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ABSTRACT. Methanol dehydrogenaseld-MDH) and its physiological electron acceptor, cytochrome
(Hd-Cyt c.), isolated from a methylotrophic denitrifying bacteriufyphomicrobium denitrifican83151,

have been kinetically and structurally characterized; the X-ray structurégldfiDH and Hd-Cyt ¢,

have been determined using molecular replacement at 2.5 and 2.0 A resolution, respectively. To explain
the mechanism for electron transfer between these proteins, the dependence of MDH activity on the
concentration oHd-Cyt ¢ has been investigated at pH 4.5.0. The Michaelis constant fd#d-Cyt c_

shows the smallest value-Q0.3uM) at pH 5.5. The pseudo-first-order rate constdaiy of the reduction

of Hd-Cyt ¢, exhibits a hyperbolic concentration dependenceddMDH at pH 5.5, althouglk.pslinearly
increases at pH 6.5. These findings indicate formation of a transient complex between these proteins
during an electron transfer evehtd-MDH (148 kDa) is a large tetrameric protein with a3, subunit
composition, showing a high degree of structural similarity with other MBHECyt ¢, (19 kDa) exhibiting

the a-band at 550.7 nm has a unique C-terminal region involving a disulfide bond between Cys47 and
Cys165. Moreover, there is a pair ld8-Cyt c. monomers related with a pseudo-2-fold axis of symmetry

in the asymmetric unit, and the two monomers tightly interact with each other through three hydrogen
bonds. This configuration is the first example in the studies of cytochiwasethe physiological electron
acceptor for MDH. The docking simulation between the couphldtCyt ¢, molecules and the
heterotetrameri¢tid-MDH molecule has been carried out.

Methanol dehydrogenase (MDHEC 1.1.99.8) is a pyr-  One is basic cytochrome, (Cyt cy, ca. 15 kDa), and the
roloquinoline quinone (PQQ)-containing protein found in the other is acidic cytochrome. (Cyt c., ca. 20 kDa). The
periplasm of methylotrophic bacteria. The enzyme catalyzesreduced PQQ moiety of MDH, which accepts two electrons
the oxidation of methanol to formaldehyde and utilizes a from methanol to produce formaldehyde, transfers two
specific cytochrome as an electron acceptot<5). This electrons one at a time to Cygt, forming a semiquinone
methanol oxidation is the most important first step on energy form after the first electron transfe,(10). Cyt c_ is
transduction in methylotrophs, coupling to electron transport subsequently oxidized by Cydy, which finally transfers
chains for ATP production driven by the proton-motive force electrons to cytochrome oxidase §, 11).

across the inner cytoplasmic membrade §). All of the H.OH— MDH — . — Oxi
known methylotrophic bacteria contain at least two soluble CHO Cyte = Cytg, — oxidase— O,
class lc-type cytochromes in the periplasmic spade §). The reaction cycle of MDH with its electron acceptor, Cyt

c., has been analyzed by steady-state and stopped-flow
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The electrostatic interaction between basic amino acid helices envelop a heme group and correspond to analogous
residues of MDH and acidic amino acid residues of Gyt helices in manyc-type cytochromes.

has been proposedZ, 13). Moreover, it has been demon-  This paper describes the X-ray crystal structures, and
strated that the interaction is strongly inhibited by low kinetic studies of MDH Kd-MDH) and Cytc, (Hd-Cyt c,)
concentrations of salts and the extent of inhibition is directly from a methylotrophic denitrifying bacteriurhlyphomicro-
related to the ionic strength of the medium (NaCl concentra- bjum denitrificansA31512 A pair of Hd-Cyt c. monomers
tion). In addition, the hydrophobic interaction between these is related with a pseudo-2-fold axis of symmetry in the
proteins also seems to be important, as indicated by the X-rayasymmetric unit. The configuration of the coupleld-Cyt
structure of MDH fromMethylobacterium extorquer{Me- c. monomers is the first example in the studies of cytochrome
MDH) (14). PQQ is buried inside an internal chamber ¢ as the physiological electron acceptor for MOHE-MDH
communicating with the exterior through a hydrophobic is ana,3, heterotetramer having a molecular 2-fold axis of
funnel in the protein surface, which is the site for interaction symmetry like other type | MDHs2@). The kinetic inves-
with Cyt c.. The kinetic investigation of the interaction tigations have indicated that these proteins tightly interact
between the two proteins froParacoccus denitrificanbas with each other at pH 5.5. On the basis of these results, we
led to a similar conclusion1, 16). discuss the interaction between these two proteins.

The MDHs from three bacterid). extorquen®AM1 (17),
Methylophllus methylotrophUW3A1 (18, 19), and Para- EXPERIMENTAL PROCEDURES
coccus denitrifican$20, 21), area,, heterotetramers with
subunits of 62-65 kDa () and 8-9 kDa (3). These crystal Purification of Hd-MDH and Hd-Cyt ¢ H. denitrificans
structures show that the heterotetramer is composed of a paitA3151 was cultured in a mineral salt medium containing
of tightly associated3 subunits related by a pseudo-2-fold 1% (v/v) methanol and 0.5% (w/v) potassium nitrate at 30
axis of symmetry. Eaclx subunit is an 8-folg3-propeller, °C for 3 days under static condition®9). The cells
and each propeller blade is a four-stranded antiparallel suspended in 40 mM Tris-HCI buffer (pH 7.5) containing
pB-sheet. PQQ is located approximately on the pseudo-8-fold 0.5 mM phenylmethanesulfonyl fluoride were sonicated at
axis of symmetry of thg-propeller. The smallef-subunit 180 W for 30 min, followed by centrifugation at 15 000 rpm
forms a mainlya-helical structure, which wraps around the for 1 h at 4°C. The resulting supernatant was applied directly
outside of thex-subunit. Moreover, there are some remark- onto a Super Q-Toyopearl column (5 cmnl5 cm, Tosoh),
able structural features in the MDH structures such as awhich had been equilibrated with 40 mM Tris-HCI buffer
vicinal disulfide at the active center and a “tryptophan (pH 7.5), as described in a previous pap#d)( The brown

