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ABSTRACT: Solution two-dimensional1H NMR studies have been carried out on cyanide-inhibited
horseradish peroxidase isozyme C (HRPC-CN) to explore the scope and limitations of identifying residues
in the heme pocket and substrate binding site, including those of the “second sphere” of the heme, i.e.
residues which do not necessarily have dipolar contact with the heme. The experimental methods use a
range of experimental conditions to obtain data on residue protons with a wide range of paramagnetic
relaxivity. The signal assignment strategy is guided by the recently reported crystal structure of recombinant
HRPC and the use of calculated magnetic axes. The goal of the assignment strategy is to identify signals
from all residues in the heme, as well as proximal and distal, environment and the benzhydroxamic acid
(BHA) substrate binding pocket. The detection and sequence specific assignment of aromatic and aliphatic
residues in the vicinity of the heme pocket confirm the validity of the NMR methodologies described
herein. Nearly all residues in the heme periphery are now assigned, and the first assignments of several
“second sphere” residues in the heme periphery are reported. The results show that nearly all catalytically
relevant amino acids in the active site can be identified by the NMR strategy. The residue assignment
strategy is then extended to the BHA:HRPC-CN complex. Two Phe rings (Phe 68 and Phe 179) and an
Ala (Ala 140) are shown to be in primary dipolar contact to BHA. The shift changes induced by substrate
binding are shown to reflect primarily changes in the FeCN tilt from the heme normal. The present results
demonstrate the practicality of detailed solution1H NMR investigation of the manner in which substrate
binding is perturbed by either variable substrates or point mutations of HRP.

Horseradish peroxidase (HRP1, ∼44 kDa, monomeric with
a single heme) carries out the one electron oxidation of
aromatic substrates at the expense of H2O2 (1-5). It is one
of the most intensively studied enzymes (1-7) and has
served as a model for our current understanding of Michae-
lis-Menten kinetics. The absence (until recently) of a crystal
structure for HRP had propelled it to the forefront of
development of solution spectroscopic methods for elucidat-
ing electronic and molecular structural properties relevant
to function (8-14). These studies have used as templates
for comparison crystallographically characterized heme per-
oxidases, first cytochromec peroxidase (CcP) (15, 16) and
later plant peanut peroxidase, PNP (17). HRP has also proven
a challenging candidate for the construction of homology

models based on sequence homology to crystallographically
characterized peroxidases (18-20). The available crystal
structures, spectroscopic characterizations, and mutagenesis
studies have identified the common location of the oxidizing
equivalents in compounds I (FeIVdO and heme or amino
acid radical) and II (FeIVdO) and the role of strongly
conserved proximal (axial His, nearby Asp) and distal (Arg,
His, nearby Asp) residues that facilitate the reduction of
peroxides (21-27).

Spectroscopic methods had made less progress in defining
the nature of the relatively nonspecific (5) aromatic substrate
binding site of HRP. Early NMR studies excluded the metal
as the binding site and instead placed the substrate 8-10 Å
from the iron (28-32). A more detailed picture of the site
was provided by suicide inhibition studies (2, 33) and
transferred nuclear Overhauser effect studies, which located
the substrate binding site at the edge of the heme near the
pyrrole I/IV junction (34-36). Also, the ring of an aromatic
residue has been located by NOEs near pyrrole IV, and one
aromatic ring has been shown to be in dipolar contact with
the substrate (11, 37, 38). Last, site-directed mutagenesis of
aromatic residues believed important for substrate binding
have shown that substitution of three of these Phe by Ala
results in significant drop in substrate affinity, in the order
Phe179> Phe 68> Phe 142 (39). The recent report of the
crystal structure of nonglycosylated, recombinant resting state
HRPC in the absence and presence of the aromatic substrate,
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benzhydroxamic acid, BHA (40, 41), now provides many
structural details that will serve to both test the validity of
the early models based on spectroscopic probes and provide
another plateau on which to build with spectroscopy. The
role of individual residues in enzyme activation, substrate
binding, and substrate oxidation are now being determined
by mutagenic, functional, and structural studies (21-23, 27,
39, 42-45). Complete understanding of the role of individual
residues whose substitution impacts function will necessitate
a description of the effects of the mutation on the orientation
of conserved residues in each case. From the point of view
of NMR spectroscopy, the signals of the majority of the
residues in the active site must be assigned and the dipolar
contacts between the residues and the substrate mapped,
before effective solution structural studies can be launched
on point mutants.

A particularly structurally informative derivative of HRPC

is the low-spin cyanide-inhibited form, HRPC-CN, whose
hexacoordinate state and distal ligand hydrogen bond models
the activated states of HRPC. The excellent spectral dispersion
imparted to active site residues by the dipolar shifts due to
the large paramagnetic anisotropy of low-spin iron(III) has
enabled the development of a robust interpretative basis of
the hyperfine shifts, which reflect subtle structural changes
at the iron induced by remote substrate binding (13). The
BHA:HRPC-CN complex also shows the spectroscopically
highly advantageous, but rare, situation where the dynamics
of substrate binding are such as to allow the observation of
transferred-NOEs between protein and substrate (34-37).

Our present study focuses on elucidating the substrate
binding site in HRPC-CN using 1H NMR to answer the
following questions: How well have the “first sphere”
residues in contact with the heme been defined by previous
solution NMR studies (11, 12, 34, 36, 37, 39, 42, 45-48)
based on homology models from CcP (and more recently,
PNP)? Is it possible with the crystal coordinates to unam-
biguously assign more remote residues (i.e., “second” or
“third” sphere), in particularly those in the vicinity of the
substrate binding site? How do the assignments and observed
dipolar shifts reflect the interpretive bases developed on the
basis of homology models? Can the dipolar contacts between
HRPC residues and BHA predicted by the crystal structure
(41) be detected by solution1H NMR? Can solution NMR
provide any details of structural changes induced by substrate
binding? The answers to these questions will hopefully
provide the basis for productive future NMR structural
studies on mutant HRPC-CN complexes using the crystal
structure of HRP as a reference base.

