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imately 8 h of reaction time, leads to the loss of catalytic activity
for peroxide decomposition.
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Proton NMR spectra of the cyanide complexes of cytochrome ¢ peroxidase from baker’s yeast (CcP) and recombinant protein
cxpressed in Escherichia coli (MKT-IGCcP) have been recorded in water. The paramagnetically shifted exchangeable proton
signals have been assigned through NOE and NOESY experiments. NOESY and COSY experiments in D,0 and H,0 buffers
have allowed us to extend the assignments to heme substituents and other residues. Comparison is made with the analogous
spectrum of the cyanide adduct of horseradish peroxidase (HRP) (Thanabal, V.; de Ropp, J. S.; La Mar, G. N. J. Am. Chem.
Soc. 1988, 110, 3027). HRP-CN~ and CcP-CN- systems are highly analogous as shown by the similarity of the pseudocontact
shifts of the distal histidine protons and by the protonation status of the proximal and distal histidine in both systems. A more
cxtensive exchangeable proton connectivity network is observed in CcP-CN~. Small but significant structural differences have
been identified in the orientation of the proximal histidyl residues of HRP-CN- and CcP-CN- and in the interresidue distances
in the distal heme pocket of CcP-CN- and MKT-IGCcP-CN- as a function of the identity of the residue present at position 53.

Peroxidases are a class of heme proteins that react with H,0,
or alkyl peroxides to perform a variety of oxidation reactions.!
Among peroxidases, cytochrome ¢ peroxidase (CcP) and hor-
seradish peroxidase (HRP) have been studied in greatest detail
by a variety of physical and spectroscopic techniques.! In the
resting state, the heme iron of most peroxidases is high-spin
Fe(111), though the HRP heme iron has been proposed to possess
a spin admixture with S = 3/,2 The fifth coordination position
of the Fe(ITT) ion in peroxidases is occupied by the nitrogen atom
of a histidyl residue (the proximal histidine)? in all known members
of this family. Characterization of the sixth coordination position
of peroxidases in the resting state has been the subject of intense
study.3d4

While HRP in the resting state is thought to be five-coordi-
nate,* a consensus concerning the coordination environment of
resting state CcP has been more difficult to achieve.* Refined
structural models have been reported for the ferric (“resting state”™)
enzyme® and for the CN~adduct.* The two structures are highly
similar except for the movement of the iron atom toward the heme
plane and the removal of one water molecule from the distal side
of the heme upon CN~ binding. Several critical amino acid
residues and water molecules occurring on both sides of the heme
prosthetic group in the CN=-bound form of the protein are il-
lustrated in Figure 1.

Reaction of peroxidases with H,O, produces the active oxidizing
form of the protein, the electronic structure of which varies be-
tween peroxidases. Historically, this form of CcP is referred to
as compound ES, and the corresponding form of HRP is referred
to as compound I.! Despite the close similarity in heme iron
coordination geometries of HRP compound I and CcP compound
ES.¢ their electronic structures are substantially different. Both
derivatives are oxidized by 2 equiv above the resting enzyme and
possess a ferryl heme iron (Fe!Y==0); however, they differ in that
compound ES possesses a radical centered on Trp-1917 while HRP
possesses a porphyrin r-cation-radical center.’

Both resting enzymes bind cyanide as a sixth ligand to produce
a species with low-spin Fe(III); the three-dimensional structure
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of CcP-CN™ has been reported recently (Figure 1).° Binding of
cyanide displaces the water molecule that is located closest to the
iron atom and results in a rearrangement of the hydrogen-bonding
pattern of the remaining two water molecules;® both of the re-
maining water molecules form hydrogen bonds with the nitrogen
atom of the cyanide group. One of these water molecules also
forms a hydrogen bond with Arg-48. Crystallographic analysis
also reveals that Arg-48, Trp-S1, and His-52 are all within hy-
drogen-bonding distance of the cyanide nitrogen atom. As hy-
drogen bond formation with the bound cyanide anion requires
hydrogen atom donation by the putative hydrogen bonding partner,
Arg-48 and Trp-51 are both capable of hydrogen bonding to this
group as both groups meet this requirement. However, it is not
currently apparent whether or not His-52 meets this criterion
because the protonation status of this residue cannot be determined
from the current structural model of the protein.’
Assignments of the 'H NMR spectrum of HRP-CN- has been
one of the most elegant applications of '"H NMR spectroscopy
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Figure 1. Active site of the cyanide complex of yeast cytochrome ¢
peroxidase.’ The residues and hydrogen atoms discussed in the text and
in Table I are indicated.

