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Spectroscopic Characterization of Active Mutants of Manganese Peroxidase:
Mutations on the Proximal Side Affect Calcium Binding of the Distal Side
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ABSTRACT. The mutants at position 242 of manganese peroxidase (MnP), where the native Asp has been
substituted with a Ser or a Glu, have been shown to be active, and are here characterized by electronic,
EPR, and NMR spectroscopies. We have also mutated another residue on the proximal side, Phe 190 to
Val and Leu, yielding active mutants. When studied by the above-mentioned spectroscopies, the mutants
at both positions 242 and 190 exhibit three pH-dependent transitions. In contrast to the transitions observed
at low and high pH, the spectroscopic studies reveal that the transition at intermediate gk} hiakips

up to 2 units lower for the mutants at D242E and -S and F190V than for the wild type. This process is
due to the ionization of a group that affects the transition to the bis-histidine coordination at the iron. The
observed changes in th&pvalues are related to the altered affinity of the calcium-binding site in the
distal pocket. Other variations are observed in the other tfgvplues. Characterization of the cyanide
derivatives indicates that the location and orientation of the distal and proximal His residues are essentially
identical to that in the wild type. Our results indicate that mutations on the proximal side residues can
affect changes in the distal side. In particular, deprotonation of a group, wikgss imfluenced by the

nature of the residues in the proximal side, produces a movement of helix B, which in turn induces the
coordination of the distal His and the loss of the distal calcium ion.

Lignin (LiP)! and Mn peroxidases (MnP) are heme studies, both on synthetic heme models and on enzyme
proteins produced by lignin-degrading fungi{3). They are structure-function relationships, have focused on the coor-
structurally and mechanistically similar to plant and microbial dination of the heme iron. Indeed, close examination of the
peroxidases, such as horseradish peroxidase (HRP) andtructure of LiP, MnP, and CcP reveals that the hydrogen-
cytochromec peroxidase (CcP). All of these enzymes utilize bonding network of CcP differs from that of LiP and MnP
H,0,, also produced by ligninolytic fung#( 5), to oxidize (10—13). In CcP, the heme iron is coordinated to the
a variety of organic and inorganic substrates. Unique to theseproximal His which is hydrogen bonded to an Asp which in
fungal peroxidases is their ability to oxidize substrates that turn is hydrogen bonded to a Trf@). Both LiP and MnP
other peroxidases cannot oxidize, due to their high reduction differ in that a Phe replaces the Trp, which is not capable of
potential 6). MnPs, more prevalent in lignin-degrading fungi  hydrogen bonding1(1—13).

(7, 8), are capable of directly oxidizing Mh to Mn3* (9).

Mn3t is a diffusible oxidant, thus being able to deliver the M
oxidizing potential of the heme active site to distant substrates
such as lignin.

We have developed a heterologous expression system for
nP in Escherichia coli(14, 15) which produces a non-
glycosylated recombinant enzyme. We have used this system
to mutate both the Asp242 and the Phe190 of MnP to obtain
The structural aspects that confer upon these fungalpotentially all 19 mutations and screen for active mutants
peroxidases their potent reactivity, despite being homologous<see ref51). Two active mutants at residue Asp242,
in structure to HRP and CcP, are not well understood. PaStASp24ZG|u and Asp242Ser, were obtained from the screen.
With Phe190, three active mutants, Phe190Val, Phe190Leu,
* This research has been funded, in part, by Department of Energy @nd Phe190Trp, were isolated. The Phe190Trp mutant is too
Grant DE-FG02-87ER13690, “Foundations for controlling properties unstable to permit reproducible spectroscopic characteriza-

of haem proteins: structure/function relationships in archetypal systemstion. The thoroughness of the selection process is based on
and the development of an interdisciplinary methodology”, ERB FMRX

CT 98 0218, CNR-Progetto Finalizzato Biotecnologie 97.01027.49, and & Statistical argument using degenerate oligonucleotides.
the Progetto Strategico “Tecnologie Chimiche Innovative” (95.04535.5T74). Thus, we cannot claim that the ones we isolated are the only

*To whom correspondence should be addressed. Phone: active mutants. Indeed, Kishi et al§) isolated four active
+39.055.4209272. Fax+39.055.4209271. E-mail: bertini@cerm.unifl.it. mutants at the Phe190 position

¥ University of Florence. o
§ The Pennsylvania State University. In this paper, we describe the spectral characterization of