EXPERIMENTAL PROCEDURES

Sample Preparation.Horseradish peroxidase isozyme C
(HRPC) was purchased from Boehringer-Mannheim as a
lyophilized salt free powder and used without further
purification. The sample concentration was 3 mM in 99.8%
2H2O. Cyanide ligation was achieved by adding 3 equiv of
KCN (Mallinckrodt) to the protein solution. BHA (Sigma)
was dissolved in2H2O and added to the protein solutions to
make substrate:protein complexes of BHA:HRPC-CN, with
BHA varying from 0.2 to 10 equiv. Spectra were obtained
at varying substrate concentrations and sample temperatures
to achieve optimal resolution of the numerous aromatic

resonances important to this work; 1.4 equiv of BHA at a
temperature of 55°C provided the best overall resolution of
the crowded aromatic window.

NMR Data. 1H two-dimensional (2D) NMR data were
obtained at 500 MHz on a GE-NMR Omega spectrometer.
NOESY spectra (49) were collected in hypercomplex mode
with a repetition rate of 1 s-1 over a 10 kHz spectral window,
or in a few cases with a repetition rate of 3 s-1 over a 30
kHz spectral window, with 2048 data points int2 and 512
blocks of 128 scans int1. NOESY data were collected with
mixing times of 35-200 ms as noted in the text and figure
captions; the most informative spectra were obtained with
65 ms. WEFT-NOESY spectra (11) were obtained with a
35 ms mixing time and repetition rate of 3 s-1 to edit the
NOESY spectrum to emphasize paramagnetic cross-peaks.
CLEAN-TOCSY spectra (50) were recorded with 12, 20,
and 40 ms spin lock times at repetition rates of 5 or 1 s-1.
Data were processed on a SGI Indigo-2 using MSI Felix
software (version 97.0). TOCSY and NOESY data sets were
processed with 30-60° sine-bell-squared apodization in both
dimensions. All data sets were zero-filled to 2048× 2048
points and phase corrected in both dimensions.

Calculation of Dipolar Shifts.Using the coordinates of
protons from the HRP crystal structure (40) a least-squares
five-parameter fit of 15 previously assigned (11) protons of
>1 ppm dipolar hyperfine shift was used to initially calculate
the orientation of the magnetic axes and the values of the
magnetic rhombic and axial anisotropies, in a manner
described previously (13, 51). The resultant values were then
used to calculate the predicted dipolar and total chemical
shifts of all other protons in HRP using

where δDSS(calc) is the total calculated shift,δdia is the
diamagnetic reference shift of a given proton with inclusion
of any secondary structural effect (52), δRC is the calculated
ring current shift (53) using the crystal structure coordinates,
and δdip is the calculated hyperfine dipolar shift from the
values of the magnetic axes and anisotropies and the atomic
coordinates (51). Upon completion of all assignments the
values of the magnetic axes and anisotropies were then
further refined; see below.

RESULTS

Assignment Protocols.A large paramagnetic protein, for
which isotope labels are not as yet available, necessarily
restricts studies to proton-only methods for signals which
show a degree ofδdip + δRC that shifts them away from the
vast bulk of proton signals. Most readily characterized are
aromatic and methyl-containing aliphatic residues in the
vicinity of the heme (first and second sphere residues) whose
δdip + δRC enables their resolution from the remaining∼3
× 103 protons in HRPC-CN. The residues in the first and
second sphere of contact with the heme experience different
degrees of paramagnetic relaxation, and differing acquisition
(mixing times, recycle times, acquisition times) and process-
ing (mainly apodization) conditions are needed to obtain the
relevant data as discussed below. While the paramagnetic
effect hinders 2D experiments by broadening lines and
diminishing coherences, it provides key benefits by shifting
select protons away from crowded spectral regions and by

δDSS(calc)) δdia + δRC + δdip (1)
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imparting a variation in shift with 1/T, which aids in
validating cross-peaks (54).

The assignment protocol consists of identifying scalar and
dipolar correlations of sufficiently resolved cross-peaks,
confirming their presence at two temperatures (40 and 55
°C), and identifying likely assignments both from dipolar
contacts predicted via the crystal structure and from com-
parison of the observed chemical shifts with those predicted
by the magnetic axes via eq 1. Previous work on HRPC-
CN has generally yielded assignments (11, 42, 55) for
residues in dipolar contact with well-resolved heme protons;
here we extend assignments to additional residues not in
contact with well-resolved heme protons and to residues not
in dipolar contact with the heme at all (second sphere and
beyond residues). Figures 1-3 and 5 present NOESY data
relevant to important assignments in HRPC-CN, while
corresponding TOCSY data are available as Supporting
Information. Table 1 lists peak labels and resultant assign-
ments described below, observed chemical shifts, and
calculated chemical shifts from eq 1; Figure 4 presents a
schematic of the heme environment, dipolar contacts, and
indicated assignments to be described herein.

Initial Calculation of Dipolar Shifts.The previous assign-
ments (11) of 15 protons withδdip > 1 ppm in the heme
cavity of HRPC-CN were used in conjunction with the
coordinates of recombinant HRPC to calculate the magnetic
axes in HRPC-CN. The resultant values2 wereR ) 135°, â
) 9.5°, andκ ) 10°. These preliminary values were used to
guide further assignments; a final refinement was done upon
completion of assignments (vide infra).

Strongly Relaxed Heme Peripheral Contacts.Previous
studies of HRPC-CN have identified R38, F41, F152, and
I244 in contact with the heme (11, 34, 42). Most of these
studies used large bandwidths and short acquisition, mixing,
and recycle times to detect dipolar correlations between
residues and heme protons outside the diamagnetic window,
specifically the well-resolved heme 8-CH3, 3-CH3, and
â-vinyl protons, at the expense of resolution in the region
10-0 ppm. In contrast, Figure 1 presents results of a WEFT-
NOESY over a “small” bandwidth, 10 kHz, and with
moderate mixing, acquisition, and recycle times. The WEFT
technique edits to select strongly relaxed peaks, i.e., those
of the heme and residues at its periphery (11). Previous
assignments (11, 34, 42) are labeled in Figure 1 by heme
position or residue label. Unassigned residues are labeled
by capital letters,3 and their proton signals by lower case
letters with numbers, as shown in Table 1 and the figures.

