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Abstract

Electronic absorption and magnetic circular dichroism (MCD) spectroscopic data at 4°C are reported for exogenous ligand-free ferric forms
of cytochrome ¢ peroxidase (CCP) in comparison with two other histidine-ligated heme proteins, horseradish peroxidase (HRP) and
myoglobin (Mb). In particular, we have examined the ferric states of yeast wild-type CCP (YCCP), CCP(MKT) which is the form of the
enzyme that is expressed in and purified from E. coli, and contains Met-Lys—Thr (MKT) at the N-terminus, CCP(MKT) in the presence of
60% glycerol, lyophilized YCCP, and alkaline CCP(MKT). The present study demonstrates that, while having similar electronic absorption
spectra, the MCD spectra of ligand-free ferric YCCP and CCP(MKT) are somewhat varied from one another. Detailed spectral analyses
reveal that the ferric form of YCCP, characterized by a long wavelength charge transfer (CT) band at 645 nm, exists in a predominantly
penta-coordinate state with spectral features similar to those of native ferric HRP rather than ferric Mb (His/water hexa-coordinate). The
electronic absorption spectrum of ferric CCP(MKT) is similar to those of the penta-coordinate states of ferric YCCP and ferric HRP including
a CT band at 645 nm. However, its MCD spectrum shows a small trough at 583 nm that is absent in the analogous spectra of YCCP and HRP.
Instead, this trough is similar to that seen for ferric myoglobin at about 585 nm, and is attributed (following spectral simulations) to a minor
contribution ( <5%) in the spectrum of CCP(MKT) from a hexa-coordinate low-spin species in the form of a hydroxide-ligated heme. The
MCD data indicate that the lyophilized sample of ferric YCCP (Aot =637 nm) contains considerably increased amounts of hexa-coordinate
low-spin species including both His/hydroxide and bis-His species. The crystal structure of a spectroscopically similar sample of CCP(MKT)
(Acr =637 nm) solved at 2.0 A resolution is consistent with His/ hydroxide coordination. Alkaline CCP (pH 9.7) is proposed to exist as a
mixture of hexa-coordinate, predominantly low-spin complexes with distal His 52 and hydroxide acting as distal ligands based on MCD
spectral comparisons. © 1999 Elsevier Science Inc. All rights reserved.
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1. Introduction opment of cloning systems for the production of both wild-

type and mutant forms of CCP [4,5] have enabled researchers

Cytochrome c peroxidase (CCP) is a soluble 34-kDa heme
protein, located in the mitochondrial intermembrane space,
that catalyzes the two-electron reduction of hydroperoxides
(ROOH, R=H or alkyl) by ferrocytochrome ¢ [1]. The
solution of the crystal structure of CCP [2,3] and the devel-
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to probe the heme active site more thoroughly. However,
with increasing interest in the CCP system, some apparently
conflicting observations have been reported on the effects of
purification method, pH, handling, buffer and storage on the
catalytic and spectroscopic properties of the enzyme.

The purification of CCP from yeast by the methods of
Yonetani and Ray [6] produces enzyme with a purity index
(PZ; A4os/Asgo) of 1.2 to 1.3. In contrast, more recent puri-
fication methods employing acetate buffers at acidic pH yield
CCP with a PZ of about 1.5 [7,8]. However, resonance
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Raman studies indicated that enzyme preparations with lower
PZ values (1.25 to 1.3) have a five-coordinate high-spin
heme [9] while CCP samples with a higher PZ of 1.5 are a
mixture of five-coordinate and six-coordinate high-spin com-
plexes [10]. This variation of coordination state homoge-
neity despite an increased PZ value indicates that the change
in PZ value is due to differences in the absorption spectra of
the various preparations. In fact, spectroscopic studies have
led to the conclusion that native ferric CCP has two forms
with differing coordination states, the distribution of which
depends on the purification scheme, handling, and storage of
the enzyme [9-11]. These two forms of CCP have been
termed ‘fresh’ and ‘aged’. The ‘fresh’ form of CCP is the
active form, and is in a predominantly penta-coordinate, high-
spin state (S=5/2), exhibiting a characteristic high-spin
marker band at 645 nm and a high-spin EPR spectrum char-
acteristic of rhombically distorted axial symmetry (g, =6.4,
5.3,8,=1.97) [11]. Storage, exposure to acidic pH, or freez-
ing of CCP results in the generation of the inactive ‘aged’
form of CCP [11]. The heme iron in this form of CCP is
predominantly hexa-coordinate high-spin, having a high-spin
marker band at a wavelength as low as 620 nm and an axially
symmetric high-spin (§=5/2) EPR spectrum (g, =6,
8, =2) [11]. Researchers concluded that changes in the pro-
tein conformation induced by storage and/or pH variation
allow an internal weak field ligand ( likely a distal solvent
molecule) to coordinate axially to the heme iron. Therefore,
the purity index, the location of the charge transfer (CT)
band in the absorption spectrum (620 versus 645 nm) along
with an ability or inability to react with hydrogen peroxide
have all been used to determine the ‘freshness’ of CCP [9-
11].

