
Solution1H NMR of the Molecular and Electronic Structure of the
Heme Cavity and Substrate Binding Pocket of High-Spin Ferric
Horseradish Peroxidase: Effect of His42Ala Mutation

Anbanandam Asokan,† Jeffrey S. de Ropp,‡ Sherri L.Newmyer,§
Paul R. Ortiz de Montellano,§ and Gerd N. La Mar* ,†

Contribution from the Department of Chemistry and NMR Facility, UniVersity of California,
One Shields AVenue, DaVis, California 95616, and Department of Pharmaceutical Chemistry,
UniVersity of California, San Francisco, California 94143

ReceiVed October 16, 2000. ReVised Manuscript ReceiVed February 2, 2001

Abstract: Solution1H NMR has been used to assign a major portion of the heme environment and the substrate-
binding pocket of resting state horseradish peroxidase, HRP, despite the high-spin iron(III) paramagnetism,
and a quantitative interpretive basis of the hyperfine shifts is established. The effective assignment protocol
included 2D NMR over a wide range of temperatures to locate residues shifted by paramagnetism, relaxation
analysis, and use of dipolar shifts predicted from the crystal structure by an axial paramagnetic susceptibility
tensor normal to the heme. The most effective use of the dipolar shifts, however, is in the form of their
temperature gradients, rather than by their direct estimation as the difference of observed and diamagnetic
shifts. The extensive assignments allowed the quantitative determination of the axial magnetic anisotropy,
∆øax ) -2.50× 10-8 m3/mol, oriented essentially normal to the heme. The value of∆øax together with the
confirmedT-2 dependence allow an estimate of the zero-field splitting constantD ) 15.3 cm-1, which is
consistent with pentacoordination of HRP. The solution structure was generally indistinguishable from that in
the crystal (Gajhede, M.; Schuller, D. J.; Henriksen, A.; Smith, A. T.; Poulos, T. L.Nature Structural Biology
1997, 4, 1032-1038) except for Phe68 of the substrate-binding pocket, which was found turned into the pocket
as found in the crystal only upon substrate binding (Henriksen, A.; Schuller, D. J.; Meno, K.; Welinder, K. G.;
Smith, A. T.; Gajhede, M.Biochemistry1998, 37, 8054-8060). The reorientation of several rings in the aromatic
cluster adjacent to the proximal His170 is found to be slow on the NMR time scale, confirming a dense,
closely packed, and dynamically stable proximal side up to 55°C. Similar assignments on the H42A-HRP
mutant reveal conserved orientations for the majority of residues, and only a very small decrease in∆øax or
D, which dictates that five-coordination is retained in the mutant. The two residues adjacent to residue 42,
Ile53 and Leu138, reorient slightly in the mutant H42A protein. It is concluded that effective and very informative
1H NMR studies of the effect of either substrate binding or mutation can be carried out on resting state heme
peroxidases.

Introduction

Horseradish peroxidase, HRP,1 a 44 kDa single chain heme
glycoprotein that oxidizes aromatic substrates at the expense
of peroxide, is probably the most studied enzyme and has served
as the model for the development of Michaelis-Menten
kinetics.2-7 The key distal catalytic residues in the activation
of the enzyme by H2O2 are the distal His42, which serves a

general base, and Arg38, whose side chain facilitates charge
separation in the cleavage of the peroxide bond. Mutating His42
reduces8 the activation rate by∼106. The aromatic reducing
substrate of HRP binds at the heme edge5 where there are located
several aromatic residues whose mutation influences substrate
binding.9-11 In the absence of a crystal structure, early solution
NMR studies had provided a qualitative description of the heme
pocket by using other crystallographically characterized heme
peroxidases as homology models.11-29 The proposed active site
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structure was largely confirmed by the recent crystal structure
of HRP.30 The paramagnetism of functional forms of HRP

imparts large hyperfine shifts,δhf, composed of contact and
dipolar shifts that facilitate spectral resolution, but also degrades
the efficiency of NMR experiments.23,31,32However, 2D experi-
ments appropriately tailored31-33 to relaxed resonances are
remarkably effective in assigning and locating residues near the
heme.

The dipolar component of the hyperfine shift for nonligated
residues is of prime interest, and is given by:32-35

whereθ′, Ω′, andRFe-i are the polar coordinates of protoni in
an arbitrary, iron-centered coordinated system with axesx′, y′,
z′. R, â, γ are the Euler angles that rotate this reference
coordinate system into the magnetic coordinate system,x, y, z
(Figure 1A), and∆øax and ∆ørh are the axial and rhombic
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Figure 1. Schematic representation of primarily peripheral (A) and primarily axial (B) residues in the “second sphere” of the heme in the crystal
structure of HRP that are assigned herein. Dashed lines indicate observed dipolar contacts. The residues are labeled both in the symbol of the spin
system and the residue type and sequence number. The iron-centered reference coordinate system,x′, y′, z′, is shown in which the geometric factors
for the dipolar shift are calculated. The major magnetic axis,z, of the expected axially symmetric paramagnetic susceptibility tensor may be tilted
from the heme normal by an angleâ (B) in a direction defined by the angleR between the projection of thez magnetic axis on the heme plane and
the x′ axis (A).

δi
dip ) (24πNA)-1[2∆ø

ax(3 cos2θ′i - 1)RFe-i
-3 +

3∆ørh(sin2 θ′j cos2Ω′i)RFe-i
-3]Γ(R,â,γ) (1)
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anisotropies of the diagonal paramagnetic susceptibility tensor,
ø. The magnetic axes and anisotropies provide valuable
information on the coordination symmetry of the heme iron,
while the geometric factors in eq 1 contain a wealth of unique
structural information on the active site.32,33,36,37The magnetic
anisotropy, which in high-spin iron is essentially axial (∆ørh ∼
0) with the unique axis normal to the heme (i.e.,â ) 0 in Figure
1B), is given by:32,38

∆øax provides important information on the effective axial field
through the zero-field splitting parameterD, which gives insight
into the nature of the His-Fe bond and the presence or absence
of a ligated water molecule.33,39-41 Combining eqs 1 and 2 with
Z ) -S(S + 1)(2S - 1)(2S + 3)g2â2(432πNAk2)-1, yields:

Because of its superior resolution and minimal paramagnetic
relaxation, the most effective NMR studies of HRP to date have
been carried out on the cyanide-inhibited enzyme, HRP-CN,
11,15,17-21,23,24,26,42for which there is now also a very well-
developed interpretative basis of the hyperfine shift in terms of
active site electronic and molecular structure.25,29It is recognized
that 2D NMR experiments are intrinsically less effective for
high-spin than low-spin heme proteins.31-33 However,it is Vital
to explore the limits to NMR characterization of high-spin,
resting state peroxidases because they are the physiologically
releVant forms. While contact shifts are much larger in HRP
than in HRP-CN, they resolve resonances only for the heme
and axial His, all of which have been previously assigned by
both isotope labeling and 1D/2D NMR.12,16,43,44In general, the
relaxation is∼5-10 times greater but the magnetic anisotropy
only ∼20% larger in high-spin HRP than low-spin HRP-CN.
Therefore, the majority of the residues in contact with the heme
(i.e., “first sphere”) are much too strongly relaxed (T1 < 15 ms
for RFe e 8 Å), without being resolved, in HRP to characterize
effectively by NMR.28 However, since relaxation falls off as
RFe

-6, while the dipolar shift falls off only asRFe
-3, there should

be a region near the heme, namely the “second sphere” residues
with 8 Å e RFe e 15 Å, in which protons are not too seriously
relaxed but yet experience significant dipolar shifts. While such
residues only occasionally exhibit signals resolved from the
diamagnetic envelope, the combination of the weak to moderate
relaxation with dipolar shifts characteristic of high-spin heme
iron allows their detection in appropriately tailored 2D NMR
carried out over a range of temperatures to establish the
uniqueness of scalar and/or dipolar connections.39

