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Abstract: Solution’H 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(lll) 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,
Ayax = —2.50 x 1078 m®/mol, oriented essentially normal to the heme. The valud gk together with the
confirmed T~2 dependence allow an estimate of the zero-field splitting con®ant 15.3 cn1?, 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, Walure 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, MBiochemistryl998 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 t6G5Similar assignments on the H42A-HRP
mutant reveal conserved orientations for the majority of residues, and only a very small decrAgseon

D, which dictates that five-coordination is retained in the mutant. The two residues adjacent to residue 42,
lle53 and Leul38, reorient slightly in the mutant H42A protein. It is concluded that effective and very informative
IH NMR studies of the effect of either substrate binding or mutation can be carried out on resting state heme
peroxidases.

Introduction general base, and Arg38, whose side chain facilitates charge
Horseradish peroxidase, HRR, 44 kDa single chain heme separation in the cleavage of the peroxide bond. Mutating His42

glycoprotein that oxidizes aromatic substrates at the expense'®duce$ the activation rate by-1(°. The aromatic reducing

of peroxide, is probably the most studied enzyme and has servecfubstrate of HRP binds at the heme édgeere there are located

as the model for the development of Michaeldenten several aromatic residues whose mutation influences substrate
kinetics2~7 The key distal catalytic residues in the activation Pinding®~**In the absence of a crystal structure, early solution

of the enzyme by bD, are the distal His42, which serves a NMR studies had provided a qualitative description of the heme
pocket by using other crystallographically characterized heme
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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 coordinaté,systens, shown in which the geometric factors
for the dipolar shift are calculated. The major magnetic axisf the expected axially symmetric paramagnetic susceptibility tensor may be tilted
from the heme normal by an anglgB) in a direction defined by the angtebetween the projection of themagnetic axis on the heme plane and

thex' axis (A).

structure was largely confirmed by the recent crystal structure imparts large hyperfine shiftsyn;, composed of contact and

of HRP30 The paramagnetism of functional forms of HRP
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dipolar shifts that facilitate spectral resolution, but also degrades
the efficiency of NMR experiments:31.32However, 2D experi-
ments appropriately tailoréd323 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®y3®

O'gp = (247N,) 247, (3 086" — DRee ° +
3Ath(5in2‘9'j CosZ2)Ree; “I(0B,y) (1)

wheref', Q', andRee-; are the polar coordinates of protom

an arbitrary, iron-centered coordinated system with akeg,

Z. a, B, y are the Euler angles that rotate this reference
coordinate system into the magnetic coordinate syskem,z
(Figure 1A), andAyax and Ay are the axial and rhombic
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anisotropies of the diagonal paramagnetic susceptibility tensor,ences substrate bindidg!! Initial work on HRP had detected
x. The magnetic axes and anisotropies provide valuable five unassigned aromatic spin systems, along with parts of three

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 sit€33:36.37The magnetic
anisotropy, which in high-spin iron is essentially axiAly ~

0) with the unique axis normal to the heme (i= 0 in Figure
1B), is given by3238

Ay = —S(S+ 1)(2S— 1)(2S+ )’ DEEKTY ! (2)

Ayax provides important information on the effective axial field
through the zero-field splitting paramet@ywhich gives insight
into the nature of the HisFe bond and the presence or absence
of a ligated water molecuf&:3%-41 Combining eqgs 1 and 2 with
Z=—YS+ 1)(2S— 1)(2S + 3)g262(4321Nak?) L, yields:

daip = (ZDIT?)(3 cog0’ — 1R, T(,B.y) ()

Leu/Val and one lle spin system shifted upfiéldSubsequent
work, using short mixing times and rapid repetition refes,
emphasized strongly relaxed resonances and located three
aromatic residues in contact with the heme: Phel52 next to
3-CHs, Phel72 next to 5-CHland a Phe W, later identified as
Phel79! next to 8-CH. 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-
eterD. 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 Ehist
minimally reduced and dictates the retention of five coordination

Because of its superior resolution and minimal paramagnetic of the iron. An important component of our analysis is the use
relaxation, the most effective NMR studies of HRP to date have of predictedqy, in eq 1, for target residues based on comparison

been carried out on the cyanide-inhibited enzyme, HRP-CN,

11.15,1721,23,24.26 42fgr which there is now also a very well-
developed interpretative basis of the hyperfine shift in terms of
active site electronic and molecular structth&lt is recognized
that 2D NMR experiments are intrinsically less effective for
high-spin than low-spin heme proteifis33 However,it is vital

to explore the limits to NMR characterization of high-spin,

with observed valuejqip(obs), given by

04ip(0bS)= Opsd0bs)— dps{dia) (4)
Since many of thégp(calc) from eq 3 are only a few tenths

of a ppm, large uncertainties ibpsqdia) can lead to highly

inaccuratedgip(obs) estimates via eq 4. However, we have

resting state peroxidases because they are the physiologicallydemonstrated that the temperature gradient=G#/d(T~?), of

relevant forms While contact shifts are much larger in HRP

the observed and calculated dipolar shifts obviates the need for

than in HRP-CN, they resolve resonances only for the heme Opsddia) and yieldg!>46

and axial His, all of which have been previously assigned by
both isotope labeling and 1D/2D NMR.16:4344n general, the
relaxation is~5—10 times greater but the magnetic anisotropy
only ~20% larger in high-spin HRP than low-spin HRP-CN.

GI0p(0bs)] = Grldpsqobs)] — Grldpsddia)] ~
Gr[0ps40bs)] (5)

Therefore, the majority of the residues in contact with the heme Combining eqs 3 and 5 yield8:4¢

(i.e., “first sphere”) are much too strongly relax&d < 15 ms
for Ree < 8 A), without being resolved, in HRP to characterize
effectively by NMR28 However, since relaxation falls off as
Rre 5, while the dipolar shift falls off only aRee 3, there should

Gr[dgp(calc)]= ZD(3 cost’ — DR, T(a,By) (6)

if the molecular structure and magnetic axes are independent

be a region near the heme, namely the “second sphere” residuesf temperaturé?’

with 8 A < Ree < 15 A, in which protons are not too seriously
relaxed but yet experience significant dipolar shifts. While such
residues only occasionally exhibit signals resolved from the

Experimental Section

diamagnetic envelope, the combination of the weak to moderate Proteins. Wild-type (WT) horseradish peroxidase isozyme C was
relaxation with dipolar shifts characteristic of high-spin heme purchased from Boehringer-Mannheim as a lyophilized salt free powder
iron allows their detection in appropriately tailored 2D NMR and used without further purification. Throughout this work the protein

carried out over a range of temperatures to establish theWi" be referred to as HRP without further reference to isozyme type.
uniqueness of scalar and/or dipolar connectins The sample concentration was 3 mM in 99.8%0. The N-terminal

An important subset of target residues in this “second sphere” polyhistidine-tagged recombinant, rWT, HRP and H42A HRP were

. ) . . R expressed and purified as previously describ&tie rwT and H42A
in HRP includes the aromatic residues whose mutation influ- proteins include a 10 residue N-terminal polyhistidine tag for purifica-

tion purposes.