Recent studies by Vitello et al. [ 12] indicate that the ratio
of absorptivity of the Soret maximum (408 nm) to that of
the shoulder at 380 nm and the ratio of absorptivity at 620
nm relative to that of the CT band near 647 nm are more
sensitive indicators of the presence of hexa-coordinate forms
of CCP. Both of these ratios should increase with increasing
amounts of hexa-coordinate protein. Using these ratios,
Vitello and co-workers determined that storage of the protein
at —20°C for as long as 41 months did not cause an increase
in aged CCP. Similarly, storage of the enzyme had no detect-
able effect on the electronic absorption spectrum or on the
reaction of the native enzyme with hydrogen peroxide [12].
Instead, many of the differences reported in the literature are
attributable to specific-ion effects, handling of the protein,
and lyophilization.

In order to investigate the effect of source and experimental
conditions on the coordination state of CCP, magnetic cir-
cular dichroism (MCD) spectroscopy has been employed.
This technique has been shown to be especially valuable in
studying the structural and magnetic properties of iron por-
phyrin systems [13,14]. MCD spectroscopy has certain
advantages in that it requires only 107°~10~* M sample
concentrations, and it is applicable to any oxidation or spin
state of a heme system even at ambient temperatures. Thus,

MCD spectroscopy has been extensively utilized for studies
of the active site structures of numerous heme proteins [ 14],
and has been shown to be a powerful probe of spin state,
oxidation state (ferrous, ferric, ferryl), and axial ligation in
heme systems [ 15,16]. In addition, the technique is relatively
insensitive to the non-coordination environment of the chro-

mophore in question. Comparison of MCD spectra of struc- )

turally defined heme complexes, either in proteins or
synthetic models, with different oxidation and ligation states

with the parallel derivatives of a structurally undefined heme -

protein can often lead to the establishment of the axial ligands .

of the latter [13-17]. Surprisingly, this technique has not
been employed in studies of CCP, except in the UV region
(250-350 nm) to study tryptophan residues within the pro-
tein [18] and in a recent investigation of the high-valent
intermediates, Compound I and Compound II [19]. Here,
we use MCD spectroscopy to probe the electronic and, there-
fore indirectly, the physical structure of the heme active site
of the ferric protein in the absence of exogenous ligands. A
detailed comparison is given of the MCD and electronic
absorption properties of ferric yeast CCP (YCCP), recom-
binant CCP (CCP(MKT)), and lyophilized YCCP with
those of ferric myoglobin (Mb) and ferric horseradish per-
oxidase (HRP), two extensively studied proximal histidine-
ligated heme proteins. Additionally, the X-ray crystal
structure of a CCP(MKT) sample which spectroscopically
resembles lyophilized YCCP has been solved to 2.0 A
resolution.

2. Experimental
2.1. Materials and preparation of samples

Yeast CCP (YCCP) and recombinant CCP(MKT),
expressed in E. coli, were purified as previously described
[20,21]. Horseradish peroxidase (Sigma, Type VI) and
horse heart myoglobin (Sigma) were obtained commercially.
Both the yeast and recombinant forms of CCP were stored as
crystal suspensions in distilled water [20,21] at — 70°C until
needed. Once thawed, the suspension was spun down, and
the supernatant discarded. Some crystals of YCCP were dried
by lyophilization and stored for 2-3 days at room tempera-
ture. Samples stored in this manner are designated ‘lyophil-
ized” YCCP in this study. CCP crystals were dissolved in
potassium phosphate buffer at 4°C and pH 6.0 or 7.0, as
indicated, and the alkaline forms were prepared in potassium
phosphate solution at pH 9.7 at concentrations of 60—70 uM.
Sample concentration was determined based on &0 =98
(mMcm) ~ ' for YCCP and CCP(MKT) [11], and &s55 =34
(mM cm) ™! for the pyridine hemochrome [22] of the lyo-
philized YCCP. Samples of HRP and Mb whose MCD spectra
were recorded in this study were prepared as described else-
where [23]. The MCD spectrum of cytochrome b5 used in
this study has been published elsewhere [24].
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2.2. Spectroscopic techniques

Electronic absorption spectra were recorded on a Cary 210
spectrophotometer interfaced to an IBM PC. MCD spectra
were measured using a 0.2 or 1.0 cm cuvette at 1.41 T with
a JASCO J500-A spectropolarimeter. This instrument was
equipped with a JASCO MCD-1B electromagnet and inter-
faced with a Gateway 2000 4DX2-66V PC through a JASCO
IF-500-2 interface unit. The sensitivity of the instrument was
10 m ° cm ™! for all scans with the time constant and scan
rate selected to optimize the signal-to-noise ratio. Both MCD
and CD signals and their respective baselines were recorded
for all samples. The published MCD spectrum consists of the
MCD signal minus its baseline and the sample’s baseline-
subtracted CD signal. All spectral measurements were per-
formed at either 4 or 24°C as indicated, with data acquisition
and manipulation being described elsewhere [25]. The MCD
data were smoothed using a 17-point cubic routine in two
iterations. Electronic absorption spectra were recorded before
and after the MCD measurements to verify sample integrity.
The spectra of CCP presented here are overlayed with spectra
of the ferric derivatives of Mb, HRP and cyt bs that have been
presented elsewhere [23,24,26], or recorded in this study.