An important subset of target residues in this “second sphere”
in HRP includes the aromatic residues whose mutation influ-

ences substrate binding.9-11 Initial work on HRP had detected
five unassigned aromatic spin systems, along with parts of three
Leu/Val and one Ile spin system shifted upfield.17 Subsequent
work, using short mixing times and rapid repetition rates,28

emphasized strongly relaxed resonances and located three
aromatic residues in contact with the heme: Phe152 next to
3-CH3, Phe172 next to 5-CH3, and a Phe W, later identified as
Phe179,11 next to 8-CH3. Here we again address resting state
HRP by solution NMR, with emphasis on the less severely
relaxed “second sphere” residues. Our goals are to explore the
extent to which definitive assignment and structural character-
ization are achievable for high-spin heme enzymes, and to
provide a quantitative interpretive basis of the dipolar shifts in
terms of molecular structure and the zero-field splitting param-
eter D. It is recognized that comprehensive assignments will
allow future NMR structural characterization of mutants for
which crystallography is not practical. Subsequently, we extend
the strategy to the H42A-HRP mutant to demonstrate thatD is
minimally reduced and dictates the retention of five coordination
of the iron. An important component of our analysis is the use
of predictedδdip, in eq 1, for target residues based on comparison
with observed value,δdip(obs), given by

Since many of theδdip(calc) from eq 3 are only a few tenths
of a ppm, large uncertainties inδDSS(dia) can lead to highly
inaccurateδdip(obs) estimates via eq 4. However, we have
demonstrated that the temperature gradient, Gr≡ d/d(T-2), of
the observed and calculated dipolar shifts obviates the need for
δDSS(dia) and yields:45,46

Combining eqs 3 and 5 yields:45,46

if the molecular structure and magnetic axes are independent
of temperature.47

Experimental Section

Proteins. Wild-type (WT) horseradish peroxidase isozyme C was
purchased from Boehringer-Mannheim as a lyophilized salt free powder
and used without further purification. Throughout this work the protein
will be referred to as HRP without further reference to isozyme type.
The sample concentration was 3 mM in 99.8%2H2O. The N-terminal
polyhistidine-tagged recombinant, rWT, HRP and H42A HRP were
expressed and purified as previously described.8 The rWT and H42A
proteins include a 10 residue N-terminal polyhistidine tag for purifica-
tion purposes.

NMR Spectroscopy. 1H NMR spectra were collected in2H2O
solution on GEΩ-300 (300 MHz), Bruker AMX-400 (400 MHz), GE
Ω-500 (500 MHz), and Bruker DRX-600 (600 MHz) spectrometers
over the temperature range 25-55 °C for WT HRP and 25-30 °C for
H42A-HRP. Data were obtained over the complete(100 ppm
bandwidth at a repetition rate of 20 s-1 and over the(10 ppm window
at a repetition rate of 1 s-1. NonselectiveT1 values were determined
from the slope of the initial recovery of the magnetization in an

(36) Bertini, I.; Turano, P.; Vila, A. J.Chem. ReV. 1993, 93, 2833-
2933.

(37) Yamamoto, Y.Ann. Rpt. NMR Spectrosc.1998, 36, 1-77.
(38) Kurland, R. J.; McGarvey, B. R.J. Magn. Reson.1970, 2, 286-

301.
(39) Clark, K.; Dugad, L. B.; Bartsch, R. G.; Cusanovich, M. A.; La

Mar, G. N.J. Am. Chem. Soc.1996, 118, 4654-4664.
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J. P.; Smith, K. M.J. Am. Chem. Soc.1991, 113, 7886-7892.
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9762.
(42) de Ropp, J. S.; Yu, L. P.; La Mar, G. N.J. Biomol. NMR1991, 1,

175-190.
(43) Thanabal, V.; de Ropp, J. S.; La Mar, G. N.J. Am. Chem. Soc.

1987, 109, 265-272.
(44) de Ropp, J. S.; La Mar, G. N.J. Am. Chem. Soc.1991, 113, 4348-

4350.

(45) Xia, Z.; Nguyen, B. D.; La Mar, G. N.J. Biomol. NMR2000, 17,
167-174.

(46) Baxter, N. J.; Williamson, M. P.J. Biomol. NMR1997, 9, 359-
369.

(47) Nguyen, B. D.; Xia, Z.; Yeh, D. C.; Vyas, K.; Deaguero, H.; La
Mar, G. N.J. Am. Chem. Soc.1999, 121, 208-217.

∆øax ) -S(S+ 1)(2S- 1)(2S+ 3)g2â2D(36k2T2)-1 (2)

δdip ) (ZD/T2)(3 cos2θ′ - 1)RFe
-3Γ(R,â,γ) (3)

δdip(obs)) δDSS(obs)- δDSS(dia) (4)

Gr[δdip(obs)]) Gr[δDSS(obs)]- Gr[δDSS(dia)] ≈
Gr[δDSS(obs)] (5)

Gr[δdip(calc)] ) ZD(3 cos2θ′ - 1)RFe
-3Γ(R,â,γ) (6)
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inversion-recovery experiment for resolved signals, or estimated from
the null point for partially resolved signals and the differential relaxation
analyzed in terms of the distance to the iron,RFe, via:31,32

Steady-state NOEs on H42A-HRP at 300 and 400 MHz were obtained
by partially saturating the desired resolved low-field peak, as described
in detail previously.16 Clean-TOCSY48 (mixing time 20 and 40 ms)
and NOESY49 spectra were recorded at 600 MHz over a bandwidth of
(10 ppm by using 2048t2 points and 512 t1 blocks of 128-160 scans
each collected at a repetition rate of 1 s-1. NOESY data utilizing a
range of mixing times from 30 to 200 ms were collected. The most
effective data were collected with a mixing time of 65 ms, which
approximates the mean relaxation time of the resonances of interest.
The resulting 2D data sets were apodized by 30° to 45°-shifted sine-
squared bell functions in both directions and zero-filled to 2048× 2048
points prior to Fourier transformation. Data processing was carried out
using Bruker Xwinnmr 2.5 software on a SGI O2 work station or MSI
Felix 98 software on a SGI Indigo-2 work station.

Magnetic Axes. The anisotropy and orientation of the axially
symmetric paramagnetic tensor were determined by a least-squares
search for the minimum in the error function,F/n;33-35

The δdip(calc) are given by eq 3, and the observed dipolar shifts are
given by eq 4. TheδDSS(dia) were estimated by two alternate routes.
On one hand, the available crystal coordinates allow a calculation via
the relation

whereδpep is the unfolded peptide shift50 andδsec andδrc include the
influence of secondary structure51 and ring currents.52 Alternatively, if
eq 3 is valid as supported by available NMR data28

whereδint(T-2) is the intercept, at 1/T2 f 0, of a plot ofδDSS(obs) vs
T-2. In either case, we use the HRP crystal coordinates30 to calculate
geometric factors in the reference coordinate system. Initially, it was
assumed that the magnetic axis is normal to the heme (i.e.,â ) 0, so
only ∆øax is determined). After making more assignments, the anisot-
ropy and orientation of the axial tensor were redetermined allowing
for tilt (â in degrees) of the axis from the heme normal in a direction
defined byR in Figure 1A.

Results

The resolved low-field portions of resting state WT (rWT)
and H42A-HRP proton spectra are illustrated in Figure 2. The
chemical shifts of the rWT are essentially the same as those of
WT, although the line widths are somewhat greater in the
former, likely due to the additional poly-His tail on the protein.8

The chemical shifts of WT and H42A HRP are listed in the
Supporting Information.

Residue Assignment Strategy.Our target residues are∼50
amino acids with expected 30 mse T1 < 180 ms and 0.2e
|δdip| e 2 ppm located 9-16 Å from the iron, whose relevant
cross-peaks can be resolved in a 2D map. Residues expected to

be particularly accessible to detection and assignment include
aromatic side chains and their ring current and upfield dipolar
shifted methyl-containing aliphatic contacts, and non-methyl-
containing aliphatic protons that exhibit significant downfield
dipolar shifts (i.e., CRH).39 For simplicity we assign letter labels
to previously unassigned TOCSY-detected fragments (or isolated
signals), reserving upper case italic letters for aliphatic (A-Z
followed by A′-D′) and lower case italic letters (a-r) for
aromatic spin systems. (Note that a Phe contains an aromatic
(C6H5) and an aliphatic (CRHCâH2) spin system.) Individual
protons on a spin system prior to assignment are labeled by a
number (e.g.,A1). In each case, we initiate the sequential
labeling of the aromatic system from the low-field side and the
aliphatic system from the high-field side of the spectrum.
Previously assigned peaks are given by their residue number
and proton type.11,28 Table 1 lists all peaks assigned herein as
described below.