Previously unreported correlations detected in Figure 1A
are from the heme 5-CH3 (in contact withâ-meso) to the
ring of F172, previously indirectly located via NOEs from
the proximalR-helical NH connectivities (11). In addition,
5-CH3 shows NOEs (in panels B and C) to two additional
signals, one of which (labeled l3, Figure 1B) also has NOEs

to F172. The signal labeled r2 at-0.17 ppm has a single
TOCSY cross-peak at 2.41 ppm (Supporting Information);
the AX spin topology is appropriate for an Ala. Inspection
of the crystal structure indicates Ala 34 is the likely origin
of the this AX system; this is further confirmed by the good
agreement between the observed (strongly upfield shifted)
and calculated chemical shifts, Table 1. (An expected NOE

2 The angles of the magnetic axes (51) are defined as follows:â is
the tilt of the magneticz-axis from the heme normal;R is the angle
between the projection of the magneticz-axis on the heme plane and
a line drawn through the nitrogens of pyrroles I and III (see Figure
4A), with counterclockwise rotation taken as positive;κ is the angle
between the projection of the rhombic magnetic axes on the heme plane
and the nitrogen-nitrogen vector of pyrroles I and III.

3 The labels of residues are chosen to match those of previous studies
(11, 37).

Table 1: 1H NMR Data for Selected Residues of HRPC-CN

residuea
peak
label

peak
assignment

δDSS

(obs)b
δDSS

(cal)c
∆δ

(BHA)d
Curie
slopee

Ala 34 (R) r1 RH 2.41 2.06 0 -0.64
r2 CH3 -0.17 -0.47 -0.07 -0.71

Leu 37 (L) l1 NH 6.89 7.13 0.08 -0.42
l2 RH 3.58 3.41 f g
l3 δ2CH3 1.33 0.65 f -0.21

Leu 39 (O) o1 NH 7.07 7.28 0.25 -0.21
Phe 45 (X) x1 δ 7.00 7.37 0.02 0

x2 ε 6.41 6.91 0.05 -0.21
x3 ê 4.91 4.97 0.14 -0.78

Phe 68 (A) a1 RH 4.83 4.89 0.12 -0.07
a2 ring H 7.76 7.62h 0.07 -0.21

Gly 69 (K) k1 R1H 5.30 5.43 f 1.06
k2 R2H 4.97 5.21 -0.10 0.99

Asn 70 (J) j1 RH 6.27 5.84 -0.20 0.78
j2 â1H 3.32 3.47 -0.12 0.28
j3 â2H 3.16 3.46 -0.06 0.71

Ala 140 (M) m1 RH 4.10 3.72 -0.43 g
m2 CH3 0.41 0.29 -0.30 -0.21

Phe 142 (B) b3 δ 7.35 7.27 0 -0.14
b1 ε 7.61 7.51 0.02 0.07
b2 ê 7.47 7.48 0.08 0

Phe 143 (F) f3 δ 6.56 6.77 0 -0.28
f2 ε 7.35 7.21 0 -0.07
f1 ê 7.43 7.30 0.03 0

Leu 148 (P) p1 γH 1.27 1.04 0.03 g
p2 δ1CH3 0.08 -0.14 0.04 -0.21
p3 δ2CH3 -0.13 -0.58 0.01 -0.92

Phe 152 δ 7.17 7.06 0 -0.28
ε 6.35 6.61 0 -0.64
ê 5.57 5.97 0 -1.06

Val 155 (S) s1 γ2H3 -0.28 -0.45 0.08 -0.07
Leu 163 (T) t1 γH 0.63 0.96 0 0.07

t3 δ1CH3 -0.73 -0.93 -0.01 -0.57
t2 δ2CH3 0.17 0.15 0 -0.21

Leu 166 (N) n1 δ2CH3 0.55 0.40 0 -0.07
Phe 172 NH 9.44 9.29 -0.24 0.85

RH 5.63 4.57 -0.09 0.14
δ 7.64 7.44 -0.18 0
ε 7.18 7.17 -0.10 -0.07
ê 6.59 7.02 -0.04 -0.28

Phe 179 (W) w1 RH 4.88 4.36 0 -0.50
w2 ring H 7.78 7.42h 0.02 0.07

Tyr 233? (Q) q1 ε1 8.75 9.27 0.02 1.34
q2 ε2 8.26 7.31 -0.07 1.06
q3 δ1 6.56 8.80 -0.07 0.57
q4 δ2 5.01 5.06 -0.09 0.35

Phe C c1 ê or δ 7.89 0 0.07
c2 ε 7.45 -0.03 0.07
c3 δ or ê 7.04 -0.03 0.07

aromatic E e1 δ 7.28 7.34i 0.02 0
e2 ε 6.11 6.28i 0 -0.07

a Residue label with sequence assignment (where possible).b Ob-
served chemical shift in ppm from DSS at 55°C, pH 7.0.c Calculated
chemical shift in ppm from DSS from eq 1 usingδdip calculated from
the magnetic axes.d Change in chemical shift with addition of saturating
amount of BHA, extrapolated from change in shift with 1.4 equiv of
BHA (0.8 of protein complexed).e Slope of Curie plot of observed
chemical shift vs reciprocal absolute temperature, in units of ppm‚K
× 103. f Spectral congestion and line broadening with addition of BHA
precluded determination.g Chemical shift at lower temperatures could
not be determined, hence, slope could not be calculated.h Average of
δ andε protons.i Calculated shift for Y234 protons (see text).
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to the 6âs is also observed, Figure 3A.) The signal l3 in
Figure 1B is in too densely crowded a region to resolve its
TOCSY cross-peaks unambiguously. However, the NOEs
to 5-CH3, F172, as well as to the heme 4RH (not shown)
are unique in the crystal structure to L37 Cδ2H3. 5-CH3 also
shows a weak NOE to the previously assigned R38 NH (11),
Figure 1A. From R38 NH two additional NOEs (Figure 1A)
are detected, one with a NOE to R38 Câ1H, Figure 1D.
Residues 32-44 of HRP exist in anR-helix (40), and this
and the absence of any expected aromatic contacts from R38
NH indicate that the NOEs constitute the peptide connec-
tivities of L37 NH-R38 NH-L39 NH; the latter is distin-
guished by the expected NOE from R38 Câ1H. The assign-
ments are summarized in Table 1 and Figure 4A,B.

