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ABSTRACT. Manganese peroxidase (MnP) is a heme-containing enzyme produced by white-rot fungi and
is part of the extracellular lignin degrading system in these organisms. MnP is unique among Mn binding
enzymes in its ability to bind and oxidize Mand efficiently release Mh. Initial site-directed mutagenesis
studies identified the residues E35, E39, and D179 as the Mn binding ligands. However, an E39D variant
was recently reported to display wild-type Mn binding and rate of oxidation, calling into question the
role of E39 as an Mn ligand. To investigate this hypothesis, we performed computer modeling studies
which indicated metatligand bond distances in the E39D variant and in an E3EB9D—-D179E triple

variant which might allow Mn binding and oxidation. To test the model, we reconstructed the E35D and
E39D variants used in the previous study, as well as an E39A single variant and the-E38D—

D179E triple variant of MnP isozyme 1 frofRhanerochaete chrysosporiutwe find that all of the
variant proteins are impaired for Mivinding (Kn increases 2030-fold) and M oxidation k..:decreases
50—400-fold) in both the steady state and the transient state. In particular, mutation of the E39 residue in
MnP decreases both Mn binding and oxidation. The catalytic efficiency of the E39A variants decreased
~10*fold, while that of the E39D variant decreased0*-fold. Contrary to initial modeling results, the

triple variant performed only as well as any of the single Mn ligand variants. Interestingly, the catalytic
efficiency of the triple variant decreased only*46ld, which is ~10?-fold better than that reported for

the E35Q-D179N double variant. These combined studies indicate that precise geometry of the Mn ligands
within the Mn binding site of MnP is essential for the efficient binding, oxidation, and release of Mn by
this enzyme. The results clearly indicate that E39 is a Mn ligand and that mutation of this ligand decreases
both Mn binding and the rate of Mn oxidation.

White-rot fungi are uniquely adapted to degrade lignin, a  P. chrysosporiunproduces a series of extracellular MnP
phenylpropanoid cell wall polymer which provides rigidity, isozymes under ligninolytic conditionslZ, 13. MnP
cell adhesion, and microbial resistance to vascular plantsisozyme 1 has been purified and studied extensively by a
(1, 2. The best-studied white-rot basidiomyce®nanero- variety of biochemical and biophysical metho8s 12, 14-
chaete chrysosporiunpreferentially degrades lignin under 16). Spectroscopic, DNA sequence comparison, and X-ray
nutrient nitrogen limiting (idiophasic) conditions by secreting crystallographic studies indicate that the heme environment
enzymes, including lignin and manganese peroxidase$ (LiP of MnP is similar to that of other plant and fungal peroxidases
and MnP), and a hydrogen peroxide generating system(17—23). Kinetic and spectroscopic characterization of the
(3—6). Though specific components of the lignin degrading native and oxidized intermediates of MnP indicates that the
machinery of various white-rot fungi vary, manganese catalytic cycle is similar to that of other plant and fungal
peroxidases (MnPs) have been detected in virtually all lignin peroxidases 15, 24. However, MnP is uniqgue among
degrading fungi so far studied{11). peroxidases in utilizing Mhas its primary reducing substrate
(14, 15. The peroxidatic cycle is as follows:
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enough to diffuse from the enzyme and oxidize terminal
phenolic substrates, including lignir2q) and aromatic
pollutants 28—31). Oxidation of nonphenolic lignin sub-

Youngs et al.

structure data for wild-type MnP were obtained from the
Protein Data Bank file 1mnpl@). As recommended by the
software documentation, ligands and Mn were first manually

structures by MnP has been proposed to occur via radicaltranslated/rotated to avoid steric interactions following

mediators 82, 33.

