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ABSTRACT Lignin peroxidase shares several sctural
features with the well-studied horseradish peroxidase and cy-
tochrome c peroxidase but carries a higher redox potential. Here
the heme domain of lignin peroxidase and the lignin peroxidase
cyanide adduct was exmined by IHNMR spectroscopy, includ-
ing nuclear Overhauser effect and two-dimensional measure-
ments, and the mdga were compared with those for horse-
radish peroxidase and cytochrome c peroxidase. Strctural
information was obtained on the orientation of the heme vinyl
and propionate groups and the proximal and distal histidines.
The shifts of the El proton of the proximal histidine were found
to be empirically related to the Fe3+/Fe2' redox potentials.

Lignin peroxidase (LiP), secreted by the lignin-degrading
fungus Phanerochaete chrysosporium (1, 2), catalyzes the
one-electron oxidation of aromatic rings in lignin (3, 4). It
shares the following structural and catalytic properties with
the most studied peroxidase, horseradish peroxidase (HRP):
(i) a protoporphyrin IX heme moiety with ferric resting state
(5), (ii) a catalytic cycle involving intermediate compounds I
and II (6, 7), (iii) a proximal histidine (His) imidazole ligand
(8, 9), (iv) the ability to oxidize phenols and aromatic amines
(10), and (v) substrate oxidation at the heme edge rather than
at the iron center (11). Many of these characteristics are also
shared by cytochrome c peroxidase (CcP; ref. 12). LiP
compound I stores a much higher redox potential than HRP
compound I, which allows it to oxidize aromatic substrates
that are not substrates for HRP and CcP (13, 14). In the only
direct measurement ofthe redox potential of LiP, Millis et al.
(15) examined the midpoint potentials for the Fe3+/Fe2+
couple of four LiP isoenzymes, finding redox potential (Em7)
values near -130 mV. HRP and CcP have much lower values
of -278 mV and -194 mV, respectively (16-18).
The structural basis for the relatively high redox potential

of LiP compound I is not yet known. Work with heme models
and heme proteins suggests that the basicity of the proximal
ligand can affect the potential (19). 1H NMR spectroscopy
has shed light on structure-function relationships for several
heme proteins (20-23). The purpose of the present study,
therefore, was to examine LiP by 1H NMR spectroscopy and
to compare the findings with those described for HRP and
CcP to relate structure with reactivity.

MATERIALS AND METHODS
Lignin Peroxidase. Phanerochaete chrysosporium Burds

(ATCC 24725) was grown in a 100-liter fermentor, essentially
as described by Bonnarme and Jeffries (24). Isoenzyme LiP
3 (= H1) was isolated from concentrated culture fluid (25).

The cyanide adduct (LiP-CN-) was prepared by titrating with
KCN in 10 mM sodium acetate (pH 5).
'H NMR Spectroscopy. Spectra of LiP and LiP-CN- [-2

mM in 10 mM sodium acetate (pH 5)] were recorded with
Bruker MSL 200 and AMX 600 spectrometers. T, experi-
ments were performed at 200 MHz with the modified driven
equilibrium Fourier transform pulse sequence (26). All other
spectra at 200 MHz were taken by using a super WEFT
(water-eliminated Fourier transform) pulse sequence (27)
with a recycle delay of 85 and 220 ms for high- and low-spin
species, respectively. The nuclear Overhauser effect (NOE)
difference spectra were collected as described (28).
Two-dimensional NOE spectroscopy (NOESY) and two-

dimensional correlated spectroscopy (COSY) spectra were
recorded at 600 MHz using presaturation to eliminate the
intense water signal. Phase-sensitive NOESY spectra (29)
were recorded at mixing times of 15, 50, and 100 ms, using the
time proportional phase incrementation method (30). Mag-
nitude COSY (31) experiments provide one of the best
sequences for detecting scalar connectivities between para-
magnetically shifted signals (32, 54).

