im and phosphate corresponds to the high
broad feature at about 3550 G. Matching of the signal pH form in the presence of phosphate, we propose that this
amplitudes in this way allowed the separation of the two form does not have phosphate coordinated. Thus, whereas a
signals by subtraction. These signals are shown in Figurehydroxyl is bound at pH 7.0 (9), phosphate coordination
10 to consist of a 25% contribution from an isotropic sig- occurs at lower pH, and results in a conversion of the Soret
nal with a zero crossing & = 2.012, and a 75% contribu-  band from 390 to 408 nm. In addition, the large rearrange-
tion from a signal with apparent axial symmetiy; = 1.940, ment observed in the distal protein structure associated with
gy = 2.013. Power saturation curves, shown in Figure 11, phosphate coordination provides comprehension of the rather
verify the distinct assignment of these two signals. The slow and irreproducible ligand binding experiments that have
isotropic signal is seen to saturate at about 0.1 mW, whereasbeen observed in our laboratory with this mutant.
the axial signal shows no signs of saturation even at 200 The Im binding affinity is highly pH dependent, reflecting

mW, at 7 K. the protonation state of the ligand and the final coordination
state of the protein. The overall Im binding affinity, expressed
DISCUSSION in terms of [Im]o;, goes through an optimum at pH 6 and is

Imidazole Binding and Coordination Eimonment.The slightly weaker and considerably weaker at pH 5 and 7,
. > . . . . tot,5 __ tot,6 __ tot,7 __

spectroscopic studies of this paper can be combined withrespectively K;° = 1.5 mM, K™ = 0.5 mM, andKy™" =
the structural information of the preceding paper in this issue 9 mM at pH 5, 6, and 7). The value at pHR{' = 9 mM)
(35) to provide a detailed account of imidazole coordination compares favorably with that determined for Im binding to
to the proximal ligand cavity mutant (H175G) of CCP. Our the H93G Mb mutantl(i,"t'7 = 10 mM) (16), but the pH
results reveal a rich and subtle variation in heme coordination dependence has not been reported for other histidine heme
environment that is very sensitive to conditions, such as ligand mutants. A full treatment of the binding equilibrium
buffer ion composition and ligand protonation state. must account for changes in thigof Im in the environment
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of the H175G cavity compared to that in solution and for coupling, perhaps as a result of the sensitivity of d orbital
the intrinsicKq values for binding of imidazole in its various  hybridization on heme planarity and symmetry.

protonation states to H175G. However, this analysis is further The unstable character of the-Flen bond in H175G/Im
complicated by the conversion to low-spin at higher pH, indicated by these studies is reflected in a clear difference
effectively precluding determination of limitinigy and p<, between the ferrous nitrosyl complexes of H175G/Im and
values. In addition, the observed heterogeneous positionalWT CCP. For H175G/Im/NO, the EPR data show that the
shifts of Im within the protein cavity as a function of pH Imis clearly dissociated from the heme (H175G/IND),

(see preceding paper in this issugp), make it difficult to while for WT CCP the axial histidine is retained to form a
apply an accurate binding model at this time. It is, however, 6-coordinate ferrous nitrosyl complex (WT CCP/HMO.).
likely that the neutral, monoprotonated form of imidazole is The Raman data show that Im is coordinated to the heme in
favored within the cavity, as interactions with both the heme the ferrous protein before addition of NO and thus NO
and Asp-235 will serve to reduce th&pfrom that (K, = induces the Im dissociation via its known negative trans
7.1) in solution. The significant increase in binding affinity ~ effect €). However, even though NO results in Im dissocia-
as the pH is raised from 5 to 6 supports these assumptionstion, the ferrous-NO complexes are different in the presence
Thus, to a first approximation, the binding constants can be and absence of Im, indicating that Im dissociates from the
corrected to reflect the concentration of the relevant neutral iron, but does not leave the proximal cavity. The fact that
imidazole in solution in order to provide an estimate of its the axial histidine is not dissociated from WT CCP indicates
intrinsic affinity for H175G. Under this assumption, the that either steric restriction of its movement by the covalent
dissociation constants becor#§"® = 12 uM, K¢ = 37 tether or differences in its intrinsic bond strength due to the
«M, and K;otj = 4 mM at pH 5, 6, and 7, respectively. electronic effects of hydrqgen bonding may be important.
Thus, binding may be considered in terms of two states of These resglts have potenfua! relevance to guanyla"[e'cyclase,
the protein: a high-spin state at low pH witi 2 «M affinity where NO induced dissociation of the proximal histidine has