2.3. Structure determination of late growth CCP

Late growth recombinant CCP(MKT) was prepared by
extending the culture times during expression from E. coli.
As shown below, carefully controlled culture times (10 h)
and induction periods (3 h) afford enzyme preparations with
minimal spectroscopic differences from YCCP. Extending
the culture time to 42 h results in enzyme preparations that
are consistent with lyophilized YCCP. Single crystals of late
growth CCP(MKT) were grown from 25% 2-methyl-2,4-
pentanediol by sitting drop vapor diffusion using conditions
previously described [27,28]. X-ray diffraction data were
collected at 15°C using Cu Ka radiation from a Siemens SRA
rotating anode X-ray generator and a Siemens area detector.
Data were indexed, integrated, merged and scaled using the
Xengen suite of programs [29]. A model derived from WT
CCP(MKT) (lcca) was used as the starting model for posi-
tional and B-factor refinements using SHELx197 [30].

3. Results and discussion

We have examined various samples of CCP in its ligand-
free ferric form using electronic absorption and MCD spec-
troscopies at neutral and alkaline pH. The electronic
absorption (Fig. 1) and MCD data (Fig. 2) of the various
species of CCP are compared to the spectra of exogenous
ligand-free ferric derivatives of Mb and HRP, both of which
also have a proximal histidine ligand. Table 1 summarizes
the electronic absorption and MCD spectral data of the ferric
CCP complexes examined. Electronic absorption maxima
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Fig. 1. Electronic absorption spectra (A) of the native ferric states of HRP
in 0.5 M potassium phosphate buffer, pH 6.0 (dashed line), and Mb in 0.1
M potassium phosphate buffer, pH 7.0 (solid line), (B) the ferric states of
YCCP in 0.05 M potassium phosphate buffer, pH 7.0 (solid line), and
CCP(MKT) in 60% (v/v) glycerol 0.05 M potassium phosphate buffer,
pH 7.0 (dashed linc), (C) the ferric states of CCP(MKT) in 0.1 M potas-
sium phosphate, pH 6.0 (solid line), Iyophilized YCCP in 0.1 M potassium
phosphate, pH 6.0 (dashed line), and alkaline CCP(MKT) in 0.1 M potas-
sium phosphate buffer, pH 9.7 (dash—dotted line). CCP spectra were
obtained at 4°C, using 40-70 pM protein concentrations. The spectra for
HRP and Mb are similar to those reported in [23,26].

and extinction coefficient values determined in this study are
similar to those previously reported [11,23].

3.1. Coordination states of the heme iron of CCP at pH 7.0

The correlation between electronic absorbance and spin
states of ferric hemoproteins has been well established [31-
34]. Hexa-coordinate species such as ferric Mb (Fig. 1(A))
and its fluoride adduct exhibit narrow intense Soret absorp-
tion bands with extinction coefficients > 120 (mM cm) ~'
[12,34], whereas penta-coordinate high-spin heme proteins
such as HRP (Fig. 1(A)) [35] and Arthromyces ramosus
peroxidase [36] have a broader, more compressed Soret
absorption band with extinction coefficients of about 100
(mM cm) ~ . The presence of a distinct shoulder in the 360~
390 nm region, the noticeably intense CT band at 500-510
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Fig. 2. MCD (A) of the native ferric states of HRP in 0.5 M potassium
phosphate buffer, pH 6.0 (dashed line), and Mb in 0.1 M potassium phos-
phate buffer, pH 7.0 (solid line), (B) the ferric states of YCCP in 0.05 M
potassium phosphate buffer, pH 7.0 (solid line), and CCP(MKT) in 60%
(v/v) glycerol 0.05 M potassium phosphate buffer, pH 7.0 (dashed line),
(C) the ferric states of CCP(MKT) in 0.1 M potassium phosphate, pH 6.0
(solid line), lyophilized YCCP in 0.1 M potassium phosphate, pH 6.0
(dashed line), and alkaline CCP(MKT) in 0.1 M potassium phosphate
buffer, pH 9.7 (dash—dotted line, intensity divided by 2 in Soret region).
CCP spectra were obtained at 4°C, using 4070 wM protein concentrations.
The spectra for HRP and Mb are similar to those reported in [23,26].

nm, and a second red-shifted CT band ( ~640 nm) of low
intensity are characteristic of the majority of penta-coordi-
nated hydroperoxidases [35-37]. Vitello et al. [12] sug-
gested that ratios of absorptivity of these wavelengths
sensitive to the coordination and spin state of iron can be
used to determine the presence of hexa-coordinate CCP in
various CCP samples. Therefore, these ratios have been cal-
culated for all CCP samples examined in this study and are
listed in Table 2.

