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Role of Calcium in Maintaining the Heme Environment of Manganese PeroXidase

Greg R. J. Sutherlandl.aura Schick ZapantaMing Tien$ and Steven D. Aust¥

Biotechnology Center, Utah State Waisity, Logan, Utah 84322-4705, and Department of Biochemistry and Molecular Biology
and Center for Biomolecular Structure and Function, Perweyla State Uniersity, Unpersity Park, Pennsyhnia 16802

Receied August 28, 1996; Rised Manuscript Recegéd Naember 27, 1996

ABSTRACT. We previously demonstrated that manganese peroxidase from the white-rot Rimayuesro-

chaete chrysosporiurwas very susceptible to thermal inactivation due to the loss of calcium from the
enzyme [Sutherland & Aust (1996ych. Biochem. Biophys. 33228-134]. The structural changes that

occur during thermal inactivation and the release of calcium from manganese peroxidase have now been
characterized. Thermal inactivation caused distinct alterations in the heme environment and slight changes
in the overall protein structure, both of which were reversed upon reactivation of the enzyme with calcium.
The absorption spectrum of inactivated manganese peroxidase was similar to that of low-spin ferric heme
proteins, indicating that a sixth ligand had bound to the distal side of the heme iron. Consistent with
disruption of the distal heme environment, thermally inactivated manganese peroxidase did not react with
hydrogen peroxide to form compound |. The inactive enzyme exhibited a pH-dependent absorption
transition with a K, of 5.7. Studies involving imidazole indicated that the sixth ligand may be a distal
histidine. Low-temperature electron paramagnetic resonance spectroscopy confirmed that the heme iron
of the inactivated form of manganese peroxidase was predominantly in a low-spin state. The
near-ultraviolet/visible circular dichroism spectrum also supported the proposed formation of a highly
symmetric bis(imidazole) heme complex upon thermal inactivation of the enzyme. A recombinant
manganese peroxidase, in which the distal calcium binding site was altered such that calcium binding
would be minimized, was also characterized. This enzyme, D47A, had the same catalytic and spectroscopic
properties and calcium content as thermally inactivated manganese peroxidase. Therefore, the inactivation
and structural changes that occurred during thermal incubation of manganese peroxidase could be explained
by the loss of the distal calcium.

White-rot fungi produce and secrete heme-containing by two electrons by hydrogen peroxide,(b4). This results
peroxidase enzymes which are believed to be responsiblein the formation of the enzyme intermediate referred to as
for the degradation of lignin and a wide variety of environ- compound I, which is an oxyferryl porphyrincation radical
mental pollutants by these fungi (Barr & Aust, 1994; Tien, intermediate. The heme iron is coordinated on the proximal
1987). The two types of peroxidases produced by the white- side by His173 but is not liganded on the distal side
rot fungus Phanerochaete chrysosporiuthat have been  (Sundaramoorthy et al., 1994). This enables oxygen,GbH
purified and characterized are manganese peroxidase {MnP)ig bind to the heme iron during compound | formation
and lignin peroxidase (LiP) (Tien, 1987). The MnP isozymes (Dunford, 1991). The amino acids His46 and Arg42 of the
oxidize Mr#* to Mn**, which can then act as a diffusible  gjstal heme environment have also been proposed to be
oxidant (Glenn et al., 1986; Wariishi et al., 1988). The nyolved in the reaction of ferric MnP with 4@, (Dunford,
production of Mi™ by the extracellular degradation system 1991: Sundaramoorthy et al., 1994). Once formed, com-
of white-rot fungi has been proposed to be particularly qnq | can be reduced back to the ferric form, via compound
important for the degradation of sterically bulky compounds |~ .o 5 equiv of MA* are sequentially oxidized. The
which are unable to access the active site of the perOXidase%;(idation of Mr?* is believed to occur at the heme edge

(Wariishi et al., 1988). rather than in the D, binding site of the distal heme

The catalytic cycle of MnP is similar to that of other : i .
peroxidases (Tien, 1987). The first step of the cycle involves ig\ézt))nment (Kishi et al., 1996; Sundaramoorthy et al.,

the oxidation of the ferric, or resting, form of the enzyme )
Analysis of the crystal structure of MnP revealed the
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1 Abbreviations: MnP, manganese peroxidase; LiP, lignin peroxidase; iliz ati ; ;
EGTA, ethylene glycol big{-aminoethyl etherN,N,N’,N'-tetraacetic the stabilization of the active site of the enzyme.