The Mn' binding site of MnP isozyme 1 fronP.
chrysosporiunwas identified by X-ray crystallographic and
initial site-directed mutagenesis studid®( 34-36). The
MnP crystal structure indicates that enzyme-bound' i4n
hexacoordinate with two water ligands and four carboxylate
ligands from heme propionate 6 and three amino acid
residues: D179, E35, and E3B9j. Several variant MnPs
D179N, E35Q, E39Q, and D179NE35Q—were created by
exchanging the amino acid carboxylate ligands for their
respective amides via site-directed mutagenesis aftiel
gene 84, 35. The amino acid substitutions were chosen to
maintain steric constraints within the site while abolishing
Mn" ligation. Binding and oxidation of Mhwere greatly

reduced in all of the variant enzymes. In all other respects,

including reactivity toward kD, and substrates with alternate
binding sites, the variant enzymes were similar to the wild
type, indicating that the mutations specifically affected'Mn
binding and oxidation rather than the overall structure or
function of the enzyme34, 35. This was confirmed by
X-ray crystallographic analysis of the variants, which clearly
showed disruption of the Mn binding site while other
structural features remained unchang®).(

introduction of mutation. The structures were then subjected
to successive energy minimization using the GROMOS96
protocol 89). Structures were then rendered using the POV-
Ray for Windows 3.1 g.watcom.win32 rendering engine

(Persistence of Vision Development Team).

Construction of Transformation PlasmidSite-directed
mutations were introduced into the pGM1 plasm&b)(
which contains 1.1 kb of thgpd promoter fused to the
coding region of P. chrysosporium mnpht the ATG
translation initiation codon, by the PCR-based Quikchange
(Stratagene) method. Forward and reverse primers 206
bp) containing altered codons were obtained to introduce the
mutations for each amino acid. The GAG codon for E39
was changed to GAC (E39D) or GCG (E39A). The GAA
codon for E35 was changed to GAC (E35D). The triple
variant was constructed by successive rounds of the
Quikchange protocol. The E39D construct was used to create
an E39D-E35D double mutation. Subsequently, the GAC
codon of D179 of this double variant was altered to GAG
(D179E) to create the E39EE35D—-D179E triple variant.
Following mutagenesis, the plasmids were isolated and
sequenced in both directions to confirm the mutations and
check for any other sequence alterations. Plasmids were

As a result of these combined studies, D179, E35, and double-digested, and théa —EcoRI fragments, containing

E39 were identified as Mhligands. However, a recent

thegpdpromoter and mutateshnplgenes, were subcloned

mutagenesis study of these ligands has raised doubts regardnto pOGI18 @8, 40, a P. chrysosporiuntransformation

ing the importance of E39 in Mnbinding and oxidation

plasmid containing th&chizophyllum commune ada®ino-

(37). In that study, site-directed mutagenesis was used toimidazole ribonucleotide synthetase gene as a selectable
shorten the alkyl side chains of the E35 and E39 ligands by marker. The entirennp1 coding regions of the resulting
isochemical substitution to produce E35D and E39D mutant plasmids were sequenced to again verify the mutations and

mnpgenes. A D179A variant was also made. The proteins
were then heterologously expressedtircoli, isolated from
inclusion bodies, and reconstituted. The D179A and E35D
variants exhibited characteristics similar to the previous
single variant MnPs (D179N and E35Q), including increased
Km for Mn" and decreased,; values 87). In striking contrast

to the previous E39Q varian8%), the E39D variant was
claimed to exhibit wild-type characteristics including wild-
type kinetics for M binding and oxidation under both
steady-state and transient-state conditiddid.(Those in-
vestigators concluded that E39 was “not critically important”
to Mn" binding nor electron transfer from Mnto the
enzyme. In this paper, we reexamine the role of E39 il Mn
binding and oxidation through computer modeling and

steady-state and transient-state kinetic analysis of our own

to ensure no other sequence alterations occurred.