! Abbreviations: LiP, lignin peroxidase; MnP, manganese peroxidase;
CcP, cytochrome peroxidase; HRP, horseradish peroxidase; MNPWT the two Asp242 mutants and the two stable Phe190 mutants.

fungal wild-type manganese peroxidase; rMnPWT, recombinant man- Some properties of the Phej—QOLeu MnP mutant have already
ganese peroxidase. been reportedl). These studies are extended here, and from
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these data, we infer aspects of the structural changes caused, ;. 1 Ejectronic Transitions of MnP and Its Mutdnts
by these mutations.

enzyme o Soret CT2 p o CT1
EXPERIMENTAL PROCEDURES MnPWT® 407 504 637
rMnPWT 407 504 637

Enzyme Production and Purificatiohe mutagenesis, MnPD242E  (360) 408 503 (535) (560) 636
expression, and purification of the recombinant proteins are mgglzgg\? ((ggg)) 2‘*8;3 5582 ((5333)) (565) 663366
as described by Whitwam et allg, 51). The p.ur|f|ed MnP MnPE190L  (360) 407 504 (535) 637
had anR, of =4.5. The enzyme concentration was deter-

; ; P - a2The values are in nanometers. The spectra were recorded in 25
mined using the extinction coefficient at 407 nm of 127 mM MES buffer at pH 6.1. The further bands appearing in 50 mM

mM~t Cmf? (18). _ _ potassium phosphate buffer at pH 6.1 are reported in parentheses.
Electronic SpectroscopyElectronic absorption spectra " Taken from ref22.

were obtained with a computer-interfaced Varian Cary 3
spectrophotometer. The pH titrations were performed in 50 |
mM phosphate or 25 mM MES buffer and by adjusting the
pH with potassium hydroxide or hydrochloric or phosphoric
acid. Where indicated, calcium ion was added as calcium © WV
chloride to a final concentration of 1.5 mM. W

Electron Paramagnetic Resonance SpectroscAp¥EPR d
spectra were acquired using a Bruker model ER 200
spectrometer, operating at microwave frequency of 9.6 GHz,
equipped with an Oxford cryostat. Enzyme samples were
typically at a concentration of 1 mM in 50 mM potassium ¢
phosphate (pH 6.1). The cyanide adducts were obtained by
adding a stoichiometric quantity of KCN.

Nuclear Magnetic Resonanc&he effects of pH on the W
H NMR spectra were determined with a Bruker MSL 200
spectrometer at 298 and 303 K. A super WEFT pulse w
sequencel(9) was used with recycle delays of 100 and 350 W [U\/\‘
ms.H NMR spectra were also recorded with Bruker DRX ; ; ‘ ; : ; : ‘ ;

90 80 70 60 50 40 30 20 10 0 ppm

500 and AMX 600 spectrometers usindta presaturation

sequence and a recycling time of 350 ms at 298 K. The FiIGURE 1: *H NMR spectrum at 600 MHz of rMnPWT (a),
protein concentrations were 6:1.0 mM. F190LMnP (b), F190VMnP (c), D242SMnP (d), and D242EMnP

) . e) in MES buffer at pH 6.1 and 298 K.
To enhance the detection of cross-peaks between S|gnals( ) P

with shortT, values, NOESY spectr&(, 21) were recorded 15y \yhich is identical to the spectrum of the MNP,
at 500 MHz using a mixing time of 15 ms at 298 and 303 55 A|| the spectra are similar and characteristic of a high-
K. Atotal of 512 spectra were collected with 1K data points g5 species exhibiting four downfield-shifted signals with
in the F, direction. The data were multiplied in both jyiensity corresponding to three protons and shift values in
dlmenS|orls by a sine-squared be_II window fqncnon with @ tha 80-60 ppm range. The signals of the four heme methy
phase shift of 45and were zero-filled to obtain 1k 1K groups can be assigned by comparison to our previous results
real data points. with MNnPWT (Table 2) B4, 25). Specifically, the most
RESULTS downfield-shifted signal is likely to be due to 8-Gldnd
the following signal to 3-Chl Other single-proton intensity