to paramagnetic systems. The heme methyl protons have been
assigned through their selective deuteration® while the other heme
proton signals have been assigned through NOE!® and saturation
transfer experiments.'® The signals of the proximal imidazole
are also assigned,!® and the shift of Hel is taken as evidence of
the extent of imidazolate character.!® Finally, the distal histidine
protons have been assigned, and it has been shown that anion
binding favors stabilization of the imidazolium ion.!%

Related NMR studies have also been reported for CeP.!! As
for HRP, many heme resonances have been assigned through
deuteration,''*¢ and the nonexchangeable signals of the proximal
histidine, heme vinyl, and heme propionate side chains have been
assigned through NOE experiments.!'* However, when this paper
was submitted, no published NMR studies of CcP-CN~ had been
performed in water, so the resonances attributable to the ex-
changeable protons had not been assigned. In the course of initial
studies involving mutant forms of CcP, we have reanalyzed the
'H NMR spectra of both HRP-CN-~ and CcP-CN- to assign the
exchangeable histidy! protons in the active site of CcP, to compare
the spectra of the two proteins, and to correlate the properties
of the two proteins with the electronic structure of the heme
Fe(111) ion. Well after this manuscript was submitted, a paper
appeared'? that describes the 'H NMR spectrum of CcP-CN-,
also in water, and that only partially agrees with the present data.
Materials and Methods

Horseradish peroxidase (Sigma, Type VI) was obtained as a lyophi-
lized, salt-free powder and used without further purification. Cytochrome

¢ peroxidase from baker’s yeast (Red Star, Milwaukee, WI) was provided
by Professor Brian Hoffman’s laboratory; we refer to this form of the
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Table I. Chemical Shift and T, Values Observed for
Paramagnetically Shifted Resonances for the Cyanide Derivatives of
CcP, MKT-IGCcP, and HRP (Phosphate Buffer, 0.05 M; pH 6.3;
301 K) for Resonances Outside the Diamagnetic Envelope
MKT-
CcP-CN-  IGCcP-CN- HRP-CN-
shift, T, shift, T, shift, T,
signal ppm ms ppm ms ppm ms

assignt?

A 306 40 306 39 26.0 57 3-CH,

a 284 7 290 b 310 b  He2 His-52
B 276 39 281 40 31.0 44 8-CH,

C 19.4 34 19.6 29 23.7 21 HB His-175
D 18.3 45 185 43 196 83 7-He

b 178 13 173 14 ¢ < Arg-48

c 165 b 16.8¢ b 16.3 260 Hs1 His-52
E 16.0 60 16.5 b 20.1 96 4-He

H’ 158 b 176 b 208 b  Hé2 His-175
F 148 34 149 35 156 41 Hg His-175
G 140 67 139 69 13.3 42 Hel His-52
d 129 110 13.0 140 129 238 NH; His-175
¢ 123 200 122 200 129 239 Arg-48

f 10.2¢ b 10.14 b 9.99 b  Hél His-175
Y -26 b -28 b -32 b  §CHj Leu-232
Z 206 25 -222 26 -299 2.7 Hel His-175

¢Numbering of amino acids is referred to the CcP sequence. ®Not
measured because the signal is in a complex envelope. ¢The corre-
sponding signal is not present in HRP. “The shift value is measured in
NOE difference spectra.

enzyme as CcP. Recombinant yeast cytochrome ¢ peroxidase was ex-
pressed in Escherichia coli'® and purified by slight modification of a
published procedure.'* As described elsewhere,!? the three amino ter-
minal residues of this recombinant enzyme have been changed to Met-
Lys-Thr to improve protein expression. Furthermore, the CcP gene
isolated by Blobel and co-workers!® and used in this work codes for a
protein that differs in sequence from the enzyme isolated from com-
mercial yeast in that Thr-53 is an Ile residue and Asp-152 is a Gly
residue. We refer to this recombinant enzyme, therefore, as MKT-
IGCcP. The 'H NMR samples were prepared by dissolving or ex-
changing the proteins into phosphate buffer (0.05-0.1 M), adding excess
solid KCN, and adjusting the pH to 6.3.