acid; D47A, the Asp47 mutant of recombinant MnP fr&ncoli; ICP, We recently demonstrated that MnP was particularly

inductively coupled plasma; EPR, electron paramagnetic resonance;s;sceptible to thermal inactivation due to the loss of calcium
CD, circular dichroism; MnP-CN, cyanide adduct of manganese

peroxidase; CCP, cytochronteperoxidase; CT, charge-transfer band Trom_ MI‘_]P (Su'[_herland & Aust, 1996). DU””Q thefrm"_"l
in electronic absorption spectrum of manganese peroxidase. inactivation calcium was released from MnP, and inactivation
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could be prevented and reversed in the presence of calciuminductively coupled plasma (ICP) emission spectroscopy by
Thermally inactivated MnP had one remaining calcium, the Utah State University Analytical Laboratory using a
which was predicted to be the tightly bound calcium in the Thermo Jarrell Ash ICAP-9000 (Franklin, MA). The values

proximal site. Analysis of the crystal structure of MnP
revealed that the distal calcium was liganded by Asp47 of
helix B, which also contained residues proposed to be
involved in the binding of KO, (His46 and Arg42) and Mt
(Glu35 and Glu39) to ferric MnP (Sundaramoorthy et al.,
1994). Therefore it was predicted that the removal of the
distal calcium may disrupt the position of helix B such that
MnP would no longer be active (Sutherland & Aust, 1996).
In this investigation we have characterized the structural
changes that occur during the thermal inactivation and loss
of calcium from MnP. To further investigate the role of the
distal calcium in maintaining the heme environment, we have
characterized a recombinant form of MnP in which Asp47,
a ligand of the distal calcium, was changed to an alanine to
reduce the affinity of this site for calcium.

MATERIALS AND METHODS

Chemicals. Hydrogen peroxide, calcium chloride, imida-
zole, ethylene glycol bigtaminoethyl etherN,N,N',N'-
tetraacetic acid (EGTA), and Trizma base were purchased
from Sigma Chemical Co. (St. Louis, MO). Tris hydro-
chloride, potassium cyanide, and dibasic and monobasic
sodium phosphate were purchased from Mallinckrodt (Paris,
KY). DEAE Bio-Gel A was purchased from Bio-Rad
(Hercules, CA). All solutions were prepared using purified
water (Barnstead NANOpure Il system; specific resistance
18.0 MQ-cm™1). All buffers were passed through a column
of Chelex 100 (Bio-Rad, Richmond, CA).

Enzyme. Pure manganese peroxidase isozyme H4 was
produced from liquid cultures oP. chrysosporiumas
previously described (Tuisel et al., 1990). The enzyme
concentration was determined using the extinction coefficient
at 406 nm of 127 mM! cm™* (Millis et al., 1989).

The activity of MnP was assayed by monitoring the
production of mangane¥e-oxalate using conditions previ-
ously described (Sutherland et al., 1996). Unless stated
otherwise, the thermal incubations of the enzymes were
carried out by placing enzyme mixtures, contained in plastic
vials, in a circulating water bath. Absorption spectra were
acquired in a Shimadzu UV-2101PC scanning spectropho-

unless otherwise stated.
Production and Purification of D47A Site-directed mu-

represent the average and standard deviation of at least three
samples, except for the data for the D47A sample, which is
reported as the average and standard error of two samples
due to the limited amount of the enzyme.

Compound | Formation The formation of compound |
under pseudo-first-order conditions was monitored at 417
nm using a KinTek Instruments three-syringe stopped-flow
spectrophotometer (State College, PA). A detailed descrip-
tion of the operation of this instrument has previously been
published (Kuan et al., 1993).

Electron Paramagnetic Resonance SpectroscgdyEPR
spectra were acquired using a Bruker ESP300 spectrometer
equipped with an Oxford ESR 10 helium flow cryostat and
a DTC-2 temperature controller. The enzyme samples were
concentrated using Centricon-10 concentrators (Amicon, Inc.,
Beverly, MA).

Circular Dichroism SpectroscopyAll CD spectra were
acquired on an Aviv Model 62DS CD spectrometer at room
temperature. The data was collected every 0.5 nm using a
spectral band width of 0.7 nm in the far-UV region (£90
260 nm). In the near-UV/visible region (25650 nm) data
were collected every 1.0 nm at a band width of 1.0 nm. The
molar ellipticity values reported were calculated using protein
molarity. Background spectra of buffers and other reagents
were subtracted from the spectra of the enzyme samples.
The CD spectra recorded in the far-UV region were analyzed
for secondary structure using the Variable Selection computer
program designed by W. C. Johnson at Oregon State
University.

RESULTS

Thermal Inactiation. Absorption spectra acquired during
the thermal inactivation of MnP are shown in Figure 1A.
The inactivation was carried out in the spectrophotometer
cuvette at pH 7.5 and 3% over 20 min in the presence of
0.10 mM EGTA. The changes in the absorption spectrum
of MnP during thermal inactivation are consistent with
changes in the heme environment. A red shift was observed
in the Soret absorption maximum from 407 to 412 nm and
there was a corresponding decrease in absorbance to 68%
that of active enzyme (Table 1). In addition, there was a

weak absorption maximum at approximately 359 nm that

formed during inactivation. There were also distinct changes
in the absorption spectrum of MnP at higher wavelengths.