The electronic absorption spectrum of YCCP (pH 7.0) is
shown in Fig. 1(B). The sample has a broad Soret peak at
408 nm with a distinct shoulder at ~ 370 nm, similar to that
of ferric HRP (penta-coordinate histidine-ligated, Fig.
1(A)). Additionally, a high-spin marker band can be seen at
645 nm which identifies the sample as fresh CCP [11,12].
This absorption spectrum yields values of 1.476 for the 408/

Table 1
Electronic absorption and MCD spectral features of different forms of CCP
observed versus pH and aging

CCP forms Absorption ¢ MCD
A max & A Ae/H
(nm) ((mMcm)™") (nm) ((McemT)™ ")
YCCP* 408 ¢ 98 390 0
(pH 7.0) 407 33
507.5 106 415 0
427 —-6.6
555 (sh) 6.5 487 2.8
531 1.4
645 3.0 542 0
: 557 =35
667 -1.1
CCP(MKT) ® 408 100.4 404 8.36
(pH 6.0) 413 0
507.5 11.2 423 —-10.7
481 1.9
555 (sh) 6.7 527 1.25
539 0
645.5 35 554 -2.7
: 583 - 1.8
665 -1.5
CCP(MKT) 370 (sh) 56.3 391 0
in 60% glycerol 405 4.0
(pH 6.0) 406 79 414 0
425 —-4.7
509 9.9 486 1.9
528 1.1
555 (sh) 6.0 539 0
557 —-3.1
649.5 3.0 667 —-1.3
Lyophilized ¢ 408 112 403 14.7
YCCP 413 0
(pH 6.0) 501.5 9.2 423 —16.1
483 32
554(sh) 5.7 529 2
542 0
637 3 554 -14
584 -2.7
642 —-1.7
669 -1.2
Alkaline 360 36.5 401 41.4
CCP(MKT) 411 0
(pH9.7) 414.5 86 421 —~49.5
482 1.6
535 9.3 550 0.7
557 0
566 (sh) 6.8 579 —-4.7
610 0
620 2.6 670 1.3

* YCCP: fresh CCP isolated from yeast [20].

® CCP(MKT): recombinant wild-type CCP isolated from E. Coli [21,22].
“ YCCP treated as outlined in Section 2.1.

4 Similar A (and &) values have been previously reported for ‘fresh’ ferric
YCCP [11].

380 nm ratio and 0.7001 for the 620/647 nm ratio. Compared
to the values determined by Vitello et al. (1.51 and 0.73)
[12], the YCCP sample examined in this study appears to
have a slightly lower percentage of hexa-coordinate
character.
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Table 2
Ratio of absorptivites at conformationally sensitive wavelengths (nm) for ferric ligand-free CCP under varying conditions
CCP form Ratio of absorptivities
UV-Vis MCD
408/380* 620/647" 585°¢/557 ¢ Soret peak-to-trough
YCCP, pH 7.0,4°C ¢ 1.48 0.70 0.3 9.9
CCP(MKT), pH 6.0, 4°C" 1.52 0.73 0.7 19.1
CCP(MKT), pH 6.0, 24°C" 1.51 0.71 0.4 17.5
CCP(MKT) +60% glycerol 1.27 0.71 0.3 8.7
pH 6.0, 4°C
Lyophilized YCCP 2.05 1.05 2.0 30.8
pH 6.0,4°C®
Lyophilized YCCP 1.96 1.02 1.0 209
pH 6.0,24°C*

2 The maxima absorptivities occurred at 408 + 1 nm.

b The maxima absorptivities occurred at 647 + 3 nm.

¢ The maxima negative absorptivities occurred at 585 +2 nm.

4 The maxima negative absorptivities occurred at 557 £2 nm.

¢ YCCP: fresh CCP isolated from yeast [20].

f CCP(MKT): recombinant wild-type CCP isolated from E. coli [21,22].
£ YCCP treated as outlined in Section 2.1.

The MCD spectra of ferric YCCP can be seen in Fig.2(B).
In the visible region (450-700 nm), a single trough centered
at ~ 555 nm is the dominant feature. This feature is also seen
in the MCD spectrum of the prototypical peroxidase HRP
(Fig. 2(A)). However, in the Soret region (300450 nm)
YCCP exhibits a low-intensity derivative-shaped transition
that differs from the negative feature seen for HRP. Utilizing
resonance Raman spectroscopy, Hildebrandt et al. [38]
determined that, while YCCP at pH 7.0 is predominantly
penta-coordinate, band fitting analysis of the relatively strong
v, mode at 1492 cm ™~ ! clearly reveals two minor components
at 1485.1 and 1503.1 cm~'. These bands were assigned to
hexa-coordinate high-spin ( ~7%) and hexa-coordinate low-
spin (~9%) species, respectively. The MCD spectrum of
YCCP thus represents a ferric heme that is predominantly
high-spin, penta-coordinate, but possesses some hexa-coor-
dinate high- and low-spin character [38]. Therefore, the
derivative-shaped feature seen in the Soret region of the MCD
spectrum is due to this hexa-coordinate character and can also
be used to determine the presence of hexa-coordinate CCPin
the sample. Accordingly, the distance from the peak to the
trough of this feature has been included in Table 2 and will
be used as a comparison for other CCP samples.