The presence of these NHs after (in this case) many
months in2H2O solution is in keeping with the extraordinarily
low lability of proximal and distal helix NHs previously
noted (11, 56). Other interresidue NOEs of note in Figure
1A are from F41, previously assigned by an NOE from the
3-CH3 (11, 42), to an aromatic spin system previously labeled
X, which shows the three-spin TOCSY topology of a freely
rotating Phe ring (Supporting Information). The only Phe in
proximity to F41 is F45 and X is so assigned;4 the strongly
pronounced upfield shifts are well predicted, Table 1. One
additional NOE of note is from 2R to a peak labeled p3 in
Figure 1C, which will be treated further below.

Moderately/Weakly Relaxed Residues.For characterization
of less strongly relaxed residues, a recycle time of 1 s and
NOESY mixing times of 65 ms or greater were used. Figure
2 presents portions of the aromatic and aromatic to aliphatic
regions of the NOESY spectrum of HRPC-CN. Figure 2B
shows the intraresidue contacts for six well-resolved aromatic

three-spin (Phe) systems, B, C, F, X, F152, and F172, along
with the two-spin aromatic system E. All intraresidue NOEs
were confirmed by TOCSY correlations (Supporting Infor-
mation). Spin systems B and E were first observed and
labeled by Veitch (37), and system F was observed by Banci
(38). No NOEs are noted between aromatic rings under these
conditions except for X(F45):F152 in Figure 2B; this NOE
is consistent with the crystal structure.

NOESY contacts from the aromatic region to the aliphatic
(Figure 2F) are noted for F152 to 2â and to a peak t3, as
previously observed (11, 42). The TOCSY spin topology for
T is that of an upfield-shifted Leu/Val isopropyl group
(Supporting Information). Similarly the residue P in contact
with 2R (Figures 1C, 2E) shows a (CH3)2CH TOCSY spin
topology (Supporting Information). Leu/Val spin systems in
proximity to pyrrole A are limited to L148 and L163. L148
and L163 show a common NOE in the upfield window,
Figure 3A. L148 and L163 can be distinguished in that L148
Cδ2H3 (p3) has a strong NOE to 2R but weaker to 2â with
none to F152 (Figure 3A,B), while L163 Cδ2H3 (t3) has
NOEs to 2â and F152 but none to 2R (Figure 3A,B). The
assignments fit the crystallographic data and the upfield shifts

4 Phe X, with three upfield dipolar shifted rings protons, contrary to
initial interpretation (12), does not exhibit NOESY cross-peaks to either
8-CH3 or 7HR.

FIGURE 1: Portions of the 500 MHz WEFT-NOESY spectrum of
HRPC-CN in 2H2O at 55°C, pH 7.0. Data were collected with a
35 ms mixing time and recycle time of 330 ms, with a postinversion
delay of 150 ms. Solid lines show intraresidue dipolar contacts,
and dashed lines connect interresidue cross-peaks. Intraresidue
aromatic cross-peaks were confirmed by the corresponding TOCSY
cross-peaks (Supporting Information). Peak positions are labeled
with a lower case letter and number to indicate a proton of a specific
residue (e.g. r2), except where previously assigned in which case
the assignment is given explicitly (e.g. R38 NH). The cross-peak
labeledâm is produced by the heme 5-CH:â-meso contact.

FIGURE 2: Portions of the NOESY spectrum (65 ms mixing time,
1 s recycle time) of HRPC-CN in 2H2O at pH 7.0, 55°C. Solid
lines connect intraresidue cross-peaks, and dashed lines show
interresidue contacts. Intraresidue cross-peaks were confirmed by
corresponding cross-peaks in CLEAN-TOCSY spectra (Supporting
Information). Aromatic ring systems are labeled (i.e., a-c, e, f, w,
x) as described in the text except where previously assigned, where
the residue number is given (i.e., F152, F172). Panel A presents a
portion of the NOESY spectrum obtained with a 35 ms mixing
time and 330 ms recycle time showing dipolar contact from the
8-CH3 to the ring of Phe W (and not Phe A). (B) shows the aromatic
region, (C) and (D) show contacts from aromatic to selectedR
protons, and (E) and (F) show aromatic-aliphatic contacts. In panel
B the boxed x2:F152δ NOE was obtained at a lower contour; the
boxed a2:b3 (Phe A:Phe B) NOE is obtained in a NOESY dataset
with a 200 ms mixing time. (C) is presented to show that the cross-
peaks from a2, w2 to a1, w1, respectively, can be clearly resolved
in the F2 dimension.
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of both L148 and L163 fit well with the predicted shifts
utilizing the magnetic axes, Table 1.

From p3, the L148 Cδ2H3, two additional moderate NOEs
(Figure 2E) are noted to peaks f1 and f2 of Phe F; the only
realistic candidate from the crystal structure is F143. In
addition, peaks f1, f2, and f3 all show NOEs to a peak m2,
which also has NOEs to peaks b1 and b2, Figure 2E. The
TOCSY spin topology of M cannot be definitively resolved
under these conditions, but in the presence of BHA it shifts
upfield (vide infra) far enough that an AX type TOCSY spin
system consistent with an Ala is clearly revealed. The only
Ala in appropriate proximity to Phe 143 is A140 and system
M is so assigned (Table 1); it then follows that Phe B is the
nearby F142. An interresidue F142:F143 cross-peak is not
observed here, perhaps due to the fact b2/f3 and b3/f2 are
very close in chemical shift, but is observed in the presence
of BHA (vide infra). The chemical shifts of both F142 and
F143 are well predicted, Table 1.

Other aromatic:aliphatic contacts of note are F172 to r2,
the A34 CH3 (Figure 2E), and X(F45) to an upfield shifted
peak labeled s1, Figure 2E. The peak s1 is part of the TOCSY
spin pattern of a Val (Supporting Information) and is assigned
to V155, which has the appropriate upfield predicted shift
(Table 1) and contact to F45. One additional aliphatic peak
can be assigned as shown in Figure 3. An upfield shifted
signal at 0.55 ppm denoted n1 with NOEs to 3-CH3, F152ú,
and both 4âs can only be L166 Cδ2H3; an elucidation of its
TOCSY spin system was not possible. Assignments are
summarized in Table 1 and Figure 4A.