tagenesis was used to replace aspartic acid residue 47 obyring thermal inactivation, the charge-transfer bands at 504
recombinant MnP with alanine using the recombinant MnP and 637 nm decreased and there was a concomitant increase
expression vector constructed by Whitwam et al. (1995). The in absorbance with maxima at 533 and 561 nm. Isosbestic
protein was expressed and refoldectincoli as previously  points were observed at 349, 414, 469, 523, and 593 nm.
reported (Whitwam & Tien, 1996). The refolding mixture The observed changes in the absorption spectrum were
was dialyzed extensively against 50 mM Tris and 10 mM indicative of a conversion from a high-spin to a low-spin
CaCbh, pH 8. The recombinant protein was purified by ferric heme complex (Hollenberg et al., 1980; Yonetani et
anion-exchange chromatography on DEAE Bio-Gel A (1.5 g, 1966).
x 20 cm) using a linear gradient of 3050 mM CaCj in Because thermal inactivation under similar conditions has
50 mM Tris, pH 8. Column fractions with a high rate of peen shown previously to be due to the release of calcium
absorbance at 407 nm to absorbance at 280 Rinviere  from MnP (Table 2; Sutherland & Aust, 1996), the effect of
pooled and dialyzed against 50 mM Tris, pH 8. The purified caicium on the absorption spectrum of inactive MnP was
D47A had anR; value of 2.4. investigated. The effects of thermal incubation on the
Determination of Calcium Concentration in MnPThe absorption spectrum and activity of MnP were reversed upon
amount of calcium in the MnP samples was determined by the addition of calcium (Figure 1B). Calcium was added to
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. , - 0.14 359 and 544 nm (Figure 3A, Table 1). The absorption
" spectrum of inactive MnP also changed significantly upon
F 012 addition of cyanide (Figure 3B, Table 1). The Soret
absorption maximum shifted from 412 to 420 nm and the
absorption maxima at 533 and 562 nm disappeared with a
concomitant appearance of a maximum at 544 nm. The
absorption spectra of the cyanide adducts of inactive and
active MnP were comparable but not identical. The addition
04 of excess imidazole to the cyanide adduct of inactive MnP
F resulted in an enzyme with an absorption spectrum similar
\ F 0.02 to that of inactive MnP in the absence of cyanide or
I imidazole (Figure 3C, Table 1).

0.0 F e 0.00 pH Dependence of the Absorption Spectrum of lnatéd
80 400 500 600 700 MnP. Shown in Figure 4 is the effect of pH on the
Wavelength (nm) absorption spectrum of thermally inactivated MnP. While
the absorption spectrum of active MnP was not affected by
pH in the range 4.67.5 (data not shown), the absorption
spectrum of inactive MnP was dependent on pH. As the
pH decreased, the absorbance of the Soret maximum at 412
nm decreased and blue-shifted, and the absorbance at 359
nm increased. An isosbestic point was observed at 397 nm.
The pH-dependent transition exhibited la,mf 5.7 (Figure
4, inset). The effect of pH on the absorption spectrum of
inactive MnP was reversed by the addition of imidazole. The
addition of imidazole to inactive MnP at pH 7.5 had no effect
(data not shown), while at pH 4.5, the absorption spectrum
shifted and was almost identical to that of inactive MnP at
pH 7.5 (Figure 4).
300 400 500 600 700 Characterization of D47A The specific activity of
Wavelength (nm) recombinant D47A produced and purified frdincoli, was
Ficure 1: Absorption spectra of thermally inactivated and reac- €SS than 1% compared to active MnP frémchrysosporium
tivated MnP. (A) Absorption spectra during the thermal inactivation and active recombinant wild-type MnP produced fr&mn
of MnP in the spectrophotometer cuvette at°85in 20 mM Tris, coli. Compound | formation was also not observed upon
pH 7.5, and 0.10 mM EGTA. The concentration of MnP was 10._2 the addition of HO,. The absorption spectrum at D47A is

uM. The traces were acquired at 0, 0.5, 1.0, 4.0, 9.0, and 20 min, . . . .
at a scan speed of 18 nm/s, and the corresponding enzyme activitie§|"0Wn in Figure 5. The absorption maxima at 359, 412,

were 100%, 729%, 46%, 28%, 16%, and 3%. (B) Absorption spectra 233, and 561 nm corresponded to those of thermally
of 9.9uM MnP, active (), thermally inactivated (---), and calcium  inactivated MnP. The addition of calcium to D47A did not
reactivated {). The MnP was thermally inactivated a 3C in result in increased activity or a change in the absorption
20 mM Tris, pH 7.5, and 1.0 mM EGTA for 3.5 min to 2% activity. — gnectrym. In addition to having the same spectroscopic and
The inactivated MnP was reactivated to 91% activity following the - . - . .
addition of 1.5 mM CaGland incubation at 36C for 15 min. catalytic properties as inactive MnP, D47A also contained

only one calcium (Table 2).