Transformation of P. chrysosporiurRrotoplasts of the
Ade™ strain OGC107-1 were transformed as descrits8] (
40—42), using 1ug of EcdRl-linearized plasmid as the
transforming DNA. Prototrophic transformants were trans-
ferred to minimal medium slants to confirm adenine pro-
totrophy and were subsequently assayed for MnP activity
using theo-anisidine plate assay as described previoutdy. (
Transformants exhibiting the highest activity on plates were
purified by fruiting as described previously3), and the
progeny were rescreened for MnP activity by the plate assay.
The purified transformants exhibiting the highest activity in
large shaking cultures were selected for further study.

Production and Purification of Variant MnP Proteins.

homologously expressed E39D variant as well as a new Selected transformants were maintained on MYV slants and

variant, E39A. We also probe the flexibility of the Mn
binding site in MnP by examining an isochemical triple
variant, D179E-E35D—E39D.

EXPERIMENTAL PROCEDURES

Organisms. P. chrysosporiumild-type strain OGC101,
auxotropic strain OGC107-1 (Adel), and prototrophic trans-
formants were maintained as described previous§).(
Escherichia coliDH5a was used for subcloning plasmids.

Molecular Modeling.Structures were modeled using the
Swiss PDB Viewer v3.6b3 (Glaxo-Wellcome). The crystal

grown in high carborthigh nitrogen (HCHN) liquid medium

in stationary culture from conidial inocula as described
previously @2). These stationary cultures were homogenized
and used as inocula for shaking cultures contgriin_ of
liquid medium in 2-L flasks, and were grown for 3 days at
28 °C. The extracellular medium was filtered and concen-
trated, and the variant MnP proteins were purified by a
combination of Phenyl Sepharose CL-6B hydrophobic
interaction, Cibacron blue 3GA dye affinity, and MonoQ
anionic exchange chromatographies as described previously
(35, 49. Purified variant enzyme had Rz valuest and
yields of ~2 mgL~t The enzyme concentration was
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Ficure 1: (A) Mn" binding site of wild-type manganese peroxidase isozyme 1 fPorchrysosporiunfrom X-ray crystal structure data

(19). Mn" binding sites of the (B) E39D single variant and (C, D) DDE (E3¥EB5D—-D179E) triple variant could be modeled with either
retention of the wild-type geometry (B, C) or optimization of ligand bond distances (D), but not both. Mutated residues are underlined.
Mn—ligand distances are reported in angstroms. Structures were modeled using the Swiss PDB Viewer v3.6b3 and POV-Ray for Windows
as described.

determined using s = 129 mM-cm (12). Wild-type amplification of recombinantnnp primers in both thegpd
enzyme was produced as described previoud. ( andmnpgenes were selected. The 19-bp forward primer in

Spectroscopic Procedures and Kinetic AnalyBigectronic the PCR reaction annealed to tied promoter 75 bp 5of
absorption spectra and steady-state kinetic analyses weréhe mnp ATG (42). The 24-bp reverse primer annealed to
performed using a Shimadzu UV-260 spectrophotometer atthe first 13 bp of intron IV and 12 bp of exon Il in the
room temperature. Steady-state'Mixidation was measured mnplgene. The resulting 685-bp fragment was purified using
as the formation of MH-malonate, followed at 270 nm the QIAquick PCR purification kit (Qiagen) and sequenced
(€270 = 11.6 mM1) (15). ApparentK, and ke values for directly.

Mn' and HO, were calculated from LineweaveBurk plots. ChemicalsAll chemicals were reagent grade and obtained

Reaction mixtures contained Qug-mL~* enzyme, 50 MM from Sigma/Aldrich. Solutions for kinetic analyses were
malonate, pH 4.5, and various concentrations of Mp&l prepared with HPLC-grade water.