; : ; become widely recognized as a signaling mechanié& (
for neutral Im, and a low-spin species at pH with a much ) _ . : N
weaker affinity for Im. 44). Further studies of NO induced ligand dissociation in

. this tethered and untethered system may provide an improved
The optical, resonance Raman, and EPR data on H175G,jerstanding of the effects of steric, electronic and energetic
provide a detailed picture for the pH-dependent coordination properties of a ligand on NO induced signaling.
of Im that is consistent with the structures of the preceding Hydrogen Bonding of Bound InVariation of the Fe-
paper in this issue3). No differences were observed in ;g stretching frequencyfe s = 200-250 cntl) in heme
the coordination environment for structures obtained at room proteins is known to correlate with the proximal hydrogen-
temperature and 100 K. In addition, resonance Ramanpsnding environment2). In fact, two Fe-Im stretching
scattering shows that the coordination environment of H17G- 1,9 des are observed for WT CCP at 233 and 246dmat
Im does not differ betvx_/een solution and cry§talline states. have been proposed to arise from the histidine proton in a
Thus, the spectroscopic and crystallographic data can begouple potential well with the proton residing primarily on
effectively cross-correlated. The structures of the preceding His-175 or Asp-23529). Destruction of this hydrogen bond
paper show a pH-dependent shift in the position of Im bound py mutagenesis results in a shift tge s = 205 cnr?.
within the cavity, so that Im is dissociated from the heme at " The resonance Raman data can be used to establish that
pH 5, but becomes coordinated at pH 7. As the RR data |y coordinated to ferrous H175G is present in two hydrogen-
suggest a 5-coordinate high-spin form at pH 5, this indicates ponding conformations with Asp-235, much like that of WT
that a water molecule, unresolved in the crystal structure, ccp. Substitution of imidazole for His-175 is expected to
must be bound to the iron on the distal heme face when Im have several Comp|ex effects op._im, even if the interac-
dissociates. At pH 7, the Raman data show a mixture of tions between Im and Asp-235 are unchanged. With a lower
5-coordinate high-spin and 6-coordinate low-spin species. effective mass than histidinege_m is expected to occur at
The 5-coordinate form thus represents a state with the higher frequency. However, additional effects arising from
proximal Im bound and the distal water dissociated from the changes in mechanical tethering to the protein and small
heme. These multiple coordination modes are also evidentchanges in the orientation and tilt of the imidazole ring with
in the EPR spectra of the ferric complexes, where as manyrespect to the hemet$) make quantitative predictions of
as three high-spin and at least one low-spin species arey., ,, difficult. Nevertheless, in other proteins that have
observed. From the pH dependence of these forms, theweakly hydrogen-bonded histidines, such as Mb and HO,
signals referred to as species 1 and 2 appear to correspongeplacement of histidine with imidazole resultsiige_m, =
to Im in the iron-dissociated and iron-coordinated states, 228-230 cnt! (5, 8, 46, 47). In these cases, it is likely that
respectively. Finally, we note that the tendency of H175G |m forms an unrestrained coordination to the heme iron and
to exist in multiple high-spin states is similar to, but more is weakly hydrogen bonded. This corresponds well with the
dramatic than that of WT CCP. The important observation, 230 cnt?! band in H175G/Im and this band is therefore
however, is that these states are distinct from those of WT, assigned to a weakly hydrogen bonded conformation.
with variations in both the rhombicity paramet&/D) and Evidence that the second low-frequency band at 256'cm
(o« t+ 9y)/2 (Table 1, Figure 4), indicating that they reflect also arises from afem mode is obtained from théN
the slightly different coordination contributed by Im as isotope sensitivity of bothre_ 1, bands. From a simple two-
opposed to the natural histidine. ChangeB/ih arising from body model, the predicted isotope shifts for the two bands
small alterations ing anisotropy are common, while the (—1.5 and—1.7 cn1?) are very close to those observesl(
variation of @« + g,) from the spin-only value of 6.0, as and—1.5 cmr'). While it is possible that the isotope shift
seen also in WT CCP, imply changes in the spinbit of both bands could arise from coupling of a single-fa
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stretch with an out-of-plane heme mode, in this case, theline-shape of the Trp-191 radical EPR signal would be
isotope shift would be shared between both coupled modes.exquisitely sensitive to small perturbations in the interactions

As the sum of the observed shifts2.5 cnm?) is larger than
either predicted shift, this effectively rules out the coupled

between Trp-191 and the heme. Indeed, large line-shape
changes have been observed in mutants of Asp-23%6,

mode hypothesis as the source of the isotope sensitivity 0of56). In the case of H1L75G/Im, two signals are observed that

both bands. Thus, two important conclusions about the ability
of imidazole to substitute for His-175 in CCP can be made.
First, as with WT CCP, ferrous H175G/Im exists in two
imidazole-coordinated conformations that differ in their
degree of hydrogen bonding to Asp-235. Second, while
distinct coordination differences are observed in the ferric
state between WT CCP and H175G/Im, the ferrous forms
of these proteins appear quite similar.