Five forms of NMR data provide the basis for the assignment
of our target residues.39 (i) Variable-temperature 1D/2D NMR
spectra identify signals with a significant temperature depend-
ence to their shift. A slope of 0.15 ppm‚K-2 × 10-5 in a plot
of δDSS(obs) vsT-2 reflectsδdip(obs)∼0.2 ppm, and intercepts
in a plot ofδDSS(obs) vsT-2 yield δDSS(dia) via eq 10.δDSS(dia)
can then indicate the functionality of the proton. (ii) TOCSY
spectra over a range of temperatures provide limited but crucial
(and occasionally complete) information on spin-topology of
side chains (i.e. Val vs Leu vs Ile). (iii) Dipolar (NOESY)
contacts to the heme, to assigned residues, and among un-
assigned residues are interpreted based on the prediction of the
crystal structure.30 (iv) Paramagnetic-induced dipolar relax-
ation32,33 yields estimates ofRFe via eq 7. (v) Last, but most
importantly, use of Gr[δdip(obs)] in conjunction with the
geometric factor (3 cos2θ - 1)R-3 from the HRP crystal
structure is used to predict dipolar shifts. The completed
assignments are subsequently used to determine both the
anisotropy and orientation of the paramagnetic susceptibility
tensor.

Characterization of Side Chain Type.TOCSY spectra (not
shown, all TOCSY spectra are given in the Supporting Informa-
tion) detect the rings of 20 of the 26 (20 Phe, 5 Tyr, 1 Trp)

(48) Griesinger, C.; Otting, G.; Wu¨thrich, K.; Ernst, R. R.J. Am. Chem.
Soc.1988, 110, 7870-7872.

(49) Macura, S.; Ernst, R. R.Mol. Phys.1980, 41, 95-117.
(50) Bundi, A.; Wüthrich, K. Biopolymers1979, 18, 285-297.
(51) Wishart, D. S.; Sykes, B. D.; Richards, F. M.J. Mol. Biol. 1991,

222, 311-333.
(52) Cross, K. J.; Wright, P. E.J. Magn. Reson.1985, 64, 240-231.

T1
-1 ∝ RFe

-6 (7)

F/n ) ∑
i)1

n

|δdip(obs)- δdip(calc)|2 (8)

δDSS(dia) ) δpep+ δsec+ δrc (9)

δDSS(dia) ) δint(T
-2) (10)

Figure 2. Comparison of the resolved low-field portions of the 300
MHz 1H NMR spectra of high-spin ferric (A) WT, (B) rWT, and (C)
H42A-HRP in 2H2O at pH 7.0 at 30°C. The previously reported
assignments12,16,44of WT are given, and the peaks assigned in the mutant
are connected by dashed lines.
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Table 1. 1H NMR Spectral Parameters for Assigned Nonligated Residues in WT and H42A HRP

WT HRP H42A HRP

residue symbol proton
δDSS(obs)a
at 55°C δint(T-2)b Gr[δDSS(obs)]c δDSS(dia)d

δDSS(obs)e
at 30°C

δDSS(obs)f
at 30°C

Phe45 m1 CδH(?) 7.09 6.7 0.38 7.15 7.15
m2 CεH(?) 7.09 6.7 0.38 7.20 7.15
m3 CúH(?) 5.98 5.9 0.13 5.04 6.00

Phe61 h1 CεH(?) 7.16 7.3 -0.19 7.27 7.13 7.13
h2 CúH(?) 6.78 6.9 -0.13 7.22 6.76 6.78

Phe68 d1 CúH 7.67 7.4 0.25 7.36 7.71
d2 CεH 7.58 7.5 0.13 7.42 7.60 7.57
d3 CδH 7.31 7.4 -0.13 7.33 7.29 7.32

Phe77 n1 CδH 7.02 7.3 -0.25 7.24 6.98 6.99
n2 CεH 6.53 7.0 -0.56 7.28 6.44 6.50
n3 CúH 6.02 6.7 -0.75 7.18 5.90 5.95

Phe130 j1 CúH 7.10 7.2 -0.13 7.20 7.08 7.08
j2 CεH 6.91 7.1 -0.19 7.26 6.88 6.89
j3 CδH 6.83 7.1 -0.31 7.17 6.78 6.79

Phe142 X1 Câ2H 3.77 3.4 0.38 3.17 3.83 3.78
X2 Câ1H 4.34 3.8 0.63 3.20 4.44 4.36
X3 CRH 5.76 5.1 0.75 4.73 5.88 5.78
a1 CδH 8.16 7.7 0.50 7.61 8.24 8.21
a2 CεH 8.16 7.7 0.50 7.60 8.24 8.21
a3 CúH 7.88 7.6 0.31 7.57 7.93 7.93

Phe143 C′1 Câ1Hg 4.83 3.15
C′2 CRH 5.43 4.8 0.69 4.63 5.54 5.45
b1 CεH 8.12 7.5 0.63 7.50 8.22 8.21
b2 Cú H 7.93 7.5 0.44 7.44 8.00 8.00
b3 CδH 7.91 7.3 0.66 7.37 8.01 8.00

Phe152 D′1 CRH 4.88 4.5 0.44 4.45 4.95 4.92
CúH 10.14 7.4 2.96 8.07 h
CεH 9.33 7.5 1.94 7.98 9.64 9.31
CδH 8.67 7.8 0.94 7.73 8.82 8.80

Phe172 CúH 8.98 8.2 0.88 7.76 9.18 9.02
CεH 8.29 7.2 1.18 7.83 8.48 8.19
CδH 8.29 7.9 0.44 7.47 8.36 8.19

Phe179 A′1 Câ2H 4.73 3.5 1.38 3.23 4.95 4.75
A′2 Câ1H 5.05 3.6 1.57 3.35 5.30 5.27
A′3 CRH 5.72 5.1 0.63 4.68 5.82 5.77

CδH 9.18 8.0 1.31 7.72 9.39 9.27
CεH 8.53 7.7 0.88 7.76 8.67 8.60
CúH 8.00 7.4 0.69 7.61 8.11 8.11

Phe229 r1 CδH 8.14i 7.6 0.44 6.94 8.16
r2 CδH 8.08i 7.8 0.29 5.71 8.11
r3 CεH 6.68i 6.2 0.44 6.45 6.71
r4 CεH 6.52i 6.2 0.29 7.09 6.54 6.46
r5 CúH 5.45i 5.5 0 4.88 5.45 5.31

Tyr234 p1 Cδ1H 6.62 6.8 -0.19 7.03 6.59 6.63
p2 Cδ2H 6.28 6.8 -0.50 6.63 6.20
p3 Cε1H 6.11 6.6 -0.50 6.97 6.03 6.10
p4 Cε2H 4.39 5.0 -0.69 4.44 4.28

Phe251 i1 CúH 7.15 7.3 -0.19 7.27 7.12 7.15
i2 CεH 7.07 7.2 -0.19 7.31 7.04 7.05
i3 CδH 6.66 6. 9 -0.25 7.22 6.62 6.63

Phe266 k1 CúH 7.10 6.9 0.25 7.36 7.14 7.11
k2 CεH 7.01 7.1 -0.06 7.40 7.00 6.99
k3 CδH 6.38 6.5 -0.13 6.73 6.36 6.33

Phe273 or Phe274(?) c1 CδH 7.78 7.8 -0.06 6.95 7.77 7.76
c2 CεH 7.31 7.3 0 7.35 7.31 7.29
c3 CúH 6.94 6.9 0 7.02 6.94 6.93