The 'H NMR spectra were recorded with a Bruker 200 MSL spec-
trometer. T, measurements were performed by using the inversion re-
covery pulse sequence.'® The NOE measurements were performed by
using a superWEFT!? pulse sequence with a recycle delay of 220 ms.
Difference spectra were collected as described previously.!® NOE ex-
periments on exchangeable protons (b and e) were also collected by using
the 1331 pulse sequence as the observing pulse,'® thus avoiding the ex-
citation of the water resonance.

A number of NOE measurements on paramagnetic systems are
available in the literature.!%!820  Steady-state NOEs among the fast
relaxing signals allowed us to neglect spin diffusion. The steady-state
NOE #, on proton H; upon saturation of resonance H, is given by

7 = 64T

where oy, is the cross-relaxation rate between H, and Hj, and T, is the
selective spin-lattice relaxation time of H,, which, in the present case,
has been taken equal to the nonselective 7). This is a good approximation
in paramagnetic systems, where the nuclear relaxation rates are domi-
nated by the coupling with the unpaired electrons. In turn, o is pro-
portional to the inverse of the sixth power of the interproton distance.

2D NOESY and COSY spectra were recorded at 600 MHz by using
presaturation to eliminate the water signal. The NOESY experiment?!
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Figure 2. 200-MHz 'H NMR spectra of water solutions (phosphate buffer, pH 6.3, 301 K): (A) CcP-CN-; (B) MKT-IGCcP-CN-; (C) HRP-CN-.

is the 2D equivalent of the NOE experiment. Phase-sensitive (TPPI)?
NOESY spectra were recorded at a mixing time of 15 ms to avoid spin
diffusion. A total of 512 experiments were collected with a data point
number in the F2 direction of 1K. The data were multiplied in both
dimensions by a sine-squared bell window function with phase shift of
45° and were zero-filled to obtain 1K X 1K real data points.

Cross peaks in COSY maps detect scalar connectivities. Magnitude
COSY? experiments provide one of the best sequences for the detection
of scalar connectivities in paramagnetic systems.*25 In the present case,
the best results were obtained by recording magnitude COSY experi-
ments consisting of 512 experiments, with a data point number in the F2
direction of 1K. The data were processed in both dimensions by a pure
sine-squared bell window function and zero-filled to obtain 1K X 1K or
2K X 1K real data points.

Results and Discussion

The 'H NMR spectra of HRP~CN-, MKT-IGCcP-CN-, and
CcP-CN- are shown in Figure 2. The resonances seen in these
spectra are labeled similarly for comparison, with lower case letters
used to designate exchangeable protons. The chemical shifts, T
values, and assignments for the protons of the proximal and distal
histidines are set out in Table I. In Table II, the assignments
of some protons of heme substituents and of Leu-232 are reported
as they result from NOESY and COSY experiments on MKT-
1IGCcP-CN-. The spectra of MKT-IGCcP-CN- and CcP-CN-
are quite similar apart from minor shift differences of some ex-
changeable protons and the chemical shift of signal Z. The
exchangeable proton a shows a sharper signal in CcP-CN~ when
freshly dissolved than does the corresponding resonance in
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Table II. Chemical Shift Values and Assignment of Signals in the
“Quasi” Diamagnetic Region of MKT-IGCcP-CN-, Obtained
through NOESY and COSY Experiments

shift (298 K), shift (298 K),

ppm assignt ppm assignt
7.1 2-Ha -1.3 7-HB
6.4 7-He! -2.1 4-HB\rans
3.0 7-HE' -3.0 2-HBuans
0.7 Hy Leu-232 -37 2-HB,,

-1 #-CH, Leu-232 -38 4-HB,,

MKT-IGCcP-CN-. The line width of this resonance, however,
increases a few days after the sample preparation, and the spectra
of the two forms of the enzyme, as far as this signal is concerned,
become very similar.

