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ABSTRACT: The 2.2-A X-ray structure for CCP(MI),  a plasmid-encoded form of Saccharomyces cerevisiae 
cytochrome c peroxidase (CCP) expressed in Escherichia coli [Fishel, L. A., Villafranca, J. E., Mauro, J .  
M., & Kraut, J .  (1987) Biochemistry 26, 351-3601, has been solved, together with the structures of three 
specifically designed single-site heme-cleft mutants. The structure of CCP(M1) was solved by using molecular 
replacement methods, since its crystals grow differently from the crystals of CCP isolated from bakers' yeast 
used previously for structural solution. Small distal-side differences between CCP(M1) and bakers' yeast 
C C P  are observed, presumably due to a strain-specific Thr-53 - Ile substitution in CCP(M1). A Trp-51 - Phe mutant remains pentacoordinated and exhibits only minor distal structural adjustments. The 
observation of a vacant sixth coordination site in this structure differs from the results of solution resonance 
Raman studies, which predict hexacoordinated high-spin iron [Smulevich, G., Mauro, J. M., Fishel, L. A., 
English, A. M., Kraut, J., & Spiro, T. G. (1988) Biochemistry 27, 5477-54851, The coordination behavior 
of this W51F mutant is apparently altered in the presence of a precipitating agent, 30% 2-methyl-2,4- 
pentanediol. A proximal Trp-191 - Phe mutant that  has substantially diminished enzyme activity and 
altered magnetic properties [Mauro, J. M., Fishel, L. F., Hazzard, J .  T., Meyer, T. E., Tollin, G., Cusanovich, 
M .  A., & Kraut, J .  (1988) Biochemistry 27,6243-62561 accommodates the substitution by allowing the 
side chain of Phe- 19 1, together with the segment of backbone to which it is attached, to move toward the 
heme. This relatively large (ca. 1 A) local perturbation is accompanied by numerous small adjustments 
resulting in a slight overall compression of the enzyme's proximal domain; however, the iron coordination 
sphere is essentially unchanged. This structure rules out a major alteration in protein conformation as a 
reason for the dramatically decreased activity of the W191F mutant. Changing proximal Asp-235 to Asn 
results in two significant localized structural changes. First, the heme iron moves toward the porphyrin 
plane, and distal water 595 now clearly resides in the iron coordination sphere a t  a distance of 2.0 A. The 
observation of hexacoordinated iron for the D235N mutant is in accord with previous resonance Raman 
results. Second, the indole side chain of Trp-191 has flipped over as a result of the mutation; the tryptophan 
Nc takes part in a new hydrogen bond with the backbone carbonyl oxygen of Leu-177. From the alteration 
of local structure that occurs in this mutant, coupled with the results of preliminary functional studies, we 
infer that Asp-235 exerts influence on the heme iron so as to keep its sixth coordination site vacant, and 
hence reactive with peroxide substrate, over a wide pH range. 

B a k e r s '  yeast mitochondrial cytochrome c peroxidase (CCP;' 
ferrocytochrome c:H202 oxidoreductase, EC 1.1 1.1.5) is a 
monomeric heme-containing 294-residue enzyme (Altschul et 
al., 1940; Takio et ai., 1980; Kaput et al., 1982) that catalyzes 
the reaction of ferrocytochrome c with hydrogen peroxide. A 
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simple conception of the catalytic mechanism includes two 
stages: (1) an oxidative stage, consisting of peroxide binding 
and its heterolytic cleavage to form the enzyme intermediate 
compound I2 (eq l . l ) ,  and (2) a reductive stage in which two 
electrons are sequentially delivered by two molecules of fer- 
rocytochrome c in order to regenerate the resting-stage enzyme 
(eqs 1.2 and 1.3) (Yonetani & Ray, 1965, 1966). 

(1.1) 

(1.3) 

CCP + H2O2 - CMPI + HzO 

CMPII + cyt c2+ - CCP + cyt c3+ 

CMPI + cyt c2+ - CMPII + cyt c3+ (1.2) 

' Abbreviations: CCP, cytochrome c peroxidase; CCP(MI), recom- 
binant Escherichia coli expressed cytochrome c peroxidase; CCP(M1,- 
W51F), the Trp-51 - Phe mutant of CCP(M1); CCP(MI,W191F), the 
Trp-191 - Phe mutant of CCP(M1); CCP(MI,D235N), the Asp-235 - Asn mutant of CCP(M1); EPR, electron paramagnetic resonance; 
HRP,  horseradish peroxidase; metMb, ferric sperm whale myoglobin; 
MPD, 2-methyl-2,4-pentanediol; B-factor, atomic temperature factor. 

* Compound I is the 2-equiv oxidation product of CCP; compound I1 
is the 1-equiv reaction product of compound I. 
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Cytochrome c Peroxidase Crystal Structures 

From knowledge of the distal heme environment observed 
in the 2.5-A X-ray structure of bakers' yeast CCP, Poulos and 
Kraut (1 980a,b) proposed a detailed mechanism for CCP 
function that included a description of the molecular means 
of peroxide cleavage and formation of oxidized enzyme in- 
termediates as well as identification of distal tryptophan-5 1 
as the most likely site for the unusual protein-based para- 
magnetic species observed in the compound I intermediate 
(Yonetani et al., 1966a; Hoffman et al., 1979; Hori & Yo- 
netani, 1985). The structure of CCP obtained at higher 
resolution (1.7 A) (Finzel et al., 1984) revealed additional 
important details; of particular interest was the observation 
of favorable hydrogen-bonding distance and geometry between 
iron-coordinated His- 175 and Asp-235 on the heme proximal 
side. It was proposed that this interaction, which might be 
expected to result in some degree of deprotonation of the 
proximal histidine, brings about increased electron density in 
the His-I 75 imidazole-Fe-porphyrin system (Finzel et al., 
1984; Poulos & Finzel, 1984). It has therefore been asserted 
that Asp-235 and perhaps other proximal side chains in close 
proximity to it, notably Trp-191, Met-230, and Met-231, are 
critical elements of the enzymic machinery responsible for 
forming or stabilizing the electron-deficient centers that exist 
in compound I (Edwards et al., 1987). 

Despite the detailed three-dimensional picture provided by 
the refined high-resolution X-ray structure as well as a number 
of additional biophysical studies of this enzyme, several aspects 
of the CCP mechanism remain poorly characterized, including 
the factors controlling substrate binding and heme reactivity, 
the transition state geometry for peroxide 0-0 cleavage, the 
precise chemical nature of compounds I and 11, and the 
pathway(s) of electron transfer from ferrocytochrome c. 

Recently, site-directed mutagenesis has been used to study 
CCP [for a review, see Mauro et al. (1989)l. By use of mutant 
enzymes, new insight has been gained into the spin, coordi- 
nation, and ligand-binding properties of the heme iron 
(Smulevich et al., 1988a,b), into the location and chemical 
characteristics of the paramagnetic center(s) of compound I 
(Goodin et a]., 1986; Fishel et al., 1987; Mauro et al., 1988; 
Scholes et al., 1989; Sivaraja et al., 1989), and into the ele- 
ments that control the rate of electron transfer from ferro- 
cytochrome c (Miller et al., 1988). 

The mutagenesis studies have had the overall aim of sys- 
tematically examining the ways in which protein architecture 
is coupled to enzymic function in heme peroxidases. An im- 
portant part of our work on cytochrome c peroxidase consists 
of accurately assessing any structural changes that occur in 
mutants having amino acid substitutions at key positions in 
close proximity to the heme prosthetic group. Therefore, we 
have determined X-ray structures for a number of crystallized 
mutants of CCP, each of which was prepared to examine some 
aspect of enzyme function and each of which has acquired new 
properties as the result of a single amino acid substitution. The 
present report describes first the crystal structure of the 
plasmid-encoded CCP parent enzyme expressed in Escherichia 
coli, CCP(MI), and then comparatively describes structural 
changes in the following three variants prepared by using 
site-directed mutagenesis: distal derivative Trp-5 1 - Phe and 
proximal derivatives Asp-235 - Asn and Trp-191 --c Phe. 
Finally, since studies describing a number of functional and 
spectroscopic characteristics of each of these mutants have 
already been conducted, we discuss each structure in the light 
of this additional information. 

Crystallization and X-ray Data Collection. The parent 
recombinant cytochrome c peroxidase, CCP(MI), and the 
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three mutants W 5 1 F, W 19 1 F, and D235N were expressed in 
E .  coli and purified as described previously (Fishel et al., 
1987). These four enzymes were crystallized and used for full 
crystallographic analysis, as described below. In addition, a 
Ile-53 --c Thr mutant was prepared and crystallized in order 
to investigate the effects of this mutation on crystal packing. 
For this I53T mutant, only the unit cell dimensions were 
determined and no further structural work was pursued. 