MnP that had been rapidly thermally inactivated in the = EPR Spectroscopy Shown in Figure 6 are the low-
presence of 1.0 mM EGTA to 2% activity (absorption temperature EPR spectra of active and thermally inactivated
maxima at 359, 412, 533, and 561 nm), and the activity was MnP. The EPR spectrum of active MnP had characteristic
recovered to 91%. The absorption spectrum of the reacti- signals withg-values of 6.01 and 1.99 due to high-spin ferric
vated enzyme had maxima at 407, 504, and 637 nm. Theiron in a symmetric environment (Dunford & Stillman, 1976).
absorption at 407 nm of the reactivated MnP was 92% that However, the EPR spectrum of inactive MnP had high-spin
of the original, fully active enzyme mixture. ferric signals of much less intensity-(6%) and signals at
Compound | Formation The reaction of KO, with g= 2.94, 2.29, 2.07, and 1.48 due to Iow-spin ferric iron,
thermally inactivated MnP was investigated using single- which are typically weaker and broadened (Dunford &
turnover conditions and compared to that with active MnP. Stillman, 1976).
As shown in Figure 2, there was a rapid decrease in |n Figure 7, the EPR spectrum of inactive MnP is shown
absorbance at 417 nm due to the formation of compound Iin comparison to the spectra of inactive MnP at pH 4.5,
upon mixing 25 equiv of KD, with the ferric form of active ~ D47A, and MnP-CN. The spectrum of inactive MnP at
MnP. Thekys for the reaction was 42°%, consistent with pH 4.5 had low-spin signals at= 2.89, 2.49, 2.29, 2.09,
previously reported data. However, there was no significant and 1.80. The spectrum of D47A was very similar to that
decrease in the absorbance at 417 nm upon mixing 25 equivof inactive MnP, with a small high-spin ferric signal and
of H20, with thermally inactivated MnP over either the time  Jow-spin signals withg-values of 2.94, 2.30, 2.07, and 1.48.
scale of this experiment or longer time. There were no high-spin ferric signals detected in the EPR
Cyanide Deriatives of MnP. The absorption spectrum  spectrum of MNP-CN, but the low-spin ferric signals were
of the cyanide adduct of active MnP (MafEN) had a red- atg = 3.23, 2.21, and 1.77. There was also a small signal
shifted Soret maximum (422 nm) in addition to maxima at atg ~ 4.3 in all of the samples with low-spin MnP which

“ t=20

Absorbance Units
Absorbance Units

Absorbance Units
Absorbance Units
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Table 1: Spectroscopic Parameters of MInP

proteirP o° Soret CT2 B o CT1
MnP 407 (127) 504 (8.5) 637 (2.8)
MnP—CN 359 (26) 422 (81) 544 (9.5)
inactive MnP 359 (29) 412 (86) 533 (7.4) 561 (5.7)
(inactive MnP)-CN 359 (28) 420 (81) 543 (9.1)
(inactive MnP)-CN+ imidazolé 359 (26) 414 (85) 533 (8.0) 565 (6.0)
D47A 359 412 533 561

a Amax Values are in nanometers; extinction coefficients (Mildm=2) are given in parentheseSAll absorption spectra were recorded at pH 8.0.
¢4, Soret, CT28, a, and CT1 represent the type of the absorption b&@T refers to a charge-transfer bafdhis sample was (inactive MnP)-
CN incubated with imidazole as described in the legend to Figure 3.

Table 2: Amount of Calcium in MnP A 1.4 I f T T E 0.14
) . : 012 @
enzyme sample mol of €&mol of MnP* = 3 =
- 0.10
MnP 3.9+ 0.2 2 : 3
inactive MnP 1.0+ 0.1° Q - 008 o
D47A 1.0+£0.1 S E 006 §
Ey r [ g
a Concentration of calcium determined by ICP emission spectroscopy. 2 F 0.04 2
b These values were reported previously by Sutherland and Aust (1996). ﬂ E 0.02 ﬁ
To prepare inactive MnP, the enzyme was inactivated to less than 5% E o F
activity at pH 7.1, 37C, in the presence of EGTA and then separated 0.0 e et 0.00
from the low molecular weight fraction. 300 400 500 600 700
Wavelength (nm)
0.085 T T T T B 14 ER T T T : 0.14
: b 2 Fo12 @
0.080 - MMWMWW 5 - 010 5
] @ o
0.075 e "— 0.08 g
E ] 8 006 8
< 0070 1 ) - 004 @
3 ] < F ooz €
® 0.065 E W
8 1 0.0 =l 0.00
S 0.060 300 400 500 600 700
'g 1 Wavelength (nm)
é 0.055 c 1.0 7 1 | , g 0.14
0.050 2 - 012 @
050 € 5 €
] S 5—0.10 35
0.045 3 Eoos 8
] c £ =
1 g - 006 3
0040 Frv— v - 1 5 r °
‘ ' ‘ ‘ ] - 004 §
0.00 0.03 0.06 0.09 0.12 0.15 o F g-]
) « \ \ - 002 <
Time (sec) 1 b
) 0.0 v o 0,00
FIGURe 2: Absorbance at 417 nm of active and thermally 300 400 500 600 700