Spectroscopic Characterizatiom MES buffer (pH 6.1), signals are detected which arise from protons of the heme
the electronic spectra of the rMNPWT and its mutants are substituents in thet position and to thggCH, protons of
indistinguishable from that of MNnPWT2@). The spectra  the proximal His. It is interesting to note that the average
exhibit the Soret band at 467408 nm and two charge- shift value of the four-methyl signals is slightly lower for
transfer bands (CT1 and CT2) at 50204 and 636637 the Asp242 mutants than for the rMNnPWT enzyme. This may
nm, respectively. These spectra are typical of high-spin five- be the result of a different donor strength of the axial His.
coordinate iron(lll) heme systems. In contrast, the spectraBoersma and Goff 26) have shown that the lower the
of the mutants at the same pH of 6.1 except now in phosphateimidazolate character, the higher the quantum mechanical
buffer reveal the appearance of a shoulder at 360 nm. Alsomixing of the S = ¥, and °, states and the smaller the
apparent in some of the mutants are one or two absorptions hyperfine shift.
termeda andp, at 533-535 and 566-565 nm, respectively. The EPR spectra of rMnPWT and the mutants were
These latter features indicate the presence of some low-spirrecorded 84 K in MES buffer (pH 6.1). A representative
iron(lll) species 23). This behavior is not observed in spectrum of these enzymes, that of Asp242Ser, is shown in
rMnPWT or in MNnPWT (L6). The wavelengths of these Figure 2a. The spectra of the various mutants and wild-type
transitions for the various enzyme preparations are listed inenzyme all exhibit a single high-spin axially symmetric
Table 1. species 27). All of the g values, as shown in Table 3, are

TheH NMR spectra of these mutant enzymes at pH 6.1 very close. This suggests that the electronic structure of iron-
in MES buffer are shown as traces d and e of Figure 1. Also (Ill) in the mutants is similar to that of rMnPWT under the
shown in Figure 1 is the spectrum of the rMnPWT (Figure conditions used in the study.
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Table 2: *H NMR Chemical Shift Values for Various MnPs in MES Buffer at pH 6.1 and 298 K
MnPWT shift rMnPWT shift MnPD242E shift MnPD242S shift MnPF190V shift MnPF190L shift

(ppmy (ppm) (ppm) (ppm) (ppm) (ppm)
8-CHy 83.5 80.2 76.2 76.4 79.5 80.5
3-CHy 77.5 75.0 70.0 70.1 75.7 74.9
5-CHg 68.0 66.0 63.7 or 62.0 63.7 or 62.1 66.4 or 65.0 66.2
1-CHs 68.0 66.0 63.7 or 62.0 63.7 or 62.1 66.4 or 65.0 66.2
7-Hy 61.0 59.1
7-Hy 51.0 49.0 46.8 46.6 48.9 49.2
2-Hy 37.5 37.0 35.1 35.1 37.1 37.2
aSee ref24.
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Ficure 3: Electronic absorption spectra of the MnPD242E in 50
mM potassium phosphate buffer, recorded at pH 6.1 (a), 7.5 (b),

and 10.2 (c).
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Ficure 2: EPR spectra of D242SMnP (a) and D242SMnP-CN S o4 | / \
(b) recorded 84 K in MES buffer at pH 6.1. S W// 3 a
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Table 3: g Values of EPR Spectra of rMnPWT and Some of Its 0.0 | ‘ l : i} ‘ ‘ ]
Mutants and Their Cyanide Adducts, Recordéd & in MES 300 400 500 600 700
Buffer at pH 6.1 Wavelength (nm)
enzyme g values FiGURE 4: Electronic absorption spectra of the D242EMnP: (a)
MnPWT 6.01, 1.99 freshly purified, (b) after the sample has been taken to alkaline
rMnPWT 5.97,2.00 pH, and (c) like the conditions for spectrum b but after the addition
MnPD242E 6.01, 2.00 of calcium. The protein is in 50 mM phosphate buffer at pH 6.1.
MnPD242S 5.97, 2.00
MnPF190V 5.97,2.00
MnPF190L 5.98,1.99 are also observed for MNPWT and rMnPWT. However, for
MnPWT-CN- 3.23,2.21,1.77 h | d Ph | h
MNPWT-CN- 3.30, 2.06— the Asp242Ser, Asp242Glu, and Phel90Val mutants, the
MnPD242E-CN 3.10,2.00, 1.21 transition to this complex occurs at much lower pH values
MnPD242S-CN 3.27,2.05,1.22 than in rIMnPWT and Phel190Leu. Electronic spectra shown
mﬁﬁgg\ﬁg,\’\; gié 3'8%': in Figure 3 (trace b), characteristic of a low-spin heme iron-
alkaline form of MnPD242E 2.94. 2.3(5.96, 2.00 (1) ion with bis-histidine coordination, have been previously

observed for the MnP Asp47Ala mutant and for the thermally
inactivated rMnPWT 30). Asp47 is a ligand for the distal