H.0O,, as indicated. Transient-state kinetic experiments were
performed using an Applied PhotoPhysics SX.18MV se- RESULTS
quential stopped-flow reaction analyzer at 25.®.2 °C as
described 45). Reductions of each intermediate by ferro- Computer Modeling of Variant Enzyme&rior to con-
cyanide were measured individually. Complete formation of struction, the variant MnPs were modeled using the Swiss
enzyme intermediates was confirmed by diode array rapid PDB-Viewer. Virtual mutations were introduced into the
scanning. All reactions contained 50 mM potassium mal- 2.06-A crystal structurel@). Figure 1A indicates the Mn-
onate, pH 4.5, and the ionic strength of all solutions was ligand distances for the wild-type protein. Modeling of E39D
adjusted tqx = 0.1 M with K,SO,. The final concentration  and the E35B-E39D-D179E variants showed various
of enzyme was M, and a minimum 10-fold excess of scenarios in repeated energy minimizations, indicating some
substrate was used in all reactions to ensure pseudo-firstvariability in the software’s ability to predict the most stable
order reaction kinetics. All kinetic traces displayed single- conformation. Modeling of the E39D variant indicated some
exponential character from which pseudo-first-order rate conformations with bond lengths similar to the wild-type but
constants were calculated. with altered Mn ligand geometry (data not shown). If the
PCR of Genomic DNAMlycelia from 3-day-old stationary ~ wild-type Mn geometry was maintained, the models showed
cultures [high carborhigh nitrogen (HCHN)] of the selected  an increase in the Maresidue 39 bond length to 3.23 A,
E39D transformant were flash-frozen in liquid nitrogen and indicating probable loss of this ligand from the Mn coordina-
ground by mortar and pestle. Genomic DNA was extracted tion sphere (Figure 1B). Similarly, modeling of the E35D
as described previouslyl®, 46. To ensure selective E39D-D179E triple variant with wild-type Mn geometry
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ShOWQd r_etention of the 179 Iigand_ (with possible bifjentate Table 1: Steady-State Kinetic Parameters for Wild-Type and
coordination) and loss of the residue 35 and residue 39 mutant MnP&

ligands (Figure 1C). Shorter bond lengths, suggesting reten- ket KmMN') K(H205) keadK(MN'") ket Kin(H202)

tion of all the ligands, could be obtained for the triple variant, s (mM) (uM) (M~1s1) (M-1s°9)
but only Wlth an accompanying distortion of the .Mn ligation WIMRP_ 300 0.060 20 5 & 10 7 5% 10°
geometry (Figure 1D). Modeling of the E35D variant showed g3gp 65 1.3 6.0 5& 1 11x 1P
a 0.8-A increase in the Mrresidue 35 bond distance (data E390° 410 0.036 54 1.% 107 7.6x 10°
not shown) from 2.6 A for E35 to 3.4 A for D35, suggesting E39Q ~ 35 08 3.2 4410  11x10
that the D35 residue can no longer function effectively as a 077 19 0.69 4.3 10 Lixi10r
. 9 y E35D 33 25 043 1310 7.7x10°

Mn ligand. E35Q  0.83 3.8 0.5 22107 1.7x 10°
Expression and Purification of the Variant Enzyniesor DI179N 287 2.0 1.6 14100 18x10°

to the fungal transformation, the entire coding regions of DDE* 13 25 0.6 5.2 10 2.2x10°
the mutantmnplin the pAGM plasmids were sequenced. aReactions_co_ntained 0.mg/mL enzyme in 50 mMm malonate
The only variations in the sequence versus the wild-type (F',OH 4.5). The ionic strength was adjustedite= 0.1 M with K:SQ.