Previous work by Veitch (37) had detected a NOESY
cross-peak from an aromatic system denoted A to Phe B,
while 8-CH3 was shown to be in contact with an aromatic
system labeled W (11, 39), as noted in Figure 2A,B. The
chemical shifts of the ring protons of A and W, a2 and w2,
respectively, are very similar (Figure 2B, Table 1) but can
be distinguished by their NOEs to peaks a1 and w1 in Figure

2D (which are likely intraresidue NOEs to the respectiveR
protons). The W and A rings do not show TOCSY cross-
peaks (Supporting Information), but in the resting state form
of the protein both A (in contact with Phe B) and W (in

FIGURE 3: Portions of the aliphatic region of the NOESY spectrum
(65 ms mixing time, 1 s recycle time) of HRPC-CN in 2H2O at
pH 7.0, 55°C. Peak labels follow the convention of Figures 1 and
2. Solid lines label intraresidue cross-peaks, and dashed lines show
indicate interresidue contacts. Intraresidue cross-peaks were con-
firmed by corresponding cross-peaks in CLEAN-TOCSY spectra
(not shown; Supporting Information). (C) shows a section of the
35 ms mixing time, 330 ms recycle time NOESY spectrum of
HRPC-CN.

FIGURE 4: Summary of the NMR detected dipolar contacts in
HRPC-CN, presented as a schematic diagram of the heme and
substrate binding pockets of HRPC-CN, based on crystallographic
data and NMR data. (A) shows the face-on view of heme and heme
periphery of HRPC-CN in the absence of BHA. (B) shows the
edge-on view of heme and proximal (top) and distal (bottom)
residues; view is approximately through the hemeR-γ mesos. (C)
BHA:HRPC-CN complex, face-on view. (C) presents only those
contacts near the BHA binding site; the magnitude of NOESY cross-
peaks indicate the rest of the contacts in (A) and (B) are unchanged
when BHA is complexed. Previously assigned residues (11, 34,
39, 42, 56) are labeled by their sequence position only, and presently
identified residues are labeled both by the upper case letter code
and sequence position following assignment. Dipolar contacts
determined herein or previously are indicated by dashed lines. Heme
pyrroles are labeled with Roman numerals. A “2” by a dashed line
indicates a likely secondary NOE. For clarity in (A) the I244 in
contact with 8-CH3 (11, 42) is omitted, but I244 is included in
(B); the H42 to BHA NOE (35, 36) is omitted to simplify (C).
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contact with 8-CH3) have been shown to be aromatic three
spin systems (14, 37), characteristic of Phe. Apparently in
the cyano-ligated state all three spins of both rings are of
similar shift and intraresidue NOESY/TOCSY cross-peaks
cannot be detected.5 In the present work an A/B NOE is
detected, but only at long (200 ms) mixing time, indicating
the NOE is likely secondary, Figure 2B. Residue W, in
contact with 8-CH3, has been assigned by Veitch to Phe 179
(39), while Phe A is not assigned. Two remaining well-
resolved spin systems in Figure 2B are C (a three-spin Phe)
and the two-spin system E, possibly a Tyr; neither shows
NOEs to the heme or other assigned resonances.

Residues in Contact with Distal Histidine.The distal His
in HRPC-CN was assigned previously by analysis of dipolar
shifts of the ring protons and 1D NOEs (34); it has no NOEs
to the heme but does to F41 and to a peak previously labeled
j1 at fast recycle times and short mixing times (11). With a
65 ms mixing time and 1 s recycle the distal H42 CεH shows
NOEs not only to j1 but also to two peaks we label k1 and
k2, Figure 5B. Peaks k1 and k2 have NOESY (Figure 5D)
and TOCSY (Supporting Information) cross-peaks between
them; the spin topology and chemical shift is indicative of a
Gly. The dipolar contacts and predicted shift assign the Gly
as G69, Table 1. The j1 signal shows NOESY (Figure 5E)
and TOCSY (Supporting Information) cross-peaks to two
peaks j2 and j3 near 3.3 ppm, indicative of a CRH-CâH2

fragment. The very large downfield shift of the CRH proton
is predicted for N70 (Table 1), which has the appropriate
proximity to H42. Additionally, at 200 ms mixing time the
G69 CRH proton shows a weak and likely secondary NOE
to the Phe A ring signal (Figure 5C), which from the crystal
structure could only occur if Phe Ais F68. Accordingly Phe
A is assigned as F68, Table 1.

Residues in the Proximal His EnVironment.Experiments
at fast conditions have detected NOEs from the proximal
H170 to the I244 (34) (which is also in spatial contact with
8-CH3), from the H170 NH to the adjacent G169 and T171
NHs, and from the H170â1H to a four-spin system denoted
Q (11); these NOEs are summarized in Figure 4B. Along

with the F172 (also in contact with 5-CH3; vide supra), this
is a total of five assigned residues identified in the proximal
environment, plus Q. Figure 5A shows under slow repetition
conditions the NOEs from H170â1H to the four Q spins,
all of which are TOCSY connected even at very short (12
ms) mixing time (Supporting Information). The crystal
structure indicates two aromatic rings that could account for
the Q system, Y233 and F221, located on either side of the
proximal His ring. However, F221 is much closer to the iron.
The TOCSY cross-peaks of Q are present even at 40 ms
spin lock time (not shown) and are not indicative of a
strongly relaxed spin system close to the iron; see Discussion.
Thus the most likely assignment of Q at this time is the ring
of Y233.

BHA Binding Site.The crystal structure of BHA com-
plexed with recombinant HRPC has recently been reported
(41). Here are reported spectroscopic results on the HRPC-
CN:BHA complex in solution. Figure 6 shows a titration of
HRPC-CN with BHA, visualized as difference spectra
obtained by 1D NOE irradiation of the heme 8-CH3, known
to be in dipolar contact with BHA (56). The difference
spectra offer the advantage of uniquely identifying the

5 At least two peaks for the Phe W ring are revealed following
resolution enhancement of the one-dimensional NOE from the 8-CH3

(34).