Effect of pH on the Spectral Propertieshe pH depen- alcium (L2), and mutation at this site to an Ala results in

dence of the electronic spectra was studied in phosphate an he loss of this calcium. Thermal inactivation also results in
MES buffers. Like those of native MnRL§), the electronic the loss of this distal célciurrB())

spectra of IMNPWT and its mutants are pH-dependent. Figure :

3 shows the electronic spectrum of the Asp242Glu mutant, Lowering the pH back to 6.1 after subjecting these mutants
recorded at three different pH values. Increasing the pH (F190V, D242S, and D242E) to alkaline pH did not result
above 6.1 in phosphate buffer caused a blue shift from 408in recovery of the original spectrum (data not shown). The
to 412 nm and a decrease in the intensity of the Soretspectrum still maintained the features typical of the bis-
transition. This was observed in all of the mutant enzymes. histidine form, suggesting that the loss of calcium is not
Furthermore, the shoulder at 360 nm anddh&nd bands reversed under these conditions. However, the original
increase in intensity, and the latter two bands shift slightly spectrum can be recovered upon addition of calcium chloride
in their absorption maximum to 530 and 565 nm, respec- (Figure 4) as previously shown by Sutherland et 80)(
tively. These electronic transitions (Figure 3b) are typical Omission of calcium by adding sodium chloride did not cause
of a six-coordinate low-spin iron(lll) species, characterized the same transition. In contrast, MNPWT and MnPF190V
by bis-histidine coordination2@, 28, 29). Similar changes  exhibit fully reversible spectroscopic changes.
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Table 4: Apparent i, Values of lonizations Affecting Electronic
Spectra of Wild-Type and Mutant rMAP

enzyme Kal pKa2 pKa3

rMNPWT  6.79+ 0.08 8.53+ 0.02 9.124 0.22
MnPD242E  5.86t 0.10 6.46+ 0.01 8.67+0.05
(6.324+0.11)  (7.15+£0.02)  (8.85+ 0.05)
MnPD242S  5.94t 0.03 6.46+ 0.01 9.06+ 0.05
(5.854+0.05)  (7.86+0.02)  (9.05+ 0.04)
MnPF190V  5.83t 0.02 6.19+ 0.03 8.82+ 0.08
(5.90+0.06)  (7.16+0.04)  (8.65+ 0.04)
MNnPF190L 5.55t 0.10 8.35+0.10 -
(5.60+0.08) () (9.504+ 0.05)
1 n 1 1 1 n ] n ) i 1

) a Spectra were recorded at 298 K in 50 mM phosphate buffer and in
0 1000 2000 3000 4000 5000 X
25 mM MES buffer (values in parentheses).

Magnetic Field (10#T)

Ficure 5: EPR spectra of the D242EMnP taken at alkaline pH

(7.5) and back to pH 6.1ta K in MES buffer The pH-dependent changes in the absorbance at 407 nm

in phosphate buffer are shown in Figure 6. The calculated

The Asp242Ser mutant was further characterized by EPRPKa values, obtained from fitting the data to three single-
spectroscopy at 4 K. The spectrum of this mutant, when takenproton_proce_sses, are listed in Table 4. The decrease in the
at pH 7.5 and back to pH 6.1 but without addition of calcium SOret intensity at pH<6.1, observed for rMnPWT and
chloride, exhibits the typical low-spin heme iron signajs ( Phe190Leu, has been previously reporteg) &nd is not fully
= 2.94 and 2.30, and the thigivalue was not detected due understood. A Qecrease of _apprommately 2 pH units for the
to its broad feature). The spectrum also shows the presencé®cond transition 2), with respect to rMnPWT and
of trace amounts of high-spin iron(lll) (at 5.96 and 2.00) Phel90Leu, is observed with the other mutants. An ap-
(Figure 5 and Table 380—32). Theg values of the alkaline, ~ Proximately 2 unit decrease in thekg values for the
low-spin form are similar to those reported for protein and alkaline transition was also qbserved for CcP mutants of the
synthetic bis-histidine heme complexe30) The alkaline ~ Same residue (i.e., the proximal Asp 232B,(28).
form has, with respect to the cyanide adducts, a smaller In MES buffer, the Asp242Ser, Asp242Glu, and Phe190Val
magnetic anisotropy which is consistent with the NMR mutants still exhibit the pH-dependent spectral transition
spectra (see below). similar to that observed in phosphate buffer. However, the