Crystals were grown by mixing protein dissolved to a con- 
centration of approximately 10 mg/mL in 0.10 M potassium 
phosphate buffer at pH 6.0 with an equal volume (typically 
10 pL) of 40% 2-methyl-2,4-pentanediol (MPD)/water (v/v). 
The 20% MPD/protein solution was then placed as sitting 
drops on siliconized glass coverslips and equilibrated in sealed 
dishes against reservoirs containing 30% MPD/water (v/v). 
Single large crystals were obtained in 3-7 days at  4 OC by 
seeding with small crystals (Thaller et al., 1981). The initial 
crystals of CCP(M1) were cross-seeded from bakers' yeast 
CCP; crystals of the three mutants were grown from seeds of 
the parent CCP(M1). Crystals of all five proteins were iso- 
morphous within experimental error (space group P212121; a 
= 104.9 A, b = 74.2 A, and c = 45.5 A). 

Low-resolution X-ray diffraction data for the parent 
CCP(M1) were initially collected on a CAD4 automatic dif- 
fractometer. This data set had an internal agreement R-factor 
of 3.9% among four crystals for intensities of all reflections 
to 3.5-A resolution. Higher resolution data (to 2.2 A) were 
collected by using the locally developed multiwire area detector 
diffractometer Mark I1 system (Xuong et al., 1985a). Each 
data set was collected by using one crystal a t  ambient tem- 
perature of approximately 23 "C. Area detector data col- 
lection was performed according to Xuong et al. (1985b). 
Crystals were rotated in increments of 0.10 deg/frame around 
o and 4 and x angles chosen to sample all unique reflections. 
Exposure times were approximately 50 s/frame for high-angle 
detector settings and 20 s/frame at low angle. Approximately 
2 days was required to complete intensity measurements for 
reflections to 2.2-A resolution for each crystal. 

A total of 18 123 unique reflections were collected for 
CCP(MI), and 17 154, 17679, and 16555 unique observations 
were made for the W5 1 F, W 19 1 F, and D235N mutants, re- 
spectively. Merging Rsym3 values were 4.24, 3.79, 3.58, and 
4.25%, respectively, based on an average of 5 observations per 
unique reflection. 

Initial Structure of CCP(MI) by Molecular Replacement. 
The structure of CCP(M1) was solved by the molecular re- 
placement method (Rossmann & Blow, 1962; Crowther, 
1972), with the refined structure of bakers' yeast CCP (Finzel 
et al., 1984) as the search model. Low-resolution CAD4 data 
were used in rotation function calculations. Rotation angles 
were sampled at 5-deg intervals, with the best results being 
obtained with data of 25-4-A resolution and a vector cutoff 
of 26 A. Under these conditions all peaks were 6-8 times 
above background. 

The translation method of Crowther and Blow (1967) was 
employed to find maximally overlapping intermolecular 
cross-Patterson vectors between molecules in the model and 
in the unknown peroxidase structure. Translation functions 
were calculated by sampling the translation vector on a 1-A 
grid, utilizing data between 8.0- and 3.5-A resolution. 
Peak-to-noise ratios varied from 9 to 14, with peak half-widths 
of less than 1 A. The translation vector was further refined 
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by an R-factor minimization procedure with steps of 0.5 A, 
resulting in an R-factor of 39% for all measurements to 2.2-A 
resolution. 

Refinement of the CCP(MI) and Mutant Structures. The 
geometry-restrained least-squares method of Hendrickson and 
Konnert (1 980) was used for refinement of the CCP(M1) and 
mutant structures. The procedure was vectorized on the SDSC 
CRAY X-MP/48 supercomputer (by S.J.O. and J.W.) to 
allow refinement of structures having overall thermal an- 
isotropy (Sheriff & Hendrickson, 1987) and to make use of 
the amorphous solvent correction of Bolin et al. (1982). The 
overall thermal anisotropy observed in these crystals is char- 
acterized by anisotropic lattice disorder, with a larger aniso- 
tropic B-factor found in the c direction in comparison with the 
other two axes (Wang, 1988). Graphics programs FRODO 
(Jones, 1978; implemented by S.J.O. on the Silicon Graphics 
system) and UCSD-MMS (S. Dempsey, unpublished) were 
used for model manipulation and placement of fixed water 
molecules. 

Two regions within the enzyme molecule where strain- 
specific primary sequence differences occur between native 
bakers’ yeast CCP and heterologously produced CCP(MI), 
Asp- 152 - Gly and Thr-53 - Ile, were readily observable 
in both 2Fo(parent) - F,(model) and F,(parent) - F,(model) 
maps. During refinement, maps were examined closely after 
12 cycles; substitution of Asp-152 by Gly in the CCP(M1) 
model was made at this stage. Replacement of threonine-53 
by isoleucine was made later in the refinement process, because 
a displacement of His-52 by 0.5 A was observed, which might 
have affected the geometry of Ile-53. 

Two modifications were introduced in the final stages of 
refinement of the D235N structure. First, hydrogen atom 
positions were calculated and their scattering contribution was 
included in subsequent structure factor calculations. Second, 
because the R-factor was unusually large for reflections below 
5 A, low-order reflections were excluded from subsequent 
refinement. After additional cycles of refinement, F, - F, maps 
became clearer and more readily interpretable. There were 
now very few features above 3Sa ,  and one of them, at 4.7a, 
was close to the initially modeled position of the indole ring 
of Trp- 19 1 ,  Since this peak was too close to the indole ring 
to represent an internally bound water molecule, it now seemed 
that the indole ring must in fact be rotated by about 180’. 
Reorientation of the ring, followed by further refinement, 
confirmed this idea. Moreover, the incorrect initial orientation 
of the indole ring explained why, during the early part of 
refinement, an unusual distribution of temperature factors was 
observed for the atoms making up the indole ring. 

The retined structure of the CCP(M1) parent included 2382 
atoms and 234 ordered water molecules and had an R-factor 
of 15.5%. Overall error was estimated to be approximately 
0.17 A by Luzatti analysis (Luzatti, 1952). The rms deviation 
of bond lengths from standard values was less than 0.01 5 A 
and the rms deviation from planarity was less than 0.017 A 
for each of the four reported structures. Errors in the positions 
of heme atoms and its neighbors, which have low temperature 
factors, are probably smaller. Coordinates of CCP(M1) and 
the W51F, W191F, and D235N mutants refined to R = 15.5, 
16.0, 16.5, and 14.7%, respectively, have been deposited in the 
Brookhaven Protein Data Bank. 

Comparison between CCP( MI) and bakers’ yeast CCP was 
made by using a newly refined structure (B. C. Finzel, T. L. 
Poulos, S .  L. Edwards, and J. Kraut, unpublished results) for 
the latter, in which new 1.7-A X-ray data were collected on 
four crystals and the structure was rerefined to R = 17% as 
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compared to 20% previously (Finzel et al., 1984). 
Crystal Packing of CCP(MI). Although E .  coli produced 

CCP(M1) and bakers’ yeast CCP crystallize in the same space 
group, P2,2,2,, the enzyme molecules pack quite differently 
within their respective crystal lattices. CCP isolated from 
bakers’ yeast has unit cell parameters of a = 107.4 A, b = 76.8 
A, and c = 51.4 A, while the unit cell parameters for CCP(M1) 
are a = 104.9 A, b = 74.2 A, and c = 45.5 A. The unit cell 
volume for CCP( MI) is thus smaller by approximately 20%, 
implying a decrease in crystal solvent content of about 50%. 
In both crystal packing arrangements, the enzyme molecules 
can be viewed as being assembled into chains running parallel 
to the a axis, with interactions between Glu-221 in the prox- 
imal domain of one molecule and Arg- 14 in the distal domain 
of the next molecule linking the chains. In CCP(MI), the 
intermolecular vectors connecting these residues are tilted 
about 15’ farther away from the a axis. The chains therefore 
pack quite differently in the two crystals, and it follows that 
all other intermolecular interactions differ as well. 

The reason for the difference in crystal packing between 
CCP(M1) and CCP isolated from bakers’ yeast is still unclear. 
Of the two strain-specific amino acid differences between the 
two enzymes (Kaput et al., 1982), Thr-53 and Asp-152 in 
bakers’ yeast CCP versus Ile-53 and Gly-152 in CCP(MI), 
the present results rule out the substitution at position 53 as 
being responsible for the difference in crystallization behavior, 
since the Thr-53 mutant of CCP(M1) crystallized isomor- 
phously with the parent. The Asp - Gly substitution at 
position 152, which lies on the enzyme surface, must still be 
considered a possible reason for the observed crystal packing 
difference. The replacement of the aspartate in the enzyme 
isolated from commercial bakers’ yeast by glycine in CCP(M1) 
undoubtedly alters the local charge distribution of the enzyme 
surface. However, this region of the protein faces a solvent 
channel in both crystal forms and does not engage in any direct 
intermolecular contacts with adjacent peroxidase molecules. 
Therefore, it is not obvious how the substitution at position 
152 could result in the observed crystal packing effect. 

Conceivably, the Met-Ile dipeptide fused to the N-terminus 
of plasmid-encoded CCP(M1) may be responsible for the 
difference in crystal packing; however, it is noted that neither 
these two residues nor the next two (Thr-1 and Thr-2) were 
visible in the final electron density map, and even the suc- 
ceeding two residues had exceptionally large temperature 
factors (more than 70 A2). A similarly high mobility of the 
N-terminal residues was observed in the high-resolution 
(1.7-A) refined bakers’ yeast CCP structure (Finzel et al., 
1984). These N-terminal residues also face a solvent channel 
in both of the crystal packing arrangements, and the lack of 
any direct intermolecular interactions in the crystal lattice 
again makes it impossible to assign the present crystal packing 
differences as being simply due to different N-termini in the 
two enzymes. Other conceivable explanations include the 
possibility that more significant differences between the en- 
zyme as isolated from bakers’ yeast and from E.  coli occur 
as a result of protease action in vivo or during purification or 
that other posttranslational modifications such as deamidation 
of Asn or Gln residues occur, which subsequently affect 
crystallization. 