The electronic absorption and MCD spectra of ferric
CCP(MKT) can be seen in Figs. 1(C) and 2(C), respec-
tively. Similar to that of YCCP, the spectrum of CCP(MKT)
shows a compressed Soret band at 408 nm with a distinct
shoulder at about 370 nm. The visible region is also similar
for the two proteins including the position of the CT band of
CCP(MKT) at 645 nm, indicating comparable coordination
structures for the two proteins. However, an analysis of the
ratios of absorptivities at 408/380 and 620/647 nm (Table
2) between YCCP (1.476 and 0.7001) and CCP(MKT)
(1.524 and 0.7264) indicates that the latter sample has a

somewhat higher percentage of hexa-coordinate form
present.

Examination of the MCD spectra of CCP(MKT) (Fig.
2(B)) provides further support for the presence of a higher
level of hexa-coordinate CCP in the sample. The Soret region
reveals a slightly stronger derivative-shaped feature for
CCP(MKT) (Fig. 2(B)) with a peak-to-trough distance of
19.1 compared to 9.9 for YCCP (Table 2). Furthermore,
analysis of the visible region reveals that an additional trough
at 583 nm is present only in the MCD spectrum  of
CCP(MKT). The trough at 583 nm is similar to that seen for
various low-spin hexa-coordinate species such as alkaline
HRP (ahistidine/hydroxyl ligated heme) [39-42] and ferric
Mb (Fig. 2(A)), allowing for its identification as a low-spin
marker band for histidine-ligated ferric heme proteins.

In order to substantiate the presence of increased amounts
of hexa-coordinate species in CCP(MKT), the electronic
absorption has been examined in the presence of glycerol and
at a higher temperature of 24°C. Both the addition of glycerol
and the increase in experimental temperature have been
shown to favor the penta-coordinate state of CCP[11,43,44].
The addition of 60% glycerol to CCP(MKT) yields a sample
with spectroscopic characteristics more similar to Y CCP than
CCP(MKT) (Figs. 1(B) and2(B), Table 1). The electronic
absorption spectrum of CCP( MKT) in the presence of glyc-
erol gives decreased ratios of 1.272 at 408/380 nm and of
0.7105 at 620/647 nm (Table 2). Similarly, in the MCD
spectrum the peak-to-trough distance has decreased from
19.1 to 8.7, indicating that the addition of glycerol reduces
the percentage of hexa-coordinate species in the CCP( MKT)
sample. In particular, the loss of the MCD trough at 585 nm
when glycerol is present confirms its identification as a hexa-
coordinate low-spin marker band and indicates its potential
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as an indicator of the presence of hexa-coordinate compo-
nents in ferric CCP samples.

Similarly, an increase in temperature from 4 to 24°C results
in a decrease in the amount of hexa-coordinate heme present
in CCP(MKT). Both the electronic absorption and MCD data
(data not shown) support this conclusion by yielding absorp-
tivity ratios and a peak-to-trough distance that are lower at
24°C than at 4°C (Table 2). However, the effect of increasing
the temperature on the presence of hexa-coordinate heme is
not as drastic as the addition of glycerol to the sample. The
decrease in hexa-coordinate species at higher temperatures is
likely to be due to a destabilization of the water ligand located
in the distal pocket, yielding a sample with a higher percent-
age of penta-coordinate character [43]. Thus, we conclude
that CCP(MKT) is predominantly penta-coordinate high-
spin with a slightly elevated amount of hexa-coordinate heme
compared to YCCP.

With the identification of both ferric YCCP and
CCP(MKT) as primarily penta-coordinate high-spin, we
next attempted to determine the coordination environment of
lyophilized ferric YCCP. The electronic absorption spectrum
(Fig. 1(C), Table 1) shows that the Soret band at 408 nm
has sharpened and intensified, while the CT band is blue-
shifted to 637 nm. The location of the CT band at 637 nm
indicates that the lyophilized YCCP has a lower percentage
of hexa-coordination than samples investigated by Yonetani
and Anni (Acy=620 nm) [11], but likely has a varied coor-
dination from the CCP samples with a CT band at 645 nm.
The ratios at 408/380 nm and 620/647 nm have both
increased to 2.046 and 1.048 (Table 2), respectively, con-
firming the presence of increased amounts of hexa-coordinate
species. In contrast, the trough at 554 nm is drastically
reduced in intensity in the lyophilized YCCP spectrum com-
pared to the ‘fresh’ YCCP spectrum, suggestive of a dimin-
ished amount of high-spin heme in the former.