docking motif” in theS-propeller superbarrel. fraction, which was not adsorbed on the column, was
The Cytc. from M. extorquen®AM1 (Me-Cyt c.), which employed for the followingHd-MDH purification. Hd-Cyt
is an electron acceptor for the cognate MOVIEMDH), is c_ adsorbed on the column was eluted with a linear gradient

similar to class | cytochrome, but its amino acid sequence 0f 0 to 200 mM NaCl in the same buffer. Ammonium sulfate
shows that it constitutes a separate novel class-type was added to a final concentration of 45% saturation to the
cytochromes 22). Class | is the most abundant with Hd-Cytci-containing fractions, and the resulting precipitate
molecules sharing the following features: a low-spin heme was removed by centrifugation. The supernatant was applied
located near the N-terminus, a His-Met heme axial coordina- onto a phenyl-Sepharose Fast Flow column (2.5xr25
tion site, and a polypeptide chain of 8020 amino acids ~ ¢m, Amersham) preequilibrated with 40 mM Tris-HCI (pH
(23). The X-ray crystal structure ofle-Cyt ¢, has been  7.5) containing a 45% saturated concentration of ammonium
reported only in the Protein Data Bank (entry 1UMM). sulfate.Hd-Cytc, was eluted with a linear gradient from 45
According to the data in the PDB, however, the heme axial to 0% saturated concentration of ammonium sulfate in the
ligands of Me-Cyt ¢, are two His residues (His69 and same buffer. TheHd-Cyt c -containing fractions were
His112), although Afolabi et al.2@) have reported that  collected and then dialyzed with 20 mM Tris-HCI (pH 7.5)
Met109 is the sixth ligand to the heme iron in the protein. for 12 h. The dialyzed sample was applied onto a Resource
Moreover, the X-ray crystal structure &. denitrificans ~ Q column (1.6 cmx 3.0 cm, Amersham) preequilibrated
cytochromecss:; (Pd-Cyt css1), which corresponds to Cyt with 20 mM Tris-HCI buffer (pH 7.5). The elution dfid-
c. from M. extorquenshas been analyzed like that in the Cytc. was performed with a linear gradient of 0 to 240 mM
ternary complex containing methylamine dehydrogenase, NaClin 20 mM Tris-HCI (pH 7.5) at a flow rate of 1.0 mL/
amicyanin, and cytochromess; (21, 24). The structure of ~ min. Ammonium sulfate was added to 55% saturation to the
Pd-Cyt css1; is composed of fivea-helices; three central ~ collected fractions. After removal of precipitates, the sample
was applied onto a Phenyl-5PW column (0.9 &n®.0 cm,

! Abbreviations: MDH, methanol dehydrogenaie- MDH, metha- Tosoh), and thehid-Cyt ¢, was elme.d with a “near. gradient
nol dehydrogenase froi. denitrificansA3151; Me-MDH, methanol ~ ITOM 55 t0 0% saturated concentration of ammonium sulfate.
dehydrogenase fromi. extorquensAM1; Pd-MDH, methanol dehy- The fractions were collected, concentrated, and desalted with

drogenase fronP. denitrificans Cyt ¢, cytochromec.; Hd-Cyt c, a Centriprep-YM10 device (Millipore).

cytochromec, from H. denitrificansA3151; Me-Cyt c., cytochrome L s .

¢, from M. extorquensAM1; Pd-Cyt Cssy, Cytochromecsss; from P. Steady-State Klnet|c_:§.he activities of MDH with Hd—_ _
denitrificans Mb-Cyt cs, cytochromecs from Mo. braunii MADH, Cyt c. were measured in assay mixtures (0.3 mL) containing

methylamine dehydrogenase; SBRAGE, sodium dodecyl sulfate
polyacrylamide gel electrophoresis; PEG, polyethylene glycol; HEPES,
N-(2-hydroxyethyl)piperazin®&¥-2-ethanesulfonic acid; Tris, tris(hy- 2H. denitrificansis not only a methylotrophic bacterium but also a
droxymethyl)aminomethane; MES, RHmorpholino)ethanesulfonic denitrifying bacterium. From this strain, copper-containing nitrite
acid; rms, root-mean-square; NCS, noncrystallographic symmetry; ET, reductase and nitrous oxide reductase involved in denitrification have
electron transfer. been isolated by the authordx-27).
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CH30H (400 mM), NHCI (10 mM), and various concentra-  oxidizedHd-MDH (oxi-MDH) and reduceddd-Cyt ¢, (red-
tions of the oxidizedHd-Cyt ¢ (1, 2, 5, 10, 20, and 50M) Cyt cL), respectively:

in 10 mM acetic acid/acetate (pH 4.5 and 5.0), MES-NaOH
(pH 5.5, 6.0, and 6.5), and Tris-HCI (pH 7.0) buffers. The