NMR Spectroscopy.*H NMR spectra were collected ifH,O
solution on GEQ-300 (300 MHz), Bruker AMX-400 (400 MHz), GE
Q-500 (500 MHz), and Bruker DRX-600 (600 MHz) spectrometers
over the temperature range-255 °C for WT HRP and 25-30 °C for
H42A-HRP. Data were obtained over the completd00 ppm
bandwidth at a repetition rate of 20'sand over thet:10 ppm window
at a repetition rate of 173. NonselectiveT; values were determined
from the slope of the initial recovery of the magnetization in an

(36) Bertini, I.; Turano, P.; Vila, A. JChem. Re. 1993 93, 2833~
2933.

(37) Yamamoto, YAnn. Rpt. NMR Spectros&998 36, 1-77.

(38) Kurland, R. J.; McGarvey, B. Rl. Magn. Reson197Q 2, 286—
301.

(39) Clark, K.; Dugad, L. B.; Bartsch, R. G.; Cusanovich, M. A.; La
Mar, G. N.J. Am. Chem. S0d.996 118 4654-4664.

(40) Rajarathnam, K.; La Mar, G. N.; Chiu, M. L.; Sligar, S. G.; Singh,
J. P.; Smith, K. MJ. Am. Chem. S0d.99], 113 7886-7892.

(41) Kao, Y. H.; Lecomte, J. T. J. Am. Chem. S0d.993 115 9754-

9762.

(42) de Ropp, J. S.; Yu, L. P.; La Mar, G. N. Biomol. NMR1991, 1, (45) Xia, Z.; Nguyen, B. D.; La Mar, G. NJ. Biomol. NMR200Q 17,
175-190. 167-174.

(43) Thanabal, V.; de Ropp, J. S.; La Mar, G. N.Am. Chem. Soc. (46) Baxter, N. J.; Williamson, M. RJ. Biomol. NMR1997, 9, 359~
1987, 109, 265-272. 369.

(47) Nguyen, B. D.; Xia, Z.; Yeh, D. C.; Vyas, K.; Deaguero, H.; La

(44) de Ropp, J. S.; La Mar, G. N. Am. Chem. S0d991, 113 4348~
350. Mar, G. N.J. Am. Chem. Sod.999 121, 208-217.
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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 ir@ae, via:332

T, OR, ° )

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® Clean-TOCSY® (mixing time 20 and 40 ms)
and NOESY® spectra were recorded at 600 MHz over a bandwidth of
410 ppm by using 2048 points and 512;tblocks of 128-160 scans
each collected at a repetition rate of 1.sNOESY 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 8045°-shifted sine-
squared bell functions in both directions and zero-filled to 204848
points prior to Fourier transformation. Data processing was carried out
using Bruker Xwinnmr 2.5 software on a SGI O2 work station or MSI . . ; ; . r
Felix 98 software on a SGI Indigo-2 work station. 80 60 40 PPM

Magnetic Axes. The anisotropy and orientation of the axially  Figure 2. Comparison of the resolved low-field portions of the 300
symmetric paramagnetic tensor were determined by a least-squareyHz H NMR spectra of high-spin ferric (A) WT, (B) rWT, and (C)
search for the minimum in the error functiofn;*"=* H42A-HRP in2H,0 at pH 7.0 at 30°C. The previously reported
assignmentd1644of WT are given, and the peaks assigned in the mutant
are connected by dashed lines.

H42A HRP

n

FIn="$ |04,(0bs)— dyp(calc)® ®)

be particularly accessible to detection and assignment include
The dap(calc) are given by eq 3, and the observed dipolar shifts are aromatic side chains and their ring current and upfield dipolar
given by eq 4. The)psgdia) were estimated by two alternate routes. shifted methyl-containing aliphatic contacts, and non-methyl-
On one hand, the available crystal coordinates allow a calculation via containing aliphatic protons that exhibit significant downfield
the relation dipolar shifts (i.e., GH).3° For simplicity we assign letter labels
L to previously unassigned TOCSY-detected fragments (or isolated
Opsd(dia) = Opep+ Ogect Orc © signals), reserving upper case italic letters for aliphatie £
followed by A'—D’) and lower case italic lettersatr) for

wheredye, is the unfolded peptide shiftand dsecand oy include the aromatic spin systems. (Note that a Phe contains an aromatic

influence of secondary struct@tend ring current8? Alternatively, if

eq 3 is valid as supported by available NMR data (CeHs) and an aliphatic ((HCgH2) spin system.) Individual
protons on a spin system prior to assignment are labeled by a
dpsddia) = 0,,(T?) (10) number (e.g.Al). In each case, we initiate the sequential

labeling of the aromatic system from the low-field side and the
wheredin(T?) is the intercept, at I — 0, of a plot ofdpsg0bs) vs aliphatic system from the high-field side of the spectrum.
T2 In either case, we use the HRP crystal coordirfétescalculate Previously assigned peaks are given by their residue number
geometric factors in the reference coordinate system. Initially, it was and proton typél-28 Table 1 lists all peaks assigned herein as
assumed that the magnetic axis is normal to the hemefi=.0, so described below.

only Ayax is determined). After making more assignments, the anisot- Five forms of NMR data provide the basis for the assignment
ropy and orientation of the axial tensor were redetermined allowing

for tilt ($ in degrees) of the axis from the heme normal in a direction of our ta_rget _resu;iue%g. () \_/a”ab_le't_emperature 1D/2D NMR
defined by in Figure 1A. spectra identify signals with a significant temperature depend-
ence to their shift. A slope of 0.15 ppki2 x 1075 in a plot

of dpsg(0bs) vsT2 reflectsdgip(0bs)~0.2 ppm, and intercepts

in a plot of Spsgobs) vsT2yield dpsdia) via eq 10psqdia)

The resolved low-field portions of resting state WT (rwT) can then indicate the functionality of the proton. (i) TOCSY
and H42A-HRP proton spectra are illustrated in Figure 2. The SPectra over arange of temperatures provide limited but crucial
chemical shifts of the rWT are essentially the same as those of(@nd occasionally complete) information on spin-topology of
WT, although the line widths are somewhat greater in the side chains (i.e. Val vs Leu vs lle). (iii) Dipolar (NOESY)
former, likely due to the additional poly-His tail on the prot&in. ~ contacts to the heme, to assigned residues, and among un-
The chemical shifts of WT and H42A HRP are listed in the @assigned residues are interpreted based on the prediction of the

Results

Supporting Information. crystal structuré® (iv) Paramagnetic-induced dipolar relax-
Residue Assignment StrategyOur target residues are50  ation’>33yields estimates oRe. via eq 7. (v) Last, but most
amino acids with expected 30 ms T; < 180 ms and 0. importantly, use of GHaip(0bs)] in conjunction with the

|0dipl = 2 ppm located 916 A from the iron, whose relevant ~ geometric factor (3 ¢d8 — 1)R™® from the HRP crystal
cross-peaks can be resolved in a 2D map. Residues expected tgtructure is used to predict dipolar shifts. The completed
assignments are subsequently used to determine both the

(48) Griesinger, C.; Otting, G.; Whrich, K.; Ernst, R. RJ. Am. Chem.