The assignments of the histidyl NH protons were obtained by
NOE experiments for the proximal (Figure 3) and distal (Figure
4) histidine residues of CcP-CN~ and MKT-IGCcP-CN- and
were compared with the NOEs on HRP-CN~. The difference
in NOEs between the two proteins is within experimental error.
Confirmation of the assignments is obtained by NOESY exper-
iments (Figure 5, cross peaks 28-30). Signal Z (at ~29.9 ppm
for HRP-CN-, -20.6 ppm for CcP-CN-, and -22.2 ppm for
MKT-IGCcP-CN-) has been assigned to Hel of the proximal
histidine residue.''® Saturation of this resonance in HRP-CN-
yields an NOE to the three proton signal at ~3.2 ppm and to an
exchangeable proton signal at 9.9 ppm that was assigned as Hél
of the proximal histidine.'® The line width of this exchangeable
resonance indicates that this proton is farther from the iron than
would be the caseif it were associated with a neutral imidazole
group. Thanabal et al. attribute this finding to partial imidazolate
character of the proximal His that is induced by a putative hy-
drogen-bonding interaction of this residue with an adjacent Asp
residue.'®
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Figure 3. 200-MHz '"H NMR spectrum of a water solution of MKT-IGCcP-CN~. Traces b and c are the NOE difference spectra obtained upon
saturation of signal Z and C, respectively. The conditions are as in Figure 2, except for the temperature, which is 296 K.

The chemical shift for the Hé1 proton of the proximal histidine
in CcP-CN- has not been identified previously. Saturation of the
upfield signal assigned to Hel of His-175 (the proximal histidine)
in MKT-IGCcP-CN- yields an NOE to an exchangeable signal
at 10.1 ppm (signal f) (Figure 3b). The exchangeable nature of
this proton was confirmed by performing the same experiment
on a sample in D,0, under which conditions no effect was observed
at 10.1 ppm. The similar chemical shifts of signal f in HRP-CN-
and MKT-IGCcP-CN- and the similar NOE extent for this signal
in both proteins point to the assignment of signal f in MKT-
IGCcP-CN- to Hé1 of His-175. In addition, saturation of the
B-CH (signal C) of this histidine in H,O produces an NOE to
signal f as well as to those previously reported!!® on the other 3-CH
proton (signal F) and to the peptide amide proton (signal d) of
the same histidine residue (Figure 3c). These connectivities are
also detected in the NOESY map (Figure 5, cross peaks 25-29).
If we compare the line width of signal f in the difference spectrum
with that of a CH, signal that is at a known distance from the
heme iron (i.e., 6.1 A), we can see that the line width of both
signals is similar. As typical histidine coordination to iron is
associated with a shorter distance (5.1 A), we conclude that the
proximal histidine ligand to heme iron in MKT-IGCcP-CN-
possesses significant imidazolate character as observed for
HRP-CN-. Identical NOE patterns are observed in CcP-CN™.
Collecting 'H NMR spectra with fast repetition rates (<10 ms),
we observed that a broad signal appears at 15.8 ppm in CcP-CN-
and at 17.6 ppm in MKT-IGCcP-CN-. Due to its fast relaxation
rate and to its similarity with signal H’ in HRP-CN~,!% we
tentatively assign this signal as Hé2 of the proximal histidine.

It is interesting to note that saturation of the resonance at -22.2
ppm yields an NOE also with a three-proton signal at —2.8 ppm.
An NOE for this latter resonance is also observed by saturation
of the 8-CHj resonance, exactly as found for HRP-CN~. This
signal can, therefore, be assigned to Leu-232, which is adjacent
to both 8-CH; and Hel of His-175. Analogous 1D NOE results
have been obtained for CcP-CN- (data not shown). Scalar
connectivities observed in the COSY spectra (Figure 6, cross peaks
20, 21) on MKT-IGCcP-CN- allow us to assign the Hy, 6-CH,,
and §’-CH, signals of Leu-232. The NOESY map confirms the
dipolar interaction of Leu-232 with 8-CH, (Figure 5, cross peaks
22-24). These observations provide further indication that both

the coordination environments of the heme irons and the proximal
environments of the heme groups of MKT-IGCcP-CN-, CcP-
CN-, and HRP-CN- are highly similar.