. . kl . . k3
reactions were started by adding 0.3 nmolHg-MDH to semi-MDH+ oxi-Cytc, 5 [semi-MDH-oxi-Cytc ] 5=

the mixture. Initial reaction rates were measured by monitor- [oxi-MDH -red-Cytc,] (4)
ing the increasing absorbance at 550 nm; the absorption
coefficients at 550 nm are 25.6 and 7.5 m\em™ for the In this schemeks is the forward rate constant of the electron

reduced and oxidized forms dfid-Cyt c,, respectively. transfer reaction anki, is the rate of the backward reaction.
Before the kinetic experimentsid-Cyt ¢, was completely Thus, ks corresponds tdker, and Ky is equal toka/k;. As
oxidized with a small excess of:{-e(CN)]. Unreacted K- described by Harris et all1§), the data were analyzed with
[Fe(CN)] was removed by passing the mixture through a eq 5:
PD-10 gel-filtration column (Amersham) equilibrated with
an appropriate buffer. Apparent kinetic parameters for the Kops = Ks[MDH]/(IMDH] + Ky + k, (5)
reduction of Hd-Cyt ¢, with Hd-MDH were determined
according to the following schemes. The reaction mechanism Crystallization, Data Collection, and Refinemeoth
of MDH has been defined as ping-pong-type kinetig$)( crystals ofHd-MDH and Hd-Cyt ¢, were grown at 16C
., ., by the hanging-drop vapor diffusion method. Ftd-MDH
[E] +[S] = [E-S]— [E"-P] —~ [E"] + [P] crystallization, a JuL aliquot of protein [20 mg/mL in 40
" < [E" ] — [E ' — [E' ' mM Tris-HCI buffer (pH 7.5)] was mixed with an equal
[E]+[C]=[E"-Cl]—~[E-C] —~[E] +[C] volume of precipitant consisting of 0.2 M potassium thio-
[E']l+[C]=[E-C]—[E-C]—[E] +[C] (V) cyanate and 20% PEG 3350. In the caseHaFCyt c.
crystallization, 1uL of 20 mg/mL protein in 20 mM Tris-
E, E, and E' stand for the oxidized, semiquinone, and fully - HCI buffer (pH 7.5) was mixed with an equal volume of the
reduced forms ofHd-MDH, respectively. S and P are mother solvent containing 2 mM Zng@nd 20% PEG 10000
methanol and formaldehyde, respectively. C aridsand  in 100 mM HEPES buffer (pH 7.3). The samples were stored

for the oxidized and reduced forms biid-Cyt ¢, respec-  for crystallization in an incubator from 1 week to 1 month
tively. The data obtained can be described by a ping-pongat 16°C.

kinetic equation for the three reactants (eq &))( Diffraction data were independently collected at beamlines
) ) BL44XU (for Hd-MDH) and BL44B2 (forHd-Cyt c,) of
v = V[S][C]TAV KJC]TA] + 2K [S][C][A] + SPring-8. In the case of théd-MDH crystal, the X-ray data

KA[SIICI*+ [SIICIHA] (2) were collected using a DIP-6040 detector (Bruker-AXS) at
100 K from a single crystal. The crystal belonged to space

A stands for ammonium chloride as an activator, &g  group C2 with the following cell parametersa = 291.32

Kc, andK, are the limiting Michaelis constants for methanol, A, b = 63.99 A, ¢ = 109.94 A, andf = 105.74. The
Hd-Cyt ¢, and ammonium chloride, respectively.and v intensity data were processed and scaled using HKL2000/
are the limiting maximum rate and the observed reaction rate, SCALEPACK (32). The resulting data set contained 68 363

respectively. For a fixed ammonia concentration, eq 2 can unique reflections with arRmege of 10.2%. A set of
be arranged to give eq 3: reflections representing 10% of the unique data was chosen

at random for inclusion in aRsee Set. The structure dfid-
y=V’[S][C]2/KS'[C]2+ 2K [S][C] +[S][C]®> (3) MDH was determined by molecular replacement using
MOLREP in the CCP4 suite3B, 34). The molecular structure
When a large excess of methanol (400 mM) is added to theof Me-MDH determined at 1.94 A1) was used as the
reaction mixture, the apparevitandK¢' are estimated with ~ search model after first omitting PQQ, €awater, and the
eq 3. side chains of the amino acid residues, which differ in the
Stopped-Flow KineticsStopped-flow experiments were two proteins. The resulting initial model gave Brfactor

carried out at 23C with a RA-2000 stopped-flow spectro-  of 42% at 2.5 A resolution after rigid body refinement. On
photometer (Otsuka Electronics). The reductiorHoFCyt the basis of this model, an electron density map was used
c. with Hd-MDH was monitored at 550 nm. To determine for fitting the omitted side chains to generate the start model
the kinetic constants, the concentrationdHoFMDH were for refinement. NCS restraints were employed with CRS) (
up to 10-fold greater than that ¢fd-Cyt c.. Pseudo-first- during the early refinement of théd-MDH model, and then
order rate constants were calculated by nonlinear regressiorthe model was manually rebuilt and adjusted by using
with a Guggenheim algorithm available with RA-system XtalView (36). The electron densities were subjected to
(Otsuka Electronics) or IgorPro version 4.02 (WaveMetrics). density modification (solvent flattening and histogram match-
The data obtained were the average of at least threeing) performed by DM in the CCP4 suite. At later stages,
experiments (the errors were normally within 5%). The REFMAC (37) was used for refinement without NCS, and
experiments were carried out by mixingd-MDH and solvent molecules were gradually included in the model. Only
oxidizedHd-Cyt ¢, in 10 mM MES buffer adjusted at pH  solvent molecules with thermal parameters lower than 60
5.5 and 6.5. The simple kinetic mechanism for the electron A2 and a reasonable hydrogen bonding environment were
transfer reaction, which includes a complex formation step, included in the final model.
is given by eq 4, where semiquinohie-MDH (semi-MDH) The X-ray data of theHd-Cyt ¢, crystal were collected
and oxidizedHd-Cyt c. (oxi-Cyt ¢ ) are changed into using an ADSC Q-210 detector at 100 K. The crystal
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Table 1: Data Collection and Refinement Statistics