Above pH 7 for the mutants and above pH 8.5 for the pK, of the second transition was shifted to higher values
rMnPWT, in phosphate buffer, a blue shift and further (Figure 7). Again, the original species observed at pH 6.1
reduction in Soret intensity are observed. The solution’s color can be recovered from the alkaline form by lowering the
also changed from brown to green. The spectral changespH (back to 6.1) and by adding calcium chloride. In contrast,
observed between pH 7 and 10 are completely reversible;the rMnPWT and the Phel90Leu mutant do not appear to
when the pH is lowered back to 7 from 10, the original lose their calcium ion either MES or phosphate buffer. Thus,
spectrum is observed. The spectrum observed at this higheiit appears that the mutant enzymes are more stable in MES
pH still reveals the presence of a low-spin six-coordinate buffer and the loss of calcium ions occurs at higher pH

iron(l11). values, if it occurs at all.
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Ficure 6: Dependence of the absorbance at 407 nm on pH in 50 mM phosphate buffer for D242SMnP (A), D242EMnP (B), F190LMnP
(C), and F190VMnP (D). The solid lines represent the best fitting of the dependence.
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Ficure 7: Dependence of the absorbance at 407 nm on pH in MES buffer for D242SMnP (A), D242EMnP (B), F190LMnP (C), and
F190VMnP (D). The solid lines represent the best fitting of the dependence.

The instability of concentrated protein solutions in phos-  The low-pH behavior of the NMR spectra is again
phate buffer at alkaline pH prevents NMR characterization. consistent with the observation derived from electronic
This again is most likely due to the loss of calcium (as spectra that indicated no change in the spin state of the iron.

calcium phosphate). In contrast, the samples were stable in  NMR and EPR Spectroscopy of the Cyanide AddMit®,
MES buffer. By increasing the pH to 7.5, we detected very |ike other peroxidases, binds cyanide stoichiometricals) (
broad signals from the high-spin iron(lll) species in the-80 g produce a low-spin iron(lll) form. Due to the faster elec-
60 ppm region of théH NMR spectrum. When the pH is  onic relaxation rates of the iron, which induce smaller signal
further increased, the signals of the high-spin form disappear, |ine widths, the cyanide adduct is more suitable for NMR
but no detectable resonances are observed for the low-spinsparacterization than the high-spin form. Bound cyanide
iron(l1l) species. ThéH NMR signals of the high-spin form  forms a hydrogen bond with the distal His that links it to
reappeared by when the pH was lowered and calciumhe jron jon. This creates a network linking the proximal
chloride was added. These results from the NMR studies, 3nd distal sides. ThéH NMR shift values of the cyanide
with regard to the effect of pH, are consistent with results 54qycts of rMNPWT and its mutants, as well as of LiP, are
obtained from electronic spectroscopy. summarized in Table 5. THel NMR spectrum of rMnPWT
When the spectrum of the Asp242Glu mutant is recorded is indistinguishable from that of the native protein. The
at pH 8.2 and at a lower temperature (289 K), the high-spin assignments shown in Table 5 have been either verified
signals regain partial intensity. This is in contrast to the through two-dimensional NOESY experiments or assigned
spectra recorded at 298 K which do not exhibit any high- by analogy when the signal is identical to that of the wild-
spin signals. The other mutants have a similar temperature-type protein. Analysis of these spectra reveals that (i) the
dependent behavior. This behavior indicates that Hgfqr orientation of the proximal His plane is the same among the
the bis-histidine transition is temperature-dependent, exhibit- mutants, (ii) the steric arrangement of the vinyl groups is
ing a positiveAH of ionization which is consistent with a  the same, and (iii) the distal His has the same orientation as
decrease in I§, as the temperature decreases. The disap-in MNPWT. The orientation of the imidazole plane of the
pearance of the NMR lines is unexpected for low-spin iron- proximal His determines the proton shifts of the groups
(11 systems, as they exhibit favorable electron relaxation, attached to the heme moiety. Thus, the shifts of the 3-CH
producing relatively small line broadening. However, previ- and 8-CH protons, which are the most shifted, are the most
ous studies have already shown that either a severe broadersensitive to minor structural changes. The change in the shift
ing or disappearance of the lines occurs for peroxidases whervalue of 3-CH along the series of these MnP mutants is
the bis-histidine coordination is forme#@g, 33). This signal well below 10%. When the shift of 3-GHincreases, the shift
disappearance could be due to conformational equilibrium of 8-CH; decreases as well (and that of Hof the proximal
on the time scale of 1000°% which is the range of the  His increases in absolute value). This is consistent with a
expected chemical shift separation between the two extremerotation of a few degrees of the proximal His plane, from
forms. The concomitant loss of calcium could be the cause the N (pyrrole >N (pyrrole Il1) direction toward the meseo
of protein flexibility in the distal side. Indeed, MD simula- meso direction. Indeed, from spin density calculations, it has
tions (34) reveal that when the calcium ion is not added to been found that a variation of 10% in the 8-gstifts [when
the system during the simulations, the conformation of the the His plane is making an angle e20° with the N (pyrrole
distal His becomes quite unstable and experiences a largd)—N (pyrrole IIl) direction] should correspond to & Bo-
degree of flexibility. tation of the His plan toward the mesmeso direction35).
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Table 5: Chemical Shift Values for the Cyanide Adducts of rMnP and Fungdl LiP
MnPWT shift rMnPWT shift MnPD242E shift MnPD242S shift MnPF190V shift MnPF190L shift LiP shift