Structural Comparison of CCP(MI) and Bakers’ Yeast 
CCP. Structural features making up the heme cleft of 
CCP(M1) that are most relevant to the present work are shown 
in Figure la .  The refined structure of CCP(M1) is nearly 
identical with that of bakers’ yeast CCP. However, some 
subtle differences around the peroxide-binding pocket on the 
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a 

TRP 1 1  

ASP 235 

b 

\ H I S  5 2  

TRP 181 

MET 231 

FIGURE 1 : (a) The heme cleft of CCP(M1). Some important hydrogen-bonding interactions are indicated by dashed lines. Trp-51, Trp-191, 
and Asp-235, the sites of the mutations described in the text, are labeled, along with several other important side chains. The positions of 
water molecules 595, 596, and 648 are also shown. (b) Superposition of bakers’ yeast CCP and CCP(M1) structures, showing the difference 
in His-52 positions and the strain-specific Thr-53 -+ Ile substitution. See (a) for water molecule numbering. The bakers’ yeast CCP coordinates 
are from the Brookhaven Protein Data Bank (B. C. Finzel, T. L. Poulos, and J .  Kraut, April 1986). 

heme distal side were observed (Figure lb). The most sig- 
nificant structural difference between the bakers’ yeast enzyme 
and CCP(M1) occurs in the region of distal His-52. In the 
former molecule, the imidazole ring of His-52 is tilted with 
respect to the heme axis so that it appears to be nearly ideally 
hydrogen-bonded to Wat-596, which lies between pseudoaxial 
Wat-595 and NE of Trp-5 1. In CCP(MI), the imidazole of 
His-52 is more nearly axially positioned with respect to the 
heme iron, the end of the five-membered ring having swung 
approximately 0.5 A toward the axis through the iron per- 
pendicular to the porphyrin plane. Perhaps as a consequence 
of improved hydrogen-bonding geometry resulting from the 
reorientation of His-52, Wat-595 moves away from the iron 
atom and closer to Ne of the histidine; the new distance be- 
tween Wat-595 and the heme iron is 2.7 A in CCP(M1) 
compared with 2.4 A in bakers’ yeast CCP. A typical ferric 
heme iron-to-water ligand distance is 1.9-2.1 A (Scheidt & 
Gouterman, 1983); therefore, we conclude that the iron in 
CCP(M1) remains in a pure pentacoordinated state in which 
Wat-595 is even more effectively kept away from the iron than 
in the enzyme isolated from commercial bakers’ yeast by 
means of its improved interaction with a slightly reoriented 
His-52. 

Evidently the small positional adjustments of His-52 and 
Wat-595 are due to the strain-specific Thr-53 - Ile substi- 

tution in CCP(M1). In bakers’ yeast CCP, 061  of Thr-53, 
which is near the C-terminal end of distal helix B, hydrogen 
bonds to the backbone carbonyl oxygen of a leucine residue 
(Leu-49) that lies approximately in the middle of the same 
helix. 0 7 1  of Thr-53 is also hydrogen-bonded to two interior 
water molecules that are not present in CCP(M1). It is likely 
that helix B, from which His-52 projects toward the heme, is 
flexed slightly differently in the two molecules as a result of 
the differing internal interactions around residue 53. Un- 
fortunately, in the case of the present nonisomorphous crystal 
forms we cannot examine these subtle changes by using dif- 
ference Fourier maps, which are more sensitive to small 
changes than is comparison of coordinates derived by least- 
squares refinement. 

Of the 234 ordered water molecules that were assigned 
positions in the CCP(M1) structure, about 130 are in the same 
locations relative to the enzyme molecule as found in the 
bakers’ yeast CCP structure (Finzel et al., 1984). The average 
isotropic temperature factor, B, for fixed water molecules is 
58 A2. Three internal water molecules near the iron atom, 
Wat-595 (which lies closest to the iron), Wat-596, and 
Wat-648, have temperature factors approximately twice as 
large as the values for the corresponding water molecules in 
bakers’ yeast CCP. The B-factors are 40, 58, and 5 1  A2 for 
Wat-595, Wat-596, and Wat-648, respectively, in CCP(M1). 
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These changes in  thermal parameters are probably also due 
to the replacement of Thr-53 by Ile in CCP(M1). Interest- 
ingly, the temperature factors for these distal-side fixed water 
molecules are also affected by the proximal Asp-235 - Asn 
mutation described below. 

Examination of the enzymic and spectroscopic properties 
of CCP(M1) compared with those of bakers’ yeast CCP has 
revealed no gross differences (Fishel et al., 1987; Mauro et 
al., 1988; Scholes et al., 1989), but more careful study may 
well show subtle effects. 

Spectral and Kinetic Properties of CCP(MI, W51F). The 
indole ring of Trp-51 lies 3.3 8, above heme pyrrole rings I 
and I1  and approximately parallel to the porphyrin plane and 
forms an interior boundary of the pocket into which peroxide 
substrate must enter in order to bind at  the sixth iron coor- 
dination site. It is also potentially positioned to influence the 
chemistry of the heme through a-.rr interactions with the 
porphyrin macrocycle as well as through hydrogen-bonding 
interactions with iron-bound ligands. Due to its placement 
with respect to the heme, Trp-51 was initially proposed as the 
most probable locus of the non-heme paramagnetic center in 
compound I of CCP (Poulos & Kraut, 1980a). The analogous 
site is occupied by phenylalanine in catalase (Murthy et al., 
198 1 ), HRP (Welinder, 1976), turnip isoperoxidases (Welinder 
& Mazza, 1977; Mazza & Welinder, 1980), and ligninase 
(Tien & Tu, 1987), and none of these heme enzymes exhibits 
EPR behavior resembling that of compound I of CCP. A 
W51F mutant of CCP(M1) was therefore prepared and 
characterized in  some detail (Fishel et al., 1987) in order to 
ascertain whether substitution at this site by phenylalanine 
would abolish the unusual paramagnetic center. 

It has now been established that the characteristic axially 
symmetric signal observed in the 4 K EPR spectrum of the 
peroxide-oxidized W5 1 F mutant is essentially unchanged from 
the signal observed for compound I of the parent enzyme, a 
finding which strongly suggests that the paramagnetic center 
of compound I is not located at Trp-51 (Goodin et al., 1987; 
Scholes et al., 1989). In fact, evidence has now been accu- 
mulated indicating that the protein-based paramagnetic species 
in compound I is  associated with a tryptophan side chain, most 
probably proximal Trp-191 (Mauro et al., 1988; Scholes et 
al., 1989; Sivaraja et al., 1989). Nevertheless, some significant 
changes in the properties of the enzyme have resulted from 
the Trp - Phe mutation at  position 51, including the follow- 
ing: (1) Resonance Raman spectra of ferric CCP(M1) indicate 
that the heme iron of the parent exists mainly in the penta- 
coordinate high-spin state in solution at neutral pH, whereas 
CCP(M1,WS 1 F) exists in the hexacoordinate high-spin state 
under the same solution conditions (Smulevich et al., 1988a). 
(2) The pH and temperature dependencies of the spin of the 
ferric iron in resting-state CCP(M1,WSl F) are perturbed, as 
demonstrated by the 90 K EPR spectrum for the mutant at 
pH 6 (Fishel et al., 1987). (3)  The half-lives of spontaneous 
decay of the protein-associated paramagnetic species and the 
oxyferryl center in the peroxide-oxidized mutant enzyme (in 
the absence of ferrocytochrome c) are decreased by about 
70-fold in the mutant (Fishel et al., 1987). (4) Although the 
mutant enzyme remains extremely active in its role of pro- 
moting reaction between hydrogen peroxide and ferro- 
cytochrome c, its steady-state kinetic parameters are clearly 
different from those of the parent enzyme. The pH of max- 
imum substrate turnover for both bakers’ yeast CCP and 
CCP(M1) is about 5, whereas it is about 6.5 for CCP(M1,- 
W5 1 F) (Goodin et al., 1987). Furthermore, when the activities 
of the parent and the mutant enzyme were compared at pH 
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6, it was found that k,, for the mutant is increased by a factor 
of 2-3, but K, values for both hydrogen peroxide and ferro- 
cytochrome c are slightly increased as well (Fishel et al., 1987; 
Goodin et al., 1987). (5) Resonance Raman spectra recorded 
for the mutant immediately after mixing with hydrogen per- 
oxide (before rapid spontaneous decay of the oxyferryl center 
occurs) show that its Fe(IV)=O stretching frequency is up- 
shifted by 25-30 cm-’ compared to the stretching frequency 
of the oxyferryl group of compound I of CCP(M1). In fact, 
the Fe(IV)=O stretching frequency measured for the oxidized 
mutant closely approximates the analogous Fe(IV)=O 
stretching frequency for compound I1 of H R P  (J. Terner, 
unpublished results). 