Hd-MDH Hd-Cytc.
crystallographic data
wavelength (A)/beamline 0.9/BL44XU 0.7/BL44B2
space group Cc2 P2,
unit cell parameters a=291.32A, a=4578A,
b=63.99 A, b=57.28 A,
c=109.94A, c=67.014A,
p=105.74 p=101.53
resolution range (A) 35:52.50 29.2-1.98
total no. of observations 609090 196240
no. of unique reflections 68363 23538
completeness (%) 99.9 (9929) 99.6 (99.8)
Rinerge (%)P 10.2 (49.09 8.2 (43.8}
1/a(1)¢ 12.5(3.2% 15.9 (3.1}
refinement statistics
Reryst 0.173 (0.256) 0.185 (0.214
Rire 0.234 (0.325) 0.191 (0.223)
no. of amino acid residues 2003 336
no. of non-H protein atoms 15748 2584
no. of hemec molecules - 2
no. of PQQ molecules 3 -
no. of Ca atoms 3 -
no. of solvent molecules 834 456
B values (&)
protein 38.2 22.0
PQQ and Ca 63.2 -
hemec - 14.9
water 31.9 36.2
rms deviations
bond lengths (A) 0.006 0.019
bond angles (deg) 1.4 1.9
Ramachandran plot
most favored region (%) 83.1 90.3
additional and generously16.4 9.7

allowed regions (%)

aThe values in parentheses are for the highest-resolution shelk-2.59

2.50 A for Hd&-MDH and 2.03-1.98 A for Hd-Cyt ci. ® Rnerge =

Shyill(h) = Li(h)I/>kYili(h), whereli(h) andl(h) are theith and mean
measurements of reflectidm ¢ (I/o(1)Uis the average signal-to-noise

ratio for merged reflection intensitie$Ruyst = Yn|Fo — Fel/YnlFol,

where F, and F. are the observed and calculated structure factor
amplitudes, respectively, of reflectidm © Ryee is for the test reflection
data set,~10% selected randomly for cross-validation during the

crystallographic refinement.

belonged to space group2; with the following unit cell
parameters:a = 45.78 A|b = 57.28 A,c = 67.01 A, and
B = 101.55. Integration and data scaling were carried out
using HKL2000/SCALEPACK, and the data set was 99.6%

complete overall to 1.98 A resolution with &erge0f 8.2%.
The method of molecular replacement was applied; the 522.0 nm ¢ = 15.9 M* cm™%), and 550.7 nmd = 25.6
molecule ofPd-Cyt css1; from the MADH—amicyanin-Pd-
Cyt Css1 complex (PDB entry 2MTA) was used as the model at 281.4 nm¢ = 36.6 M~* cm™), 359.0 nm ¢ = 28.0 M™*
chosen for solving the rotation and translation in MOLREP. €M), 409.3 nm ¢ = 109 M~ cm™), and 528.7 nmd =

Rigid body and simulated annealing refinements and other 10.6 M~ cm™). In the oxidized form, the near-infrared band
crystallographic calculations were carried out using CNS and at 695 nm was observed, suggesting the presence of the Met-

REFMAC in the CCP4 suite. The Zhions added to the
mother solvent for the crystallization were observed in the
interface betweehld-Cyt ¢, molecules related with crystal-
lographic symmetry along with a 2-fold spiral axis. TerfZn
ions are coordinated to Glu3-A, His106-A, Aspl09-A,
Aspl38-A, Glul53-A, Glu3-B, Glu52-B, Glu53-B, Glu134-
B, Glul53-B, Lys157-B, and several water molecules. Both

data collection and refinement statisticdHat-MDH andHd-

Cyt c. are summarized in Table 1.

Complex Modeling of Hd-MDH and Hd-Cyt,..cThe

MDH —Cyt c. docking procedure is similar to the method

used by Smith and Sternber88 39). First, FTDOCK @0)

Nojiri et al.

was used to create a set of candidate complex structures.
The monomer structure éfd-Cyt ¢, (Hd-Cyt c.-A) and the

0232 heterotetrameric structure biid-MDH were employed

as search models for the docking simulation. The default
values for the grid step (0.7 A) and rotation step°ji@ere
used. The complementarities of both the interacting surfaces
and simple electrostatic criteria were used to generate a set
of 10 000 candidate complexes. As the second stage, the first
stage of reassessment was performed with RPSC@RE (
the observed contacts between different amino acid residues
in the complex were scored according to statistical potentials
derived from the likelihood of the contacts in a database of
protein—protein complexes taken from SCOP 1.53 (http://
scop.mrc-lmb.com.ac.uk/scop/). The possible 50 models were
selected for the next step.

The electron transfer process is known to be strongly
dependent on the distance between the electron donor and
acceptor groups (PQQ and heroen the Hd-MDH —Hd-

Cyt c. complex) @2). For this reason, we used the distance
between the redox active sites in the next selection gt&p (
44). The distance from the sixth ligand (Met103) of the heme
in Hd-Cyt c. to Cysl103 or Cys104 oHd-MDH (the
characteristic disulfide on the PQQ ring) was calculated. The
complex models, in which at least one of the distances is
less than 21 A, were selected. By the use of these selected
models, the second half dfild-Cyt c_ in the model was
generated by utilizing the 2-fold symmetry of thiel-MDH
molecule.