Soc.1988 110, 7870-7872. anisotropy and orientation of the paramagnetic susceptibility
(49) Macura, S.; Ernst, R. FM'ol. Phys.198Q 41, 95-117. tensor.
Eg% \Efvlfgﬁgr?bvvsuhr'silhk' K. Blopolymers1979 18 285 297 0o . Characterization of Side Chain Type. TOCSY spectra (not
222 311-333. T LT shown, all TOCSY spectra are given in the Supporting Informa-

(52) Cross, K. J.; Wright, P. El. Magn. Reson1985 64, 240-231. tion) detect the rings of 20 of the 26 (20 Phe, 5 Tyr, 1 Trp)
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Table 1. 'H NMR Spectral Parameters for Assigned Nonligated Residues in WT and H42A HRP

WT HRP H42A HRP
(§Dsiobsy 6055(0bs)? 6D35(obs)
residue symbol proton  at55°C Oin(T2)P Gr[dpsg0bs)F dpsddia)’ at 30°C at 30°C
Phe45 ml CsH(?) 7.09 6.7 0.38 7.15 7.15
m2 CH(?) 7.09 6.7 0.38 7.20 7.15
m3 C:H(?) 5.98 5.9 0.13 5.04 6.00
Phe61 hl CH(?) 7.16 7.3 —0.19 7.27 7.13 7.13
h2 C:H(?) 6.78 6.9 —0.13 7.22 6.76 6.78
Phe68 dl CH 7.67 7.4 0.25 7.36 7.71
d2 CH 7.58 7.5 0.13 7.42 7.60 7.57
d3 CsH 7.31 7.4 —0.13 7.33 7.29 7.32
Phe77 nl CsH 7.02 7.3 —0.25 7.24 6.98 6.99
n2 CH 6.53 7.0 —0.56 7.28 6.44 6.50
n3 C:H 6.02 6.7 —0.75 7.18 5.90 5.95
Phe130 j1 CeH 7.10 7.2 —0.13 7.20 7.08 7.08
2 CH 6.91 7.1 —0.19 7.26 6.88 6.89
j3 CsH 6.83 7.1 —0.31 7.17 6.78 6.79
Phe142 X1 CpoH 3.77 3.4 0.38 3.17 3.83 3.78
X2 CpH 4.34 3.8 0.63 3.20 4.44 4.36
X3 C.H 5.76 51 0.75 4.73 5.88 5.78
al CsH 8.16 7.7 0.50 7.61 8.24 8.21
a2 CH 8.16 7.7 0.50 7.60 8.24 8.21
a3 CeH 7.88 7.6 0.31 7.57 7.93 7.93
Phel43 c'1 CpH9 4.83 3.15
c2 CoH 5.43 4.8 0.69 4.63 5.54 5.45
bl CH 8.12 7.5 0.63 7.50 8.22 8.21
b2 CcH 7.93 7.5 0.44 7.44 8.00 8.00
b3 CsH 7.91 7.3 0.66 7.37 8.01 8.00
Phel52 D'1 C.H 4.88 4.5 0.44 4.45 4.95 4.92
CH 10.14 7.4 2.96 8.07 h
CH 9.33 7.5 1.94 7.98 9.64 9.31
CsH 8.67 7.8 0.94 7.73 8.82 8.80
Phel72 EH 8.98 8.2 0.88 7.76 9.18 9.02
CH 8.29 7.2 1.18 7.83 8.48 8.19
CsH 8.29 7.9 0.44 7.47 8.36 8.19
Phel79 A'l CpoH 4.73 35 1.38 3.23 4.95 4.75
A2 CpH 5.05 3.6 1.57 3.35 5.30 5.27
A'3 CuH 5.72 51 0.63 4.68 5.82 5.77
CsH 9.18 8.0 1.31 7.72 9.39 9.27
CH 8.53 7.7 0.88 7.76 8.67 8.60
CH 8.00 7.4 0.69 7.61 8.11 8.11
Phe229 rl CsH 8.14 7.6 0.44 6.94 8.16
r2 CsH 8.08 7.8 0.29 571 8.11
r3 CH 6.68 6.2 0.44 6.45 6.71
r4 CH 6.52 6.2 0.29 7.09 6.54 6.46
r5 CH 5.48 55 0 4.88 5.45 5.31
Tyr234 pl Cs1H 6.62 6.8 —0.19 7.03 6.59 6.63
p2 Cs2H 6.28 6.8 —0.50 6.63 6.20
p3 CaH 6.11 6.6 —0.50 6.97 6.03 6.10
p4 CeH 4.39 5.0 —0.69 4.44 4.28
Phe251 i1 CeH 7.15 7.3 —0.19 7.27 7.12 7.15
i2 CH 7.07 7.2 —0.19 7.31 7.04 7.05
i3 CsH 6.66 6.9 —0.25 7.22 6.62 6.63
Phe266 k1 C:H 7.10 6.9 0.25 7.36 7.14 7.11
k2 CH 7.01 7.1 —0.06 7.40 7.00 6.99
k3 CsH 6.38 6.5 —0.13 6.73 6.36 6.33
Phe273 or Phe274(?) cl CsH 7.78 7.8 —0.06 6.95 7.77 7.76
c2 CH 7.31 7.3 0 7.35 7.31 7.29
c3 CeH 6.94 6.9 0 7.02 6.94 6.93
Phe277(?) ql CH 8.78 7.7 1.03 7.79 8.85
q2 CH 7.83 7.2 0.59 7.66 7.87
Leu39 B1 Cs2oH3 —-0.72 0.3 —1.06 0.24 —0.89 —0.73
B2 Cs1Hs —0.28 0.0 —0.31 0.32 —0.33 —0.23
B3 CpoHY 0.32 1.48
B4 CH 1.06 1.4 —0.31 1.17 1.01 1.16
His/Ala42 K1 CpH 0.04 2.3 —2.38 1.97 —0.34
CpHs -3.16
Asp43 Z1 CoH 4.34 4.9 —0.63 4.27 4.24 4.44
Val46 E1l C,oH3 —0.25 0.5 —0.75 0.65 —0.37 —0.31
E2 C)1H3 0.33 0.7 —0.44 0.85 0.26 0.26
E3 CsH 1.95 2.4 —0.44 1.94 1.88 1.82

E4 CoH 3.48 3.8 —0.31 3.97 3.43 3.44
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Table 1 (Continued)