Crystal Structure of CCP(MI, W51F). A difference Fourier 
map, F0(W5 1 F) - F,(parent), superimposed on a model of the 
parent CCP(M1) structure in the region of the mutation is 
shown in Figure 2a. The map was very clear, with significant 
density (>4a) occurring only in the vicinity of the Trp - Phe 
side-chain substitution and near the backbone and side-chain 
atoms of helix B, the helix from which the catalytically im- 
portant residues His-52 and Arg-48 as well as Trp-51 (or 
Phe-5 1) project. The most prominent difference features (-15a 
and +loo) appeared near the indole ring of Trp-51 of the 
superimposed parent structure and were consistent with the 
absence of the five-membered portion of the indole ring system 
in the mutant. The second largest positive peak (6a) in the 
difference map was observed below (that is, toward the heme 
plane) the imidazole ring of His-52. This difference density 
feature, along with the presence of a number of positive peaks 
below and negative peaks above the residues making up helix 
B, immediately suggested that a small overall movement of 
this helix toward the heme had occurred. Additional distal-side 
difference density was evidently due to changes in temperature 
factors and/or occupancies of the ordered water molecules 
bound in the distal heme cavity. In particular, the site of 
Wat-648 is much less occupied, or perhaps completely missing, 
in this mutant, whereas a positive peak, of about 4a in in- 
tensity, suggested that Wat-595 either is more ordered or has 
a higher occupancy in CCP(M1,WSlF) than in the parent 
CCP(M1). 

The initial model for crystallographic refinement of the 
W51F mutant was obtained by inspecting the 2F0(W51F) - 
F,(parent) map in order to position the side chain of phenyl- 
alanine-5 1. After least-squares refinement, comparison of the 
mutant and parent structures showed that C p  of phe- 
nylalanine-5 1 was laterally displaced about 0.5 A compared 
to the Cp group of tryptophan-51 in the parent enzyme (Figure 
2b). The Phe-51 phenyl ring occupies approximately the same 
plane with respect to the heme as the indole ring of the parent 
but is now located so that the centroid of its six-membered 
ring approximately superimposes with the centroid of the 
position previously occupied by the nine-membered indole ring. 
The small backbone adjustment necessary to allow this position 
of the phenylalanine side chain is best described as a gener- 
alized diagonal displacement of residues 48-53 of distal helix 
B. This small displacement toward the heme, by an average 
of 0.3 A for residues 48-53, results in a slightly smaller 
peroxide-binding cavity in the mutant enzyme. 

The position and high occupancy of distal fixed water 595 
in the refined mutant structure suggest that distance and 
geometry criteria are fulfilled for good hydrogen bonding 
between this water molecule and side-chain nitrogen atoms 
contributed by nearby Arg-48 and His-52. Apparently as a 
result of these interactions, Wat-595 in the crystallized mutant 
enzyme remains centered 2.7 8, from the heme iron even 
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FIGURE 2: (a) CCP(M1,WSl F) minus CCP(M1) difference Fourier map contoured at h5u. Dashed contour lines represent negative difference 
density; solid lines represent positive difference density. (b) Superposition of refined structures of CCP(M1,WSl F) and CCP(M1). Water 
molecules 595/596 of the W51F mutant are shown dashed/striped. See Figure la for water molecule numbering. 

though it now lacks the hydrogen bond it previously made with 
Nc of Trp-5 1. Since this Fe-H20 distance differs little if any 
from that of the parent, we conclude that the iron remains 
essentially pentacoxdinated in the W5 1 F mutant as crys- 
tallized from 30% MPD. In addition, fixed water 596 has 
moved approximately 1 8, away from the side chain at position 
51 relative to its position in the parent (Figure 2b). Finally, 
the present model for CCP(M1,WSlF) has no water molecule 
in or near position 648, since we could not confidently assign 
the weak electron density in this region to a water molecule. 

The observation of pentacoordinate iron in the crystal 
structure of CCP(M1,WSI F) differs from the results of res- 
onance Raman studies conducted on the mutant enzyme in 
solution (Smulevich et al., 1988a). On the basis of the 
characteristic v j  band frequency at 1483 cm-’ for hexa- 
coordinate high-spin iron, the spectroscopic results indicated 
that the ferric heme in this mutant peroxidase is almost com- 
pletely hexacoordinated at pH 6, where crystals used for X-ray 
data collection were grown. Additional resonance Raman work 
by Smulevich et al. (1 990) indicates that adding concentrations 
of 2-methyl-2,4-pentanediol (MPD) necessary to induce 
crystallization (30% v/v) results in a hexa- to pentacoordinate 
change in iron coordination state for this mutant. The co- 
ordination state of parent CCP(M1) is not significantly altered 
by adding MPD, and of the mutants thus far examined, this 

behavior has been observed to a significant degree only with 
the F51 mutant. It appears that replacement of the indole 
ring of distal Trp-51 with a phenyl group, which is smaller 
and also incapable of hydrogen bonding with Wat-595, renders 
the enzyme’s distal side unique susceptible to minor structural 
changes brought about by MPD, which ultimately affect the 
iron coordination state. We stress, however, that in none of 
the presently described structures, including CCP(M1,WS 1 F), 
is there electron density recognizable as being due to ordered 
MPD either in the distal heme pocket or anywhere else in the 
molecule. Therefore, we surmise that the effect of MPD on 
the W51F mutant’s iron coordination state is probably due 
to propagation of subtle structural changes to the heme center 
rather than due to the presence of MPD bound within the polar 
distal cavity of the enzyme. Nonetheless, these results dem- 
onstrate that X-ray crystallography and resonance Raman 
spectroscopy each provides a consistent view of the iron co- 
ordination state when the experimental conditions are properly 
controlled. However, the changed coordination behavior ex- 
hibited by CCP(M1,WS 1 F) under the conditions necessary 
for its crystallization illustrates the delicacy of the structural 
balance that determines the coordination state of the ferric 
iron in this mutant. 

In light of the relatively minor adjustments that take place 
in the positions of the catalytically involved distal side chains 



7166 Biochemistry, Vol. 29, No. 31, 1990 Wang et al. 

of His- 175 and Nt  of Trp- 19 1. The unusual positioning of 
Trp-191 was initially noted by Poulos and Finzel (1984) in 
a discussion of the CCP X-ray structure. This side chain was 
considered as a candidate for the locus of the non-heme 
paramagnetic center of compound I after mutagenesis ex- 
periments ruled out two more obvious sites, Trp-51 and 
Met-172 (Goodin et al., 1986, 1987; Fishel et al., 1987). 
Additionally, an X-ray difference Fourier study suggested that 
small structural perturbations occur on the proximal side of 
the heme in the vicinity of Trp- 19 1 upon formation of com- 
pound I (Edwards et al., 1987). 

On the basis of the above considerations, it seemed possible 
that Trp-191 might be important in formation or stabilization 
of the oxyferryl heme and/or the unusual protein-based radical 
species observed in compound I. Since replacement of this 
residue by phenylalanine should disrupt critical proximal-side 
a-orbital interactions and hydrogen bonds while causing 
minimal overall structural disturbance, it was expected that 
examination of the characteristics of this variant might yield 
important structural and functional information about the CCP 
molecule. Indeed, significant changes in the kinetics of both 
compound I formation and electron transfer from ferro- 
cytochrome c to the H,O,-oxidized enzyme occur as a result 
of this Trp -+ Phe substitution. The effect on electron transfer 
is very large and evidently accounts for the approximately 
3000-fold diminution in the steady-state rate of hydrogen 
peroxide dependent oxidation of ferrocytochrome c catalyzed 
by the W191F mutant as compared to parent CCP(M1) 
(Mauro et al., 1988). The impairment of electron transfer 
capability that occurs as a result of the mutation is especially 
intriguing, since the integrity of the oxyferryl center and 
formation of the complex between the enzyme and cytochrome 
c appear to be relatively unaffected. 

It has been proposed that the enzymic process leading to 
formation of 2-equiv-oxidized compound I of CCP proceeds 
by means of a transient intermediate containing a porphyrin 
a-cation radical species (Chance et al., 1967) that rapidly 
breaks down by oxidation of some nearby amino acid residue 
or residues (Chance et al., 1986). This hypothesis has been 
difficult to investigate, since porphyrin a-cation radical 
breakdown may occur so rapidly that this intermediate is not 
observable by presently available stopped-flow techniques. 
However, fast spectral scanning stopped-flow examination of 
rapidly mixed solutions of hydrogen peroxide and CCP- 
(MI,W191F) shows that an initial intermediate is formed that 
has the visible spectrum expected for a porphyrin ir-cation 
radical (Erman et al., 1989). Furthermore, the rate of reaction 
of the mutant enzyme with H202 becomes independent of 
peroxide concentration at low concentrations of the oxidant, 
unlike the parent peroxidase/peroxide reaction, which remains 
first order for both reactants over a wide range of concen- 
trations. These experiments suggest that the W191 F mutant's 
reaction with peroxide proceeds by formation of a porphyrin 
a-cation radical whose relatively slow breakdown by an en- 
dogenous reduction reaction is rate-limiting. Thus, the Trp - Phe substitution at position 191 has resulted in very sig- 
nificant functional changes both in the initial stage leading 
to the formation of an oxidized intermediate and in the sub- 
sequent reductive stage requiring electron transfer from fer- 
rocytochrome c. 