signal (ppmy (ppm) (ppm) (ppm) (ppm) (ppm) (ppmy
2-Hg J 8.6 8.5 8.4
2-Hgeis X -3.4 -3.2 -3.2 -3.3 -3.3 -35
2-Hgyrans \% -3.2 -3.0 -3.0 -3.1 -3.1 -3.8
a-meso a -1.1 -1.0 -1.2 -0.7 -1.1 1.1
3-CHy A 30.7 30.8 28.4 28.7 30.2 30.6 30.1
4-H, E 12.7 13.1 12.9 12.9 13.1 12.9 13.8
4-Hgeis w -2.8 -28 —2.7 —2.7 —2.7 2.8 -3.1
4-Hgrans \Y -1.8 -1.9 -1.9 -2.0 -2.0 -1.8 -1.8

“Ha D 125 12.8 12.9 12.6 12.6 11.6

7-He [ 8.0 8.3 10.1
8-CHs B 20.4 21.2 (21.5) 215 215 20.6 21.0 20.5
d-meso o) 7.0 6.8 7.4
NH,p-His¢ d 12.4 12.4 12.2 12.3 12.1 12.3 11.4
Hp p-His Cc 19.5 19.3 19.5 19.3 17.0
Hp' p-His F 16.9 16.9 16.8 17.0 16.1 16.8 16.5
Ho1 p-His f 15.1 15.0 15.7 16.0 14.6 14.9 14.0
Hel p-His z -11.8 -11.0 -14.9 -15.0 -13.3 -12.1 -8.4
Ho2 p-His H 20.3 21.2 (21.0) 21.4 22.7 20.4 20.7 13.3
Hel d-His 13.4
He2 d-His a 34.2 33.7 34.1 34.1 33.6 33.8 35.2
Ho1 d-His 17.0 17.2 17.1 17.1 17.0 16.8 17.0

aSpectra were obtained in 50 mM phosphate buffer at pH 6.1 and 298&e refs24 and 25. ¢ See refs49 and 50. 9 p-His and d-His are
proximal His and distal His, respectively.

The pattern of the shifts for ¢ Hfyans and Higis Of the change is observed in the Soret band. The amplitude is much
vinyl group indicates that the conformation observed in the smaller for the mutant enzyme at pH 8 than at pH 6 when
X-ray structure of MNPWT is maintained. The shifts of the compared to that of the wild-type protein. This behavior is
distal His essentially arise from pseudocontact shi3§),( consistent with cyanide binding only to the five-coordinate
which are determined by the coordinates of the resonating species but not to the bis-histidine complex.
nuclei within the molecular axes (determined by the magnetic  To further verify this hypothesis, we studied the cyanide
susceptibility tensor principal directions). Therefore, the shifts hinding at pH 8 via NMR spectroscopy. The results indicate
of the protons of the distal His confirm the similarity in the  that at pH 8, a maximum of about 20% of the protein binds
structure of the mutants. cyanide. This is most likely due to the strong bond between