WT HRP H42A HRP
(3[3540b$)’l 5D340b5y 6D540bsj
residue symbol proton at 55°C Oin(T2)P Gr[dpsg(0obs)F dpsqdia)’ at 30°C at 30°C
lle53 D1 Cs1Hs —0.56 0.8 —1.44 0.51 —0.79 —0.74
D2 C,oHs -0.11 0.6 —0.75 0.69 —0.23 0.19
D3 C,aH 0.35 1.1 —0.75 1.02 0.23 0.45
D4 C,oH 0.43 1.2 —0.88 1.15 0.29 0.55
D5 CgH 1.01 2.0 —1.10 1.55 h
D6 CoH 3.30 3.8 —0.56 3.96 3.21 3.29
Leu54(?) N1 Cos2Hs 0.50 0.8 —0.33 0.86 h
N2 Cs1H3 0.59 0.8 —0.25 0.73 0.55 0.57
Leu55 M1 Cs1Hs 0.12 0.4 —0.25 0.50 0.08 0.07
M2 CsoH3 0.45 0.6 —0.19 0.74 0.42 0.42
Ala74 L1 CgH3 0.09 1.1 —1.06 1.19 —0.08
L2 CoH 2.94 3.8 —0.94 3.89 2.79
Alal12 V1 CgH3 2.18 1.7 0.56 1.67 2.27 2.11
V2 CoH 5.01 4.8 0.19 4.37 5.04 5.02
Alal34 P1 CgHs 0.65 1.3 —0.69 1.19 0.54 0.63
P2 CoH 3.30 3.9 —0.69 3.87 3.19 3.31
Leul38 GoHs —2.49 -0.6 —2.00 —-0.31 —2.81 —2.68
Cs1Hs —2.18 —-0.2 —2.13 —0.15 —2.52 —-1.67
CpH —1.54 0.5 -2.19 0.90 -1.89
CpoH 0.55 1.4 —0.94 1.29 0.40
CH 0.19 1.0 -0.81 1.10 0.06 0.11
CoH 3.30 3.8 —0.56 3.98 3.21
Alal40 R1 CgHs 1.30 0.6 0.75 0.55 1.42 1.34
Serl51 B'1 CoH 4.76 4.5 0.31 4.50 4.81 4.82
B2 CpH 5.16 4.4 0.88 4.52 5.30 5.19
B'3 CpoH 5.10 4.4 0.63 4.40 5.20 5.28
Vall55 J1 C,2H3 —0.05 0.1 —0.13 —0.35 —0.07 0.05
J2 C,aH3 0.48 0.4 0.06 0.39 0.49 0.57
J3 CgH 211 2.0 0.13 1.59 2.13 2.17
Ja CoH 4.39 4.3 0.13 3.39 4.41 4.43
Leul57 Q1 Cs1H3 1.20 0.7 0.56 0.98 1.29 1.23
Vall164(?) H1 C,oH3 -0.11 0.5 —0.63 0.87 —-0.21 —0.15
H2 C,1H3 0.08 0.6 —0.50 1.00 0.00 0.03
GIn176 w1l CpoH 2.87 2.2 0.69 2.36 2.98 2.92
w2 CpH 3.23 2.5 0.75 2.08 3.35 3.29
W3 CoH 5.61 5.2 0.44 4.44 5.68 5.65
Ser216 Y1 CpoH 4.02 3.8 0.25 3.93 4.06 4.02
Y2 CpH 4.27 4.0 0.25 3.95 4.31 4.26
Y3 o 5.56 4.9 0.69 4.43 5.67 5.58
Leu218 T1 Cs2oH3 1.55 0.8 0.81 0.96 1.68 1.60
Thr227 S1 C,oH3 1.42 1.2 0.25 1.29 1.46 1.43
S2 CgH 4.96 4.6 0.38 4.38 5.02 5.00
S3 CoH 5.34 4.5 0.94 4.60 5.49 5.48
Leu237 Al CsoH3 —-1.11 0.1 —-1.25 0.10 —-1.31 —-1.21
A2 Cs1Hs —0.50 0.2 —0.75 0.39 —0.62 —0.54
A3 CH 0.23 0.9 —0.75 0.43 0.11 0.24
A4 CpoH 0.96 1.7 -0.77 1.15 h
A5 CoH 3.17 3.7 —0.56 3.95 3.08 3.21
Gly242 Ul CeoH 1.81 2.9 —-1.18 3.55 1.63 1.77
U2 CeaH 2.34 3.4 —1.18 3.60 2.16 2.34
Leu243 Cl CsoHs —0.66 0.1 -0.77 0.03 h
Cc2 Cs1H3 0.23 0.7 —0.55 0.49 h
C3 C,He 0.39 1.25
Asp247 Gl CpH —0.20 2.0 —2.41 2.36 h
Leu250 F1 Cs2oH3 -0.22 0.1 —-0.38 0.74 —-0.28 —-0.25
F2 Cs1Hs 0.19 0.4 —0.25 0.72 0.15 0.20
F3 CH 0.56 0.9 —0.31 1.57 0.51
Val263 o1 C,oH3 0.53 0.7 —0.13 0.92 0.51 0.41
02 C,1Hs 0.68 0.9 —0.19 0.79 0.65 0.53
03 CgH 2.23 2.3 —0.06 2.16 2.22 2.23
O4 CoH 2.84 3.0 —0.19 3.40 2.81 2.81

2 Observed chemical shift at & in ppm, referenced to DS8Extrapolated intercept atT72 — 0, in ppm, of plot of observed chemical shift
vs T2, ¢ Temperature gradient of dipolar shift in ppm#Aas slope in a plot ofpsg0bs) vsT2. ¢ Diamagnetic shift calculated on the basis of eq
9 and the crystal coordinatés.® Observed chemical shift for WT HRP at 3Q in ppm, referenced to DSSObserved chemical shift for H42A
HRP at 30°C in ppm, referenced to DSSPeak detected only at 5&. " Peak not detected at 3C (gradient determined from data at 55 and 40
°C). ' Observed chemical shift at 4C in ppm, referenced to DSS (resonance not resolved 4C%5

aromatic side chaifidin the 5-10 ppm spectral window. Five  three exhibit upfieldgi, (i, n, p). The labeling scheme and shift
aromatic rings exhibit downfieldg, (three with largeéqip: Phe data are presented in Table 1. Several aromatic spin systems
152, Phe 172, Phe 179, and two with modég: a, b) and show one or more protons shifted upfield by diamagnetic (likely
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Figure 3. Plot of d[dpsgobs)]/d[T~?] vs (3 cod6 — 1)R°[(a.,B,y)

for HRP at 55°C on the basis of the magnetic axis normal to the heme
(I'(ee,B,y) = 1) for all assigned residue protons. The open circles
represent the previously assigned Phel52, 172, and 179 ring ptbténs.
Closed circles represent the remainder of definitely assigned resonances

|
o
<)

ring current) rather than dipolar shift, as &sggobs)] is small
(Table 1). The 1 to-3 ppm spectral window reveals 11 aliphatic
TOCSY-detected fragments with upfiefdi,: three complete
Val, one complete Leu, four Leu/Val (i.e. (GHCH fragments), o
one complete lle, and two complete Ala. TOCSY spectra [
identify numerous fragments which contain downfield shifted 90