The resonances of the distal histidine residue have been assigned
previously for HRP-CN-.!™ While the signal at 14.0 ppm in
CcP-CN- (signal G) has been proposed to arise from Hel of the
distal histidine (His-52), no assignments have been reported for
the exchangeable protons in the active site of CcP-CN-, Satu-
ration of signal G produces an NOE on two other resonances,
signal a and signal ¢, for HRP-CN~ ™ and MKT-IGCcP-CN-
(Figure 4a and Figure 5, cross peak 30). In the latter case, we
have verified that saturation of signal G in a sample in D,0 does
not produce any NOE, thus confirming the nature of exchangeable
protons of the signals that exhibit NOEs in water. From analogy
with previous work with HRP-CN-,'™ these resonances are as-
signed as He2 and Hé1 of His-52, respectively. Their different
NOEs are consistent with their different T, values (see Table I).
We conclude, therefore, that the distal histidine, His-52, is pro-
tonated in MKT-IGCcP-CN- as it is in HRP-CN-~.

The spectrum in H,0 of both CcP-CN~ and MKT-IGCc¢P-
CN- clearly shows two more hyperfine shifted exchangeable
protons at 17.8 and 17.3 ppm (signal b) and at 12.3 and 12.2 ppm
(signal e), respectively; only the latter is present in HRP-CN-
at 12.9 ppm. In addition, from the analysis of the NOE data,
it appears that for both CcP-CN~ and MKT-IGC¢P-CN-, signal
e is a composite signal with a broad shoulder (¢’). In the case
of CcP-CN-, signal ¢’ displays an NOE upon saturation of signal
G (Hel His-52) (Figure 4d). Upon saturation of signal b, an NOE
is observed on signal G and on signal e’ (Figure 4e). The lack
of the symmetrical NOE on signal b when saturating G could
result from the short T and large line width of the former signal.
Saturation of the composite signal e gives only the reciprocal
NOEs on G and b that, therefore, must originate from ¢’. Owing
to the exchangeable nature of these protons, the observed NOEs
could be simulated by actual saturation transfer effects. We have
ruled out this possibility by performing the experiment at different
temperatures (in the range 23-30 °C) and especially by collecting
NOE difference spectra without excitation of the water protons
(1331 pulse sequence'®).

These NOE connectivities indicate that signals b and e’ belong
to protons present in the dista! cavity and close to Hel of the distal
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Figure 4. 200-MHz 'H NMR spectra of water solutions of MKT-
IGCcP-CN- (b) and CcP-CN-~ (c). Trace a is the NOE difference
spectrum obtained upon saturation of signal G in MKT-1GCcP-CN™.
Traces d-f are the NOE difference spectra obtained upon saturation of
signals G, b, and e,e’, respectively, in CcP-CN~. The experimental
conditions are as in Figure 2.

His-52 residue. In the distal cavity, there are two more residues
bearing exchangeable protons, Trp-51 and Arg-48. However, only
the NHs of Arg-48 are close to Hel of the distal His and close
to each other. At variance with the most recent NMR report,?
we assign signal b to an exchangeable proton of Arg-48, as well
as signal ¢’. Unfortunately, we cannot distinguish among the NH
protons of this residue because quantitative estimates of interproton
distances based on NOE:s can be affected by exchange phenomena
with bulk solvent. The exchangeable protons of Arg-48 are located
above pyrrole IV and are expected to experience downfield
pseudocontact shifts.'% [n the case of MKT-IGCcP-CN-, no
NOE:s between b and G and between ¢’ and G are observed (data
not shown), indicating that the position of Arg-48 is not the same
in CcP-CN™ and MKT-IGCcP-CN~.

The COSY map of MKT-IGCcP-CN-, collected in D,O
(Figure 6), clearly shows cross peaks between the previously
assigned 4-HpB,;, and 4-HB,,,,, (cross peak 1), 4-HB;, and 4-Ha
(cross peak 2), and 4-HB,,.,, and 4-He (cross peak 3). Another
similar pattern of cross peaks is observed (cross peaks 4-6) that
allowed us to assign 2-Hg,;, 2-HB\ns and 2-Ha protons (see Table
[I). The NOESY connectivities confirm all of these assignments.
NOESY cross peaks 7-9 identify the 7-He, 7-Ha’, and 7-HB
protons, in accord with previous results. The presence of both
scalar and dipolar connectivities between the 7-HgB proton and
a signal at 3.0 ppm (cross peak 10) allows us to assign the latter
as 7-HpB".