. . . arameters for Mhwere determined using 0.1 M.B,. Parameters
mnplgene were the desired mutations. Transformation of o; 1,0, were determined using 5 mM MnSO From ref 37.
the Ade strain (OGC107-1) with theEcadRl-linearized ¢ DDE = the triple variant E35B-E39D-D179E.
plasmids resulted in multiple (380) transformants. Typi-
cally, 20% of the transformants were positive for MnP
activity by theo-anisidine plate assay, using 5 mM Mn§SO
(42). For each mutant, three transformants exhibiting maxi-
mal activity on the plate assay were selected and purified
by fruiting (38, 40, 43. Colonies from single basidiospores
were rescreened for MnP activity by the plate assay, and
three purified isolates for each mutant were then grown in
large HCHN shake cultures for 3 days at 28, when
endogenous MnP is not expresséd) ( Extracellular medium
from the transformants was tested for MnP activit$)( and

oxidation by the enzyme was barely detectable (data not
shown). Table 1 also lists the redetermined values for D179N,
E39Q, and E35Q variants which were previously constructed
(34, 35. With the exception of the E39D variant, the changes
in keat andKyy, values for MA were consistent with previous
reports 84, 35, 37.

The E39D variant we constructed showed markedly
different kinetics from those previously reported for this
variant (Table 1) 7). Our variant showed a 50-fold decrease
the transformant exhibiting the highest activity was selected 'rllk““ 0 6.5 51 compared with the V\_nld-type rate _o_f 300
for further study. Enzymes were purified from the extracel- S (15)_and In contrast to _the previous report citing no
lular medium by successive Phenyl Sepharose, Blue AgaroseChange in thé., Value associated with this mutation versus

- . the wild type B7). The k.o values for the majority of the
affinity, and MonoQ anion exchange chromatograph®ss ( . . g
42). The yields were comparable to those for previous single ligand variants (D179A, D179N, E39Q, and E35D)

variants and recombinant wild-type MnR2 mgL-?) (34, decreased 560100-fold, while several variants (E39A, E35Q,

o and DDE) showed 300400-fold decreases ik in
?;54 42, 45. The Rz values of the purified enzymes were agreement with previous worlg4, 35, 37.

. . . Our E39D variant also showed a 20-fold increase in the
Sequence Analysis of E39D Genomic DIS&nomic DNA K. for Mn' to approximately 1 mM, in contrast to the
was isolated from 3-day-old stationary cultures of the E39D previously reporteds, of 36 uM for this, same variant3?)
transfqrmant grown in HCHN medium. PCR ampllflcayon Again, this 20-fold increase i is consistent with the other
of the introducedypd—mnpZlconstruct was performed using

¢ 4 ori i thaind d _ single ligand variants, which all showed a -160-fold
a forward primer in thegpd promoter and a reverse primer  j,roaqe i thé<,, for Mn". The resulting catalytic efficiency
in intron IV and exon Il of themnplcoding region. The

- : : .,_for Mn" was decreased ¥old for all of the variants except
685-bp amplified fragment encoded the first 118 amino acids E39A, E35A, and DDE, for which the efficiency dropped

of the MnP1 protein. The fragment was sequenced and thelo“-fold again conflicting with the previous report citin
E39D mutation identified. The introduced mutation was the no chaﬁgeginl efficier:c;/ f%rvrrlle E39I§ v;\/:iaurﬁm IF\)lone Iolf g

only alteratlon found in the E39D genomic fragment versus the variants exhibited changes in the catalytic efficiency for
the wild-typemnplgene. H.O,, in agreement with the previous report for E35D and
Spectral Analysestlectronic absorbance maxima of the in contrast with previous reports for the E39Q, E35Q, and
native and oxidized intermediates for the wild-type and D179N variants 34, 35.
variant MnP proteins were compared (data not shown). All  £qrmation of MnP Compound The rates of compound
of the spectra were stable for the duration of several | {ormation for wild-type MnP and the E39D, E39A, E35D,
succe;siye scans (up to 30 s) andi e>'<hib'ited only slow gng DDE variants were measured in 50 mM malonate at pH
autoxidation kK < 1 s*) thereafter, indicating that the 4 5 py following the change in absorption of the enzyme at
enzymes were kinetically active and stable. Spectral maximaggz nm, the isosbestic point between compound | and
for the variant enzymes and their respective intermediatescompound II. Kinetic traces, from which pseudo-first-order
closely matched those of wild-type MnP, indicating no ate constantsk(o,) were measured, displayed exponential
significant alterations in the heme environments of the variant character. Plots dfyopsversus [HO,] were linear with zero
MnPs. ordinate intercepts, indicating irreversible second-order kinet-
Steady-State Kinetic Analys&teady-state parameters for ics (data not shown). Apparent second-order rate constants
the wild type and each of the variant enzymes (E39A, E39D, for the variant MnPs were similar to the wild type and
E35D, and DDE) are listed in Table 1. Constants for the previously reported values for other binding site variaB#s (
E35D—-E39D double variant were not calculated, since Mn 35, 37 (Table 2).
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Table 2: Transient-State Kinetic Parameters: Apparent Second-Order Rate Constaigs'{Nbr Formation and Reduction of Compourtd |