RESULTS
Native Protein. Fig. 1, spectrum A, shows the 200-MHz 1H

NMR spectrum of LiP at 308 K in H20. The T, values are
included. No paramagnetically shifted signals disappeared
when the spectrum was recorded in 2H20. A broad signal at
about 100 ppm, which was assigned to the H81 of the
proximal His in HRP (33), was not detected in the LiP
spectrum, possibly due to rapid exchange of this proton with
water or because this signal fell under a CH3 signal as in
Coprinus peroxidase (34). The LiP spectrum shows two
signals, A and B, of intensity 3; a broad shoulder, signal C;
two overlapping signals, D and E, each of intensity 3; several
signals, F-J, of intensity 1; and a broad signal, K and L, of
intensity 2. The temperature dependence of the isotropically
shifted signals was of the Curie type, suggesting an absence
of chemical or spin equilibria (data not shown).
For high-spin heme proteins, the magnetic anisotropy is

negligible, so that only protons interacting with iron through
a net of covalent bonds will exhibit substantial hyperfline
shifts. By analogy with HRP and CcP, we expect that only the
signals of the 1-, 3-, 5-, 8-CH3, of 2- and 4-Ha, of 6- and 7-Ha
protons, and of the Ho3 protons of the proximal His are
well-shifted outside the diamagnetic envelope in the down-
field region of the spectrum (33-38) (Scheme I). Partial
assignment of the isotropically shifted signals has been

Abbreviations: LiP, lignin peroxidase; HRP, horseradish peroxi-
dase; CcP, cytochrome c peroxidase; LiP-CN-, HRP-CN-, and
CcP-CN-, their cyanide adducts; NOE, nuclear Overhauser effect;
NOESY, NOE spectroscopy; COSY, two-dimensional correlated
spectroscopy.
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FIG. 1. Spectra: A, 200-MHz 1H NMR spectrum of LiP at 308 K;
B-E, NOE difference spectra of LiP at 308 K; F, NOE difference
spectrum obtained by saturation of signal C at 297 K; G, 200-MHz
1H NMR spectrum of LiP at 297 K. All spectra taken in acetate buffer
(pH 5). Numbers above the signals are T, values (ms). Where
indicated, expanded-scale spectra are also shown.

achieved through NOE measurements. Some difference
spectra are shown in Fig. 1, spectra B-F. Saturation of signal
A yields NOE on the broad signal C at 63.7 ppm (Fig. 1,
spectrum B). Selective saturation of signal C was difficult to
achieve, due to its partial overlap with signals D and E and
to its large linewidth, which requires high power levels in the
decoupler for saturation. However, at lower temperature
(297 K), partial resolution of this signal from the envelope of
signals D and E was obtained (Fig. 1, spectrum G), allowing
saturation of signal C, which, however, was not completely
selective. Saturation of the latter signal provided NOE on
signal A and an NOE on signal H (Fig. 1, spectrum F).
Saturation of signals D and E was performed with lower
power to avoid saturating signal C. No effect was observed
by saturating signals D and E (see below), thus confirming
that NOE on signals A and H is due only to saturation of
signal C. The reciprocal selective saturation of signal H was
not possible, due to its position. However, saturation of the

HN 'I NS/

(C4H)25 '(c2H)

LiP histidine residue
Scheme I

group H and I yielded a sizeable NOE on signal C and other
effects due to the saturation of signal I (Fig. 1, spectrum C;
see below). A quantitative estimation of the NOE on signal
C was not possible; however, the observed effect is relatively
large and, in consideration of the large linewidth of signal C
and, therefore, of its short relaxation time, indicates a short
distance between protons C and H. This allows us to propose
that signals C and H are geminal. The pattern of the NOE
among signals A, C, and H indicates that signals C and H are
the geminal a protons of a propionate side chain of the heme
ring and that signal A is the adjacent CH3 group. Saturation
of signal I gave a NOE on signal B and on signal J (Fig. 1,
spectrum D), and saturation of signal J gave a NOE on signal
I (Fig. 1, spectrum E). The intensities of the observed NOE
effects are consistent with the assumption that signals I and
J are a-CH2 geminal protons of a propionate group and that
B is the adjacent CH3. We could not distinguish between 5-
and 8-CH3 or between 6- and 7-propionate groups. Saturation
of the unresolved D and E signals provided no NOE on the
paramagnetically shifted signals. Also saturation, separately,
of signals F and G did not provide any NOE. In particular,
none was observed between signals F and G, indicating that
they do not correspond to a geminal proton pair. Finally,
saturation ofthe double-intensity signals K and L at 24.2 ppm
showed no NOE on the paramagnetically shifted signals.
We propose the following relationships. (i) Signals F and

G are the a protons of the two vinyl groups. (it) Signals D and
E are due to 1- and 3-CH3 groups. [The specific correlations
between the methyl groups and their adjacent a-vinyl protons
were not achieved, presumably because proton G has an
unfavorable orientation with respect to its closest CH3 moi-
ety (Scheme I). The same might hold for proton F, although
its proximity to signals D and E might make it difficult to
observe NOEs between the two signals.] (iii) Signals K and
L could be due to f3-CH2 protons of the proximal His.