Further support for this change in coordination structure
can be seen in the MCD spectrum (Fig. 2(C)) of lyophilized
YCCP. The derivative-shaped Soret feature in the MCD spec-
trum of the lyophilized YCCP sample has a peak-to-trough
distance of 30.8, indicating a higher degree of low-spin hexa-
coordination than in either YCCP or CCP(MKT). In addi-
tion, the intense trough at 584 nm yields a 585/557 nm ratio
of 2.023, verifying a higher degree of low-spin character for
lyophilized YCCP. An increase in temperature from 4 to 24°C
results in a decrease in the amount of hexa-coordinate species
in this sample as evidenced by decreases in the electronic
absorptivity ratios of 408/380 and 620/647 nm, and in the
MCD absorptivity ratio at 585/557 nm, and peak-to-trough
distance of the derivative-shaped feature in the Soret region
(Table 2). Again, this temperature dependence is likely to
be due to the destabilization of the distal water ligand. Thus,
the lyophilized sample of YCCP is predominantly a hexa-
coordinate complex.

With the ability to identify the presence of hexa-coordinate
CCP in our various CCP samples, it is of interest to determine
methods useful in the removal of this coordination species.

Of the methods employed in this study, the addition of glyc-
erol appears to be the best means of removing hexa-coordi-
nate heme from the CCP samples (Table 2). Increasing the
temperature to 24°C only partially converts hexa-coordinate
to penta-coordinate heme (Table 2). It also appears that the
extent of hexa-coordination of the CCP sample is a factor in
the successful conversion to penta-coordinate species. Only
the CCP(MKT) samples ( ~ 5% hexa-coordinate complex) -
could be fully transformed into the penta-coordinate form.
For samples with a higher percentage of hexa-coordinate
character, only a partial shift to the penta-coordinate state can
be achieved. The level at which conversion to the hexa-coor-
dinate species is permanent is presently unknown but is likely
to be related to an irreversible conformational change due to
conversion of the protein from penta- to hexa-coordination.

3.2. Identification of the distal ligand(s) in CCP(MKT) and
lyophilized YCCP

In an attempt to reproduce the trough at 586 nm in the
MCD spectrum of ferric CCP(MKT), mathematically
merged MCD spectra have been constructed and compared
to that of CCP(MKT) (data not shown). These model MCD
spectra were composed of varying percentages and mixtures
of metmyoglobin (a histidine/water ligated heme) [45],
HRP-benzhydroxamic acid complex (a histidine/water
ligated heme) [26], alkaline HRP (a histidine/hydroxide
ligated heme) [39-42], and cytochrome b5 (a bis-histidine
ligated heme) [46]. Analysis of these constructed MCD
spectra demonstrated that only the merged spectrum contain-
ing 5% alkaline HRP and 95% YCCP has a trough at 586 nm
[47]. The similarity between the merged MCD spectrum and
that of CCP(MKT) indicates that the trough at 586 nm arises
from low-spin, hexa-coordinate hydroxide-bound heme. This
assignment is supported by the crystal structures of fresh
YCCP [27] and CCP(MKT) [48] which show that Wat 595
is 2.6 A from the heme and involved in three strong hydrogen
bonds with Wat 596, Wat 648, and Trp 51. Due to these
interactions and the distance from the heme iron, Wat 595
cannot be considered a strong ligand to the iron, which is
consistent with the conclusion described above that
CCP(MKT) is primarily penta-coordinate with only about
5% hexa-coordination in the form of histidine/hydroxide
bound heme.

In an effort to determine the identity of the ligand com-
plexes responsible for the MCD spectra of lyophilized ferric
YCCP, the merged spectrum seen in Fig. 3(A) was con-
structed. Initially, the spectrum of ‘fresh’ YCCP was blended
with those of the ferric HRP-benzhydroxamic acid complex
(a histidine/water ligated heme) [26] and alkaline ferric -
HRP. Analysis indicates that the Soret region can be reason-
ably well duplicated, but the visible region cannot with the
closest merged spectrum exhibiting two troughs with equal
intensity (data not shown). The addition of 10% hexa-coor-
dinate low-spin character in the form of ferric cytochrome bs
(bis-histidine ligated heme) [46] at the expense of the penta-
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Fig. 3. MCD spectra (A) of the native ferric state of lyophilized YCCP in
0.1 M potassium phosphate buffer, pH 6.0 (solid line), and the merged
spectrum ( dashed line) consisting of 60% ferric YCCP, pH 7.0, 20% HRP-
benzohydroxamic acid complex in 0.1 M potassium phosphate buffer, pH
7.0, 10% alkaline ferric HRP in 0.1 M potassium phosphate buffer, pH 12.0,
and 10% ferric cytochrome bs in 0.1 M potassium phosphate buffer, pH 7.0.
MCD spectra (B and C) of alkaline ferric CCP(MKT) in 0.1 M potassium
phosphate buffer, pH 9.7 (dashed line, intensity multiplied by 2 in (C)),
alkaline ferric HRP in 0.1 M potassium phosphate buffer, pH 12.0 (dotted
line), ferric cytochrome bs in 0.1 M potassium phosphate buffer, pH 7.0
(dot—dashed line), and merged spectrum (solid line) consisting of 40%
ferric YCCP, pH 7.0, 20% alkaline ferric HRP, pH 12.0 and 40% ferric
cytochrome bs, pH 7.0. The MCD spectra of alkaline HRP and cytochrome
bs are very similar to those previously reported [24,26].