compound | formation compound | reduction
enzyme HO, Mn" Br- KsFe(CN)
wild type (4.8+0.1) x 10° ~3 x 107 (2.7+£0.5) x 10° (4.8+0.1) x 10°
E39D (4.4+£0.7)x 10° (1.3+0.1) x 1® (24+0.1)x 1¢° (4.8+0.1)x 1°
E35D (5.1£ 0.1) x 108 (4.740.2) x 10P (2.4+0.1) x 10° (4.5+0.1) x 10°
E39A (4.9+0.1)x 1¢° (8.3+0.2) x 10¢ (1.6+0.1) x 1¢° (3.6+0.1)x 1®
DDEP (5.04+0.1) x 10° (9.04+0.2) x 10¢ (2.1+0.3) x 10° (4.0+0.2) x 10°

a Reaction mixtures contained 1 mM enzyme and 50 mM malonate (pH 4.5), final concentrations. The ionic strength of all solutions was adjusted
tou = 0.1 M with K;SOs. Reactions were conducted under pseudo-first-order conditions, and substrate concentrations were varied as described in
the text. Constants were determined from slopes of likgaws [S] plots. Individual kinetic traces showed exponential character and were fitted
to obtainksps ? DDE = the triple variant E35B-E39D-D179E.
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Ficure 2: Kinetics of compound | reduction by ferrocyanide (A) and bromide (B). Wild-type E39D (1), E35D @), E39A (@), and
DDE (E39D-E35D-D179E) ©). Reaction mixtures contained a final concentration gM enzyme and 50 mM malonate (pH 4.5). All
kinetic traces displayed single-exponential character and were fitted to dbairalues.

Reduction of MnP Compound Kinetic parameters for 80 500 x
the reduction of compound | are listed in Table 2. Single- = oo ] w ?
electron reductions of compound | to compound Il of the "4 200 | -
variant enzymes by ¥eCN; and Mrd' were examined in 604 o =

50 mM malonate, pH 4.5, at 416 nm, the isosbestic point
between compound Il and native enzyme. The two-electron =~
reduction of compound | to native enzyme by Bwas )
followed at 406 nm. All kinetic traces used to calculate 4
pseudo-first-order rate constankssfd were exponential in
character, and plots d&ons Versus substrate concentration

[(Mn] (uM)

were linear (Figures 2 and 3). The second-order rate constants  2°

fqr r_eduction _of the variant MnPs by,keCN; and Br- were E39A, E39D-E35D-D179E
similar to wild-type MnP. However, second-order rate

constants for reduction by Mmwere significantly lower than 0 —_——— 7
wild-type MnP and varied considerably for the different 0 10 20 30 40 50 60 70
variants. The rate constant for the E39D variant we®- [MnSO,4] (LM)

fold lower than that of wild-type MnP and that previously FiGure 3: Kinetics of compound | reduction by MnE39D (),
reported for this variant37). The rate constant for E35D  E35D (1), E39A @), and DDE (E39D-E35D-D179E) @). The