inactivated MnP upon addition ofJ3,. (a) Active and (b) thermally
inactivated MnP, prepared as described in the legend to Figure 1B,
were mixed with 25 equiv of kD, at pH 7.0 such that the final ~ Ficure 3: Effect of cyanide on the absorption spectrum of active
concentrations in the reaction mixture were AN MnP, 25uM and thermally inactivated MnP. (A) Absorption spectra of active
H.0,, and 50 mM Tris, pH 7.0. MnP, 9.7uM, in 20 mM Tris, pH 8.0, in the absence-{) and

. . . presence-) of 5 mM potassium cyanide. (B) Absorption spectra
has been observed in other low-spin iron heme proteins andys 4ctive MnP, 9.8:M in 20 mM Tris, pH 8.0 ¢-+). The enzyme

has been attributed to non-heme rhombic iron (Blumberg et sample was inactivated as described in the legend of Figure 1B to
al., 1968). 4% activity (---) and then incubated with 5 mM potassium cyanide
Circular Dichroism. Circular dichroism was utilized to (7). (C) Absorption spectra of the cyanide adduct of inactive MnP,
investigate the effects of thermal inactivation on the second- ﬁ;?g:zrgl‘l as in (B), in absence)(and presence (—) of 50 mM
ary structure of MnP. As shown in Figure 8A, the far-Uv '
CD spectrum of active MnP had features characteristic of a computational analysis of this spectrum indicated that there
protein with a large amount af-helical structure. Com-  was slightly lessx-helical structure (26%) in inactive MnP;
putational analysis of the spectrum indicated that active MnP however, the fit to the data was poor. The alterations in the
had 35% a-helical content and essentially n6-sheet protein structure of inactive MnP detected by CD were
structure. This was consistent with the crystallographic reversed upon reactivation of the enzyme with calcium
analysis of MnP which reported that 35% of the amino acids (Figure 8C).
were present it-helices (Sundaramoorthy et al., 1994). The  The heme environment of the active and inactive forms
CD spectrum of thermally inactivated MnP (Figure 8B) of MnP were further compared by analyzing the CD spectra
differed from that of active MnP. The ellipticity was slightly in the near-UV/visible region. The CD spectrum of active
less at 222 nm but was greater at 208 nm. The results ofMnP from 250 to 650 nm (Figure 9A) exhibited negative

Wavelength {(nm)
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Ficure 4: Effect of pH on the absorption spectrum of thermally
inactivated MnP. Inactivated MnP, prepared as described in the 300 1000 1500 2000 2500 3000 3500 4000 4500 5000
legend of Figure 1B, was diluted in excess sodium phosphate buffer Field (G)

of varying pH such that the final concentrations were@d2MnP )
and 50 mM phosphate, pH 7.5, pH 5.5 ¢++), and pH 4.5 (---). FiGURE 6: Low-temperature EPR spectra of active and thermally

Imidazole was added to the sample of inactive MnP at pH 4.5 to inactivated MnP. The samples contained (a) 250 active MnP

a final concentration of 5 mM (--). The inset shows the pH and (b) 25QuM thermally inactivated MnP, prepared as described
dependence of the absorption spectrum of inactive MnP. The ratio IN the legend to Figure 1B and concentrated in 20 mM Tris, pH
of absorbance at 412 nm to absorbance at 359 nm was plotted v<8-0- Acquisition conditions were as follows: temperature, 10 K;

pH. The line drawn was a fit to the Hendersdrasselbalch ~ Microwave frequency, 9.65 GHz; microwave power, 1.01 mW;
equation using alf, of 5.7. modulation amplitude, 5 G; modulation frequency; 100 kHz; time

constant, 81.92 ms; conversion time, 81.92 ms; receiver gain, 1

0.90 7 . ] . 0.18 10t
] r EGTA, which results in the release of calcium from, and
0.75 L 015 inactivation of, MnP (Sutherland & Aust, 1996). There were
] i clearly changes that occurred in the heme environment during
* ] I " this process. The red shift and decreased intensity of the
£ 0607 r 012 = Soret absorbance and the appearance of absorption maxima
P [ 2 at 359, 533, and 562 nm were indicative of a conversion of
§ 0.45 - 0.09 g the heme ferric iron from a high-spin pentacoordinate to a
g 1 i g Iow-spin.hexacoordinate complex (Hollenperg (_at al., 1980;
2 050 " oos & Yonetam et al.l, 1966). There were |sospest|c pomts_obsgrved
< T Fo < in the absorption spectrum of MnP during thermal inactiva-
] ; tion, indicating that the conversion of the active enzyme
0.15 - 0.03 structure to the inactive enzyme structure occurred with no
i observed intermediates. Previously we had concluded that
000 Ml g0 the decrease in absorbance of the Soret band was due to the
300 400 500 600 200 loss of heme from the enzyme (Sutherland & Aust, 1996).