The EPR spectra of the cyanide adducts exhibit signalsthe jron and the distal His in the bis-histidine complex.
characteristic of low-spin iron(ll) specie3Q). Theg values Addition of cyanide does not displace the distal His, and
are listed in Table 3. The spectra also show traces of high-therefore, the cyanide complex is not formed.
spin iron(lll) species. There is also a small signajat 4.3
which is commonly observed in many low-spin iron adducts. DISCUSSION
This signal has been identified to arise from traces of
contaminating non-heme rhombic irad2j (Figure 2b). For A variety of studies have shown that the heme environment
some of the adducts, the high magnetic field feature is not 0f MnP is similar to that of other fungal and plant
observed, due to its large line width. As the protein is very Peroxidases. In addition to the proximal His173 and Asp242,
sensitive to the freezing process at 4 K, the obsegmjues there are two Phe residues near the active site (Phe190 and
can be considered unchanged and within the experimentalPhe45). The proximal Asp (Asp242), which is a conserved
error. in all the peroxidases that have been sequenced, has been

Cyanide Binding to MnP Mutant§he collective results ~ Proposed to impart histidinate character to the proximal
suggest that mutations in the proximal side of the protein histidine by hydrogen bondin@8). This, in turn, is proposed
affect the properties of the distal side. The mutations to stabilize the higher oxidation states of the iron. These
apparently perturb calcium binding on the distal side in a Properties facilitate the formation and stabilization of com-
pH-dependent manner. This, in turn, causes the distal His toPound |, in contrast to what is observed with myoglobin
be more read”y available for coordination to the iron. This where the lower oxidation State, ferrous ion, is stabilized.
was further substantiated by equilibrium studies of cyanide More variability is observed with the proximal Phe residue.
binding. The affinity constanK for cyanide binding was  Itis conserved in LiP, HRP1{l—13), and peanut peroxidases
determined at pH 4.4, 6.0, and 8.0 for both the rMnPWT (39) but not found in CcP40) and ascorbate peroxidases
and the Phe190Val mutant through spectroscopic titration (41), where a Trp is located at this position. Goprinus
with increasing amounts of cyanide. In agreement with Peroxidase, the Phe is replaced by a LéB)(
previous results37), the affinity constant for cyanide binding To study the role of Asp242 and Phe190 in MnP, we have
to rMnPWT did not change with pH, having a value of characterized active mutants obtained from random mu-
approximately 5x 10* M~. For the Phe190Val mutant, a tagenesis and screening. The active mutant enzymes were
relatively small and insignificant decrease in affinity is due to relatively conservative mutations. For Asp242, we
observed by increasing the pH. However, as shown in Figure obtained mutations with Glu and Ser, both of which are
8, a significant change in the amplitude of the absorbance capable of hydrogen bonding with the axial histidine. For
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Phel190, we obtained mutations with Leu and Val (the Trp et al. @0). This mutation alters the distal calcium-binding
mutant was too unstable for characterization here); both aresite, resulting in the loss of calcium. Collectively, these data
hydrophobic residues that presumably do not alter the (in particular the data showing the decrease in tKg for
stereochemistry of the surrounding of the iron. Indeed, the the alkaline transition) suggest that the mutations at position
IH NMR data of the cyanide derivatives definitely demon- 190 and particularly at position 242 influence the coordina-
strate that the orientation of the histidine planes with respecttion of the heme iron, favoring the formation of the bis-
to the heme moiety is maintained. histidine complex. The bis-histidine complex is apparently
Electronic spectra and NMR spectra of heme proteins areformed from the movement of the distal histidine toward
indicators of the spin state of the heme iron(lll). Coordination the heme iron such that it, along with the proximal histidine
by strong-field ligands, such as cyanide or histidine, generates(His46 and His173, respectively), forms a complexe with
low-spin derivatives, whereas an empty coordination site or the iron. Our results indicate that the deprotonation of a group
coordination of weak-field ligands, such as water, yields in the distal pocket can induce a movement in helix B, which
high-spin species. In the electronic spectra, iron heme contains His4612) such that it can now assume the correct
proteins typically exhibit four bands in the visible region. position for coordination to the iron. This movement of helix
Two bands,a and 3, appear near 560 and 540 nm, B produces also a displacement of Asp47, which is adjacent
respectively, and two ligand-to-metal charge-transfer (CT2 to the distal histidine and is one of the calcium ligands.
and CT1) bands occur near 500 and 630 nm, respectivelyMovement of this residue could result in drastically reduced
(43). High-spin derivatives exhibit absorption maxima at the affinity for calcium ions.
CT bands, whereas low-spin derivatives exhibit absorption In this study, we have shown that mutations in the
maxima ato. and 8 bands 23). At pH 6.1, the electronic  proximal site can affect structural properties aid palues
spectra of the wild-type and mutant MnP indicate that the in the distal site. Proximal site mutations caused a decrease
heme iron is predominantly in the five-coordinate high-spin in the K, of an ionization responsible for the alkaline
state 25). In phosphate buffer at pH 6.1, a small fraction is transition by 2 pH units (with the exception of Leu190). Our
in the six-coordinate low-spin state. The amount of the six- results do not allow us to determine how this change is
coordinate low-spin species is estimated to<tH%. The propagated. However, the crystal structure reveals a chain
EPR results, at liquid helium temperature, are consistent with of ordered, conserved water molecules and H-bonds con-
this hypothesis. In fact, the spectra exhibit a single high- necting the proximal site with the distal sites of peroxidases
spin axially symmetric species, typical of high-spin MnP (11, 34). This chain of water molecules may be responsible
(30—32) (Table 3). for the transfer of structural and aeithase changes from
With increases in pH, all the MnP mutants and the wild the proximal to the distal site.
type are converted to the six-coordinate low-spin species. During our spectroscopic studies, we detected anotkgr p
The EPR spectra and the absorption spectra of these low-at higher pH values. A similarky, has been observed in
spin species are identical to those observed after the so-calledeveral other peroxidases as well as in their mutants, but
“alkaline transition” in peroxidases. Such transition produces has always been attributed to protein denaturatid) 23,
in all peroxidases with the exception of HRP, a bis-histidine 28). The reversibility of the pH-dependent changes indicates
coordination at the iron ionl@, 44). The spectra are also an equilibrium between two species. The spectrum of these
identical to those of thermally inactivated MnP and of the mutants at pH above 9 is very similar to that observed for
Asp47Ala mutant of MnP, previously reported by Sutherland thermally inactivated LiP. This observation has led to the
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proposal that partial protein unfolding occurs, thus resulting