The EPR spectrum of compound I of CCP(M1) at 4 K 
reveals two components: a highly temperature-dependent axial 
signal, which is the major integrated spin contributor, and a 
superimposed narrow, substoichiometric isotropic feature re- 
sembling an organic radical signal. Comparison of 4 K EPR 

of His-52 and Arg-48 as a result of the Trp-51 - Phe mu- 
tation, it is not surprising that the mutant enzyme remains fully 
active (Fishel et al., 1987). The reason for the substantial 
change in pH optimum for steady-state performance reported 
for this mutant by Goodin et al. (1987) remains unexplained, 
however, and the present structure affords no simple expla- 
nation for this phenomenon. 

The absence of any large structural adjustments of distal 
helix B in the W51F mutant leads us to conclude that the 
25-30-cm-' upshift in Fe(IV)=O stretching frequency for 
compound I of the W51 F mutant compared with the analogous 
frequency for compound I of parent CCP(M1) (J. Terner, 
unpublished results) is due solely to differing interactions 
between Trp versus Phe at position 51 and the oxyferryl oxygen 
or the heme a-electron system. It is most likely that the 
significant upshift in Fe(IV)=O stretching frequency, which 
implies a shorter, stronger iron-oxygen bond in the per- 
oxide-oxidized W51F mutant, results from the loss of the 
hydrogen bond between the iron-bound oxo group and N E  of 
Trp-51 that exists in the oxyferryl parent enzyme. It cannot 
be ruled out, however, that differences in charge-donating 
ability of tryptophan compared to phenylalanine also affect 
the properties of the oxyferryl center, since on the basis of 
NMR studies Satterlee et al. (1983) have proposed that in- 
creased charge density on heme pyrrole I1 resulting from its 
interaction with Trp-51 ultimately affects the heme iron by 
enhancing porphyrin - Fe a donation. Changes in H-bonding 
interactions, charge donation, or both presumably also con- 
tribute to the 70-fold increase in the rate of spontaneous re- 
duction of the oxyferryl center of peroxide-oxidized CCP- 
(MI,W51 F) by some unknown endogenous electron donor 
(Fishel et al., 1987). 

The Trp - Phe mutation at position 51 of CCP(M1) results 
in a primary sequence for distal helix B (R48-L49-A50- 
F5 l-H52-153) that now even more closely resembles the al- 
ready highly homologous (R38-L39-H40-F41-H52-D53) 
corresponding region of HRP. The aligned sequences indicate 
that HRP has a phenylalanine (F41) in a position analogous 
to phenylalanine-51 of CCP (M1,WSlF) (Welinder, 1976). 
In addition, the Fe( IV)=O stretching frequency of approxi- 
mately 780 cm-' observed for the W5 1 F mutant closely ap- 
proximates the 788-cm-' Fe(IV)=O frequency of compound 
I1 of alkaline H R P  (Sitter et al., 1985). This similarity, 
coupled with the sequence identity between distal helix B of 
the W5 1 F mutant of CCP(M1) and HRP, indicates that the 
structure of the mutant in this localized region may be a 
reasonably good model for the region around phenylalanine-41 
in the plant peroxidase. The availability of this mutant, to- 
gether with its structure, should be useful in the interpretation 
of the results of magnetic resonance studies, where inversion 
of the positions of the proton chemical shifts of heme 3- and 
8-methyl groups of the porphyrin ring in CCP compared to 
HRP has been proposed to result from the difference in 
charge-donating ability of tryptophan compared to that of 
phenylalanine at position 51(41) (Satterlee et al., 1983). 

Properties of CCP(MI, W191F). Tryptophan-191 projects 
off the end of a relatively flexible loop on the proximal side 
of the heme in such a way that its indole ring lies parallel to 
and in van der Waals contact with the iron-coordinated 
proximal imidazole of His-175. The indole also makes contact 
with the porphyrin ring at the bridging y-methylene group 
between pyrrole rings III and IV (Figure la) .  In addition, 
an indirect hydrogen-bonded linkage between the proximal 
imidazole and the indole of Trp-191 is provided by the side 
chain of Asp-235, which makes hydrogen bonds with both N61 
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FIGURE 3: (a) CCP(MI,W191F) minus CCP(M1) difference Fourier map contoured at f5a. (b) Superposition of refined structures of 
CCP(MI,W191F) and CCP(M1). 

spectra of compound I of the parent CCP(M1) and of per- 
oxide-oxidized CCP(MI,W191F) clearly showed that the 
dominant axial signal was not present in the 4 K EPR spec- 
trum of the oxidized mutant enzyme (Scholes et al., 1989), 
indicating that the mutation very likely eliminated the site of 
the stable radical in compound I. Concurrent with those 
experiments, Sivaraja et al. (1989) isolated CCP containing 
perdeuterated tryptophan from an E .  coli tryptophan auxo- 
troph and performed ENDOR studies confirming that a 
tryptophan is responsible for the dominant axial EPR signal. 
Although the above evidence suggests the possibility of a 
connection between the dramatic decrease in catalytic com- 
petence of the phenylalanine- 19 1 -substituted enzyme and loss 
of the ability of the enzyme to form the paramagnetic species 
characteristic of compound I ,  no conclusive proof exists that 
the ability to form a radical at  Trp-191 is necessary for ef- 
ficient functioning of CCP. However, the presence of T r p l 9 1  
is evidently necessary for efficient electron transfer from cy- 
tochrome c to occur. 

The dramatic effects of this single substitution on the 
catalytic function and magnetic properties of the enzyme made 
it desirable to obtain a detailed view of its three-dimensional 
structure. The crystallographic analysis described below shows 
that no large structural perturbations result from the Trp-191 - Phe mutation. 

Crystal Structure of CCP(MI,Wl91F). The W191F mu- 
tant crystal structure revealed small but more widely dis- 
tributed perturbations than were seen for the W51F mutant, 
as indicated by the 2-fold increase in overall root-mean-square 
difference density in the Fo(W 19 1 F) - Fo(parent) difference 
Fourier map compared to the F0(W51F) - F,(parent) map. 
Contoured at the Sa level, the W191F map showed that the 
major differences were located entirely within the proximal 
domain (Figure 3a). As expected, the largest features, - 9 . 1 ~  

and +7.4a, were located at residue 191, near the former 
position of the five-membered ring of the parent’s Trp-191 side 
chain, and in the immediately surrounding region. At a lower 
contour level, f3a ,  it was found that almost all the proximal 
atoms of the molecule had positive difference density above 
and negative density below (in the orientation of Figure 3a), 
suggesting that a small widespread structural adjustment 
occurs in the proximal hemisphere of the mutant. 

Least-squares refinement was initiated by modeling the side 
chain of Phe-191 on the basis of the 2F0(W191F) - F,(parent) 
map. After refinement, it was apparent that all significant 
structural adjustments occur on the heme proximal side; the 
root-mean-square magnitude of the movements is 0.14 A. The 
largest adjustment is a 1.0-A movement by C a  of Phe-191 
toward heme pyrrole ring I (Figure 3b) so that its phenyl ring 
is located virtually coincident with the position of the six- 
membered portion of the indole ring of the parent peroxidase. 
This relatively large movement is apparently tied to other 
changes in the proximal domain through backbone hydrogen 
bonds between five antiparallel extended strands, of which the 
topmost strand contains residue 191. This five-stranded 
structure composes a large part of the proximal domain, and 
it moves in concert with Ca of Phe-191; thus, much of the 
proximal domain is slightly compressed toward the heme. 
Coincident with this small (average 0.3 A) compressive ad- 
justment in the proximal domain is a slight expansion in the 
extended-strand direction. The net result is a damping out 
of the overall structural perturbation introduced by the defect 
at position 19 1 by means of a large number of small protein 
adjustments distributed over a wide region of the proximal 
domain. 

On the basis of the present 2.2-A structure, it appears that 
the iron coordination sphere and the geometry of Asp-235 and 
His-175 are relatively unaffected by the Trp-191 - Phe 
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mutation, although an angular rotation of the proximal his- 
tidine of less than about 10’ would not be accurately ob- 
servable a t  the present resolution. This finding is supported 
by spectroscopic work, which has been aimed a t  probing the 
heme microenvironment in this mutant. Thus, in the resting 
state at pH 6 ,  and UV-visible spectrum and the high-frequency 
resonance Raman spectrum of ferric CCP( MI, W 19 1 F) are 
very similar to those of the parent CCP(M1) (Mauro et al., 
1988; Smulevich et al., 1988a) and indicate that the mutated 
enzyme still contains mainly pentacoordinated high-spin ferric 
iron. Additional resonance Raman analysis of the peroxide- 
oxidized mutant enzyme shows that its Fe(IV)=O stretching 
frequency is essentially identical with that of compound I of 
CCP(MI), an observation which further suggests that iron- 
porphyrin-ligand interactions are not seriously altered in the 
mutant (J. Terner, unpublished observations). Finally, the 
ferric/ferrous midpoint potential a t  pH 7 for the mutant is 
-202 mV, compared to a value of -194 mV determined for 
the parent, indicating that no large change in the relative 
stabilities of these two redox forms occurs as a result of the 
mutation (Mauro et al., 1988). 