CoH, including one two-spin (H—CyH, three three-spin o4 portions of the 600 MHz NOESY spectra (mixing time 65
CoHCgH, fragments, a ¢H—C4H—C,H fragment, two obvious mg) of HRP illustrating dipolar contacts for I?nodera(ltely tg strongly
Ser, and one Ala. _ _ relaxed aromatic rings Pha (Phel42), Pheb (Phel43), Phel52,
Heme Contacts.Saturation of assigned heme methyl peaks phe172, and Phe179. Portions-& K, and M are downfield shifted
had previously yielded NOEs to the ring protons of three relaxed aliphatic contacts to these rings, and portions J and K are intra- and
and dipolar shifted Phe, two of which could be assigned to interring contacts.
Phel52 (near the heme 3-gH2-vinyl) and Phel72 (near
5-CH).28 A third Phe ring was found near 8-GHand later The Substrate-Binding Pocket.Mutation of either Phe 68,
assigned to Phe1?9.None of the other heme contact protons Phe142, or Phe179 has been shown to affect the binding of the
exhibited TOCSY connections, even in suitably tailored 2D, model substrate, benzhydroxamic acid, BHASDirect dipolar
because of the expected strong relaxaffolvith no further contact between BHA and the rings of Phe68 and Phel79, as
assignments possible via dipolar contacts to the heme, thewell as to His42 and Ala 140, has been demonstrated for the
alternate assignment strategy outlined above was followed. AsBHA:HRP—CN complex!82955The BHA:HRP crystal structure
a starting point, from a comparison of eqs 5 and 6, it is evident reveals additional contacts of the BHA with Arg38, His42,
that a plot of Grppsgobs)] vs (3 co¥®’ — 1)R2 (utilizing the Pro139, Pro141, and Gly&9of which all but Gly69 are much
HRP crystal coordinates) should be linear. This was confirmed too strongly relaxed to detect in resting state HRFANn
by the excellent correlation for the previously assigi#ééland additional residue near the substrate is Leul138. A strongly low-
significantly shifted Phe152, Phe 172, and Phe179 aromatic ringfield shifted AMX spin systemA') with very strong GH dipolar
protons (open circles) plotted in Figure 3. Therefore candidates contact to the Phe1798 (Figures 4H, 4M) locates the Phel79
for further assignment were guided by the comparison of (3 backbone. A similarly shifted {H—CsH, fragmentW (Figure
cogd' — 1)R 3 calculated for the target residues with the 4G) exhibits only very weak gH (Figure 4M), but strong gH,
observed Gijpsqobs)] presented in Table 1. Three regions of dipolar contacts (Figure 4F) to the Phel79 ring, as expected
the “second sphere” of residues in HRP are addressed below:only for GIn176. Another low-field shifted AMX spin system,
the substrate-binding pocket near pyrrole D (which is largely Y, with diamagnetic intercepts in the4—5 ppm spectral
peripheral to the hemé},the pyrrole A/B junction extending  window and a strong g4 NOE to the GIn176 gHs (Figure
to the distal pocket, and a cluster of aromatic residues in the 4G), locates Ser216. A weak NOE from the Phel79 ring to the
vicinity of the proximal His 170. ring of a moderately low-field shifted Arora®® (not shown) is

(53) Table 1 provides labels and assignments for 16 aromatic side chains,_con_s_IStent on!y with Aroma a? Phel42. Intensities allow the
consisting of 15 Phe and 1 Tyr. Three additional two-spin aromatic systems, individual assignment of the ring protons of F142 (not shown).
Tyr or Phe with one spin not resolved, are observed in TOCSY (not shown,
see Supporting Information) but not assigned. Two aromatic rings, Phe4l  (55) La Mar, G. N.; Herhiadez, G.; de Ropp, J. Biochemistry1992
and Phe221, are too close to the iron to be observed in resting state HRP.31, 9158-9168.
We infer that four additional aromatic systems, including the single Trp, (56) The aromatic spin systerasandb when first observed were labeled
are not resolved or observed under the present conditions. as a single aromatic spin system “A”From “A” NOEs were observed to
(54) Henriksen, A.; Schuller, D. J.; Meno, K.; Welinder, K. G.; Smith, another aromatic spin system originally labeled “D"Here NOEs are
A. T.; Gajhede, M.Biochemistryl998 37, 8054-8060. observed frond to a and not tob (not shown; see Supporting Information).
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Figure 5. Portions of the 600 MHz NOESY spectrum (mixing time
65 ms) of HRP at 53C illustrating intra- and interring contacts {A

C) for weakly or moderately relaxed aromatic rings and their upfield-
shifted aliphatic proton contacts (B5).

Strong NOESY cross-peaks to the ringHC(al) of Phel42
from a low-field shifted AMX spin systerX identify the Phe142
backbone, Figure 4H, 4K. Gly69 is not strongly relax@&e(
~9-10 A), but the GHs are both shifted into the intractable
1-5 ppm window. Figure 1 schematically presents the observed
NOESY contacts.

The previously assignédiPhe152 ring leads to assignment
of both Leul38 and Phel43. First, the rings of Arbff and
Phel52 exhibit common NOESY cross-peaks to a TOCSY-
connected AMX syster®' 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 Serl51 and Aronb as the ring of Phel43.
NOESY cross-peaks for the low-field shifted CHCH spin system
C' to the ring GH identify the Phe143 gHCsH (Figure 4l)
fragment; the other gH was not assigned. A weak NOE from
C'2 (CsH) to F152 GH is also observed (Figure 4K) and
confirms both assignments. The ring protons of Anoraxhibit
NOESY cross-peaks to both thgkC (Figure 4K) and EH (not
shown) of Phel52 that are diagnostic of Phe45. A @roton
D' exhibits strong NOEs to the Phel52HCand ring of Phe45
(Figure 4H,1) that are expected only for the Phel5HCthe
CsHs could not be definitely identified. Common NOESY cross-
peaks to the methyls of a Vdlby the Phe45 (Figure 5E) and
Phel52 (Figure 4A) ring protons identify Vall55, for which
the upfield methyl exhibits the expected strong NOE to the
Phel52 GH peakD' (Figure 61). Two resolved and strongly
upfield shifted methyls (Figure 6B), which have been previously
characterizetf by TOCSY and assigned to Leu138, exhibit the
expected weak NOE to the Phe45 ring (not shown), confirming
both assignments. The Leu138 methyls exhibivalues of 39,

Asokan et al.

Figure 6. (A, B) Resolved upfield portions of the 600 MHE NMR
reference spectrum of HRP at 556 and (C-I) portions of the NOESY
spectrum (mixing time 65 ms) depicting the inter- and intraresidue
contacts among these residues.
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Figure 7. Plot of observed; ! versusR® (determined from the HRP
crystal structure) for resolved protons on nonligated residues of WT
HRP (L39 GiHs, L39 CsoHs, 153 GsHs, L138 GyH, L138 GyiHs, L138
Cs2Hs, L237 GsiHs, L237 GsoHs, L243 G,Hs, closed circles), Ala42
CsHs in H42A HRP (open circle), and the heme methyls in WT HRP
(closed square).

60 ms for Ree 9.3, and 10.0 A, respectively; the excellent
correlation of observed relaxation rate whke is included in
Figure 7.