From Figure 2, it appears that subtle differences between the
spectra of HRP-CN~ and CcP-CN™ may be meaningful. First,
the positions of the 8-CH; and 3-CH, resonances in the two
proteins are reversed as previously discussed in the literature.!'
As the EPR spectra and presumably the magnetic anisotropies
of HRP and Cc¢P are similar,2® the pseudocontact shift alone
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cannot account for the differences. This inversion is unusual in
that the ordering of the 8-CHj, to 3-CHj; and 1-CH; to 5-CH,
resonances is maintained in a large variety of heme-containing
proteins,? even if the order of the two subsets of CHj signals (8/3
with 5/1) can be inverted as a result of a rotation of the axial
ligand.?72®  Another recently reported exception to the usual
ordering of the 8-CHj to 3-CH; signals has been observed in the
CN- adduct of lignin peroxidase (LiP).# This phenomenon has
been explained previously on the basis of differences in peripheral
heme-protein contacts.!'® In particular, pyrrole 11, which bears
the 3-CH; group, is near Trp-51 in CcP, while the corresponding
residue in HRP is a Phe (position 41). The 3-CH, experiences
a greater isotropic shift in CcP-CN~ than in HRP-CN~ due to
the greater charge-donating behavior of a Trp residue relative to
a Phe residue. However, the same shift pattern is not experienced
by the other protons of the vinyl group attached to the same
pyrrole. On the other hand, this difference in shift pattern of
8-CHj; and 3-CHj; could also reflect some minor differences in
the orientation of the proximal histidine residue in the two proteins.
This hypothesis should be discussed in light of the signal positions
of the latter group. The resonance of Hel of the proximal histidine
is at —20.6 and -22.2 ppm in the case of CcP-CN~ and MKT-
IGCcP-CN-, respectively, and at —29.9 ppm in the case of
HRP-CN-. The upfield shift of the imidazole Hel proton was
proposed to be related to the imidazolate character of this ring
on the basis of the shift values in model compounds.’® The NH
of that histidine (signal f), which is strongly hydrogen bonded to
the carboxylate moiety of an Asp residue, shows approximately
the same chemical shift for the three derivatives. This fact suggests
that some geometrical arrangement of the proximal histidine, to
which Hel is highly sensitive, is operative, possibly depending on
the imidazolate character of this residue. Consistent with this,
the shift separation between the signals of the 3-CH, of the same
residue is significantly different (8.1 ppm in HRP-CN~ and 4.6
ppm in CcP-CN7). The contact shifts of the 8-CH, protons
depend on the dihedral angle between the imidazole plane and
the C,—Cz—H plane. The larger separation of these shifts and
the larger differences in T, values seen in HRP-CN~ are indicative
of an axial and equatorial nature of the 8-CH, protons with respect
to the imidazole plane. From the line shape and T values, it
appears that the two protons have similar distances from the metal
ion in the case of CcP-CN-, which is consistent with the smaller
shift separation.

It appears that the three signals (a, ¢, G) assigned to protons
of the distal histidine residues experience essentially identical
hyperfine shifts in the three derivatives. The distal histidine residue
is never bound to the iron, and the proton shifts are expected to
be largely pseudocontact in origin.’! As pseudocontact shifts
depend on the magnetic susceptibility tensor, it may be concluded
that the latter is the same in the three systems. The peptide NH
proton of the proximal histidine experiences some hyperfine shift,
as indicated by the temperature dependence of its chemical shift.
As this proton is separated from the metal ion by several bonds,
its hyperfine shift is essentially pseudocontact in origin. From
a comparison of the chemical shift values for this signal (d) in
CcP-CN~ and HRP-CN™ (Table 1), it appears that these reso-
nances are identical, thus further indicating that the magnetic
susceptibility tensor is the same in the two systems. This confirms
that the isotropic shift differences of protons of the bound groups

(26) (a) Blumberg, W. E.; Peisach, J.; Wittenberg, B. A.; Wittenberg, J. B.
J. Biol. Chem. 1968, 243, 1854, (b) Wittenberg, B. A.; Kampa, L.;
Wittenberg, J. G.; Blumberg, W. F.; Peisach, J. J. Biol. Chem. 1968,
243, 1863.