We previously proposed that the new and significantly 
different properties of the W191 F mutant are probably due 
to localized effects resulting from the amino acid replacement 
rather than due to gross structural perturbations (Mauro et 
al., 1988). Unless the enzymic function of CCP is extraor- 
dinarily sensitive to the small adjustments in the proximal 
domain just described, we believe that the present mutant 
X-ray structure provides strong additional support for the 
previous conclusions. Thus, the most probable reasons for the 
diminished ability of the Fe(IV)=O center to accept electrons 
from ferrocytochrome c are either that the reorganization 
energy necessary to allow the oxidized iron center to achieve 
the transition state required for electron transfer is significantly 
increased in the mutant or that the indole ring of Trp-191 is 
an important element in an intermolecular electron transfer 
pathway. 

Properties of CCP(MI,D235N). In both bakers’ yeast CCP 
and CCP(MT), the carboxyl oxygen atoms of Asp-235 are the 
central elements in a hydrogen-bonded assembly involving N61 
of the proximal imidazole of His- 175 and Ne of the indole ring 
of Trp-191 (Figure la).  This set of interactions is unique 
among heme proteins of known tertiary structure, although 
a similar proximal-side apparatus may well exist in other 
peroxidases (Poulos & Finzel, 1984). Distance and angle 
information garnered from the 1.7-A X-ray crystal structure 
of cytochrome c peroxidase (Finzel et al., 1984) suggest that 
a strong hydrogen-bonding interaction between N61 of prox- 
imal His175 and 0 6 1  of Asp-235 occurs in the parent enzyme. 
Furthermore, Raman observations of the resonance-enhanced 
iron-Nc (imidazole) stretching frequency of the Fe(I1) enzyme 
suggest that the participating hydrogen is a t  least partially 
transferred to 0 6 1  of Asp-235 so that the imidazole of His-I75 
exists largely in a deprotonated, imidazolate form (Stein et 
al., 1980; Teraoka & Kitagawa, 198 1). It has been proposed 
that this H-bonding interaction between the proximal histidine 
and the carboxylate of Asp-235 acts to stabilize the high 
oxidation state [Fe(IV)] of compound I (Finzel et al., 1984) 
by enhancing the anionic character of the enzyme’s iron- 
porphyrin system. In order to probe this purported functional 
role of Asp-235, we have replaced it with Asn by using site- 
directed mutagenesis. 

Resonance Raman experiments designed to investigate heme 
spin and coordination behavior for the D235N mutant were 
carried out concurrently with the present X-ray crystallo- 
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graphic work (Smulevich et al., 1988a). These studies strongly 
suggested that replacement of Asp-235 by Asn significantly 
perturbs the protonation state of N61 of proximal His-175. 
This conclusion was inferred from the significantly lowered 
value of the iron-imidazole stretching frequency of the mutant 
enzyme in its Fe(I1) state (Smulevich et al., 1988a). Addi- 
tional resonance Raman studies of the Fe(II1) D235N mutant 
(Smulevich et al., 1988a) demonstrated that the Asp-235 - 
Asn mutation also has dramatic effects on the coordination 
behavior of the heme iron. This work showed that the ferric 
iron of the D235N mutant exists entirely in hexacoordinated 
form over the pH range 4.5-7.0; the CCP(M1) parent enzyme 
is largely pentacoordinated over this same pH range. Thus, 
the spectroscopic information demonstrates that the mutation 
results in a much-enhanced interaction between the ferric heme 
iron and the distal aquo ligand. As described below, these 
results are corroborated by the present crystallographic work. 

Preliminary analysis of the mutant’s enzyme activity shows 
that its steady-state rate of peroxide-dependent ferro- 
cytochrome c oxidation is reduced (J. M. Mauro, unpublished 
results). Which step in the reaction pathway has been impeded 
most is unknown, but both the rate and pH dependence of 
oxidation of the enzyme by H,O, and the kinetics of its sub- 
sequent reduction by ferrocytochrome c have been affected 
(J. M. Mauro and J. E. Erman, unpublished observations; also, 
see below). 

Crystal Structure of CCP(MI,D235N). From the present 
2.2-A X-ray data for the mutant enzyme, a F0(D235N) - 
F,(parent) difference map revealed that structural changes 
occur on both the proximal and distal sides of the heme plane 
as a result of the Asp-235 - Asn replacement. When con- 
toured at the *3Su level (Figure 4a), the map showed features 
around the iron/distal coordination site as well as difference 
density on the proximal side of the heme near the mutated 235 
position, in the region encompassing the side chains of Met- 
172, Met-230, Trp-191, and buried Wat-535. 

The largest distal feature in the difference Fourier map 
(+lOu) was located very near the iron and was interpreted as 
being due to the presence of a ligand (assumed to be a water 
molecule or hydroxide ion) closely bound to the ferric heme 
iron as well as to movement of the iron toward the distal 
domain. No significant difference density was observed near 
Arg-48, His-52, Trp-51, or any other residues on the distal 
side. On the heme proximal side, the difference map showed 
unusual features near Trp-191 (Figure 4a). A strong negative 
peak (the most negative in the map, -1 lu)  was seen centered 
on the five-membered portion of a superimposed model of the 
parent Trp-191 indole ring. This negative difference density 
was bracketed by positive peaks ( 6 . 5 ~ )  on both sides. These 
features provided a challenge during least-squares refinement 
with regard to proper assignment of the orientation of the 
indole ring of Trp-191, as described below. [See also Re- 
finement of CCP(M1) and Mutant Structures.] 

At a low contour level (f3.5u), difference density features 
in the iron vicinity resemble those previously observed in the 
difference density map of peroxide-oxidized bakers’ yeast CCP 
(compound I )  minus resting state ferric CCP [F,(compound 
I) - FJparent)] (Edwards et al., 1987). By analogy with the 
compound I structure, this pattern of difference density, 
consisting of a negative peak beneath the iron and other small 
peaks near His-175, suggested that movement of the iron/ 
His-175 unit toward the distal side had occurred in the mutant. 
Finally, other small difference features ( 3 . 5 ~ )  appeared on the 
heme proximal side near Met-172 and Met-230, as well as near 
buried water molecule 535. 
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FIGURE 4: (a) CCP(MI,D235N) minus CCP(M1) difference Fourier map contoured at f 3 . 5 ~ .  (b) Superposition of refined structures of 
CCP(MI,D235N) and CCP(M1). The indole ring of Trp-191 in its new orientation in the mutant is shown shaded. 

Subsequent least-squares refinement of the D235N mutant 
enzyme structure showed that distal water 595 is displaced 
toward the heme plane by ca. 0.6 8, when compared to its 
position in the parent enzyme, while the heme iron is shifted 
upward (toward the distal side) by ca. 0.2 A. The exact 
position of the iron relative to the pyrrole N plane is difficult 
to assign with a high degree of confidence due to errors in 
assessing the positions of the pyrrole nitrogens at  the present 
resolution; however, the difference map clearly showed that 
the iron has moved and is now positioned in or slightly above 
the plane formed by the four pyrrole nitrogen atoms. The 
distance of the iron to Wat-595 in D235N has thus decreased 
from 2.7 8, in the CCP(M1) parent to 1.9-2.0 A in the Asn- 
substituted enzyme. The new Fe(II1)-0 distance in the mu- 
tant is similar to the corresponding Fe(II1)-0 distance in 
hexacoordinated sperm whale metMb (Takano, 1977; Powers 
et al., 1984). 

Interestingly, two fixed water molecules on the heme distal 
side, which in addition to Wat-595 occupy the peroxide-binding 
pocket, become more ordered in the mutant. Temperature 
factors for water molecules 596 and 648 in the mutant are 24 
and 25 A2, respectively, compared to values of 40 and 58 A2 
found in CCP(M1). This indicates that the mutation on the 
proximal side has had the effect of increasing the rigidity of 
the water-filled pocket on the heme distal side. This is pre- 
sumably a secondary effect of the strong interaction of the iron 
with Wat-595 being propagated throughout the hydrogen- 
bonded network linking these distal water molecules. 

Although at  the present 2.2-A resolution the magnitudes 
of very small (<0.2 A) structural changes are difficult to assess 
quantitatively, crystallographic refinement suggested that the 

upward adjustment of the iron in the mutant was accompanied 
by a small upward movement and slight twisting of His-175, 
resulting in approximately the same final iron-nitrogen bond 
length as in CCP(M1) (2.0 A). Additionally, the refined 
mutant structure showed that Met- 172 and Met-230 moved 
0.3-0.4 A away from His-175 and Trpl91,  respectively. Since 
all four of these residues lie below the heme in close proximity 
to one another and to the mutation site, it is not surprising 
that the Asp-235 - Asn substitution results in structural 
adjustments at these positions. The movement of Met-172 is 
very likely linked to the disorder or decreased occupancy ob- 
served at the site of adjacent buried water 535, since this water 
molecule is in van der Waals contact with S6 of Met-172 and 
is also positioned to form a strong hydrogen bond (2.7 A) with 
Asp-235 in the parent molecule. Readjustment of Met-230 
might be expected to occur in response to the significant re- 
orientation of the side chain of Trp-191 that occurs in the 
D235N mutant (see below), since its S6 atom resides in van 
der Waals contact with Ne of the Trp-191 indole ring in the 
CCP(M1) parent. 