FIGURE 5: Portions of the NOESY spectrum (65 ms mixing time,
1 s recycle time) of HRPC-CN in 2H2O at pH 7.0, 55°C, showing
relevant dipolar contacts in the proximal and distal environments
of the heme. Peak labels follow the convention of previous figures.
Panel C was obtained with a 200 ms mixing time and 1 s recycle,
necessary to produce the (secondary) k1 to Phe A NOE.

FIGURE 6: Observation of ring BHA resonances. (A-E) shown
portions of the one-dimensional NOE difference spectra of BHA:
HRPC-CN, saturating (for 100 ms) the heme 8-CH3 resonance at
28.02 ppm, for samples with BHA/HRPC-CN molar ratios of (A)
0, (B) 0.2, (C) 0.4, (D) 1.4, and (E) 10. (F) shows the reference
spectrum of BHA. The dashed lines connect the position of the
averaged BHA resonances. Note that the NOEs are negative; the
peaks have been phased upright to match panel F.
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substrate peak positions at any BHA concentration. Figure
6 clearly shows that BHA is in fast exchange between bound
and unbound states. The large negative BHA peaks in the
difference spectra are indicative of intermolecular transferred
NOEs, reflecting the position of BHA in the substrate:
HRPC-CN complex. The BHA peaks in the difference
spectra easily allow the assignment of the BHA shifts in 2D
NOESY spectra; vide infra.

Figure 7 shows the NOESY spectrum of BHA:HRPC-
CN at 65 ms mixing time. Intraresidue cross-peaks of F142
(B), Phe C, E, F143 (F), F45 (X), F152, and F172 are
detected by TOCSY results (Supporting Information) and
define the chemical shifts of the various ring protons. Two
interaromatic ring contacts are noted in Figure 7A. The F45:
F152 NOE is detected, as in the substrate free protein, and
with addition of BHA a F142:F143 NOE is now resolved.
Figure 7D shows that F143 again produces NOEs to the
L148Cδ2H3 (in contact with 2R, not shown) and to A140
CH3, which shifts upfield from 0.41 to 0.14 ppm with BHA
addition. (The upfield shift of A140 CH3 allows the resolution
of its CHR cross-peak in the TOCSY spectrum of BHA:
HRP-CN; Supporting Information). The A140 CH3 is also

in dipolar contact to F142, Figure 7D, as is true for the
uncomplexed HRPC-CN.

New dipolar contacts, not seen in substrate free HRPC-
CN, are noted fromA140 CH3 to F68 and BHA, Figure 7D.
The A140 CHR proton also produces NOEs to BHA, Figure
7B. F68 and F179 have similar shifts, as in the substrate-
free protein, but can again be distinguished from their NOEs
to the respective CHR protons, Figure 7C. Figure 7A shows
that BHA has NOEs to the rings of both F68 and F179, in
addition to the BHA NOEs to A140 noted above. No BHA
NOEs to other aromatic rings are detected. A summary of
the BHA:HRPC-CN dipolar contacts is given in Figure 4C.

Comparing the data for comparable spectral windows in
Figures 2 and 7 shows that BHA binding induces small shifts
of several residues (summarized in Table 1) and an increase
in the intensity of the NOEs between A140 CH3 and F142,
F143.The latter indicates that the two aromatic rings are
in closer proximity to A140 CH3 in the BHA:HRPC-CN
complex. The appearance of the F68 to A140 CH3 NOE
likewise indicates a limited structural change in the substrate
bound relative to substrate-free complex.

Refined Magnetic Axes.Upon completion of assignments
a refinement of the magnetic axes and anisotropies was done,
using as input 23 single protons, 4 methyl groups, and one
two-site ring chemical shift, all of which showed 1 ppm or
greater of observed dipolar shift,

with symbols defined as previously. The resultant five-
parameter minimization yielded values of the magnetic axes
of R ) 138°, â ) 10.5°, andκ ) 2°, with axial and rhombic
magnetic anisotropies of 2.16× 10-8 and -0.70 × 10-8

m3/mol, respectively. Correlation between calculated and
observed dipolar shifts is excellent (Supporting Information),
with an error function of 0.065 ppm2.

The magnetic axes were also calculated for the substrate
bound BHA:HRPC-CN complex. The results show the tilt
of the major magnetic axis (â) decreases to 6.6°, indicating
a corresponding decrease in the tilt of the cyanide ligand
(13, 51).

DISCUSSION

Assignments in the Heme Periphery (Primary Sphere).The
present study assigns protons of 15 residues of HRPC-CN
and provides new scalar or dipolar correlations for two others
previously assigned. Beginning at the heme periphery, of
the 18 residues within 3 Å of heme protons, 13 have now
been at least partially assigned. This includes six in this work
to add to earlier assignments using the CcP (primarily) and
PNP homology models (11, 39, 42, 56). The assigned
primary sphere residues are L37, R38, F41, A140, L148,
F152, L163, L166, S167, G169, H170, F172, and F179.

Three of the five remaining primary sphere residues are
adjacent to 1-CH3 or the 6RHs, which are located in the
densely crowded aliphatic region (55) and do not provide
the resolution necessary for assignment even with WEFT
methods. Overall the results indicate that studies tailored to
detect a wide range of differential paramagnetic relaxivities
can detect most of the residues in the primary sphere of
HRPC-CN. All of the residue assignments proposed earlier
and reexamined here are confirmed except for the residue
T, originally assigned (12) to L148 on the basis of compari-

FIGURE 7: Portions of the NOESY spectrum (65 ms mixing time,
1 s recycle time) of BHA:HRPC-CN at pH 7.0, 55°C with 1.4
molar equiv of BHA. Peaks are now labeled for clarity with
assignments determined and listed in Table 1. To simplify the figure,
aromatic ring intraresidue cross-peaks are generally not labeled
(these are easily detected in a corresponding TOCSY spectrum,
Supporting Information). BHAε and BHAδ denote the BHA ring
3,5-H and BHA ring 2,6-H protons, respectively. The ring protons
of F68 and F179 are labeled F68r and F179r, respectively. Boxed
inserts are the same data, but plotted at lower contours, except for
the box showing the BHA 3,5-H to F179r, F68r NOEs. The latter
was processed with different apodization to resolve the cross-peaks.
The peak marked with an asterisk is the q2/q4 cross-peak,
degenerate here with BHA 2,6-H but resolvable at other temper-
atures.