] oy i} wild type (O) and E39D [0) are shown in the inset for comparison;
was 100-fold lower than that of wild-type MnP and 10-fold note the difference in scale. Reaction mixtures contained a final

lower than that previously reported for this varia87f. The  concentration of M enzyme and 50 mM malonate, pH 4.5. Al
rate constants for both the E39A single variant and the kinetic traces displayed single-exponential character and were fitted
E35D—-E39D-D179E triple variant were 1000-fold lower to obtainkgss values.
than that of wild-type MnP. 10-80-fold while thek.y value decreased 40-fold for the
Reduction of MnP Compound Reduction of compound  E39D variant, 120-fold for E35D, and 1200-fold for E39A,
Il by K4FeCN; (Table 3) and Mh (Table 3) was measured compared with the wild type. The calculated apparent second-
in 50 mM malonate, pH 4.5, at 420 nm. Plotskgfs versus order rate constants decrease@-100*-fold compared with
Mn'" concentration exhibited saturation kinetics (Figure 4) wild-type MnP. Values for the E35D variant are in agreement
as have been previously observed for wild-type MBB) ( with those previously reported for this variant, whereas the
and the E35D and E39D varian®7j. Dissociation constants, values for the E39D variant are in sharp contrast to the
Kp, and first-order rate constantks, were determined as previous report that this mutation does not affect Mn binding
previously describedlf) (Table 3). TheKp values increased  or the rate of compound Il reduction by Mi§37).
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Table 3: Transient-State Kinetic Parameters for the Reduction of Compaund Il

K4Fe(CN) Mn"
enzyme Kaapp(M 5 71) ks (s79) Ko (M) Kapp(M s1)
wild type (7.8£0.2) x 168 (5.6+0.1) x 1 (1.1+£0.3)x 10 5.2x 10°
E39D (6.44+ 0.5) x 10° (1.4+0.1) x 10* (1.1+0.1)x 1073 9.4x% 10°
E35D (6.6+ 0.4) x 10° (4.8+0.5)x 10° (8.1+1.7)x 1072 5.9x 1
E39A (6.5+ 0.2) x 10° (4.5+0.5)x 10 (1.8+£0.1)x 1073 2.4x 10
DDEP (7.0£0.2) x 16 (4.0+£0.3)x 101 (2.3+£0.4)x 1072 1.7 x 1

a Reaction mixtures containedu enzyme and 50 mM malonate (pH 4.5), final concentrations. The ionic strength of all solutions was adjusted
tou = 0.1 M with K,SOs. Reactions were conducted under pseudo-first-order conditions, and substrate concentrations were varied as described in
the text. Constants were determined as describgd (nhdividual kinetic traces showed exponential character and were fitted to dgtainDDE
= the triple variant E35B-E39D-D179E.

10 - study @7). The first is that the mutation was lost and the
I kinetics observed really are those of a wild-type enzyme.
The second possibility concerns the isochemical nature of
the substitution. In the E39D mutation, the functional
carboxyl group is retained, although the side chain is
shortened by one methylene group. It is possible that a
Ea9D shortened D39 residue could still ligate the Mn in a fashion
§TTa s 120 160 200 similar to the original E39 residue, if there were some
[Mn] M flexibility in the Mn binding site.

To further investigate this possibility, we first performed
molecular modeling of the E39D and E35D variants. In the
model, the Mr-ligand bond distances indicate that perhaps

E39A, E35D-E39D-D179E : ; o
B3 _the mutated D35_ reS|due_ is no longer _capablg: of b|_nd|ng Mn,
0 5 10 15 in agreement with the kinetic analysis of this variaB7)(