Phe277(?) q1 CúH 8.78i 7.7 1.03 7.79 8.85
q2 CεH 7.83i 7.2 0.59 7.66 7.87

Leu39 B1 Cδ2H3 -0.72 0.3 -1.06 0.24 -0.89 -0.73
B2 Cδ1H3 -0.28 0.0 -0.31 0.32 -0.33 -0.23
B3 Câ2Hg 0.32 1.48
B4 CγH 1.06 1.4 -0.31 1.17 1.01 1.16

His/Ala42 K1 Câ1H 0.04 2.3 -2.38 1.97 -0.34
CâH3 -3.16

Asp43 Z1 CRH 4.34 4.9 -0.63 4.27 4.24 4.44
Val46 E1 Cγ2H3 -0.25 0.5 -0.75 0.65 -0.37 -0.31

E2 Cγ1H3 0.33 0.7 -0.44 0.85 0.26 0.26
E3 CâH 1.95 2.4 -0.44 1.94 1.88 1.82
E4 CRH 3.48 3.8 -0.31 3.97 3.43 3.44
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aromatic side chains53 in the 5-10 ppm spectral window. Five
aromatic rings exhibit downfieldδdip (three with largeδdip: Phe
152, Phe 172, Phe 179, and two with modestδdip: a, b) and

three exhibit upfieldδdip (i, n, p). The labeling scheme and shift
data are presented in Table 1. Several aromatic spin systems
show one or more protons shifted upfield by diamagnetic (likely

Table 1 (Continued)

WT HRP H42A HRP

residue symbol proton
δDSS(obs)a
at 55°C δint(T-2)b Gr[δDSS(obs)]c δDSS(dia)d

δDSS(obs)e
at 30°C

δDSS(obs)f
at 30°C

Ile53 D1 Cδ1H3 -0.56 0.8 -1.44 0.51 -0.79 -0.74
D2 Cγ2H3 -0.11 0.6 -0.75 0.69 -0.23 0.19
D3 Cγ1H 0.35 1.1 -0.75 1.02 0.23 0.45
D4 Cγ2H 0.43 1.2 -0.88 1.15 0.29 0.55
D5 CâH 1.01 2.0 -1.10 1.55 h
D6 CRH 3.30 3.8 -0.56 3.96 3.21 3.29

Leu54(?) N1 Cδ2H3 0.50 0.8 -0.33 0.86 h
N2 Cδ1H3 0.59 0.8 -0.25 0.73 0.55 0.57

Leu55 M1 Cδ1H3 0.12 0.4 -0.25 0.50 0.08 0.07
M2 Cδ2H3 0.45 0.6 -0.19 0.74 0.42 0.42

Ala74 L1 CâH3 0.09 1.1 -1.06 1.19 -0.08
L2 CRH 2.94 3.8 -0.94 3.89 2.79

Ala112 V1 CâH3 2.18 1.7 0.56 1.67 2.27 2.11
V2 CRH 5.01 4.8 0.19 4.37 5.04 5.02

Ala134 P1 CâH3 0.65 1.3 -0.69 1.19 0.54 0.63
P2 CRH 3.30 3.9 -0.69 3.87 3.19 3.31

Leu138 Cδ2H3 -2.49 -0.6 -2.00 -0.31 -2.81 -2.68
Cδ1H3 -2.18 -0.2 -2.13 -0.15 -2.52 -1.67
Câ1H -1.54 0.5 -2.19 0.90 -1.89
Câ2H 0.55 1.4 -0.94 1.29 0.40
CγH 0.19 1.0 -0.81 1.10 0.06 0.11
CRH 3.30 3.8 -0.56 3.98 3.21

Ala140 R1 CâH3 1.30 0.6 0.75 0.55 1.42 1.34
Ser151 B′1 CRH 4.76 4.5 0.31 4.50 4.81 4.82

B′2 Câ1H 5.16 4.4 0.88 4.52 5.30 5.19
B′3 Câ2H 5.10 4.4 0.63 4.40 5.20 5.28

Val155 J1 Cγ2H3 -0.05 0.1 -0.13 -0.35 -0.07 0.05
J2 Cγ1H3 0.48 0.4 0.06 0.39 0.49 0.57
J3 CâH 2.11 2.0 0.13 1.59 2.13 2.17
J4 CRH 4.39 4.3 0.13 3.39 4.41 4.43

Leu157 Q1 Cδ1H3 1.20 0.7 0.56 0.98 1.29 1.23
Val164(?) H1 Cγ2H3 -0.11 0.5 -0.63 0.87 -0.21 -0.15

H2 Cγ1H3 0.08 0.6 -0.50 1.00 0.00 0.03
Gln176 W1 Câ2H 2.87 2.2 0.69 2.36 2.98 2.92

W2 Câ1H 3.23 2.5 0.75 2.08 3.35 3.29
W3 CRH 5.61 5.2 0.44 4.44 5.68 5.65

Ser216 Y1 Câ2H 4.02 3.8 0.25 3.93 4.06 4.02
Y2 Câ1H 4.27 4.0 0.25 3.95 4.31 4.26
Y3 CRH 5.56 4.9 0.69 4.43 5.67 5.58

Leu218 T1 Cδ2H3 1.55 0.8 0.81 0.96 1.68 1.60
Thr227 S1 Cγ2H3 1.42 1.2 0.25 1.29 1.46 1.43

S2 CâH 4.96 4.6 0.38 4.38 5.02 5.00
S3 CRH 5.34 4.5 0.94 4.60 5.49 5.48

Leu237 A1 Cδ2H3 -1.11 0.1 -1.25 0.10 -1.31 -1.21
A2 Cδ1H3 -0.50 0.2 -0.75 0.39 -0.62 -0.54
A3 CγH 0.23 0.9 -0.75 0.43 0.11 0.24
A4 Câ2H 0.96 1. 7 -0.77 1.15 h
A5 CRH 3.17 3.7 -0.56 3.95 3.08 3.21

Gly242 U1 CR2H 1.81 2.9 -1.18 3.55 1.63 1.77
U2 CR1H 2.34 3.4 -1.18 3.60 2.16 2.34

Leu243 C1 Cδ2H3 -0.66 0.1 -0.77 0.03 h
C2 Cδ1H3 0.23 0.7 -0.55 0.49 h
C3 CγHg 0.39 1.25

Asp247 G1 Câ1H -0.20 2.0 -2.41 2.36 h
Leu250 F1 Cδ2H3 -0.22 0.1 -0.38 0.74 -0.28 -0.25

F2 Cδ1H3 0.19 0.4 -0.25 0.72 0.15 0.20
F3 CγH 0.56 0.9 -0.31 1.57 0.51

Val263 O1 Cγ2H3 0.53 0.7 -0.13 0.92 0.51 0.41
O2 Cγ1H3 0.68 0.9 -0.19 0.79 0.65 0.53
O3 CâH 2.23 2.3 -0.06 2.16 2.22 2.23
O4 CRH 2.84 3.0 -0.19 3.40 2.81 2.81

a Observed chemical shift at 55°C in ppm, referenced to DSS.b Extrapolated intercept at 1/T-2 f 0, in ppm, of plot of observed chemical shift
vs T-2. c Temperature gradient of dipolar shift in ppm/K-2 as slope in a plot ofδDSS(obs) vsT-2. d Diamagnetic shift calculated on the basis of eq
9 and the crystal coordinates.27 e Observed chemical shift for WT HRP at 30°C in ppm, referenced to DSS.f Observed chemical shift for H42A
HRP at 30°C in ppm, referenced to DSS.g Peak detected only at 55°C. h Peak not detected at 30°C (gradient determined from data at 55 and 40
°C). i Observed chemical shift at 40°C in ppm, referenced to DSS (resonance not resolved at 55°C).
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ring current) rather than dipolar shift, as Gr[δDSS(obs)] is small
(Table 1). The 1 to-3 ppm spectral window reveals 11 aliphatic
TOCSY-detected fragments with upfieldδdip: three complete
Val, one complete Leu, four Leu/Val (i.e. (CH3)2CH fragments),
one complete Ile, and two complete Ala. TOCSY spectra
identify numerous fragments which contain downfield shifted
CRH, including one two-spin CRH-CâH, three three-spin
CRHCâH2 fragments, a CRH-CâH-CγH fragment, two obvious
Ser, and one Ala.