In those previous experiments in which the absorption
) ) o spectrum of MnP was monitored, the concentration of MnP
FIGURES: Absorption spectrum of D47A in the near-UV and visible |55 too low to check the spectrum at wavelengths greater
regions. The sample contained approximately(MAsp47Ala in . - o
5 mM Tris, pH 8.0. than 450 nm and the enzyme was only inactivated to 25%
at pH 6.5. Therefore the only change observed in the
ellipticity with a maximum at 407 nm due to the heme Soret @bsorption spectrum of MnP was a decrease in heme
absorbance. Shown in panels B and C of Figure 9 are the@bsorbance at 407 nm. The conclusion that this was due to
CD spectra of MNnP-CN and thermally inactivated Mnp, the loss of heme was supported by the observation that
respectively. The CD signal due to the Soret absorbance of€Nzyme was only reactivated to 60% activity with calcium.
MnP—CN exhibited large negative ellipticity with a maxi- Howeyer, under the condmonsl utilized for th_e reactivation
mum at 422 nm. However, inactive MnP had very weak €xPperiments in this study, using EGTA, higher enzyme
and positive ellipticity in the Soret region. concentration, and a lower temperature of incubation fol-
lowing the addition of calcium, it was possible to reactivate
DISCUSSION MnP to 91% of the original activity (from 2%). In addition,
the absorption spectrum of inactive MnP reverted to that of
Thermal Inactiation. In this investigation we have active enzyme, with peaks at 407, 504, and 637 nm, upon
spectroscopically characterized the structural changes thateactivation with calcium. This indicated that during the
occur in MnP during thermal incubation in the presence of inactivation and loss of calcium from MnP, the decrease in

Wavelength (nm)
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FIGURE 7: Low-temperature EPR spectra of thermally inactivated 60
MnP, D47A and MnP-CN. (a) Inactive MnP prepared as described . R
in the legend to Figure 7; (b) inactive MnP from (a) with pH 190 200 210 220 230 240 250 260
adjusted to 4.5 with phosphate buffer; (¢c) D47A in 20 mM Tris, wavelength (nm)

H 8.0; (d) active MnP in 20 mM Tris, pH 8.0, and 10 mM . . . . .
Botassiur(n)cyanide. All enzyme concentpations were 250 Ficure 8: Circular dichroism spectra of MnP in the far-UV region.

Acquisition conditions were as described in the legend to Figure (A) Active MnP; (B) thermally inactivated MnP prepared as Figure
7. q 9 9 1B; (C) MnP reactivated with calcium as described in the legend

to Figure 1B.

heme absorbance was not due to loss of heme. Rather, the
heme environment of MnP was significantly altered such was proposed that if the change in the heme environment of
that the extinction coefficient decreased. However, the thermally inactivated MnP was due to the binding of a sixth
effects of thermal incubation on both the structure of the iron ligand, then in the presence of excess cyanide, the sixth
heme environment and the activity were reversed with ligand may be replaced by cyanide and the absorption
calcium. spectrum would be the same as that of MitftN. Indeed,

Compound | Formation To further investigate the effects the absorption spectrum of thermally inactivated MnP was
of the change in heme environment caused by thermalaltered significantly upon the addition of cyanide and was
inactivation, the reaction of ferric enzyme with® was similar to that of MNP-CN. This demonstrated that heme
studied and it was shown that thermally inactivated MnP was not lost during thermal inactivation and further supported
did not form compound I. In active MnP, this reaction is the proposal that thermal inactivation of MnP caused
believed to occur in the distal heme pocket and to involve predominantly a change in the heme environment due to
His46 and Arg42 (Dunford, 1991; Sundaramoorthy et al., acquiring a sixth ligand to the iron. However, the spectra
1994). Therefore, the distal heme environment, and in of the cyanide adducts of active and inactive MnP were not
particular the interaction between the heme iron and theseidentical, indicating there were still other slight differences
amino acid residues, was disrupted in the thermally inacti- in the heme environment. These slight differences may be
vated MnP. This was consistent with the hypothesis that due to an interaction between the iron-bound cyanide and a
the distal calcium was lost during thermal inactivation and distal amino acid residue which may have previously been
that the role of this calcium was to maintain the structural the sixth iron ligand in thermally inactivated MnP. The
integrity of the distal heme environment, in particular helix absorption spectrum of the cyanide adduct of inactive MnP
B, which contains His46 and Arg42. in the presence of excess imidazole was very similar to that