δdip(obs) ) δDSS(obs)- (δdia + δRC) (2)
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son to the CcP crystal structure; the assignment of T is now
corrected to L163 (Table 1). The remaining earlier assign-
ments stand due to the structural similarity of CcP and HRPC

in some regions near the heme.
Assignments beyond the Heme Periphery.This study also

locates nine residues in HRPC-CN beyond the heme
periphery (Figure 4A,B) and shows that assignmentscan be
extended beyond the first sphere contacts. Key residues
detected beyond the primary sphere include those of the
substrate binding pocket, namely F68, F179, and A140, and
the nearby F142 and F143. Additional second and third
sphere resonances are also detected in the proximal and distal
environments: L39, G69, and N70 (all distal) and Y233
(proximal).

Overall the NMR results identify almost all the key heme
pocket residues, i.e., those of the proximal, distal, and
substrate binding sites critical to catalysis, even without
dipolar contacts to the heme scaffold for all residues. It is
important to note that almost all of the residues which have
been the subject of mutagenesis experiments (including R38,
F41, H42, F68, N70, F142, F143, F172, F179) (5, 21-23,
27, 39, 42, 43, 45, 46, 57) are now assigned, and it can be
expected that 2D1H NMR studies similar to these described
herein should be able to address in some detail the effect of
such substitution on adjacent residues.

Magnetic Axes.The initial limited assignments available
from previous studies, with the HRPC crystal coordinates,
allowed formulation of “preliminary” magnetic axes which
aided in further resonance assignment. The final refined
magnetic axes enable excellent agreement between observed
and predicted shifts (Table 1) and should be useful for NMR
assignments in point mutants of HRPC-CN. The refined
magnetic axes show a tilt of the major magnetic axis of 10.5°,
much less than the originally reported value of∼20° (13).
The original value was obtained by attempting to fit the
magnetic axes to the coordinates of CcP, which led to the
erroneously large tilt. The tilt value of 10.5° is still significant
and would indicate a small tilt of the distal CN ligand away
from the heme normal and toward the hemeδ-meso. Both
H42 and R38 have been proposed as residues to which the
ligated cyanide hydrogen bonds (56, 58). The presently
observed magnitude and direction of cyanide tilt is more
consistent with hydrogen bonding to the distal His 42 Nε in
the crystal structure than to the Arg 38.

BHA Binding.The dipolar contacts observed in solution
of F68, F179, and A140 to HRPC-CN (Figure 7) are
consistent with the crystal structure of the noncyanide ligated
BHA:HRPC complex (41) and are also consistent with a
recent report of a molecular model of the BHA:HRPC-CN
complex (59). The increased intensity NOEs of F142, F143
to A140 in the BHA:HRPC-CN complex relative to substrate-
free HRPC-CN are indicative of closer spatial proximity of
the A140 CH3 to these phenyl rings; such a marked change
is not noted in the crystal structure of BHA:HRPC relative
to HRPC. It cannot be ascertained at this time if the change
in the A140 NOEs is an effect of ligation of CN to the iron
in the present NMR study or an intrinsic difference between
the crystal and solution environment of the substrate. It is
noted that substrate binding is primarily relevant to HRP-I
and HRP-II, although it is reasonable to presume that the
substrate binding site is the same in the various derivatives.
HRP and HRP-II differ both in the iron oxidation state and

in theprotonationstate of the protein, with HRP-II modeled
by HRP-CN, which, similar to HRP-II but in contrast to
HRP, has a protonated His 42 (56). The differential affinity
of HRPC and HRPC-CN for BHA has been attributed to
the proton of the distal His 42 in the latter (35), and hence
HRP-CN may model BHA binding to HRP-II better than
does HRP.

The detection of the A140 CH3 to F68 (Phe A) NOE in
the presence, but not the absence, of BHA confirms the
structural change noted in the crystal structure of BHA:
HRPC-CN, i.e., the movement of F68 on the B-C loop to
bring this residue near to bound substrate (and A140). The
BHA to F68, F179 (Phe A, Phe W) NOEs directly support
the crystal structure results that these two aromatic rings are
in proximity to BHA. While F143 is in the substrate binding
“channel”, no evidence of dipolar contacts from BHA to
F143 are observed. Another NOE expected from the crystal
structure would be G69 to BHA. The characteristic NOEs
from H42ε to the G69R protons are greatly weakened with
BHA addition, due either to line broadening or movement
apart of the residues, and a BHA to G69 NOE could not be
confidently ascertained.

The reduction in the magnitude ofâ, the tilt of the cyanide
ligand, upon BHA binding agrees with earlier crude results
using the CcP coordinates (13). Here the change is quantified
as 4°, likely due to insertion of the polar edge of BHA into
the distal heme environment toward the bound cyanide, as
indicated by NOEs to the distal H42 (35, 36) as well as the
crystal structure (41). The large change in chemical shifts
of resonances not near the substrate, such as I244 CδH3 and
R38 Câ2H (34, 35, 47), can be explained by the alteration of
the magnetic axes noted here. Hence a change in chemical
shift in itself is not definitive evidence of proximity of the
substrate; dipolar contacts provide this.

Previously noted has been the wide variation in exchange
rates of NH protons in the heme pocket, with the proximal
H170 NδH and proximal and distal peptide NHs showing
very slow exchange, while the distal H42 ring NHs show
fast exchange (11, 35, 56). However, the postulated blocking
of solvent access to the heme crevice upon BHA binding
(41) correlates well with one other previously observed piece
of NMR data, namely that exchange of the distal His ring
NH protons is severely retarded in the BHA:HRPC-CN
complex (35).