RESULTS AND DISCUSSION

Characterization of Hd-Cyt,cand Hd-MDH.Two soluble
cytochromec species are isolated fro. denitrificans
A3151. An electron acceptor of reduceld-MDH, Hd-Cyt
cL, is an acidic protein (19 kDa) bound to an anion exchange
column, while another cytochrome passed through the
column, cytochromesso (Hd-Cyt css0), is a basic protein of
10 kDa. The latter corresponds to @ytfrom methylotrophic
bacteria b, 11) and is a physiological electron donor for the
cognate Cu-containing nitrite reducta@®)( Hd-Cyt ¢, has
a midpoint redox potentiaEy) of 210 mV (vs NHE) at pH
7.0. The electronic absorption spectrum of reduldeelCyt
c. shows five peaks at 280.6 nm£ 39.7 M~ cm™), 316.5
nm (€ = 33.4 M1 cm™?), 416.2 nm é = 144 M1 cm™?),

M~tcm™), and that of the oxidized form exhibits four peaks

($”)—Fe bondHd-Cyt ¢, has a low-spin heme in both forms.

Compared with those in MDHs from methylotrophs, the
C&"ion in HJ-MDH is easily depleted from the active center
by treatment with ammonium sulfate during enzyme prepara-
tion (30). Hd-MDH without the ammonium sulfate treatment
in this study contains~1.43 C&" atoms and two semi-
quinone PQQ groups per heterotetraneysf); the molecular
masses of thea- and f-subunits are 65 and 9 kDa,
respectively. The general properties [molecular masses,
electronic absorption spectrum, EPR spectrum, and amino
acid sequence3(Q)] of Hd-MDH are quite similar to those
of MDHs from methylotrophs X0, 45—48).
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A - considerably affected by the pH values. To evaluate the
important factors for the interaction betweldd-MDH and
10 e Hd-Cyt c., we further investigated the ionic strength

. dependency of th&c' values at pH 5.5. The curves of the
plot of v/ versusHd-Cyt ¢, concentration monotonically
decline along with NaCl concentration-{Q.0 M) and no
longer exhibit the curved profiles in the presence of more
47 than 500 mM NaCl (Figure 1B). These results clearly indicate
that the electrostatic interactions are essential for the interac-
tion betweerHd-MDH andHd-Cyt ¢.. TheK(¢' values under
0 : : : . : . various concentrations of NaCl were estimated to bet1.3
0 10 20 30 40 50 60 0.1uM (12.5 mM NacCl), 2.7+ 0.3uM (25 mM NacCl), 6.2
+ 1.2uM (50 mM NacCl), and 24.9+ 2.9 uM (100 mM
[Hd-Cyteg]/uM NacCl). Interestingly, the ionic strength dependency of the
B Kc' values was observed not only at high ionic strengths but
also at low ionic strengths below0.1 M. In the low-ionic
strength range, it has been defined by van Leeuwen theory
that the observed dependency is dominated not by the dipole
moments of each molecules but by the monopoi®nopole
interaction (5). This tendency seems to be inconsistent with
the interaction betweeRd-MDH and Pd-Cyt csssi (15) but
to be similar to that betweede-MDH andMe-Cyt ¢ (12).
Because the most important factor involved in monopole
monopole interaction is the net charges of moleculés, (
we attempted to estimate the net charges of Ml@H&gnd

v’ | X102 pM s™!
<

v | X102 uM st

0 T T T 1 T 1

0 10 20 30 40 50 60 B-subunits) and Cyt, from three bacterig;l. denitrificans
P. denitrificans andM. extorquen®AM1. In these proteins,
[Hd-Cyt e ] / uM it was assumed that all Glu and Asp residues are deproto-
FiGURE 1: Plots of MDH activity ¢') vs Hd-Cyt ¢, concentration nated, all Lys residues are protonated, all Arg residues are
([Hd-Cyt c(]) in the absence (A) and presence (B) of NaCl: (A) in monopositive forms, the terminal amino and carboxyl
pH 4.5 ©), 5.5 @), and 6.5 £). (B) The NaCl concentrations in - groyps are protonated and deprotonated, respectively, and

the reaction mixtures at pH 5.5 are 0)( 12.5 @), 25 (»), 50

(a), 100 (), 500 @), and 1000 MM ). half of the His residues are protonated. For Cytit was