The Phel4?) ring protons exhibit moderate intensity
NOESY cross-peaks to two ring protons of ArowR® (not
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shown, see the Supporting Information), which exhibit negligible
Odip; the only candidate is Phe68. Moreover, the ring protons
of Phel424), Phel43f), and Phe6&|) each exhibit NOESY
cross-peaks to a low-field shifted mettiBd at 1.3 ppm (Figure
5D), as predicted only for the methyl of Alal140. The expected
Alal40 GH3-C,H TOCSY cross-peak was not observed, likely
because of the close proximity of thgl€to the iron Rre ~ 8

J. Am. Chem. Soc., Vol. 123, No. 18, 201

G1, which fails to exhibit any TOCSY cross-peaks, exhibits a
NOE to the Leu237 §H3 (A1), Figure 6C. The only relevant
close contact predicted by the crystal structure to Leu 23HA£

is from GsH of Asp247, with predictedgp ~ —2 ppm and
estimatedl; ~ 50 ms Ree = 9.6 A). These data argue for the
assignment of protorGl to Asp247 GiH. The observed
temperature gradient correlates reasonably well with the cal-

A). The expected positions relative to the heme and the observedculated geometric factor (Figure 3).
dipolar contacts of the substrate binding pocket residues are The Leu237 GHzs (A1, A2) also exhibit NOESY cross-peaks

shown schematically in Figure 1. The plot of the correlation
between Gijpsgobs)] anddgip(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 53C in Figure 6A,B. TOCSY identifies a complete
lle D and the majority of a Le®, 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 Pime(Figure 5E,F). The arrange-
ment of three such residues is unique in the HRP structure for
Leu39, lle53, and Phe77. The lle53H5 exhibits the expected
weak NOE to G;H3 of Leu138 (not shown; see the Supporting
Information). The lle53 methyls exhibit prominent NOEs to a
strongly upfield-shifted ¢H peakZ1 (Figure 6H) that can only
arise from Asp43. The methyls of a complete, upfield-shifted
Val E exhibit NOESY cross-peaks to both Leul38 methyls
(Figure 6D) and the ¢H of an Ala P (Figure 6F) which, in
turn, is in contact with Leu138 &Hs (Figure 6G), identifying
Val46(E) and Alal34P). A weakly upfield-shifted Phg(Figure
5B) with NOESY cross-peaks to the Val&j(methyls (Figure
5E) must arise from Phel30. An additional Alaexhibits
NOESY cross-peaks to both lle53K;(D1) (Figure 6C) and
Phe776) (Figure 5E), and must arise from Ala74. The stereo-
specific assignment of the two Leu39 methyl groups was
effected on the basis of their differenti&l values. The Phe7id)
ring protons could be specifically assigned on the basis of the
predicted NOE pattern to Leu3), and the assignments are
confirmed by the predicted differentidk, values.

The crystal structure places the 1le53Hz(D1) only ~2.5
A from the distal His42 GiH. The latter proton has predicted
T1 ~ 50 ms (Re= 9.7 A) anddgip(calc) ~ 2 ppm. A NOESY
cross-peak for lle53 §Hs to a relaxed and strongly upfield
shifted protorK1 (Figure 6C), which exhibits no further NOESY
contacts, is assigned to His42:8. The geminal @H is too
relaxed Ree= 8.8 A) to detect. The characteristic lle53 contact
with the residue 42 gHs can also be observed in the H42A-
HRP mutant (see below). For the cases whgrealues can be
estimated for resolved (Figure 6B) or partially resolved (Figure
6A) upfield resonances, the correlation wiRhs % is very good
(Figure 7). The correlation of Géfsgobs)) in Table 1 with (3
cog0' — 1)R3 for assigned protons is excellent (Figure 3).

The Proximal Side and the Aromatic Cluster.Two relaxed,
resolved, and upfield-shifted methyfsl and A2 (Figure 6A)
are traced by TOCSY (not shown; see the Supplementary
Information) to a LeuA whose relaxation andg, are those
uniquely predicted for Leu237. A very weak NOE (not shown)
to the upfield (predicted to be s&Hs) Leu237 methyl upon
saturating the previously assigned, low-field His17fHE* is
consistent with the assignment. The Leu 237 meTayalues
correlate well withR™8 (Figure 7). Strong NOESY cross-peaks
between Leu237 §£Hs (A1) and a strongly TOCSY and
NOESY spin-coupled pair of s of residudJ with significant
upfield dqip uniquely assign Gly242 (Figure 6E). A partially
resolved, strongly relaxed and strongly upfield-shifted proton

to the ring protons of a negligibly dipolar shifted three-spin
Arom i and an upfield dipolar shifted four-spin Arop{Figures

5F, 5G), as well as to the methyls of TOCSY-detected @al
(not shown). This Vab, in turn, exhibits GH cross-peaks to
the rings of negligibly dipolar shifted three-spin Ardnas well

as Aromp, and a GH contact to three-spin Arotin(not shown).
The NOESY (Figure 5B) and TOCSY (not shown; see the
Supporting Information) patterns for Aronandk are consistent
with those of rapidly reorienting Phe rings. The Argnring
properties reflect a Tyr with a slowly reorienting ring for which
the rate of rotation causes magnetization traféfeatween the
pairs of spin-coupled protons (Figure 5B,C). This pattern of
dipolar shifts and dipolar contacts is consistent only with the
assignment of Val26%Y), a slowly reorienting Tyr234) ring

and rapidly reorienting Phe251&nd Phe26& rings, with the
contacts summarized in Figure 1B. A very strong upfield
ppm diamagneticbias by ring current shift is predicted, and
observed (Figure 5C), for the Tyr 2348 peakp4d. The
methyls of an isopropyl fragmeift that exhibit cross-peaks to
Tyr234(p) (Figure 5E), but not to Val2633), likely arise from
Leu250F). A partially resolved, upfield-shifted and strongly
relaxed {1 ~ 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 §H3, Ree =

9.9 A, with the two spin-coupled protons assigned as thelg
and GH. 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 predictedi(diamagnetic) andgiy(calc)
provide the following reasonable assignments. Aron=
Phe229, Aront = Phe273 or 274, and Aromp= 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 detectabdgi,, and their magnitudes
are relatively small, the cluster assignments are neither aided
by d4ip nor influence the magnetic axes deduced frdyp(obs).

Determination of the Magnetic Axes. The plot of
Gr{dpsgobs)] vs (3 co® — 1)R2 exhibits a very good
correlation based on the assumption of an axially symmetric
oriented normal to the heme (Figure 3), which dictates that eq
2, and hence eq 3, are valid. DeterminiAga.x via the one-
parameter Ayax) minimization of the error function in eq 8
yields Ayax = (—2.61 &+ 0.11) x 108 m¥mol when using

(57) Sandstim, J.Dynamic NMR Spectroscopicademic Press: New
York, 1982.
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Figure 8. Plot of dgip(0bs) versusgip(calc) for assigned residues from a one-parameter seardyfeifor WT HRP at 55°C with (A) dgip(0bs)
determined by egs 4 and 9 witkyax = —2.61 x 1078 m¥mol and (B)daix(0bs) determined by egs 4 and 10 with resultiig,, = —2.50 x 1078

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

egs 4 and 9 to obtaidgiy(obs), and-2.50+ 0.07 x 1078 m¥

mol when using egs 4 and 10. The resulting correlations are
shown in Figure 8, parts A and B, respectivelje correlation

in Figure 8B, derived from using chemical shift gradients to
obtain dgip(obs)via din(T ~?), is clearly superior although the
Ayax values are essentially the same. The extension of the
searches to three parameters to determins andAy.x yielded
Ayax = (—2.61+ 0.12) x 1078 m¥mol, a. = 46 £ 50° andp
=14+ 2°, using eqs 4 and 9 to obtaihy(0bs), andAyax =
(—2.514 0.06) x 108 m¥mol, oo = —204 50°, andf = 2 +