Heme Contacts.Saturation of assigned heme methyl peaks
had previously yielded NOEs to the ring protons of three relaxed
and dipolar shifted Phe, two of which could be assigned to
Phe152 (near the heme 3-CH3, 2-vinyl) and Phe172 (near
5-CH3).28 A third Phe ring was found near 8-CH3 and later
assigned to Phe179.11 None of the other heme contact protons
exhibited TOCSY connections, even in suitably tailored 2D,
because of the expected strong relaxation.28 With no further
assignments possible via dipolar contacts to the heme, the
alternate assignment strategy outlined above was followed. As
a starting point, from a comparison of eqs 5 and 6, it is evident
that a plot of Gr[δDSS(obs)] vs (3 cos2θ′ - 1)R-3 (utilizing the
HRP crystal coordinates) should be linear. This was confirmed
by the excellent correlation for the previously assigned11,28and
significantly shifted Phe152, Phe 172, and Phe179 aromatic ring
protons (open circles) plotted in Figure 3. Therefore candidates
for further assignment were guided by the comparison of (3
cos2θ′ - 1)R-3 calculated for the target residues with the
observed Gr[δDSS(obs)] presented in Table 1. Three regions of
the “second sphere” of residues in HRP are addressed below:
the substrate-binding pocket near pyrrole D (which is largely
peripheral to the heme),54 the pyrrole A/B junction extending
to the distal pocket, and a cluster of aromatic residues in the
vicinity of the proximal His 170.

The Substrate-Binding Pocket.Mutation of either Phe 68,
Phe142, or Phe179 has been shown to affect the binding of the
model substrate, benzhydroxamic acid, BHA.11,26Direct dipolar
contact between BHA and the rings of Phe68 and Phe179, as
well as to His42 and Ala 140, has been demonstrated for the
BHA:HRP-CN complex.18,29,55The BHA:HRP crystal structure
reveals additional contacts of the BHA with Arg38, His42,
Pro139, Pro141, and Gly69,54 of which all but Gly69 are much
too strongly relaxed to detect in resting state HRP.28 An
additional residue near the substrate is Leu138. A strongly low-
field shifted AMX spin system (A′) with very strong CRH dipolar
contact to the Phe179 CδH (Figures 4H, 4M) locates the Phe179
backbone. A similarly shifted CRH-CâH2 fragmentW (Figure
4G) exhibits only very weak CRH (Figure 4M), but strong CâH,
dipolar contacts (Figure 4F) to the Phe179 ring, as expected
only for Gln176. Another low-field shifted AMX spin system,
Y, with diamagnetic intercepts in the∼4-5 ppm spectral
window and a strong CRH NOE to the Gln176 CâHs (Figure
4G), locates Ser216. A weak NOE from the Phe179 ring to the
ring of a moderately low-field shifted Aroma56 (not shown) is
consistent only with Aroma as Phe142. Intensities allow the
individual assignment of the ring protons of F142 (not shown).

(53) Table 1 provides labels and assignments for 16 aromatic side chains,
consisting of 15 Phe and 1 Tyr. Three additional two-spin aromatic systems,
Tyr or Phe with one spin not resolved, are observed in TOCSY (not shown,
see Supporting Information) but not assigned. Two aromatic rings, Phe41
and Phe221, are too close to the iron to be observed in resting state HRP.
We infer that four additional aromatic systems, including the single Trp,
are not resolved or observed under the present conditions.

(54) Henriksen, A.; Schuller, D. J.; Meno, K.; Welinder, K. G.; Smith,
A. T.; Gajhede, M.Biochemistry1998, 37, 8054-8060.

(55) La Mar, G. N.; Herna´ndez, G.; de Ropp, J. S.Biochemistry1992,
31, 9158-9168.

(56) The aromatic spin systemsa andb when first observed were labeled
as a single aromatic spin system “A”.17 From “A” NOEs were observed to
another aromatic spin system originally labeled “D”.17 Here NOEs are
observed fromd to a and not tob (not shown; see Supporting Information).

Figure 3. Plot of d[δDSS(obs)]/d[T-2] vs (3 cos2θ - 1)R-3Γ(R,â,γ)
for HRP at 55°C on the basis of the magnetic axis normal to the heme
(Γ(R,â,γ) ) 1) for all assigned residue protons. The open circles
represent the previously assigned Phe152, 172, and 179 ring protons.11,28

Closed circles represent the remainder of definitely assigned resonances.

Figure 4. Portions of the 600 MHz NOESY spectra (mixing time 65
ms) of HRP illustrating dipolar contacts for moderately to strongly
relaxed aromatic rings Phea (Phe142), Pheb (Phe143), Phe152,
Phe172, and Phe179. Portions A-I, K, and M are downfield shifted
aliphatic contacts to these rings, and portions J and K are intra- and
interring contacts.
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Strong NOESY cross-peaks to the ring CδH (a1) of Phe142
from a low-field shifted AMX spin systemX identify the Phe142
backbone, Figure 4H, 4K. Gly69 is not strongly relaxed (RFe

∼9-10 Å), but the CRHs are both shifted into the intractable
1-5 ppm window. Figure 1 schematically presents the observed
NOESY contacts.

The previously assigned28 Phe152 ring leads to assignment
of both Leu138 and Phe143. First, the rings of Aromb56 and
Phe152 exhibit common NOESY cross-peaks to a TOCSY-
connected AMX systemB′ in the 4.5-5.2 ppm window (Figure
4K) with intercepts in the 4.5 to 4.0 ppm region (Table 1), which
identifies B′ as Ser151 and Aromb as the ring of Phe143.
NOESY cross-peaks for the low-field shifted CHCH spin system
C′ to the ring CδH identify the Phe143 CRHCâH (Figure 4I)
fragment; the other CâH was not assigned. A weak NOE from
C′2 (CâH) to F152 CδH is also observed (Figure 4K) and
confirms both assignments. The ring protons of Arommexhibit
NOESY cross-peaks to both the CδH (Figure 4K) and CεH (not
shown) of Phe152 that are diagnostic of Phe45. A CRH proton
D′ exhibits strong NOEs to the Phe152 CδH and ring of Phe45
(Figure 4H,I) that are expected only for the Phe152 CRH; the
CâHs could not be definitely identified. Common NOESY cross-
peaks to the methyls of a ValJ by the Phe45 (Figure 5E) and
Phe152 (Figure 4A) ring protons identify Val155, for which
the upfield methyl exhibits the expected strong NOE to the
Phe152 CRH peakD′ (Figure 6I). Two resolved and strongly
upfield shifted methyls (Figure 6B), which have been previously
characterized28 by TOCSY and assigned to Leu138, exhibit the
expected weak NOE to the Phe45 ring (not shown), confirming
both assignments. The Leu138 methyls exhibitT1 values of 39,

60 ms for RFe 9.3, and 10.0 Å, respectively; the excellent
correlation of observed relaxation rate withRFe is included in
Figure 7.

The Phe142(a) ring protons exhibit moderate intensity
NOESY cross-peaks to two ring protons of Aromd56 (not

Figure 5. Portions of the 600 MHz NOESY spectrum (mixing time
65 ms) of HRP at 55°C illustrating intra- and interring contacts (A-
C) for weakly or moderately relaxed aromatic rings and their upfield-
shifted aliphatic proton contacts (D-G).

Figure 6. (A, B) Resolved upfield portions of the 600 MHz1H NMR
reference spectrum of HRP at 55°C and (C-I) portions of the NOESY
spectrum (mixing time 65 ms) depicting the inter- and intraresidue
contacts among these residues.