Biochemistry: Banci et A



Proc. Nad. Acad. Sci. USA 88 (1991)

y

C

z

A B

XDbCEFGd

A B

a
b

c' H'

30 20 10 0

8 (ppm)

Y~~~~~

-10 -20 -30

100

50-

11- 0 -

E -50-
-100

E -150
LLJ

-200 -

-250

-300
-30 -20 -10 0 10

Chemical Shift (ppm)

FIG. 2. (Left) 1H NMR spectra at 200 MHz and 301 K of the CN- adducts. Spectra: A, LiP acetate buffer (pH 5); B, CcP phosphate buffer
(pH 6.3); C, HRP, phosphate buffer (pH 6.3). Signals are labeled as in Table 1. (Right) Relationship of the redox potential Em7 (Fe3+/Fe2+) to
chemical shift of Hal of the proximal His for HRP, CcP, LiP, and metmyoglobin (MetMyo).

Cyanide Adduct. The CN- adducts of peroxidases contain
low-spin iron (III) (S = 1/2) and show 1H NMR spectra with
sharp lines for the paramagnetically shifted signals. The 1H
NMR spectrum of the CN- adduct of LiP (Fig. 2 Left,
spectrum A); signals that disappear in 2H20 are labeled with
lowercase letters. The spectrum has features similar to those
ofCcP-CN- and HRP-CN- (Table 1 and Fig. 2, spectra B and
C); the assignments of signals for these closely related
proteins (refs. 39-45; L.B., I.B., P.T., J. Ferrer, and A.
Mauk, unpublished data) are included in Table 1 for com-
parison.
From the NOESY spectrum in 2H20, it appears that signal

A gives dipolar connectivities with signals E (cross peak 5,
Fig. 3), V (cross peak 6), W (cross peak 7), and Y (cross peak
10). Signals E, V, and W give dipolar and scalar connectiv-

ities among themselves (cross peaks 2-4). The scalar con-
nectivity between signals V andW is not shown in Fig. 3 but
clearly appears using a different weighting function. The
relative intensity of the cross peaks indicates that they are
due to Ha, HBt. and H,8ci, of a vinyl moiety. Signal A,
therefore, is either 1- or 3-CH3. Signal Y shows scalar and
dipolar connectivities with signals X (cross peak 11) and J
(cross peak 13), the latter two being connected through cross
peak 12 in COSY and NOESY spectra. Therefore, they are
due to the other vinyl moiety of the heme ring. The dipolar
connectivity between signals A and Y (cross peak 10) indi-
cates that signal A belongs to 3-CH3 (Table 1), since only
3-CH3 can have dipolar connectivities with two vinyl groups
(Scheme I).

Signal B gives dipolar connectivity with signal D (cross
peak 8), which in turn is dipolarly coupled with signal I (cross

Table 1. Chemical shift and T1 values observed for paramagnetically shifted resonances for the cyanide derivatives of
LiP, CcP, and HRP at 200 MHz and 301 K

LiP-CN- CcP-CN- HRP-CN-

Signal Shift, ppm T1, ms Shift, ppm T1, ms Shift, ppm T1, ms Assignment
A 31.0 44 30.6 40 26.0 57 3-CH3
a 35.2 11 28.4 7 31.0 * He2 dist. His
B - 20.4 65 27.6 39 31.0 44 8-CH3
C 17.4 41 19.4 34 23.7 21 Hfi prox. His
D 13 * 18.3 45 19.6 83 7-Ha
c t 16.5 * 16.3 260 H81 dist. His
E 14.2 * 16.0 60 20.1 9 4-Ha
F 17.0 * 14.8 34 15.6 41 H,8 prox. His
C' 17.0 * t t t t
H' 13.3 C3 t t 20.8 t H82 prox. His
G 13.1 68 14.0 67 13.3 42 Hel dist. His
d 11.6 81 12.9 110 12.9 238 NHp prox. His
f 14.0 * 10.2* * 9.9* * H81 prox. His
I 9.2§ * 7-Ha'
J 8.5§ * 2-Ha
V -2.0§ * 4-HptmS
W -3.2 140 4-H.C;i
X -3.6 150 2-His
Y -4.1 130 2-Hans
Z -9.0 3.0 -20.6 2.5 -29.9 2.7 Hel prox. His

Signals with lowercase letter correspond to exchangeable protons. For T1 values, the error is ±10%. dist., distal; prox.,
proximal.
*Not measured because the signal was in a complex envelope.
tThe corresponding signal was not present.
tShift value was measured in NOE difference spectra.
§Shift value was measured from the two-dimensional maps.