Other Assignments.The assignments account for all
aromatic residues in the vicinity of the heme except for F221,
whose ring protons range from 4.6 to 7.2 Å from the iron in
the crystal structure. F41 is approximately as close to the
iron (on the opposite side of the heme) as F221, but under
appropriate conditions of short mixing and recycle times F41
NOESY (11) (Figure 1A) and TOCSY cross-peaks (Sup-
porting Information) can be discerned; we have not been able
to observe such for F221. Equation 1 predicts the shifts of
the F221 ring protons in the downfield region where the other
aromatic rings are identified, yet no candidate exists. The
ring protons of F221 are reasonably close to 8-CH3, 7R, and
I244 CδH3, all of which have been previously assigned (42,
55, 60), yet no NOESY cross-peaks from these protons to
anything that could correspond to F221 have been identified.
As stated before, the F221 ring is very close to the iron and
hence its resonances would be broad, and if the ring is
rotationally immobile due to proximity to the proximal H170
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(as is implied by the crystal structure), this may render peaks
so broad as to be undetectable.

Residue Q, likely Y233, shows unusual properties. First,
it shows four spins, indicating that the Tyr ring is slowly
rotating, unusual behavior for a ring in a protein. However,
the homologous Phe 204 in LiP-CN, in dipolar contact with
the proximal Hisâs, likewise shows a slowly rotating ring;
all five spins are detected by TOCSY (61). The observed
shifts of Q show moderate agreement with the predicted shifts
of Y233, Table 1. The weak TOCSY cross-peaks between
δ1H and δ2H, and betweenε1H and ε2H (Supporting
Information), are likely exchange cross-peaks (which are in
phase with the TOCSY scalar correlation cross-peaks) from
the slow rotation of the Tyr aromatic ring.

Tentative assignments of Phe C and the two-spin aromatic
system E can be suggested. E shows large dispersion; hence,
it is unlikely to have a hidden third spin, indicating it is a
rapidly rotating Tyr ring. E has negligible Curies slopes
(Table 1) indicating only slight paramagnetic shift; the large
upfield shift of 6.11 ppm for one proton set must be due to
a substantial ring current shift. Of the five Tyr in HRP-
CN, only Y234 meets these criteria, and indeed the predicted
shifts of Y234 show excellent correspondence to that of E,
Table 1. E shows no NOEs to other assigned protons; hence,
the assignment is only tentative.

Phe C shows appreciable chemical shift dispersion but only
slight temperature dependence of the chemical shifts, Table
1. In addition theε proton chemical shift position of Phe C
(at 7.45 ppm) shows a weak NOE to the 4â protons (not
shown), although it cannot be determined if the NOE is
unique to Phe C. The only Phe expected to be in contact
with 4â is F277. The predicted shifts of F277 (not shown)
have qualitative agreement with those of Phe C, yet the lack
of other NOEs to assigned protons leaves the assignment as
only tentative.

Utility of Magnetic Axes and Predicted Shifts.The
magnetic axes and chemical shifts calculated from eq 1
greatly aid assignments in a system as large as HRPC-CN,
with ∼3 × 103 protons. The calculated and observed shifts
show excellent agreement in most cases (Table 1 and
Supporting Information). The predicted shifts can winnow
out incorrect assignments and, when ambiguity exists in
dipolar contacts, aid in correctly identifying the residue
producing the NOESY interaction.

The magnetic axes thus show general utility and success-
fully predict some unusual chemical shifts, such as the strong
upfield shifts of the F45 and F152 rings and the L163 Cδ2H3,
and the strong downfield shift of N70 CRH, Table 1. The
predicted shifts also account well for the lack of dispersion
of the F68 ring protons. The calculated shifts are 7.63, 7.61,
and 7.54 ppm forδ, ε, and ú protons, respectively, and
predict well the lack of dispersion and overall average
downfield shift observed (Table 1 and Figure 2). F179 is
also correctly predicted to have an averaged downfield shift
with low dispersion. The magnetic axes should now greatly
aid in the rapid assignment of the spectra of point mutants
of HRPC. Concomitantly, it should be possible to differentiate
clearly whether mutation-induced shift changes for conserved
residues result from reorientation of these residues or changes
in the Fe-CN tilt that alter the magnetic axes orientation.

Routes to Other Assignments.Most residues in immediate
proximity to the heme, and as yet unlocated, are adjacent to

1-CH3 or 6R as mentioned above. Routes to identify these
residues are available via reconstitution of HRP with
selectively13C labeled 1-CH3 (62) or 6R heme, in analogy
to the use of deuterated hemes to make the early assignments
in HRPC-CN (60). With 13C labels isotope editing methods
can be employed to identify the protons in contact with these
heme substituents.

The catalytically important Asp 247, with hydrogen bond
to the proximal H170 ring, could not be located yet. NOEs
from the H170 are not possible since the D247 (protonless)
side chain is oriented to H170, placing respective protons
too far apart. A route to assignment exists through the I244
side chain if those assignments (11, 42) can be extended to
the I244 CâH proton, which is in proximity to the D247 Câ-
Hs.

Conclusions.An effective strategy for assigning proton
amino acid signals in the heme and substrate binding
environments of HRPC-CN has been developed. It encom-
passes the use of a wide range of mixing and recycle times
in NOESY and TOCSY spectra and the use of calculated
magnetic axes and predicted chemical shifts with the known
crystal structure. Using this methodology, almost all residues
in the heme periphery of HRPC-CN have been assigned.
Assignments have been extended beyond those residues in
immediate contact with the heme and also include a number
of residues in the proximal and distal environments. The
NMR assignments include almost all catalytically relevant
residues in the heme pocket, proximal and distal environ-
ments, and substrate binding site. The predicted chemical
shifts from the magnetic axes determination greatly aid in
making assignments. Several dipolar contacts of BHA to
HRPC-CN are identified in the BHA:HRPC-CN complex.
The dipolar contacts of the substrate binding site generally
correspond well with the recent crystal structure of BHA:
HRPC, but a rearrangement involving A140 is detected by
NMR that is not observed in the crystal structure. The binding
of BHA produces a change in the magnetic axes of HRPC-
CN, reducing the tilt of the bound cyanide ligand. The ability
to assign nearly all relevant residues will serve as an effective
basis for study of point mutants of HRPC-CN, where these
methodologies will be able to provide detailed information
on possible structural perturbations of the heme cavity and
substrate binding sites.
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