Figure 7. Plot of observedT1
-1 versusR-6 (determined from the HRP

crystal structure) for resolved protons on nonligated residues of WT
HRP (L39 Cδ1H3, L39 Cδ2H3, I53 CδH3, L138 Câ1H, L138 Cδ1H3, L138
Cδ2H3, L237 Cδ1H3, L237 Cδ2H3, L243 Cδ2H3, closed circles), Ala42
CâH3 in H42A HRP (open circle), and the heme methyls in WT HRP
(closed square).
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shown, see the Supporting Information), which exhibit negligible
δdip; the only candidate is Phe68. Moreover, the ring protons
of Phe142(a), Phe143(b), and Phe68(d) each exhibit NOESY
cross-peaks to a low-field shifted methylR1at 1.3 ppm (Figure
5D), as predicted only for the methyl of Ala140. The expected
Ala140 CâH3-CRH TOCSY cross-peak was not observed, likely
because of the close proximity of the CRH to the iron (RFe ∼ 8
Å). The expected positions relative to the heme and the observed
dipolar contacts of the substrate binding pocket residues are
shown schematically in Figure 1. The plot of the correlation
between Gr[δDSS(obs)] andδdip(calc) is given in Figure 3.

The Pyrrole A/B Junction and Distal Pocket. Numerous
relaxed and dipolar-shifted methyl peaks are resolved or partially
resolved in the upfield shoulder of the diamagnetic envelope,
as shown at 55°C in Figure 6A,B. TOCSY identifies a complete
Ile D and the majority of a LeuB, each of which is relaxed and
dipolar-shifted and which exhibit intraresidue NOESY cross-
peaks (Figure 6C), as well as multiple NOESY cross-peaks to
a three-spin, upfield shifted Phen (Figure 5E,F). The arrange-
ment of three such residues is unique in the HRP structure for
Leu39, Ile53, and Phe77. The Ile53 CδH3 exhibits the expected
weak NOE to Cδ1H3 of Leu138 (not shown; see the Supporting
Information). The Ile53 methyls exhibit prominent NOEs to a
strongly upfield-shifted CRH peakZ1 (Figure 6H) that can only
arise from Asp43. The methyls of a complete, upfield-shifted
Val E exhibit NOESY cross-peaks to both Leu138 methyls
(Figure 6D) and the CRH of an Ala P (Figure 6F) which, in
turn, is in contact with Leu138 Cδ1H3 (Figure 6G), identifying
Val46(E) and Ala134(P). A weakly upfield-shifted Phej (Figure
5B) with NOESY cross-peaks to the Val46(E) methyls (Figure
5E) must arise from Phe130. An additional AlaL exhibits
NOESY cross-peaks to both Ile53 CδH3(D1) (Figure 6C) and
Phe77(n) (Figure 5E), and must arise from Ala74. The stereo-
specific assignment of the two Leu39 methyl groups was
effected on the basis of their differentialT1 values. The Phe77(n)
ring protons could be specifically assigned on the basis of the
predicted NOE pattern to Leu39(B), and the assignments are
confirmed by the predicted differentialδdip values.

The crystal structure places the Ile53 CδH3(D1) only ∼2.5
Å from the distal His42 Câ1H. The latter proton has predicted
T1 ∼ 50 ms (RFe ) 9.7 Å) andδdip(calc)∼ 2 ppm. A NOESY
cross-peak for Ile53 CδH3 to a relaxed and strongly upfield
shifted protonK1 (Figure 6C), which exhibits no further NOESY
contacts, is assigned to His42 Câ1H. The geminal Câ2H is too
relaxed (RFe ) 8.8 Å) to detect. The characteristic Ile53 contact
with the residue 42 CâHs can also be observed in the H42A-
HRP mutant (see below). For the cases whereT1 values can be
estimated for resolved (Figure 6B) or partially resolved (Figure
6A) upfield resonances, the correlation withRFe

-6 is very good
(Figure 7). The correlation of Gr(δDSS(obs)) in Table 1 with (3
cos2θ′ - 1)R-3 for assigned protons is excellent (Figure 3).

The Proximal Side and the Aromatic Cluster.Two relaxed,
resolved, and upfield-shifted methylsA1 and A2 (Figure 6A)
are traced by TOCSY (not shown; see the Supplementary
Information) to a LeuA whose relaxation andδdip are those
uniquely predicted for Leu237. A very weak NOE (not shown)
to the upfield (predicted to be Cδ2H3) Leu237 methyl upon
saturating the previously assigned, low-field His170 CâHs14 is
consistent with the assignment. The Leu 237 methylT1 values
correlate well withR-6 (Figure 7). Strong NOESY cross-peaks
between Leu237 Cδ2H3 (A1) and a strongly TOCSY and
NOESY spin-coupled pair of CRHs of residueU with significant
upfield δdip uniquely assign Gly242 (Figure 6E). A partially
resolved, strongly relaxed and strongly upfield-shifted proton

G1, which fails to exhibit any TOCSY cross-peaks, exhibits a
NOE to the Leu237 Cδ2H3 (A1), Figure 6C. The only relevant
close contact predicted by the crystal structure to Leu 237 Cδ2H3

is from Câ1H of Asp247, with predictedδdip ∼ -2 ppm and
estimatedT1 ∼ 50 ms (RFe ) 9.6 Å). These data argue for the
assignment of protonG1 to Asp247 Câ1H. The observed
temperature gradient correlates reasonably well with the cal-
culated geometric factor (Figure 3).

The Leu237 CδH3s (A1, A2) also exhibit NOESY cross-peaks
to the ring protons of a negligibly dipolar shifted three-spin
Arom i and an upfield dipolar shifted four-spin Aromp (Figures
5F, 5G), as well as to the methyls of TOCSY-detected ValO
(not shown). This ValO, in turn, exhibits CRH cross-peaks to
the rings of negligibly dipolar shifted three-spin Aromk as well
as Aromp, and a CâH contact to three-spin Aromi (not shown).
The NOESY (Figure 5B) and TOCSY (not shown; see the
Supporting Information) patterns for Aromi andk are consistent
with those of rapidly reorienting Phe rings. The Aromp ring
properties reflect a Tyr with a slowly reorienting ring for which
the rate of rotation causes magnetization transfer57 between the
pairs of spin-coupled protons (Figure 5B,C). This pattern of
dipolar shifts and dipolar contacts is consistent only with the
assignment of Val263(O), a slowly reorienting Tyr234(p) ring
and rapidly reorienting Phe251(i) and Phe266(k) rings, with the
contacts summarized in Figure 1B. A very strong upfield∼2
ppm diamagneticbias by ring current shift is predicted, and
observed (Figure 5C), for the Tyr 234 Cε2H peak p4. The
methyls of an isopropyl fragmentF that exhibit cross-peaks to
Tyr234(p) (Figure 5E), but not to Val263 (O), likely arise from
Leu250(F). A partially resolved, upfield-shifted and strongly
relaxed (T1 ∼ 50 ms) methylC1 exhibits two weak TOCSY
(not shown; see the Supporting Information) and NOESY cross-
peaks (Figure 6C), one of which is to an apparent moderately
relaxed methyl at 0.23 ppm. The strong upfield-shift and
relaxation uniquely identifyC1 as the Leu243 Cδ2H3, RFe )
9.9 Å, with the two spin-coupled protons assigned as the Cδ1H3

and CγH. This fragment failed to exhibit NOESY cross-peaks
to any other assigned residue. The assigned residues and their
diagnostic relation to the heme and each other are summarized
in Figure 1, and the shift data are listed in Table 1.

The proximal aromatic cluster consists of two Tyr (233 and
234) and six Phe (229, 251, 266, 273, 274, and 277), of which
three residues, Tyr234, Phe251, and Phe 266, are assigned
above. The assignment of the remainder of the cluster is
complicated by extensive line broadening of several rings due
to ring reorientation in the intermediate NMR exchange time
at 55°C. However, the predictedδrc(diamagnetic) andδdip(calc)
provide the following reasonable assignments. Aromr )
Phe229, Aromc ) Phe273 or 274, and Aromq ) Phe 277, of
which Phe 229 and Phe 277 exhibit slow reorientation of the
rings. Details of the arguments appear in the Supporting
Information. Since among this group only Phe229 and Phe277
are predicted to exhibit detectableδdip, and their magnitudes
are relatively small, the cluster assignments are neither aided
by δdip nor influence the magnetic axes deduced fromδdip(obs).