In initial refinement cycles, the atoms composing the indole 
side chain of Trp-191 had an unusual distribution of tem- 
perature factors, with some of the atoms having B-factors 2 
times larger than other atoms of the bicyclic indole ring system. 
The Trp-191 side chain was therefore examined by running 
refinement cycles with the Trp-191 side-chain atoms initially 
removed in order to obtain a relatively unbiased picture of its 
orientation. In this way, it was determined that the best fit 
to the observed electron density required a new orientation for 
Trp-191 in the mutant, differing from the original one by 
rotations of 195’ around its Cp-Cy bond and of -34O around 
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FIGURE 5 :  Fo - F, map, calculated after omitting Trp-191 coordinates, showing electron density fit to the reoriented Trp-191 side chain of 
CCP(MI,D235N). A newly formed hydrogen bond between Ne of the tryptophan and the backbone carbonyl oxygen of Leu-177 is indicated 
by the dashed line. 

its Ca-CP bond. As shown in Figure 4b, the overall effect 
of these bond rotations is that the indole ring of Trp-191 in 
the mutant enzyme is flipped over and oriented very differently 
than the same ring is in the parent enzyme, with the long axis 
of the indole ring now nearly parallel with the porphyrin plane. 
In its new orientation, Ne of Trp-191 is now well positioned 
to form a hydrogen bond with the backbone carbonyl oxygen 
of Leu-I77 (a 2.7-A interaction) (Figure 5 ) .  In the parent 
enzyme, this backbone carbonyl oxygen atom is unusual in that 
it apparently exists in a non-hydrogen-bonded state in its 
position at the C-terminus of a distorted helix on the heme 
proximal side. 

The new orientation assumed by T r p l 9 1  in response to the 
Asp-235 - Asn substitution suggests the possibility that 
conformational flexibility of the protein in the region around 
Trp- 19 1 may be functionally significant in the catalytic cycle 
of the parent enzyme. Essentially complete protonation of 
Asp-235 by His-175, whose acidity would be expected to in- 
crease upon formation of the oxyferryl compound I interme- 
diate, may facilitate reorientation of the Trp- 19 1 indole ring. 
Conceivably, interconversion of the two observed positions, or 
more likely, some less dramatic movement of this indole ring, 
could control the rate of intramolecular electron transfer be- 
tween the protein-centered radical site and the heme iron (Ho 
et al., 1983). This idea is especially intriguing in light of recent 
evidence which suggests that the radical species in compound 
I is localized on the indole ring of T r p  19 1 (Mauro et al., 1988; 
Scholes et al., 1989; Sivaraja et al., 1989). We note that the 
largest proximal-side side-chain adjustment that occurs upon 
conversion of resting-state CCP to compound I occurs in the 
vicinity of Trp-191 (Edwards et al., 1987). 

If the major protein-based radical species in compound I 
of CCP is indeed located on Trp- 191, an important question 
is the extent to which the unusual magnetic properties of this 
oxidized center depend on the exact orientation of the indole 
ring. Since the newly-oriented indole ring of Trp-191 in 
CCP(MI,D235N) will have an altered set of interactions with 
adjacent buried side chains, especially with proximal His-1 75, 
EPR and ENDOR (electron nuclear double resonance) ex- 
periments may be of help in answering ihis question by ex- 
amining the detailed electronic environment of any protein- 

based paramagnetic species produced upon reaction of the 
D235N mutant with H202.  

Presumably, the new position of the iron relative to the 
porphyrin plane in the D235N mutant results from a relaxation 
of electronic restraints that fix the position of the iron- 
imidazole unit in the Asp-235-containing parent peroxidase. 
However, it is not possible from examination of the structure 
and properties of CCP(MI,D235N) to infer unambiguously 
the means by which Asp-235 acts in concert with the proximal 
histidine to affect the position and ligand-binding properties 
of the heme iron. This is because we cannot be completely 
certain that the changes in iron position and reactivity that 
have occurred are not secondary effects stemming from the 
reorientation of the indole ring of Trp-191 rather than being 
directly due to the changed local electrostatic environment that 
occurs as a result of the Asp-235 - Asn replacement. 
However, it seems unlikely that the changed orientation of the 
Trp-191 indole ring is responsible for the observed relaxation 
of the iron-imidazole unit toward the pyrrole plane, since the 
Trp-191 - Phe mutation resulted in no significant difference 
in the iron position compared with CCP(M1). Therefore, we 
tentatively conclude that the effective protonation state of 
iron-bound His-175 in its interaction with Asp- or Asn-235 
is the primary factor controlling the iron’s position and re- 
activity in CCP(M1) and its D235N mutant. 

In a discussion of the results of resonance Raman studies 
on Fe(I1) CCP(M1) and several of its mutants, we previously 
considered some of the factors that may regulate the degree 
of imidazolate character of His- 175 and, in turn, the placement 
and reactivity of the heme iron (Smulevich et al., 1988a). The 
position of the proton shared by His-175 and Asp-235 appears 
to be of primary importance here. Due to the great disparity 
in pK, expected for N61 of His-175 compared to 061 of 
Asp-235, even after considering the likelihood of enhanced 
acidity of the Fe(I1)-coordinated histidine, we were led to 
conclude that the most critical feature contributing to the 
rather surprising ability of His-I75 to transfer a proton to 
Asp-235 is the isolation of these groups from bulk solvent. 
Neutralization of the buried negative charge of Asp-235 by 
means of proton transfer from the imidazole of His-175 serves 
to redistribute negative charge onto the imidazole, and the 
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resulting imidazolate anion is then partially neutralized by the 
Fe(I1) center. The isolation of this proximal-side apparatus 
within the protein matrix apparently eliminates stabilization 
of carboxylate anion that would occur by multiple ion-dipole 
interactions with water molecules if Asp-235 were solvent- 
exposed. 

The insulation of these proximal-side groups from contact 
with aqueous solvent very likely remains the dominant factor 
in determining the protonation state of Asp-235 relative to 
His-175 forferric CCP(M1) and the mutant enzymes con- 
taining aspartate at position 235 whose X-ray structures are 
reported here, even though we expect there to be a somewhat 
greater tendency toward protonation of buried Asp-235 by 
His-175 than for the Fe(I1) enzyme examined by resonance 
Raman spectroscopy. We base this conclusion on the work 
of Baldwin et al. (1986), who found a pK, of 10.5 for Fe- 
(111)-coordinated His- 18 of the proteolytic heme octapeptide 
(microperoxidase) from horse heart cytochrome c.  Thus, 
assuming that the intrinsic pK, of His-175 coordinated to the 
Fe(II1) heme in CCP approximates the value found for the 
microperoxidase model system, it seems clear that no signif- 
icant degree of protonation of Asp-235, whose “normal” pK, 
is probably ca. 4.5, would be expected to occur in the absence 
of the solvent isolation phenomenon. In considering the pro- 
tonation state of His-175 in the ferric D235N mutant, the 
situation is quite different. In this case there would appear 
to be no great driving force for protonation of the amide 
oxygen of Asn-235, since no buried charge need be neutralized. 
Furthermore, in view of the large difference in basicity of 
carboxylate compared to amide oxygen, it would not be sur- 
prising if N61 of His-175 fails to transfer a proton to the amide 
oxygen of Asn-235 to any significant extent in this mutant, 
even supposing that the asparagine is properly oriented for such 
a transfer to occur. 

Which of the two alternative orientations of the side-chain 
carboxamide group predominates in the D235N mutant re- 
mains an interesting unresolved question. This is because the 
side-chain atoms of Asn-235 occupy virtually the same space 
as the Asp-235 side chain atoms do in the parent enzyme, and 
it is impossible to assign the orientation on the basis of electron 
density maps. However, this type of structural question can 
often be approached by using supplementary evidence com- 
bined with chemical reasoning. In the present case, resonance 
Raman spectra (Smulevich et al., 1988a) show that the 
Fe( 11)-N(imidazo1e) stretching frequency observed at 240 
cm-’ for Fe(I1) CCP(M1) (and for CCP isolated from bakers’ 
yeast) shifts to a much lower frequency, 205 cm-’, for the 
ferrous D235N mutant. This decrease in stretching frequency 
was taken as evidence that N61 of His-175 exists in the 
non-hydrogen-bonded and essentially fully protonated form 
in the Asn-235-substituted Fe(I1) mutant. In interpreting the 
resonance Raman experiments, it was reasoned that if N61 
of His-175 in the Fe(I1) D235N mutant exists hydrogen- 
bonded to the carboxamide oxygen of Asn-235 then the Fe- 
(11)-N(imidazo1e) stretching frequency would be expected to 
be similar to the 220-cm-l value observed for deoxyMb, in 
which it is known that the proximal histidine is hydrogen- 
bonded to a backbone carbonyl oxygen atom (Bernstein et al., 
1977). Instead, the Fe( 11)-N(imidazo1e) stretching frequency 
of 205 cm-’ obtained for this mutant is closer to that observed 
for Fe( 11) porphyrin coordinated with non-hydrogen-bonded 
2-methylimidazole dissolved in solvents such as benzene or 
methylene chloride (Stein et al., 1980; Hori & Kitagawa, 1980 
Teraoka & Kitagawa, 1981). Thus, on the basis of this in- 
terpretation of the spectroscopic results, it seems likely that 
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the side-chain carboxamide function of Asn-235 is oriented 
so that its oxygen is not available to hydrogen-bond with N61 
of His-175. If this is true, the carboxamide oxygen atom must 
face Trp- 19 1, and the Asn-235 amide -NH2 function must face 
N61 of His-175, in the position previously occupied by carboxyl 
061 of Asp-235 in the parent peroxidase. 