assumed that the propionic side chains of the heme moiety
Steady-State Kinetic3o investigate the affinity between are deprotonated and the charge of the iron(lll) coordination
Hd-MDH and Hd-Cyt ¢, the dependence dfid-Cyt c. sphere is+1. For MDH, the charges associated with the
concentration on MDH activity at various pH values (4.5, carboxyl groups of the PQQ prosthetic group ané'Geere
5.0, 5.5, 6.0, 6.5, and 7.0) was measured under steady-staténcluded. According to these data, the net chargedHibr
conditions. In Figure 1A, the MDH activity() is plotted MDH o- and 3-subunits andHd-Cyt ¢, were calculated to
as a function oHd-Cyt ¢, concentration at pH 4.5, 5.5, and be —8.5, 5.5, and—8.0, respectively. The charges Bf-
6.5. The plot of’ versusHd-Cyt ¢, concentration at pH 5.5 MDH, Pd-Cyt Css1, Me-MDH, and Me-Cyt ¢, were also
shows obviously that the' immediately reaches the maxi- estimated to-19.5 Pd-MDH a-subunit),—2.5 (Pd-MDH
mum rate {') at the low concentration dfid-Cyt c.. The B-subunit),—18.0 Pd-Cyt Css1), —4.0 Me-MDH o-subunit),
steady-state kinetic parameters at various pH values are5.5 (Me-MDH p-subunit), and—5.0 (Me-Cyt c). As
represented in Table 2. It is noteworthy th&d (0.3 uM) expected, the charges Bid-MDH and Hd-Cyt ¢_ are quite
for Hd-Cyt ¢ at pH 5.5 is the smallest; that ikld-Cyt ¢ similar to those oMe-MDH andMe-Cyt ¢, but are different
clearly shows the highest affinity fdid-MDH at this pH from those ofPd-MDH and Pd-Cyt css1. The number of
value. The values o are increased under more acidic and Lys residues irPd-Cyt Css3; is only five, andPd-MDH has

basic conditions than pH 5.5, although the affinity Hd- many of the acidic residues (Glu and Asp) comparedde
Cyt c_ is decreased. The activity 6fd-MDH seems to be =~ andMe-MDHs; therefore, the total net chargesrd-MDH
maintained at pH 4.59.0, but the affinity ofHd-Cyt ¢, is andPd-Cyt css35 are extremely more negative than those of

Table 2: Steady-State Kinetic Parameters of MDH Activity whtt-Cyt ¢

V' specific activity at/Kc'
pH [12 (M)] Kc'® (uM) (x102uMs™) (umol min~t mg?) Keat (579 (x102uM~1ts™Y)
4.5 (0.0168) 9.0 (0.5) 13.3(0.3§ 0.36 (0.019 0.45 (0.0 5.0
5.0 (0.0181) 2.6 (0.3) 12.2 (0.4y 0.33(0.019 0.41 (0.01 15.8
5.5 (0.0160) 0.3(0.%) 4.6 (0.1¥ 0.12 (0.0 0.15 (0.0 50.0
6.0 (0.0172) 0.6 (0.%) 6.3 (0.2¥ 0.17 (0.019 0.21 (0.019 35.0
6.5 (0.0183) 1.1(0.%) 10.0 (0.1 0.27 (0.019 0.33 (0.0 30.0
7.0 (0.0198) 10.5(1.%) 26.1 (1.0) 0.70 (0.03) 0.87 (0.03) 8.3

2 Jonic strengths in the reaction mixture at each pH value were estimated with the eduatifbuffer] + [Na'] + [CI7] + [NH4])/2. P K¢
values were defined as the limiting Michaelis constantHdrCyt c.. ¢ Values in parentheses are errors.
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Ficure 2: Dependence of the observed reduction rate condtat (
of Hd-Cyt ¢, on Hd-MDH concentration (Hd-MDH]) at pH 5.5
(@), 6.5 (1), and 5.5 in the presence of 12[)(and 50 mM NaCl

().

Hd- and Me-MDHs and the corresponding cytochrorae
species. As the optimum pH for the affinity betweldd-
MDH and Hd-Cyt c. from steady-state kinetics is pH 5.5

Nojiri et al.
Scheme 1: Kinetic Complexity ModeR2{)
Ka kX kET
on + Bred 2 on - Bred : [Acx - Bred]* : Ared - Box

k-X k.]-_-r

true ET: kg << kx Ky (kylky)>>1 ks = ke

gated ET: key << gy Feops = ki

coupled ET: Fegr << ky Ky(kylky) <<1 ks = Kyker

lower than that at pH 6.5. The resulting bimolecular rate
constant was determined to be &310* M~1 s7%, Interest-
ingly, the resulting slope of thk.s plot at pH 5.5 in the
presence of 12.5 mM NaCl shows a hyperbolic profile like
that at pH 5.5 in the absence of NaCl (Figure 2), although
theK¢' value (1.1+ 0.1uM) at pH 6.5 is comparable to the
value of 1.3+ 0.1 uM at pH 5.5 in the presence of 12.5
mM NacCl. These findings clearly indicate that the difference
in the slopes of th&y,s plots at pH 5.5 (hyperbolic) and 6.5
(linear) is not due to the difference in the association
constants at the same pH values. Therefore, we should
consider a more complex electron transfer reaction model
for understanding the electron transfer reaction between these
proteins. According to the kinetic complexity (Scheme 1)

(Table 2), we again attempted to calculate the charges ofdetérmined by Davidsor2Q), it is suggested that the rate

Hd-MDH and Hd-Cyt ¢ at the pH value. The resulting
charges were-0.9 Hd-MDH a-subunit), 6.8 KHd-MDH
f-subunit), and—6.0 Hd-Cyt c.), and the totaHd-MDH
(apB2) charge is 11.8, which is complementary with the
negative charge dfid-Cyt c.. Therefore, it is suggested that
the net charge is one of the important factors for the
interaction betweemd-MDH and Hd-Cyt c,.

Stopped-Flow KineticsThe kops values (eq 5) were
obtained under conditions that included a defitité-Cyt
c. concentration of 3.5uM and a differentHd-MDH
concentration between 35 and 3bM at pH 5.5 and 6.5.
The reduction oHd-Cyt ¢ is monophasic and obeys pseudo-
first-order kinetics. However, the slope of the plotlgfs
versusHd-MDH concentration at pH 5.5 is different from
that at pH 6.5 (Figure 2). At pH 6.5, no limiting value of
kons Was obtained within the range éfd-MDH concentra-

(ket) of the ET process is accelerated and/or the equilibrium
constant Kx) of the non-ET process is increased by the pH
change from 5.5 to 6.5 in the electron transfer reaction
betweenHd-MDH and Hd-Cyt c,.