Determination of the Magnetic Axes. The plot of
Gr{δDSS(obs)] vs (3 cos2θ - 1)R-3 exhibits a very good
correlation based on the assumption of an axially symmetricø
oriented normal to the heme (Figure 3), which dictates that eq
2, and hence eq 3, are valid. Determining∆øax via the one-
parameter (∆øax) minimization of the error function in eq 8
yields ∆øax ) (-2.61 ( 0.11) × 10-8 m3/mol when using

(57) Sandstro¨m, J.Dynamic NMR Spectroscopy; Academic Press: New
York, 1982.
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eqs 4 and 9 to obtainδdip(obs), and-2.50( 0.07× 10-8 m3/
mol when using eqs 4 and 10. The resulting correlations are
shown in Figure 8, parts A and B, respectively.The correlation
in Figure 8B, deriVed from using chemical shift gradients to
obtainδdip(obs)Via δint(T -2), is clearly superior, although the
∆øax values are essentially the same. The extension of the
searches to three parameters to determineR, â, and∆øax yielded
∆øax ) (-2.61( 0.12)× 10-8 m3/mol, R ) 46 ( 50° andâ
) 1 ( 2°, using eqs 4 and 9 to obtainδdip(obs), and∆øax )
(-2.51( 0.06)× 10-8 m3/mol, R ) -20 ( 50°, andâ ) 2 (
1°, using eqs 4 and 10, i.e., from chemical shift gradients.58

The extension to three parameters thus leaves∆øax essentially
unchanged, leavesâ near zero, and confirms a major magnetic
axis oriented normal to the heme. The excellent correlations
betweenδdip(obs) andδdip(calc) are shown in the Supporting
Information.

His42Ala HRP. As the temperature of the WT HRP sample
is lowered from 55°C, there is a progressive loss of TOCSY
cross-peaks due to the inevitable line broadening of most
resonances, although a few aromatic residues which exhibit
nonaveraged ring proton signals actually show narrower lines.
However, the pattern of thediagnostic intra- and interresidue
NOESY cross-peaksfor the majority of assigned residues, and
in particular, those with significantδdip, are still readily
recognized in the NOESY map of WT HRP at 30°C (not
shown; see the Supporting Information). The diagnostic pattern
of NOESY cross-peaks within the sets Leu237/Gly242/Tyr234/
Phe251/Leu250, Phe68/Phe142/Phe143/Phe152/Val155/Ala140,
and Leu39/Asp43/Val46/Ile53/Phe77/A134/Leu138, is particu-
larly readily identified. The low-field portion of the1H NMR
spectrum of H42A-HRP at 30°C in Figure 2C can be compared
to that of WT HRP at 30°C in Figure 2B. The assignments for
resolved low-field signals, determined by steady-state NOEs (not
shown), are connected by dashed lines to the same assignments
made previously in WT HRP.12,14,16Essentially the same pattern
of shifts is found in the two proteins. The chemical shifts are
listed in the Supporting Information.

The upfield resolved portion of the1H NMR spectrum of
H42A-HRP is shown in Figure 9A and the NOESY contacts
among aliphatic residues are shown in Figure 9B-D. The
NOESY spectra involving dipolar contacts among aromatic

rings, and between aromatic rings and the upfield-shifted
aliphatic residues, are shown in Figure 10. The residues are
labeled the same as for WT HRP in Figures 4-6 at 55°C (and
in the Supporting Information at 30°C), and comparison of the
chemical shifts at 30°C of the WT and H42A proteins is shown
in the last two columns of Table 1. The Phe152, Phe172, and

(58) The large variation inR between the two results is not likely
significant since theâ value is essentially 0.

Figure 8. Plot of δdip(obs) versusδdip(calc) for assigned residues from a one-parameter search for∆øax for WT HRP at 55°C with (A) δdip(obs)
determined by eqs 4 and 9 with∆øax ) -2.61× 10-8 m3/mol and (B)δdip(obs) determined by eqs 4 and 10 with resulting∆øax ) -2.50× 10-8

m3/mol. The straight line of unit slope represents a perfect fit.

Figure 9. (A) High-field resolved portion of the 600 MHz1H NMR
spectrum of H42A-HRP in2H2O at 30°C and (B-D) high-field portions
of the 600 MHz NOESY spectrum (mixing time) 65 ms) for H42A-
HRP in 2H2O at 30°C illustrating the intra- and interresidue contacts
for upfield dipolar-shifted aliphatic side chains.
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Phe179 ring protons are observed directly upon saturating the
heme 3-CH3, 5-CH3, and 8-CH3 peaks (not shown) in a 1D NOE
experiment. Essentially the same pattern of NOESY cross-peaks
is observed in Figures 9 and 10 for H42A-HRP as in WT HRP,
which allows the assignment of the rings of Phe68(d), Phe77(n),
Phe142(a), Phe143(b), Tyr 234(p), Phe266(k), Phe273/274(c),
parts of the spin systems of Leu39(B), Ile53(D), Leu138,
Leu237(A), the complete Ala134(P), Val46(E), Val155(J),
Gly242(U), Val263(O), and CRH(Z1) of Asp 43. All exhibit
the same pattern of intra- and interresidue NOESY cross-peaks
as observed for WT. The two Leu138 CδH3 are again resolved
upfield (Figure 9A) and exhibitT1 values essentially unaltered
(33, 50 ms) from those in WT HRP (39, 60 ms). As shown in
Figure 9A, however, locating all of the upfield-shifted methyl-
containing residues in H42A-HRP that were observed in WT
HRP (Figure 6A,B)leaVes unassigned one prominently resolVed
and strongly relaxed methyl peak K1 at-3.16 ppm in H42A-
HRP.Its relaxation properties (T1 ∼ 15 ms), significant upfield
δdip(obs), and the NOESY cross-peak to Ile53 CδH3 (D1) (Figure
9B) are consistent only with originating from the mutated Ala42
CâH3, with expectedRFe ) 8.8 Å. Figure 7 (open circle) shows
the good correlation between the observed relaxation rate and
predictedRFe for Ala42 CâH3.

Comparison of the shifts at 30°C for the assigned residues
in WT and H42A-HRP (last two columns in Table 1) reveals
that the upfield-shifted residues experience slightly less upfield
δDSS(obs), and the downfield-shifted residues display slightly
reducedδDSS(obs) in H42A-HRP relative to WT HRP. If one
assumes an essentially unaltered overall structure between the
two proteins, as is confirmed by the highly conserved pattern
of dipolar interactions, then the changes inδDSS(obs) in HRP
H42A are due to slightly reducedδdip in the mutant protein.
The reduction of the magnitude ofδdip, without a significant
change in the pattern ofδdip among the assigned residues, argues

for unchanged orientation of the paramagnetic susceptibility
tensor, but a∼10% reduction ofD (eq 3) and thus∆øax in
H42A-HRP relative to WT HRP. Two residues which exhibit
larger than 10% changes inδdip(obs), Leu138 and Ile53, likely
have their orientations modified by the adjacent mutation of
H42.