-I- -I ---
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peak 9). Signal B is assigned to 8-CH3 and signals D and I
Ha of the 7-propionate moiety, because 3-CH3 and 8-CH3 a]
expected and found to be pairwise separated from 1-CH3 ar
5-CH3 (39, 44).

Analysis of the two-dimensional maps also reveals scaL
and dipolar connectivities between signals C and F (crow
peak 1). This pair is assigned to ,8-CH2 of the proximal Hi
Signal C gives a one-dimensional NOE with signal f, which
assigned to H61 of the proximal His. The latter signal sho%
a NOE on saturation of signal Z, which is assigned to Hel (
the same His. Although the assignment of the proximal Hi
is not fully independent, these connectivities are consiste,
with those observed in the cyanide adducts of CcP (ref. 4'
L.B. et al., unpublished data) and HRP (42). Further dipola
connectivity is observed between signals C and d. The latte
could be due either to Ha or, more probably, to the peptid
NH of the proximal His. By collecting the spectrum with
very fast repetition rate (10 ms), all the signals but twi
disappeared due to saturation. These two signals must hav
T1 values shorter than 3 ms. One ofthem is signal Z, for whic]
we measured a T1 value of 3 ms. The other signal is at 13.
ppm (H') and has a similar intensity with respect to signal Z
indicating that its T1 value is <3 ms. Because of the simila
properties of the two signals, a good candidate for the latte
is H82 of the proximal His.
Upon saturation of signal Z (He1 of the proximal His),

connectivity was observed with signal B (8-CH3). These tw(
sets ofprotons are closer to each other than in HRP and CcP
for which such connectivity was not observed.
The NOESY spectrum of LiP-CN- in water shows cros:

peaks of a with signals H, G, and K. Signal H gives NOE ant
NOESY connectivities with signals a, c', and K. Signals H
and K are also scalarly connected (cross peak 14). This
pattern of connectivities is richer than in the other peroxi
dases. Signal a presumably is He2 of the distal His. As in the

.0..-.PPM 30 20 10 0 -10

FIG. 3. Spectra: A, 600-MHz 1H NMR spectrum of LiP-CN- in
2H20 solution; B, 600-MHz NOESY spectrum (above diagonal)
obtained with a 15-ms mixing time; C, 600-MHz magnitude COSY
spectrum (below diagonal). The corresponding cross peaks in spectra
B and C are labeled with the same number. Cross-peak assignments:
1, H,8, HpB' proximal His; 2, 4-Ha, 4-H&s,,; 3, 4-Ha, 4-HpCjS; 4,
4-Hcis, 4-Hptmns; 5, 4-Ha, 3-CH3; 6, 4-Hpts, 3-CH3; 7, 4-HBcis,
3-CH3; 8, 8-CH3, 7-Ha; 9, 7Ha, 7-Ha'; 10, 3-CH3, 2-Hgtls; 11,
2-HBis, 2-HPtrans; 12, 2-Ha, 2-Hpcis; 13, 2-Ha, 2-Hi3ts; 14, H, K
(see text). Spectra were taken at pH 5 and 301 K.
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other peroxidases, the distal His is protonated in the cyanide
derivative. Both signals G and H are candidates for He1 ofthe
same His. We prefer the former, a choice supported by the
presence of a scalar connectivity between signals H and K.
Signals H, K, and c' could belong to another residue, possibly
the arginine present in the distal site.

Saturation-Transfer Experiments. To attempt complete as-
signment of paramagnetically shifted signals of the high-spin
form of LiP, saturation-transfer experiments were performed
at 200 MHz with a 50o molar mixture of LiP and LiP-CN-,
from 308 K to 321 K in the range pH 5 to 6.5. Under none of
these conditions was saturation transfer observed. An in-
crease in temperature to 323 K denatured the LiP protein.
These results suggest that the exchange rate between the
bound and free cyanide is lower in LiP than in HRP;
analogous experiments were successful with HRP (40, 41).
The 1H NMR spectrum of the azide derivative was similar

to that of HRP-N3 (46), showing broad and ill-resolved
signals that could not be assigned.