If the electron transfer reaction betwadd-MDH andHd-
Cytc. at pH 5.5 is “coupled ET” like that betwed?d-MDH
andPd-Cyt css35 (15), the unfavorable non-ET process might
become more favorable at pH 6.5. Alternatively, if the
electron transfer reaction is “gated ET” or “true EKy, or
ker will be increased. Therefore, it is likely that the pH
change from 5.5 to 6.5 accelerates dramatically the rate of
the electron transfer reaction (non-ET process and/or ET
process), although the affinity betweétd-MDH and Hd-

Cyt c. becomes weak (Table 2).

Crystal Structures of Hd-Cyt @and Hd-MDH.The crystal

structure oHd-Cyt ¢, was determined at 1.98 A resolution.

tions. From the slope, the bimolecular rate constant was The final values oR andRqec are 0.18 and 0.19, respectively,

determined to be 1.2 10° M~1 s7% This value is almost
comparable to that dflyphomicrobiunX previously reported
(2.1 x 10° M1 st at pH 7.0) @). On the other hand, the
slope of thekys plots at pH 5.5 shows a hyperbolic
dependence with respect téd-MDH concentration. This

and the rms deviations of bond lengths and angles from ideal
values are 0.019 A and F.9espectively. The crystal belongs
to space groupgP2; and contains two monomer molecules
of Hd-Cyt ¢, in the asymmetric unit. Each monomer is
composed of a polypeptide containing 168 amino acid

saturation effect provides unambiguous evidence for aresidues and one-type heme group covalently bound to

process involving an initial binding step that equilibrates

much faster than the following electron transfer step (eq 4).

Therefore, these findings imply formation of a transient
complex betweenHd-MDH and Hd-Cyt c., when the

Cysb9 and Cys62 (Figure 3A). There are a total of 11 helices
in the monomer structure, as determined by the Database of
Secondary Structure of Proteins [DS3R){; the five central
helices @3, a4, 2, a5, ando6) envelop the heme group.

electron transfer reaction occurs at the interface betweenThe axial ligands of the heme group are His63 and Met103,

these proteins. Theintercept of theky,splots passes through
the origin in Figure 2, indicating th&, is essentially zero
(15); consequently, the kinetic parametkgs andKq for the
reduction ofHd-Cyt ¢, with Hd-MDH were determined to
be 14.6+ 0.7 s* and 95+ 12 uM, respectively. Like the
Kc' values from steady-state kinetics, tkg value is also
affected dramatically by ionic strength at pH 5.5. The slope
of the plot ofky,sno longer shows a hyperbolic curve profile
in the presence of 50 mM NacCl (Figure 2), being obviously

although those oMe-Cyt c. have been registered as two
His residues in the Protein Data Bank (entry 1JUMM). The
conformation of the axial Met103 ligand ¢1d-Cyt c_ is
significantly similar with the model proposed by NMRBQ);

that is, the Metl03 Satom in Hd-Cyt ¢, has the S
configuration, and the lone pair electrons are directed toward
the nitrogen of pyrrole B of the heme group (Figure 3B).
Three torsion angles arel75.2 (N-C*—Cf—-C"), 51.2
(C*—Cf—Cr—9’), and—162.2 (CP—C'——Cv). The imi-
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FiGURE 3: Structures oHd-Cyt ¢, and the axial Met103 ligand at 2.0 A resolution. (A) Ribbon diagrard@{Cyt ¢, with a hemec group,
the axial ligands, covalently bound Cys, and the intramolecular disulfide bond shown in stick presentation. The Fe atom of the heme group
is represented by a red sphere. (B) The 2 F. electron density map (contoured at)lof Met103 and heme.

dazole plane orientation of the His63 ligand is aligned with = 1.3 A) and cytochromeg (Mb-Cyt ¢5) from Monophidium

the hememesagprotons at positions 5 and 15. Moreover, there braunii (PDB entry 1CTJZ = 8.2, and rms deviatior 1.9

is an intramolecular disulfide bond between Cys47 and A). As expected from a level of amino acid sequence

Cys165 (Figure 3A). The C-terminal region (lle125er168) homology of 48% betweeHd-Cyt ¢, andPd-Cyt cssy;, the

is linked to the core region (Ala45His124) by this bridge, = X-ray structure analyses of these proteins show a strong

which looks like a fixer of the flexiblex8 ando9 helices in resemblance in the backbone structures (Figure 5A). How-

the C-terminal region. ever, the existence of the disulfide bond of the C-terminal
Two Hd-Cyt ¢, molecules Hd-Cyt c.-A and -B) having region (Lys148-Ser155) inPd-Cyt Css35is unknown, because

a pseudo-2-fold axis of symmetry in the asymmetric unit the coordinates of its region have not been reporgt. (

are interacted with each other (pattern 1), as shown in Figure The C-terminal structure dfld-Cyt ¢,, which contains the

4A. In pattern I, there are three hydrogen bonds: Lys31-A disulfide bridge, is uniquely characteristic. In Figure 5B, the

Ni—Glu23-B 02 (2.88 A), Asp26-A ®2—Gly24-B N (2.68 structure ofMb-Cyt cs is significantly similar to that oHd-