Discussion

Scope and Limitation of 1H NMR. The combination of
TOCSY and NOESY spectra collected over a wide range of
temperatures, analysis of paramagnetic relaxation, the crystal
coordinates, and the modeled dipolar shifts allow for a surpris-
ingly effective protocol for assigning a major portion of the
“second” and even “third” sphere residues of high-spin ferric
HRP. Particularly important assignments are for the aromatic
rings (Phes68(d), 142(a), and 143(b)) that influence substrate
binding,11,26Ala140(R) in contact with substrate,29,54and Asp247
which serves as a crucial H-bond receptor to the ring of the
proximal His170 ring NδH.3 This is by far the most extensive
and robust set of assignments of hyperfine shifted resonances
for such a large enzyme utilizing solely homonuclear1H NMR.
Moreover, the temperature gradients (d/d(T-2)) of the observed
shifts serve as remarkably robust indicators ofδdip without
requiring any estimates of the diamagnetic shift (see Figures 3
and 8B). The use of Gr(δdip(obs)), rather thanδdip(obs) from
eqs 4 and 9, as an adjunct to assignment protocols becomes
more important for high-spin ferric enzymes with distal ligated
water, such as cytochromec peroxidase59,60 for which D, and
hence∆øax, are necessarily smaller, and estimates ofδDSS(dia)
become even more troublesome in generatingδdip via eqs 4 and
9. The results on H42A-HRP indicate that effective solution
structural studies of the influence of point mutations on the heme
active site and the substrate binding site can be carried out. The
present study sets the stage for quantitative estimates of
internuclear distances from NOESY rise curves.22,61

Active Site Solution Structure. The pattern of dipolar
connections (dependent on the internuclear distance,rij, asrij

-6),
paramagnetic relaxation (∝RFe

-6), and dipolar shifts (∝(3 cos2θ
- 1)RFe

-3)), in general, is in excellent agreement with the
predictions of the crystal structure, although a quantitative
comparison must await the direct determination ofrij from
NOESY rise curves. One notable discrepancy is observed for
Phe68(d) in the substrate binding pocket. In the crystal structure
of HRP, the Phe68 ring is>5 Å from Phe179, Phe142, and
Ala140, but moves much closer to each of these residues upon
binding the substrate benzhydroxamic acid, BHA.30,54 The
moderate intensity NOESY cross-peak between Phe68 and both
the Phe142(a) ring (not shown; see the Supplementary Informa-
tion) and the methyl of Ala140(R1) (Figure 5D), however,
indicate that in solution the Phe68 ring orientation is intermedi-
ate between that in the crystal of HRP and the BHA:HRP
complex.

Dynamic Properties.While the distal side has ready access
to water, the proximal side has been shown to be exceptionally
stable and impervious to water, as witnessed by the extraordi-
narily slow exchange rate of not only the peptide NH of axial
His170 but its imidazole NδH as well.15,62 Previous studies on

(59) Finzel, B. C.; Poulos, T. L.; Kraut, J.J. Biol. Chem.1984, 259,
13027-13036.

(60) Satterlee, J. D.; Erman, J. E.; La Mar, G. N.; Smith, K. M.; Langry,
K. C. Biochim. Biophys. Acta1983, 743, 246-255.

(61) Neuhaus, D.; Williamson, M.The Nuclear OVerhauser Effect in
Structural and Conformational Analysis; VCH Publisher: New York, 1989.

(62) La Mar, G. N.; de Ropp, J. S.Biochem. Biophys. Res. Commun.
1979, 90, 36-41.

Figure 10. Low-field portion of the 600 MHz NOESY spectrum
(mixing time 65 ms) for H42A-HRP in2H2O at 30°C illustrating (A-
E) selected aromatic rings to aliphatic residue contacts and (E) the inter-
and intraaromatic ring contacts.
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HRP-CN located Tyr233 in contact with His170,29 and showed
the former residue to exhibit slow reorientation of its ring, as
is the case for the homologous Phe in lignin peroxidase.63 The
present partial characterization of the eight residue proximal
aromatic cluster identifies at least two additional slowly
reorienting rings: those of Tyr234 and Phe229 (and possibly
that of Phe277). Obviously this cluster is densely packed, since
at least the rings buried in the cluster center experience
significant barriers to rapid rotation right up to the temperature
at which HRP denatures above 55°C. The completely smooth
and continuous change in line width and chemical shift, together
with conserved and intense interresidue NOESY cross-peak
patterns for residues within∼15 Å of the heme, supports a well-
defined structure for HRP throughout the temperature range 30-
55 °C. Thus the present study finds no support for a structural
transition reflected in minor changes in the heme Soret circular
dichroism spectra above 40°C;64 this small change in the CD
could arise from a very local perturbation near the heme that
leaves the remaining structure unaltered.

Magnetic Properties. The excellent correlation between
Gr[δDSS(obs)] and (3 cos2θ - 1)R-3 in Figure 3, and between
δdip(obs) andδdip(calc) for the optimized magnetic anisotropy
in Figure 8B, confirms that the hyperfine shift of high-spin
resting state peroxidases can be quantitatiVely interpreted in
terms of molecular structure and magnetic anisotropy. The
essentially identical∆øax determined from the slope in Figure
3 and the fits in Figure 8, using either eqs 4 and 9 or eqs 4 and
10, not only verify the quantitative nature of the determination
of the anisotropy, but also establish that, because of the
demonstratedT-2 dependence ofδdip(obs), the dipolar shifts
arise solely from zero-field splitting, D. The large data set of
dipolar shifts now available confirms that the major magnetic
axis is essentially normal to the heme, as observed in both
metMbH2O41 and ferricytochromec′.65 The∆øax value converts
to D ) 9.1 cm-1 via eq 2, assuming a purely high-spin (µM )
5.92µB) state. If, however, the experimentally measured value
of S ) 2.16 obtained from magnetic susceptibility data66 (µM

) 5.2 µB) is used in eq 2, thenD ) 15.3 cm-1. This value is
similar to that for high-spin ferric cytochromes and metmyo-
globins39,40,65that are five-coordinated (no axial water), and is
significantly larger than theD ∼ 8 cm-1 values for six-
coordinate ferric hemoproteins.33,40,41

Effect of His42 f Ala Mutation. Having established by
variable-temperature NOESY the pattern of dipolar contacts
among significantly hyperfine shifted residue protons in WT
HRP, it is relatively straightforward to assign with reasonable
confidence the majority of the active site residues in the mutant
protein on the basis of the conserved NOESY contacts,
relaxation behavior, and dipolar shift patterns. The conserved
pattern of these parameters reflects a largely conserved molec-
ular structure, particularly in regions remote from the His42
mutation. The consistent∼10% decrease in the magnitude of
δdip, except for Leu138 and Ile53, must result from a∼10%
decrease in∆øax, and in turn,D. A smallerD value necessarily
reflects a very slight increase in the effective axial field.67 It is
noted that thedecrease in D in H42A HRP isVery slight and
its Value is still diagnostic of fiVe-39,40,65 rather than six-

coordination.33,40,41In globins, mutation of the distal His with
a nonpolar residue can, but does not necessarily, alter the state
of distal water ligation.68 Interestingly, resonance Raman spectra
of the H42L HRP mutant have been interpreted in terms of a
water at the sixth position.69 The presence of a ligated water
with a distal Leu but not Ala is contrary to expectation based
on the residue hydrophobicity.68 The deduced value ofD for
H42A-HRP nevertheless directly supports the absence of a
ligated water. Theδdip changes for Ile53 and Leu138 upon
mutating His42 are larger than those for any other residue. These
results are consistent with the fact that both residues are in
contact with His42, and indicate that these two residues have
changed their orientation somewhat. More extensive planned
assignments, together with NOESY rise curves, may elucidate
the orientation of these residues in the mutant.

Conclusions

The present NMR approach demonstrates for the first time
that effective and definitive assignment of second sphere
resonances are achievable in a moderate sized, high-spin ferric
heme enzyme and that the dipolar shifts can be quantitatively
interpreted in terms of the molecular and electronic structures
of the active site. The assignments of over 40 residues includes
the aromatic residues near the substrate-binding pocket, Phe 68,
Phe 142, and Phe 179, whose mutation influences substrate
binding. Only Phe 68 is shown to have an orientation different
from that in the crystal. It is expected that planned NOESY
rise-curves will allow quantitative comparison of solution and
crystal structures for the heme cavity. The demonstrated
methodology, moreover, sets the stage for relatively rapid and
effective solution1H NMR studies of structural changes induced
in HRP either by the binding of different substrates66 or by point
mutations in the substrate binding pocket. The characteristic
pattern of interproton dipolar contacts and, hence, the heme
cavity molecular structure are very largely conserved in the
H42A-HRP mutant, including the retention of a five-coordinated
heme.
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