DISCUSSION
r Our study shows that the active-site structure of LiP is very
r similar to those of HRP and CcP. The NMR data are

consistent with the presence of distal and proximal His
a residues. This is in agreement with DNA-deduced sequence
0 (47, 48) and resonance Raman studies (8, 9). Based on the

larger downfield shift of the heme 8-CH3 and 3-CH3, the
orientation of the proximal His imidazole plane is similar to

s that in HRP, with the ir plane passing through pyrroles I and
d III. Data also show that a proton bridges CN- and NE2 of the
I distal His.
s We have specifically assigned 15 of the NMR signals,

proposed tentative assignments for an additional four, and
e, collected 12 signals of the high-spin form into sets. Assign-

ments were based on one-dimensional NOE, NOESY, and
COSY spectra. Confirmation of these signals through satu-
ration-transfer techniques of an equilibrium mixture of LiP
and LiP-CN- was not successful. Recent studies by D. Cai
and M.T. (unpublished data) demonstrated that ko, for CN-
is =103 M-1 sol and koff is 3.8 x 10-3 s- , nearly 103 times
slower than koff for HRP (49) and much too slow relative to
the spin-lattice relaxation time.

Despite the similarities between the LiP and HRP spectra,
some important differences were observed. Most significant
are the shift values for the protons of the proximal His.
Considerable attention has been focused on the role of H
bonding of the proximal His in controlling heme electron
density and reactivity. The strength of the imizadole H
bonding to neighboring amino acids has a significant influ-
ence on the imidazolate character (basicity) of the proximal
His. Greater negative charge on the imidazole ring (achieved
by stronger H bonding) would stabilize the higher oxidation
states of the iron in peroxidases (50). In contrast, the Fe(II)
state is stabilized in the globins, and less imidazolate char-
acter is observed, which is related to weaker H bonding. In
CcP, the only peroxidase for which the three-dimensional
structure is known (50), the proximal His is strongly H
bonded to an aspartate residue (Asp-235), whereas in myo-
globin it is weakly H bonded to a peptide carbonyl.
From model compound studies, the extents of the upfield

shift of HE1 and of the downfield shift of the ,8-CH2 protons
of the proximal His have been proposed to be related-to the
imidazolate character of the His ring (43, 51). This is an
important issue because greater imidazolate character, which
stabilizes the higher oxidation state, would, therefore, de-
crease the redox potential of the heme iron. Indeed, the most
relevant differences in the spectra ofLiP-CN- and HRP-CN-
and CcP-CN- are the shift values of the signals of the
proximal His. HE1 is less upfield-shifted, H61 is more down-

Biochemistry: Banci et al.
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field-shifted, and the two 3-CH2 signals are less downfield-
shifted (and less separated in shift) than they are in HRP-CN-
(42) and CcP-CN- (45). Interestingly, the shift of the Hel in
the cyanide adducts is inversely proportional to the redox
potential (Em7, Fe3+/Fe2+) of the native proteins in the series
metmyoglobin (52), LiP (15), CcP (18), and HRP (16,17) (Fig.
2 Right). This relationship would suggest that LiP has less
imidazolate character than HRP and CcP and consequently a
heme in which the higher oxidation state ofcompound I is not
as stabilized.
The Asp-235 -- Asn-235 mutant of CcP exhibited less

upfield shift for the He1 proton (53), which is in accord with
a direct relationship between imidazolate character and up-
field shift.
The shift of the imidazolate protons, however, could be

dependent partially on the position of the imidazole with
respect to the heme ring within the protein series. A dis-
placement would cause a change in the contact and pseudo-
contact contributions to the shift. Indeed, in LiP, the NOE
data show a distance between the Hel of the proximal His
and 8-CH3 of =4.4 A. Such a distance is smaller than found
in CcP (50) where no such connectivity is observed (L.B. et
al., unpublished data). Furthermore, the difference in shift
between the geminal f3-CH2 protons observed for the three
proteins depends in part on the dihedral angle between the
imidazolate plane and the imidazole-Cy-Cfi3-HP plane (20).
A symmetric arrangement of these protons with respect to
the imidazole plane makes this contribution to the shift
identical for both protons in LiP.

In conclusion, our study has shown similarities among LiP,
HRP, and CcP. The following small differences, however, are
noted that can be related to the different reactivity of LiP. (i)
The chemical shift of the proximal His e1 proton is lower and
is related to the Fe3+/Fe2' redox potential (and, tentatively,
to the imidazolate character). (it) The orientation of the
proximal His is similar but not identical to that in the other
two peroxidases. (iii) A residue (possibly the arginine in the
distal site) has a different orientation with respect to the heme
and the distal histidine compared to HRP.
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