Im Rescue of D, Reactvity but Not Turnaer. The
kinetic data presented in this work show that H175G in the
Im coordinated conformation fully regains its ability to react
with H,O,, while the steady-state oxidation of cytochrome
¢ remains inefficient. Chemical rescue of functional proper-
ties in cavity mutants by complementary small molecules
has been observed in a number of enzymé8—62),
including heme proteinsB( 46, 53), and remarkably, it has
been observed that His-175 can be replaced with Glu or Gin
to give an enzyme with high rates of steady-state cyt
oxidation @2, 33, 54). Our results on H175G/Im allow a
further conclusion about the operation of the proximal push

have dramatically different saturation behavior. The easily
saturated signal implies a slow spilattice relaxation, thus
indicating a radical species that is not coupled to the ferryl
heme, consistent with its isotropic line-shape. While this
signal may reside on an amino acid other than Trp-191, such
as Tyr, such a signal is expected from Trp-191 in the
distributed coupling model. For small valuesJthere will

be some subpopulation of centers that haexactly equal

to zero, and these centers should show an easily saturated,
isotropic radical. Indeed, such a component is always
observed in WT CCP. In both WT CCP and in H175G/Im
this isotropic component represents a minority species. The
majority radical species in H175G/Im, with apparent axial
symmetry, is similar to that of WT CCP in that it is difficult

to saturate at 7 K, and this is consistent with a significant
exchange coupling to the heme. However the symmetry of
this signal is reversed with respect to the Trp-191 radical of
WT CCP, i.e..gg < g;. This may indicate an opposite sign
for J, as compared to the dominant form in the WT enzyme
(42). Thus, while the coupling of the Trp-191 radical in WT

effect in CCP. The peroxide reactivity of H175G is restored CCP is predominantly anti-ferromagnetic, that for H175G/
under conditions where Im is bound to the iron. However, Im may be predominantly ferromagnetic. The Trp-191 radical
the preceding paper in this issue indicates that this state hasenter is widely believed to be a direct intermediate for
a somewhat weaker hydrogen bond to Asp-235. Thus, while electron transfer from cyt (57, 58) and while it is unclear
Asp-235 cannot be replaced without impairing reactivay)( whether changes in the exchange coupling would have a
the hydrogen bond it makes with the axial imidazole can be direct effect on the function of the enzyme, it is possible
modulated considerably without serious effects on the that this reflects an altered communication between the heme

peroxide cleavage step.

It remains perplexing that despite the ability of Im to
functionally rescue peroxide reactivity in H175G, the oxida-
tion of cytc s still significantly impaired. This result strongly
indicates that the major defect with H175G/Im is not with
the axial ligand facilitating peroxide heterolysis. It is possible
that the enzymatic turnover is limited by some unresolved
difficulty in regenerating the active 5-coordinate Im complex
after formation of compound | and its reduction to the ferric
state by cytc. However, it is more likely that the ability of
ferryl enzyme to oxidize cyt is impaired. Indeed, the
unusual EPR properties of the compound | radical for
H175G/Im support the notion that the properties of this
electron-transfer intermediate have been altered.

An Unusual Compound | Radicdlwo unique EPR signals
are observed for the 4, reaction product (compound I) of
H175G/Im that are proposed to result from forms of Trp-
191 with different degrees of exchange coupling with the
ferryl heme. The compound | state of WT CCP consists of
a ferryl (F¢t=0) heme and a cation radical localized on
Trp-191 @0). The EPR signal of this radical is only
observable at<30 K as a result of rapid spifiattice
relaxation modulated by an exchange interactimbétween
the S= Y, radical and the ferryl heme39). The broad,
complex line-shape has been proposed to result from
conformational distribution of the exchange coupliri, (
42). The absolute value afis small, so that conformational
heterogeneity can result in a distribution in whithanges
from J > 0 (ferromagnetic coupling) taJ < 0 (anti-
ferromagnetic coupling). Thus, according to this model, the

and radical site. Such a lesion may result in the deficiency
that we have proposed for electron transfer from@yt
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