Cyanide Deriatives of MnR Since the absorption of inactive MnP. This suggested that the sixth iron ligand
spectrum of thermally inactivated MnP appeared to be similar of inactive MnP was histidine.
to that of other low-spin ferric heme proteins, cyanide was pH Dependence of the Absorption Spectrum of lnatdid
utilized to prepare a low-spin derivative of MnP. The MnP. Thermally inactivated MnP exhibited a pH-dependent
absorption spectrum of the MRFECN had features similar  transition that was monitored by optical absorption spec-
to thermally inactivated MnP and other low-spin ferric heme troscopy. This transition, which did not occur in active MnP,
proteins (Hollenberg et al., 1980; Yonetani et al., 1966). It had a K, of 5.7. The structure of the heme environment of
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A R R S B S S B addition of imidazole. It was probably only possible for
] imidazole to access the distal heme environment of MnP
] following the removal of the distal calcium, which may allow
2 7 the protein to be more flexible.
] Spin State of MnP The low-temperature EPR spectra for
active MnP and MnP-CN demonstrated that these species

[0]1x10°*
(deg-cm2 / dmol)
A
|
Il

6 * T were completely high-spin and low-spin, respectively. As
8 predicted from the absorption spectra, thermally inactivated
250 300 350 400 450 500 550 600 650 MnP, at pH 7.5 and 4.5, had slightly different heme

environments but both were predominantly low-spin.

Wavelength (nm) . : ; /
Circular Dichroism The amount ofx-helical structure

B e (35%) present in active MnP was accurately predicted by
0] computational analysis of the far-UV CD spectrum. The CD
] spectra of inactive and calcium-reactivated MnP indicated

2 ] that there were clearly some changes in the protein structure

that occurred upon inactivation and that the changes were

[©1x10*
(deg-cm?/ dmol)

-4
] 1 reversible. Following the reactivation of the enzyme with
6 1 excess calcium, the protein structure, as monitored by CD,
-8 e was the same as that of the original active enzyme. The
250 300 350 400 450 500 550 600 650 difference in the far-UVv CD spectrum of inactivated MnP
Wavelength (nm) may be due to a loss af-helical structure, from 35% to

26%, as predicted by computational analysis; however, the
computer-generated fit to the spectrum was poor for inactive
MnP. We attribute the difference in the spectra to a
disruption of then-helices that were structurally maintained
by calcium lost during inactivation. Of particular importance
to the activity of MnP is the structure of helix B containing

[e1x10°*
(deg-cm? / dmol)

6 i His46, which could be disrupted due to the loss of the distal
] calcium.

8 T If His46 was directly bound to the heme iron in thermally

250 300 350 400 450 500 550 600 650 inactivated MnP, at pH 7.5, the protein would have a very

Wavelength (nm) symmetric bis(imidazole) heme structure. The hydrogen

FiGURe9: Circular dichroism spectra of MnP in the near-UV/visible  bonding of thedN1 of the two histidine ligands would further
regions. (A) Active MnP; (B) MnP-CN prepared as in Figure 3A;  extend the symmetry. Analysis of the crystal structure of
(C) thermally inactivated MnP prepared as described in the legend MnP showed that the proximal ligand, His173, was hydrogen-
to Figure 1B. bonded to Asp242 and that the distal His46 was hydrogen-
cytochromec peroxidase (CCP) and all CCP mutants except bonded to Asn80 (Sundaramoorthy et al., 1994). The
H52L, have also been shown to be dependent on pH predicted symmetry was demonstrated in the CD spectrum
(Smulevich et al., 1991; Turano et al., 1995; Vitello et al., of inactive MnP in the near-UV/visible region. While the
1993; Yonetani et al., 1966). The pH-dependent transition extinction coefficient of the Soret absorbance maximum of
in CCP involved the ligation of the distal histidine (His52) inactive MnP was 68% that of active MnP, the ellipticity,
to the heme iron (Smulevich et al., 1991). In all cases the which is more sensitive to changes in symmetry, was barely
resulting low-spin bis(imidazole) complexes had absorption detected for inactive MnP. Such an effect on the symmetry
spectra similar to inactive MnP with absorption maxima at and CD spectrum of the heme was not purely due to the
~533 and 563 nm (Smulevich et al., 1991). We propose binding of a sixth ligand and conversion to a low-spin state.
that the ligation of His52 to the iron was possible in active The CD spectrum of the low-spin cyanide adduct of MnP
CCP because it did not contain calcium to maintain the heme exhibited an ellipticity comparable to the original high-spin
environment structure (Poulos et al., 1980). Only thermally pentacoordinate heme protein.