1°, using eqgs 4 and 10, i.e., from chemical shift gradiéfts.
The extension to three parameters thus leaves essentially
unchanged, leavgsnear zero, and confirms a major magnetic
axis oriented normal to the heme. The excellent correlations
betweendgip(obs) anddgip(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 théiagnostic intra- and interresidue
NOESY cross-pealer the majority of assigned residues, and
in particular, those with significantdgi, are still readily
recognized in the NOESY map of WT HRP at 3C (not
shown; see the Supporting Information). The diagnostic pattern
of NOESY cross-peaks within the sets Leu237/Gly242/Tyr234/

Phe251/Leu250, Phe68/Phel42/Phel43/Phel52/Vall55/Ala140, 2

and Leu39/Asp43/Val4d6/1le53/Phe77/A134/Leul38, is particu-
larly readily identified. The low-field portion of théH NMR
spectrum of H42A-HRP at 3TC in Figure 2C can be compared
to that of WT HRP at 30C 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 assignmen
made previously in WT HRI21416Essentially 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 tht#H NMR spectrum of
H42A-HRP is shown in Figure 9A and the NOESY contacts
among aliphatic residues are shown in Figure—B The
NOESY spectra involving dipolar contacts among aromatic

(58) The large variation irw between the two results is not likely
significant since thes value is essentially 0.
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Figure 9. (A) High-field resolved portion of the 600 MH#H NMR
spectrum of H42A-HRP ifH,O at 30°C and (B-D) high-field portions

the 600 MHz NOESY spectrum (mixing tinve 65 ms) for H42A-
HRP in2H,0 at 30°C illustrating the intra- and interresidue contacts
for upfield dipolar-shifted aliphatic side chains.
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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&dat 55°C (and

in the Supporting Information at 3@), and comparison of the
chemical shifts at 30C of the WT and H42A proteins is shown

in the last two columns of Table 1. The Phel52, Phel72, and
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for unchanged orientation of the paramagnetic susceptibility
tensor, but a~10% reduction ofD (eq 3) and thusAyax in
H42A-HRP relative to WT HRP. Two residues which exhibit
larger than 10% changes dip(0bs), Leul38 and lle53, likely
have their orientations modified by the adjacent mutation of
H42.

Discussion

Scope and Limitation of IH 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 (Phes6&l), 142@), and 143f)) that influence substrate
binding}26Ala140) in contact with substrat®;>*and Asp247
which serves as a crucial H-bond receptor to the ring of the
proximal His170 ring NH.2 This is by far the most extensive
and robust set of assignments of hyperfine shifted resonances
for such a large enzyme utilizing solely homonucldaiNMR.
Moreover, the temperature gradients (d/cf)) of the observed
shifts serve as remarkably robust indicatorsdaf, without
requiring any estimates of the diamagnetic shift (see Figures 3
and 8B). The use of Gdiy(obs)), rather thadgp(obs) from
egs 4 and 9, as an adjunct to assignment protocols becomes

Figure 10. Low-field portion of the 600 MHz NOESY spectrum

(mixing time 65 ms) for H42A-HRP iAH,O at 30°C illustrating (A more important for high-spin ferrip enzymes With distal ligated
E) selected aromatic rings to aliphatic residue contacts and (E) the inter-Water, such as cytochronteperoxidas#”*for which D, and
and intraaromatic ring contacts. henceAyax, are necessarily smaller, and estimatedgfqdia)

become even more troublesome in generatifgvia eqs 4 and
Phel79 ring protons are observed direct]y upon Saturating theg The results on H42A-HRP indicate that effective solution
heme 3-CH, 5-CHs, and 8-CH peaks (not shown) in a 1D NOE  structural studies of the influence of point mutations on the heme
experiment. Essentially the same pattern of NOESY cross-peaksactive site and the substrate binding site can be carried out. The
is observed in Figures 9 and 10 for H42A-HRP as in WT HRP, Present study sets the stage for quantitative estimates of

which allows the assignment of the rings of PheB8Phe77x), internuclear distances from NOESY rise cur¢ggt

Phel424), Phel43), Tyr 234(), Phe266X), Phe273/274j), Active Site Solution Structure. The pattern of dipolar
parts of the spin systems of LeuB)( lle53(D), Leul38, connections (dependent on the internuclear distagcasr;©),
Leu237@), the complete Alal34), Val46(E), Vall55(), paramagnetic relaxationlRre ©), and dipolar shifts{(3 co26
Gly242), Val263(0), and gH(Z1) of Asp 43. All exhibit — 1)Rre 9), in general, is in excellent agreement with the

the same pattern of intra- and interresidue NOESY cross-peakspredictions of the crystal structure, although a quantitative
as observed for WT. The two Leul38H; are again resolved  comparison must await the direct determinationrgffrom
upfield (Figure 9A) and exhibiT; values essentially unaltered NOESY rise curves. One notable discrepancy is observed for
(33, 50 ms) from those in WT HRP (39, 60 ms). As shown in Phe68() in the substrate binding pocket. In the crystal structure
Figure 9A, however, locating all of the upfield-shifted methyl- of HRP, the Phe68 ring is'5 A from Phel79, Phel42, and
containing residues in H42A-HRP that were observed in WT Alal40, but moves much closer to each of these residues upon
HRP (Figure 6A,B)eaves unassigned one prominently resal binding the substrate benzhydroxamic acid, B#MA* The
and strongly relaxed methyl peak K1-aB8.16 ppm in H42A- moderate intensity NOESY cross-peak between Phe68 and both
HRP.lIts relaxation propertiesT{ ~ 15 ms), significant upfield  the Phel42) ring (not shown; see the Supplementary Informa-
daip(0bs), and the NOESY cross-peak to lle53Hg(D1) (Figure tion) and the methyl of Alal4®1) (Figure 5D), however,
9B) are consistent only with originating from the mutated Ala42 indicate that in solution the Phe68 ring orientation is intermedi-
CsHs, with expectedre. = 8.8 A. Figure 7 (open circle) shows ate between that in the crystal of HRP and the BHA:HRP
the good correlation between the observed relaxation rate andcomplex.
predictedRe, for Ala42 GHa. Dynamic Properties. While the distal side has ready access
Comparison of the shifts at 3W for the assigned residues to water, the proximal side has been shown to be exceptionally
in WT and H42A-HRP (last two columns in Table 1) reveals stable and impervious to water, as withessed by the extraordi-
that the upfield-shifted residues experience slightly less upfield narily slow exchange rate of not only the peptide NH of axial
opsqobs), and the downfield-shifted residues display slightly His170 but its imidazole hH as well'>2 Previous studies on
reduceddpsgobs) in H42A-HRP relative to WT HRP. If one , . . ,
assumes an essentially unaltered overall structure between tth(()Z%)_',igggg B. C.; Poulos, T. L; Kraut, J. Biol. Chem.1984 259
two proteins, as is confirmed by the highly conserved pattern  (60) Satterlee, J. D.; Erman, J. E.; La Mar, G. N.; Smith, K. M.; Langry,
of dipolar interactions, then the changesdissgobs) in HRP K. C. Biochim. Biophys. Actd983 743, 246-255.

i i ; (61) Neuhaus, D.; Williamson, MThe Nuclear @erhauser Effect in
H42A are Que to slightly rpfducedd'p n t.he mUtan.t prpteln. Structural and Conformational AnalysigCH Publisher: New York, 1989.
The reduction of the magnitude éf,, without a significant (62) La Mar, G. N.; de Ropp, J. ®iochem. Biophys. Res. Commun.