in an increased degree of exposure of the heme to the solvent.
The spectroscopic changes at this higher pH may reflect the 10-

coordination of an OH group. This is also consistent with

the blue shift of the Soret band and an increase in the

intensity of thea. and 3 bands.

The electronic andH NMR spectra indicate that the
equilibrium occurring at low pH is between two high-spin
species. A similar acidici, has been observed in CcP and

has been proposed to be caused by deprotonation of either al4:
propionate group or the distal histidine despite the presence

of other candidate acidic groups in the heme cavty 46).

The MnP mutants studied here cannot be characterized at

low pH as they are quite unstable and precipitate. The

tendency to precipitate is only observed for the recombinant

proteins as they approach their isoelectric point [for MNPWT,
pl = 4.5 47)]. Thus glycosylation may play a role in
minimizing protein-protein interactions which result in
precipitation.

Finally, a distinguishing feature of these mutants is that
at high pH, conditions that favor formation of the bis-
histidine complex, no hyperfine-shifted signal is observed.
In contrast, for CcP28, 45) hyperfine-shifted signals have
been observed with shift values typical for a low-spin iron-
(111). However, these signals are relatively broad compared
to what is typically observed for other low-spin systems. In
particular, the hyperfine-shifted signals of systems containing
bis-histidine coordinated iron(lll), such as cytochroime
are quite sharp4@). This could be due to line broadening
as a result of local mobility. The mobility detected through
broadening of the NMR lines is faster than 1008, svhich

corresponds to the frequency separation between different 26.

possible conformations. The axial cyanide group stabilizes
the proximal His-Fe—CN-—distal His moiety and stabilizes
a single conformation. As a result, tHd NMR spectra are
well-resolved and informative. Comparison of these data with

those from other peroxidases suggests that similar environ-
ments surrounding the heme iron are needed for the function

of peroxidases since the shift pattern of all the cyanide

derivatives of peroxidases and their active mutants exhibits

very similar NMR shift patterns. The latter have been found
to be sensitive to the orientation of the proximal His plane
with respect to the heme moiety, thus indicating a very
similar iron ligand orientation.
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