coordinate high-spin YCCP species decreased the trough at
554 nm. The resulting merged MCD spectrum, which con-
sisted of 60% YCCP, 20% HRP-benzhydroxamic acid com-
plex, 10% alkaline HRP, and 10% ferric cytochrome bs,
simulates that of lyophilized YCCP very well (Fig. 3(A))
in band shape, position and intensity. This match indicates
that lyophilized YCCP exists in a mixed-ligand state with
water, hydroxide, and imidazole all serving as axial ligands.
Attempts to exchange the MCD data of the ferric HRP-ben-
zhydroxamic acid complex with that of ferric myoglobin were
unsuccessful (data not shown). This inability to substitute
ferric myoglobin into the model MCD spectrum is likely to
be due to the variation of both the distal pocket ligand inter-

actions and the anionic character of the proximal ligand of
CCP versus Mb. The requirement for a percentage of distal
imidazole ligation in the merged spectrum substantiates the
hypothesis that YCCP undergoes a conformational change
under various conditions, which involves alteration of the
disposition of the distal residues, bringing the distal His 52
into direct contact with ferric heme iron [49].

3.3. Identification of the distal ligand(s) in alkaline
CCP(MKT)

Many ferric heme proteins undergo an alkaline transition
from a high-spin form at neutral pH to a low-spin form at
alkaline pH [50] . Resonance Raman studies have determined
that the alkaline form of HRP contains a heme iron-ligated
hydroxyl group [41] that is likely to form a hydrogen bond
with a nearby protonated arginine residue (Arg 38) and the
distal histidine (His 42) [42]. Due to the similarity of the
distal pocket residues of HRP and CCP, the MCD spectrum
of alkaline ferric CCP(MKT) has been compared to that of
alkaline ferric HRP (Fig. 3(B) and (C)). The derivative
shape of the spectrum of alkaline CCP(MKT) in both the
visible and the Soret regions is less intense that those of
alkaline HRP with the derivative-shaped feature in the visible
region being about 20 nm blue-shifted as well. The basis for
these discrepancies is likely to rest in the effect of increasing
pH on the active-site pocket conformation of CCP. Studies
by Smulevich et al. [51] have revealed that the replacement
of distal His 52 with leucine in H52L CCP significantly mod-
ifies the nature of the transition from high- to low-spin under
alkaline conditions. This implicates His 52 as a distal strong-
field ligand in alkaline ferric CCP.

With the potential for His 52 ligation in the alkaline state
of CCP, we compared the MCD spectrum of alkaline
CCP(MKT) with that of ferric cytochrome bs [46,52] (Fig.
3(B) and (C)). While the lineshapes are similar, the features
of the spectrum of cytochrome b5 are all red-shifted and more
intense that those of alkaline CCP(MKT). On closer inspec-
tion, the spectrum of alkaline CCP(MKT) appears to fall
between that of cytochrome bs and alkaline HRP in both
feature intensity and position. Hence, a merged MCD spec-
trum consisting of 35% ferric alkaline HRP and 65% ferric
cytochrome bs was constructed which matched that of alka-
line CCP(MKT) in lineshape and positioning, but not in
intensity (Fig. 3(B) and (C) ). The low intensity of the MCD
spectrum of alkaline CCP(MKT) is likely to be due to the
instability of CCP under alkaline conditions, as reported by
Erman and co-workers [53-55]. Therefore, we suggest that
a mixture of bis-histidine ferric heme and hydroxide/histi-
dine-ligated ferric heme best represents the axial ligation of
alkaline ferric CCP(MKT).

3.4. Effect of ferric heme iron coordination on the position
of the electronic absorption CT band

Based on the findings described above, Fig. 4 schemati-
cally illustrates various ferric CCP forms which are com-
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Fig. 4. Schematic depicting the coordination states of the varying forms of ferric CCP examined here and the position of their respective CT bands. The size -
of the letters reflects the relative contribution of the species A, B, C, and D to each CCP.

prised of two to four species in varying ratios. The CCP forms
exhibit their CT bands between 645 and 620 nm depending
on pH and degree of hexa-coordination. The CT band cen-
tered between 600 and 650 nm is due to CT between porphy-
rin and iron, and is sensitive to the p and/ or m donor capability
of the axial ligands [56]. The lack of a sixth axial ligand
results in a CT band around 643 nm as seen for ferric HRP
[57], ferric cytochrome ¢’ [57], and here for ferric YCCP.
A transition to hexa-coordination appears to be accompanied
by a blue shift in the CT band, as seen in cyanogen bromide-
modified Mb versus ferric Mb (643 to 633 nm) [58], and in
ferric HRP versus the benzhydroxamic acid complex of HRP
(640 t0 637 nm) [26]. The magnitude of the shift is depend-
ent on the nature of the sixth ligand and the degree of hydro-
gen bonding between the axial ligands and the protein
environment.