inactivated MnP, in which calcium was removed, existed as Characterization of D47A The role of the distal calcium

a low-spin species in this pH range. The loss of the distal in maintaining the distal heme environment was further
calcium may have allowed for movement of thehelix investigated by determining the effect of changing the
containing His46 and liganding of His46 to the iron. It was aspartate in this calcium binding site to alanine. It was
proposed that the pH-dependent transition observed inpredicted that the resulting protein, D47A, would have a
inactive MnP was due to the protonation of His46, which lower affinity for calcium in the distal binding site and thus
disrupted the direct liganding of His46 to the heme iron and may be similar in structure to thermally inactivated MnP
resulted in the formation of a complex with water bridged which contained only one calcium, believed to be in the
between the heme iron and His46. The proposal that aproximal calcium binding site. Indeed, D47A had the same
histidine was the sixth iron ligand in inactive MnP, at pH characteristics as thermally inactivated MnP. The protein
7.5, was further supported by the observation that the additionwas inactive under steady-state conditions and did not form
of excess imidazole to inactive MnP at pH 4.5 resulted in a compound | in the presence of,6. In addition, the
complex with an absorption spectrum almost identical to that absorption spectrum of D47A, with maxima at 359, 412, 533,
of inactive MnP at pH 7.5. No such change was observed and 561 nm, was the same as that for thermally inactivated
in the absorption spectrum of active MnP following the MnP and the low-temperature EPR spectrum confirmed that
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the protein was predominantly low-spin with a similar heme Asn80
environment as inactive MnP. While the structural changes 1 Asn80
in thermally inactivated MnP could be reversed by calcium, i . !
calcium had no effect on D47A. To confirm that the distal N His 46 H
calcium binding site of MnP was disrupted by the conversion <\ T d__ . His4e
of aspartate to alanine, the calcium content of D47A was N Ca(ll <\ ]j
analyzed, and indeed, it only contained one calcium. ? N

The properties of D47A demonstrated that the same ]Fe” Fle+3
structural changes could be incurred either through alteration N N
of the distal calcium binding site or through thermal <\ ]\h <\ l__
inactivation resulting in the loss of calcium. This provides His173 | His173

N N
|

very strong evidence to support the proposal that the !
structural changes which occurred in MnP during thermal Asp242 Asp242
Inactlvatlpn were due to the '93,5 of the .dlstallcalcmm, which Ficure 10: Diagram representing the proposed structural changes
must be important for maintaining the integrity of the heme that occur in the heme environment of MnP during thermal
environment. This was also consistent with the spectroscopicinactivation.
data and indicate the formation of a low-spin, symmetric,
bis(imidazole) heme complex. The formation of such a (Sutherland & Aust, 1996). We have now provided evidence
complex was best explained by the movement of helix B, to explain why the release of calcium from MnP resulted in
no longer structurally maintained by the distal calcium, such enzyme inactivation. Upon the thermal inactivation and loss
that His46 would be capable of liganding the heme iron, of calcium from MnP, there was a distinct change in the
rendering MnP inactive. heme environment and secondary structure of the enzyme

Summary It has been reported that many peroxidases that could be reversed by calcium. This structural change
contain calcium and it has been predicted that calcium disrupted the distal heme environment of MnP and resulted
maintains the structural stability of these enzymes (Booth et in a sixth ligand to the distal side of the heme iron, converting
al., 1989; Haschke & Friedhoff, 1978; Hu et al., 1987; Poulos the spin state of the iron from high-spin to low-spin. Further
et al., 1993; Shiro et al., 1986; Sundaramoorthy et al., 1994; evidence was provided to suggest that the sixth ligand was
van Huystee et al., 1992). However, it appears that the roleHis46. This amino acid residue exists above the heme iron
of calcium in other peroxidases may be different than in in helix B, which is believed to be structurally maintained
manganese peroxidase. Both horseradish and cationic peanidn active MnP by the calcium bound on the distal side of
peroxidase contain two calciums, but the calcium was the heme (Sundaramoorthy et al., 1994). It was proposed
completely removed from horseradish peroxidase and cat-that during thermal incubation the distal calcium was
ionic peanut peroxidase and the enzymes were still 40% andremoved, which provided helix B more flexibility such that
50% active, respectively (Haschke & Friedhoff, 1978; Shiro His46 liganded to the heme iron, rendering MnP inactive
et al.,, 1986; Hu et al.,, 1987; van Huystee et al., 1992; (Figure 10). This proposal was supported by the observation
Schuller et al.,, 1996). Horseradish peroxidase without that D47A had the same calcium content and spectroscopic
calcium was shown to have some low-spin character but theand catalytic properties as thermally inactivated MnP, except
rate of compound | formation was not affected (Shiro et al., that D47A could not be reactivated with calcium. Therefore,
1986). The complete removal of calcium from cationic disruption of the distal calcium binding site was sufficient
peanut peroxidase had very little effect on the absorption to cause the same structural and activity changes to MnP as
spectrum (Maranon et al., 1993). Although the calcium thermal inactivation. It was thus concluded that thermal
binding sites of horseradish peroxidase have not beeninactivation was due to the removal of the distal calcium
identified, the recently solved crystal structure of peanut and that this calcium was required for activity because it
peroxidase has been proposed to be a model for horseradisimaintained the structural integrity of the distal heme environ-
peroxidase (Schuller et al., 1996). The two calcium binding ment of MnP.
sites identified in peanut peroxidase were in the same position
as the distal and proximal calcium binding sites of MnP and ACKNOWLEDGMENT
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