However, if the above orientation for Asn-235 is correct, 
and the oxygen atom of the side-chain carboxamide moiety 
of Asn-235 is available as a potential hydrogen-bond acceptor 
for the - N H  hydrogen donor of the Trp-191 indole ring, it is 
not clear why the indole ring becomes completely reoriented 
so that a new hydrogen bond between Leu-177 and N t  of the 
indole is formed. One explanation for this is that orientation 
of Asn-235 inferred above on the basis of spectroscopic ob- 
servations is incorrect; i.e., the carboxamide oxygen atom of 
Asn-235 is not available to hydrogen-bond with the Trp-191 
indole ring because it is in fact occupied in a hydrogen-bonded 
interaction with N61 of proximal His-175. This would leave 
the side-chain -NH, of Asn-235, a hydrogen donor, facing 
position 191, and it is reasonable that the indole position would 
readjust to avoid juxtaposition of two hydrogen donors (Le., 
the -NH, of Asn-235 and the NEH of the indole) while re- 
taining stabilization energy by forming a new hydrogen bond 
with Leu-177. In this context it is important to recall that 
the orientation of Asn-235 inferred above is based on this 
mutant’s Fe(1l)-N(imidazo1e) stretching frequency compared 
to the corresponding frequency for deoxyMb, and the possi- 
bility exists that myoglobin is simply not a good model for these 
proximal-side interactions in ferric cytochrome c peroxidase. 
Furthermore, on the basis of the expected acidity of the im- 
idazole of His-175 compared to the acidity of the side-chain 
amide oxygen of Asn-235 discussed earlier, it is not clear that 
one would expect any appreciable degree of proton sharing 
(i.e., hydrogen bonding) to occur between the two groups even 
if they are properly juxtaposed in the mutant enzyme. 

Of course, it is possible that the orientation for Asn-235 in 
CCP(MI,D235N) proposed on the basis of the resonance 
Raman results is correct and that the indole ring of Trp-191 
flips over for reasons unrelated to stabilization energy gained 
by means of formation of a new hydrogen bond with Leu- 177 
in lieu of the hydrogen-bonded interaction between Asp-235 
and Trp-191 that exists in the parent enzyme. This could be 
the case if subtle changes in ion-dipole, dipole-dipole, van der 
Waals, and hydrophobic forces are of more importance here 
than stabilization energy gained by hydrogen-bonding inter- 
actions. The question of the orientation of Asn-235 in the 
D235N mutant and the role it plays, if any, in determining 
the position of the side chain of Trp-191 remains open. 

It has been asserted that Asp-235 very likely exerts a sta- 
bilizing influence on the oxyferryl center of compound I 
(Poulos & Finzel, 1984; Hashimoto et al., 1986). However, 
we have observed that CCP(MI,D235N) reacts with hydrogen 
peroxide to yield a product with a quite stable Fe(IV)=O 
center (J. M. Mauro, unpublished observations). Thus, it 
appears that the imidazolate character imparted to the 
proximal histidine as a result of its interaction with Asp-235 
does not exert a major stabilizing effect on the oxyferryl center 
of the enzyme. It is our experience, rather, that mutations 
on the heme distal side (e.g., Trp-51 - Phe) have a much 
greater deleterious effect on the stability of the oxyferryl center 
(Fishel et al., 1987; J. M. Mauro, unpublished observations), 
although we can offer no simple explanation for this behavior 
at the present time. 

What then is the role of Asp-235 in the enzymic function 
of cytochrome c peroxidase? At least a partial answer to this 
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question can now be given, as two likely functions for Asp-235 
are clear from the D235N X-ray structure. First, this as- 
partate is apparently a necessary component in the apparatus 
by which the position of the ferric iron with respect to the 
porphyrin pyrrole plane in the resting-state enzyme is fixed, 
since the present Asp - Asn replacement results in a mutant 
enzyme in which the iron is readily able to remove into the 
heme plane and to interact strongly with either water or hy- 
droxide at its sixth coordination site. This behavior of the 
D235N mutant is in contrast to that of the parent peroxidase, 
in which the resting-state iron is retracted at least 0.2 8, from 
the porphyrin plane and exists largely in pentacoordinate form. 
A second proposed role of Asp-235, based on the present 
D235N structure, is to assure proper positioning of the indole 
ring of Trp- 19 1 by hydrogen-bond formation between its 0 6 2  
and N t  of the tryptophan. Although the importance of the 
exact position of the indole ring of Trp-191 to the function 
of the enzyme remains unknown, there is a growing body of 
evidence pointing to Trp-191 as a key element in both com- 
pound I stabilization and electron transfer from ferro- 
cytochrome c (Mauro et al., 1988; Edwards et a]., 1987, 1988; 
Sivaraja et al., 1989; Erman et al., 1989). 

Implications of the Present Structural Analyses for  the 
Mechanism of Peroxide Binding to CCP. It has been con- 
vincingly demonstrated that the heme iron in ferric cytochrome 
c peroxidase is essentially pentacoordinated (Finzel et al., 1984; 
Hashimoto et al., 1986; Smulevich et a]., 1988a; Dasgupta et 
al., 1989; the present work); thus, it is obvious that the enzyme 
has evolved the structural means to restrict access of aquo 
ligands to the sixth iron coordination site while still allowing 
extremely rapid reaction (ca. lo7 M-’ s-I) with peroxide 
substrates (Loo & Erman, 1975). Both proximal and distal 
structural features contribute to the maintenance of the pen- 
tacoordinate resting-state iron. On one side of the heme, strong 
interaction of the iron with coordinated His-175 keeps the iron 
removed about 0.2 8, from the pyrrole plane. The strength 
of the iron-His-1 75 interaction is enhanced by increased im- 
idazolate character imparted to the histidine by means of its 
hydrogen-bonding interaction with buried Asp-235. Strong 
iron-His- 175 .rr-orbital interaction probably also serves to make 
the iron less reactive at the remaining sixth coordination site. 
On the opposite side of the heme, a web of hydrogen bonds 
linking loosely-fixed distal water molecules and the side chains 
of T r p 5  1 ,  His-52, and Arg-48 keeps axial water 595 suspended 
at a distance too far for significant interaction with the iron 
to occur. Removal of one of these H-bonds by a Trp-51 - 
Phe substitution results in an enzyme with hexacoordinate 
high-spin iron (in the absence of MPD) and underscores the 
delicate balance of forces at play in this distal pocket. Thus, 
unlike hexacoordinated metMb, the iron in resting-state CCP 
remains pentacoordinated. Furthermore, the tendency of the 
enzyme’s ferric iron to bind hydroxide under basic conditions 
is probably retarded by these same features, allowing the 
enzyme to rapidly react with peroxide over a wide range of 

The effective maintenance of pentacoordinated iron in the 
ferric resting-state enzyme obviates the need for peroxy anion, 
generated as a result of deprotonation of incoming hydro- 
peroxide by distal His-52 (Poulos & Kraut, 1980a), to either 
directly displace or await dissociation of an iron-coordinated 
aquo ligand before reacting with the iron. Thus, highly nu- 
cleophilic HOz- (Edwards & Pearson, 1962) need only displace 
loosely-bound heme-cleft water molecules prior to, or in concert 
with, its attack on the iron. 
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Preliminary stopped-flow experiments conducted to inves- 
tigate the consequences of enhanced ligand-binding ability of 
the ferric D235N mutant indicate that the rate of reaction of 
the D235N mutant with H 2 0 2  is rapid and proportional to 
oxidant concentration below pH 6, but the reaction then be- 
comes much slower and independent of peroxide concentration 
above this pH (J. E. Erman, unpublished results). In contrast, 
the rate of reaction of the parent enzyme with peroxide remains 
rapid (ca. lo7 M-’ s-’ ) a nd proportional to peroxide concen- 
tration over the pH range 5-8 (Loo & Erman, 1975). The 
results of resonance Raman studies of the ferric D235N mu- 
tant indicate that at low pH it is likely that water is the 
relatively loosely coordinated high-spin sixth ligand, while 
above pH 6 hydroxide ion is probably the strongly bound 
low-spin sixth ligand (Smulevich et al., 1988a). Thus, the 
change in the mutant’s kinetic behavior as a function of pH 
may be due to binding of hydroxide ion that occurs above pH 
6. At low pH, peroxy anion should be able to displace high- 
spin water relatively easily; however, under more basic con- 
ditions, the substrate anion cannot effectively compete at the 
sixth coordination site with the more basic hydroxide ion. In 
this case, then, hydroperoxide anion would be forced to await 
dissociation of hydroxide before reacting at the iron center, 
leading to the observed kinetics. 
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