3.5. X-ray structural analysis of late growth CCP(MKT)

The spectroscopic data presented here demonstrate that
YCCP ‘(lyophilized YCCP) and recombinant CCP(MKT)
(to a lesser degree) are sensitive to sampling handling-
induced coordination state shifts. While MCD is a sensitive
monitor of this alteration, and allows proposals for mixed
His/hydroxy and bis-His species, the exact nature of the
structural changes accompanying this coordination change is
an important and unresolved issue. We have solved the room
temperature crystal structure at 2.0 A (Table 3) for a prepa-
ration of CCP(MKT) which was cultured for 42 h and exhib-
ited the spectroscopic signatures of hexa-coordinate CCP.
Examination of the electron density maps of Fig. 5 shows
that the distal water molecule at 2.6 A from the heme iron of
penta-coordinate CCP(MKT) is either missing or moves
closer to the iron in the late growth form of the enzyme,
where it is observed only as an unresolved bulge of the intense
iron density. Given that multiple lines of spectroscopic evi-
dence have shown this form of the enzyme to be hexa-coor-
dinate, the structure of late growth CCP(MKT) is interpreted
as containing a closely bound water-derived ligand, fully
consistent with the proposed His/hydroxy coordination. In
addition, the Ne nitrogen of His-52 is observed to move
slightly (0.5 A) away from the heme in late growth

Table 3
X-ray diffraction data collection and refinement statistics for late growth
CCP(MKT)

Data collection

Unitcella, b, ¢ (A) 104.2,74.0, 45.5
Resolution (;\) 2.0

1/ o (av) 11.4
1/ 0, (last shell) 0.96
No. of reflections 22266
Completeness (%) 85
Ryym 0.091
Refinement

Reryst 0.185
Resolution (A) 2.0
No. of reflections 19697
No. of waters 110

* Data were collected at 15 C on a Siemens 3 axis area detector using Cu
Ka radiation and processed using Xengen [29]. The model was built using
XtalView software [30] and refined in Shelx197 [31]. R,y represents the
agreement between F, for equivalent reflections. Values of I/ g; (1ast shell)
represent the average I/ o; for the 10% of the data of highest resolution. The
R..ys value is the crystallographic residuals for the observed and model-
derived structure factor amplitudes for data with F,, > 40y.

CCP(MKT) relative to the penta-coordinate enzyme, but no
evidence exists for His-52 coordination to the heme. Despite
this clear indication of a coordination state change at the
heme, no other significant differences are observed in the
protein structure between penta- and hexa-coordinate
CCP(MKT). The rms difference for all heavy atoms between
the structures of penta- and hexa-coordinate CCP(MKT) is
only 0.21 A. In addition, electrospray mass spectral analysis
of penta- and hexa-coordinate CCP(MKT) yields identical
masses to within 2 amu [59] . Possibly, deamidation of an
asparagine or glutamine residue could result in the observed
coordination-state changes without resulting in significant
differences in the X-ray structure or mass of the protein. For
example, His 52 makes a hydrogen bonding interaction with
Asn 82, and the conversion of the latter to Asp could result
in the observed spectroscopic changes.

We have examined the possibility that the small differences
observed by MCD between YCCP and CCP(MKT) may
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Fig. 5. Stereoviews of the refined crystal structures of (A) fresh CCP(MKT)
(pdb entry lcca) [48] and (B) aged CCP(MKT) superimposed on the
2F,— F, electron density map contoured at | o.

result from sequence variation. As has been noted previously
[60,61], the sequence of CCP obtained from the laboratory
strain of yeast (containing Ile-53 and Gly-152) used to clone
the gene differs from that isolated from bakers yeast (con-
taining Thr-53 and Asp-152). Reversion of these mutations
was shown not to significantly affect the activity profile for
the enzyme [60], but the subtle effects on spectroscopic
signatures seen here may result from these differences. Com-
parison of published crystal structures for Bakers yeast CCP
(2cyp) [62], penta-coordinate cloned CCP(MI) (lccp)
[27], penta-coordinate cloned CCP(MKT) (1cca) [48] and
late growth CCP(MKT) (this work) show that the various
structures are essentially identical near residue 53. Significant
differences between these structures of approximately 1 A
are observed for residues more distant from the heme, includ-
ing residue 152. However, these changes do not correlate
with the identity of residue 152 and may result from packing
effects in the different crystal forms, or in the slightly different
N termini of the various forms. These proposals are able to
be tested by mutagenesis studies currently under way.
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