However, modeling of the E39D and E35E39D-D179E
[Mn} (mM) variants indicated possible flexibility in the binding site,
FIGURE 4: Kinetics of compound Il reduction by MnE39D @), whereby the mutated residues might still function as ligands,
E35D @), DDE (E39D-E39D-D179E) (), and E39A 4). The but only with an accompanying change in the Mn ligation
wild type (©) and E39D @) are shown in the inset for comparison; geometry (Figure 1). If the ligation geometry of the variants

note the difference in scale. Reactions contained a final concentra- - : : .
tion of 1 uM enzyme and 50 mM malonate, pH 4.5. All kinetic was fixed into the wild-type, near-octahedral conformation,

traces displayed exponential character and were fitted to okjgin ~ the metatligand bond distances were increased by-0.5

kobs (s™)

values. 0.8 A, resulting in probable loss of the mutated ligands.
To evaluate the models, we reconstructed the E39D and
DISCUSSION E35D variant MnPs using our homologous expression system

) ) o o _ (42). The results of our kinetic analysis of the E35D variant

MnP is unique among Mn binding enzymes in its ability are very similar to those previously obtained (Tables)
to bind and oxidize Mhand efficiently release Mh. This  (37) which is significant since the variants were expressed
discriminatory binding is a critical aspect of MnP function. jn different systems. The previous E35D variant was heter-
As aresult of combined kinetic and crystallographic studies glogously expressed . coliand reconstituted with calcium
of these variants, the residues D179, E35, and E39 wereand heme. The resulting enzyme was not glycosylated. In
identified as catalytically important Mnligands (9, 34— contrast, homologous expressiorAinchrysosporiumesults
36) In the fIrSt set of b|nd|ng Site VariantS, the.amino aC?d ina fu”y processed and secreted enzyme which is g|yCOSy_
carboxylate ligands were exchanged for their respective |ated and which does not require reconstitution. The similar
amides via site-directed mutagenesis oftiigplgene from  inetic results for both the E35D variant MnPs in this work
P. chrysosporiun(34, 39. Since amides are poor ligands and the previous studya) indicate that differences in the
for Mn, these variants were designed to maintain steric expression systems did not affect the overall kinetic char-
constraints in the enzyme while selectively interfering with 5cteristics of these variants.
Mn ligation. Our results for the E39D variant, however, are markedly

E39 is conserved in all known MnP sequencEs),(and different from those of the previous stud¥7j. Steady-state
previous kinetic analyse8%) and the X-ray crystal structures  and transient-state analyses of our E39D variant MnP clearly
(19, 36 clearly indicate that E39 is, in fact, a ligand to the indicate that the binding and oxidation of Mare signifi-
Mn. However, a more recent mutagenesis study using cantly reduced by this substitution. Sequencing of genomic
isochemical substitution of these ligands has raised doubtsDNA from the transformed fungus containing the recombi-
about the importance of E39 in Miinding and oxidation nant gene indicated that the E39D mutation was correct with
(37). In that study, an E39D variant of MnP was constructed no other sequence alterations present. We also constructed
which was claimed to exhibit wild-type reaction kinetics for an E39A mutation, effectively removing the ligand from the
Mn". As a result, the authors proposed that E39 was not abinding site. As expected, kinetic analysis indicates that the
ligand to the Mn. There are two alternate explanations for E39A substitution decreases Mn binding and oxidation to a
the proposed wild-type kinetics of the E39D variant in that similar but slightly greater extent than the E39D substitution.
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Transient-state kinetics indicate similar changes (Tables 2than that reported for a double variant MnB5), These

and 3). These results, combined with those for the previouscombined modeling and steady-state and transient-state

E39Q variant, clearly indicate that E39 plays an important kinetic studies indicate that precise geometry of the Mn

role in binding and oxidation of Mh ligands in the Mn binding site of MnP is essential for the
In addition to the single-site substitutions, we constructed efficient binding, oxidation, and release of Mn by this

an E35D-E39D—-D179E isochemical triple variant. In this enzyme.

variant, two of the ligand side chains were shortened while

the third was lengthened. Molecular modeling indicated that REFERENCES
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