change in the pattern df;, among the assigned residues, argues 1979 90, 36-41.
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HRP-CN located Tyr233 in contact with His1?0and showed  coordination334%41In globins, mutation of the distal His with
the former residue to exhibit slow reorientation of its ring, as a nonpolar residue can, but does not necessarily, alter the state
is the case for the homologous Phe in lignin peroxidddene of distal water ligatior?® Interestingly, resonance Raman spectra
present partial characterization of the eight residue proximal of the H42L HRP mutant have been interpreted in terms of a
aromatic cluster identifies at least two additional slowly water at the sixth positioff The presence of a ligated water
reorienting rings: those of Tyr234 and Phe229 (and possibly with a distal Leu but not Ala is contrary to expectation based
that of Phe277). Obviously this cluster is densely packed, sinceon the residue hydrophobicif§. The deduced value db for

at least the rings buried in the cluster center experience H42A-HRP nevertheless directly supports the absence of a
significant barriers to rapid rotation right up to the temperature |igated water. Thedgp, changes for lle53 and Leul38 upon
at which HRP denatures above 55. The completely smooth  mutating His42 are larger than those for any other residue. These
and continuous change in line width and chemical shift, together results are consistent with the fact that both residues are in
with conserved and intense interresidue NOESY cross-peakcontact with His42, and indicate that these two residues have
patterns for residues within15 A of the heme, supports awell-  changed their orientation somewhat. More extensive planned

defined structure for HRP throug.hout the temperature range 30 assignments, together with NOESY rise curves, may elucidate
55°C. Thus the present study finds no support for a structural ihe orientation of these residues in the mutant.

transition reflected in minor changes in the heme Soret circular
dichroism spectra above 4€;% this small change in the CD
could arise from a very local perturbation near the heme that

leaves the remaining structure unaltered. The present NMR approach demonstrates for the first time
Magnetic Properties. The excellent correlation between that effective and definitive assignment of second sphere
Gr[dpsgobs)] and (3 co¥ — 1)R"%in Figure 3, and between  yesonances are achievable in a moderate sized, high-spin ferric
ddip(0bs) anddgip(calc) for the optimized magnetic anisotropy  heme enzyme and that the dipolar shifts can be quantitatively
in Figure 8B, confirms that the hyperfine shift of high-spin  interpreted in terms of the molecular and electronic structures
resting state peroxidases can be quantitaly interpreted in- of the active site. The assignments of over 40 residues includes
terms of molecular structure and magnetic anisotropy’e  the aromatic residues near the substrate-binding pocket, Phe 68,
essentially identical\yax determined from the slope in Figure  ppe 142 and Phe 179, whose mutation influences substrate

3 and the fits in_Figure 8, us@ng_either egs 4 and 9 or eqs 4_and binding. Only Phe 68 is shown to have an orientation different
10, not only verify the quantitative nature of the determination from that in the crystal. It is expected that planned NOESY

of the anlsotrﬂoy, but also establish that, l.)ecause.of the rise-curves will allow quantitative comparison of solution and
gﬁg;oggfg?tef%m 22?5.?39?3?|§2?;5g()b1§31’ér}2rd:apglstgsgé?sof crystal structures for the heme cavity. The demonstrated
dipolar shi¥ts now available cF())nfirms' that thegmajor magnetic meth(_)dology,_ moreover, sets the stage for relatively _rapid and
o . : effective solutiortH NMR studies of structural changes induced
axis 1S ess?ntlally nprmal to th?6?eme, as observed in bOthin HRP either by the binding of different substréfasr by point
metMbFO* and ferricytochrome'.>® The Ay, value converts mutations in the substrate binding pocket. The characteristic

to D = 9.1 cnr!via eq 2, assuming a purely high-spiay(= . -
5.92,5) state. If how?ever the expgerin?entasllly rgeaspﬁg(d value pattern of interproton dipolar contacts and, hence, the heme
i ’ cavity molecular structure are very largely conserved in the

of S= 2.16 obtained from magnetic susceptibility cataum . ) . . .
= 5.245) is used in eq 2, the = 15.3 cntL. This value is H42A-HRP mutant, including the retention of a five-coordinated

Conclusions

similar to that for high-spin ferric cytochromes and metmyo- heme.

globing®:40.65that are five-coordinated (no axial water), and is ] ] )
significantly larger than theD ~ 8 cnr! values for six- Acknowledgment. The instruments used in this research
coordinate ferric hemoproteifg4041 were funded, in part, by grants from the National Institutes of

Effect of His42 — Ala Mutation. Having established by ~ Health (RR11973, RR04795, RR08206) and the National

variable-temperature NOESY the pattern of dipolar contacts Science Foundation (90-16484). The research was supported
among significantly hyperfine shifted residue protons in WT by grants from the National Institutes of Health (GM26226 and
HRP, it is relatively straightforward to assign with reasonable GM62830 to G.N.L and GM32488 to P.R.O.M.)

confidence the majority of the active site residues in the mutant

protein on the basis of the conserved NOESY contacts, Supporting Information Available: Five figures (55°C
relaxation behavior, and dipolar shift patterns. The conserved TOCSY spectrum of selected aromatic and downfieldHC
pattern of these parameters reflects a largely conserved molec+egions of HRP, 58C TOCSY spectrum of selected aliphatic
ular structure, particularly in regions remote from the His42 regions of HRP, 30C NOESY spectrum of selected aromatic
mutation. The consistent10% decrease in the magnitude of and downfield GH regions of HRP, 30C NOESY spectrum

Odip, except for Leul38 and lle53, must result from~a0% of selected aliphatic regions of HRP, and a plotdaf,(obs)
decrease iM\yay and in turnD. A smallerD value necessarily  versusdgip(calc) for assigned residues from a three-parameter
reflects a very slight increase in the effective axial figldt is search for, 3, andA%,« for HRP at 55°C), one table (chemical
noted that thedecrease in D in H42A HRP igery slight and shifts of heme and His170 protons for WT and H42A HRP),
its value is still diagnostic of fie-3940.65 rather than six- and the detailed assignment of the aromatic cluster (PDF). This

(63) Banci, L. Bertini, 1 Pieratteli, R.: Tien. M.: Vila, A. 1. Am. material is available free of charge via the Internet at

Chem. Soc1995 117, 8659-8667. http:/pubs.acs.org.

27(()(.54) Chattopadhyay, K.; Mazumdar, Biochemistry200Q 39, 263— JA003687W
(65) Daméng H.; Tsan, P.; Gans, P.; Marion, D. Phys. Chem200Q

104, 2559-2569. (68) Springer, B. A,; Sligar, S. G.; Olson, J. S.; Phillips, G.@hem.
(66) Schonbaum, G. Rl. Biol. Chem1973 248 502-511. Rev. 1994 94, 699-714.
(67) Brackett, G. C.; Richards, P. L.; Caughey, W.JSChem. Phys. (69) Howes, B. D.; Rodriguez-Lopez, J. N.; Smith, A. T.; Smulevich,

1971, 54, 4383-4401. G. Biochemistryl997, 36, 1532-1543.