(27) Keller, R. M.; Wiithrich, K. Biochem. Biophys. Res. Commun. 1978,
83, 1132.

(28) Keller, R. M,; Scheijter, A.; Wiithrich, K. Biochem. Biophys. Acta 1980,
626, 15.

(29) Banci, L.; Bertini, L.; Turano, P.; Tien, M.; Kirk, T. K. Proc. Natl.
Acad. Sci. U.S.A. 1991, 88, 6956.

(30) Chacko, V. P.; La Mar, G. N. J. Am. Chem. Soc. 1982, 104, 7002,

(31) Emerson and La Mar (Biochemistry 1990, 29, 1545) have suggested
that the shift of He2 in cyanometmyoglobin experiences some contact
contributions. This is still consistent with the present conclusions.
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Figure 5. 600-MHz 298 K NOESY spectrum of a water solution of MKT-IGCcP-CN- obtained with 15 ms of mixing time. Cross peak assignments:
(1) 4-HB,, 4-HBt,,,: (2) 4-Her, 4-HB; (3) 4-Ha, 4-HB\ s (4) 2-HBs, 2-HBirape: (5) 2-Her, 2-HBy; (6) 2-Ha, 2-HB,onss (7) 7-Ha, 7-He'; (8) 7-Ha,
7-Hg'; (9) 7-Ha, 7-HB; (10) 7-HB, 7-HB'; (11) 7-He, 7-HB; (12) 8-CH;, 7-Ha: (13) 8-CH,, 7-He'; (14) 8-CH,, 7-HB'; (15) 8-CHj,, 7-HB; (16) 3-CH,,
4-Ha; (17) 3-CHj, 4-HB, s (18) 3-CH;, 4-HB,i; (19) &-CHj; Leu-232, 5-CH;Leu-232; (20) Hy Leu-232, 8-CH, Leu-232; (21) Hy Leu-232, 8-CH,
Leu-232; (22) 8-CH;, 6-CH; Leu-232; (23) 8-CHj, -CH; Leu-232; (24) 8-CH,, Hy Leu-232; (25) HB His-175, H8’ His-175; (26) HBS His-175, NH,
His-175; (27) H’ His-175, NH, His-175; (28) H@ His-175, H51 His-175; (29) Hg His-175, Hé1 His-175; (30) H81 His-52, Hel His-52. Cross peaks

12, 14, 16, and 29 become observable by decreasing the threshold.

are due to subtle structural changes. On the other hand, the NOEs
between Hel of the proximal histidine and the 5-CHj of the nearby
Leu residue (Leu-232 in CcP and Leu-237 in HRP) are the same
within experimental error. This fact suggests no major structural
variations on the residues of the proximal side.

In summary, the substantial similarity of the magnetic an-

isotropy tensors for CcP-CN~ and HRP-CN- demonstrates that
the electronic structures of the active sites of the two proteins are
very similar. The distal imidazole is protonated at neutral pH
in the cyanide complexes of both proteins, while the chemical shifts
of the proximal histidine protons indicate some minor rear-
rangements of this residue. Such rearrangements affect the Hel
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Figure 6. 600-MHz 298 K COSY spectrum in D,O buffer of MKT-IGCcP-CN-. The numbers indicate the same connectivities as in Figure 5.

and the 3-CH; protons but not Hél or peptide NH. An even
smaller upfield shift for the Hel and a smaller separation in shift
for the 3-CH, protons of the proximal histidine has been observed
for the CN~ adduct of LiP.? The pattern of the shifts for these
signals with the reduction potential of the protein has been shown
to correlate.® A more extensive pattern of exchangeable proton
signals is observed in CcP-CN™ and MKT-IGCcP-CN- than for
HRP-CN-". The difference in interproton connectivities (and,
therefore, in distance between Arg-48 and Hel of His-52) observed
for CcP-CN- and MKT-IGCcP-CN~ may result from the
presence of an Thr residue at position 53 in the former protein
and a lle residue at this position in the latter protein. In addition,

the line width of the proton bridging His-52 and CN~ is sensitive
to the conditions of sample preparation and in particular to the
age of the sample.
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