A), and Gly24-A N-Asp26-B 02 (3.28 A). It should be  Cytc_ in the core region only, although the level of amino

noted that these amino acid residues are included in theacid sequence homology between the core regions (total of

N-terminal region (Alat-Val44) of Hd-Cyt c.. Moreover, 89 residues ofMb-Cyt cs) of these proteins exhibits a

it was also found that there is a different interaction with relatively low value (17.8%). Moreover, the cytochrome

another molecule in the neighborhood of the asymmetric unit domain (Pro57#His664) of quinohemoprotein alcohol de-

(pattern II) (Figure 4B). Pattern Il shows no direct interaction hydrogenase [ADH IIB 28), PDB entry 1KV9] was also

betweerHd-Cyt c -A and -B, and the gap between the two used for a structural comparison wittd-Cyt ¢.. The core

molecules is occupied with several water molecules. The folding of Hd-Cyt c, is similar to that of the cytochrome

distances between Fe atomsHif-Cyt ¢ -A and -B are 53.7 domain in ADH 1IB, while the N- and C-terminal regions

A in pattern | and 19.6 A in pattern 1. Additionally, the of the former are obviously different from the corresponding

remarkable structural difference betwddd-Cyt ¢, -A and regions of the latter; no terminal regions exist in the
-B was also observed. IHd-Cyt c_-B, helix o7 containing cytochromec domain of ADH IIB (Figure 5C). The level
the region of Val136-Pro146 is displaced from that d- of amino acid sequence homology between its cytochrome
Cyt c.-A by ca. 50 (Figure 4B). ¢ domain and the core region bfd-Cyt ¢, is low (19%). It

The structure oHd-Cyt ¢, was compared with those of is concluded that the core regiontdél-Cyt ¢, has a common
the other cytochrome species in the Protein Data Bank with ~ folding fashion conserved in many cytochromstructures,
DALI (51). Two proteins with the highest score arePd- but the unique N- and C-terminal regions are conserved only
Cyt Css1i from the MADH—amicyanin-Pd-Cyt css:; crystal- in a unique physiological electron acceptor for type | MDH,
line complex (PDB entry 2MTAZ = 24.2, and rms deviation =~ Cyt c.. Therefore, these regions are presumed to play
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A: Pattern 1

Ficure 4: Orientation and interaction between twd-Cyt c_
monomers in the asymmetric unit. (A) In the pattern | configuration,
the amino acid residues involved in the direct interaction between
two Hd-Cyt c. monomers and the heme group are shown in stick
representationHd-Cyt ¢ -A and -B are colored wheat and lime,
respectively. (B) Pattern Il configuration.

important roles in the interaction with MDH during the
electron transfer process.

The crystal structure dfld-MDH was determined at 2.5
A resolution. TheHd-MDH crystal belongs to space group
C2 and contains one heterotetramen/l;) and one het-
erodimer (13) in the asymmetric unit. The latter forms a
heterotetramer structure with another heterodimer molecule
related with crystallographic symmetry. The overall structure
of Hd-MDH shows a striking resemblance (rms deviations
for the G atoms of~0.4 A) to the other MDH structures
(17—20), which is consistent with the fact that the amino
acid sequence dfild-MDH is remarkably similar to those
of the other MDHSs (66-80%) 30). The common structural
characteristics of MDH are also conserveddidt MDH: the
numbers and positions of disulfide bridges, amino acid
residues in the cis configuration, and the “tryptophan docking
motif”. Panels A and B of Figure 6 depict the surface
electrostatic potential and ribbon diagram of heterotetrameric
Hd-MDH, respectively. The basi@-subunit (Figure 6B,
colored lime) is composed of 72 amino acid residues
containing 13 Lys and 3 Arg residues. Acidic-Cyt ¢ has

a negative potential around the hydrophobic patch-centered

heme. Therefore, the accessible surfaceHofMDH is
dominated by positive electrostatic potential, which is
distributed near thg-subunit.

Structural and Mechanistic Insights into Interactions
between Hd-Cyt,cand Hd-MDH. The interaction between
Pd-MDH andPd-Cyt css45 has recently been investigated by

Nojiri et al.

Ficure 5: Structural comparison dfld-Cyt ¢, with three cyto-
chromec species: (A) vPd-Cyt cssy;, (B) vs Mb-Cyt ¢, and (C)
vs the Cytc domain of ADH I[IB.Hd-Cyt ¢, Pd-Cyt Css1, Mb-Cyt
Cs, and the Cytc domain of ADH IIB are colored wheat, cyan,
lime, and pink, respectively.

molecular modeling using the X-ray coordinates of those
proteins 20). The most attractive models were obtained
during manual modeling with the two Cyt molecules
permitted to bind to the MDH heterotetramer at the same
time. It was suggested that the binding of the secondcCyt
would be a more efficient process, when one site has already
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Ficure 6: Surface electrostatic potential bfd-MDH and docking model betweeHd-MDH and Hd-Cyt c¢.. (A) Surface electrostatic
potential of theHd-MDH (a2) molecule. Blue and red denote positive and negative potentials, respectively, and white represents neutral
area. Arrows indicate the PQQ site at the bottom of the solvent-accessible cleft on the protein suifddd@ii. (B) Ribbon diagram

of the Hd-MDH molecule overlaid with the surface electrostatic potential shown in panel AdFfaad S-subunits are colored cyan and

lime, respectively. CH in the active center is represented as a yellow sphere. (C) Possible model of dockittgMtibH and Hd-Cyt c, .

Two Hd-Cyt c. molecules (pink) in the complex model (RPSCORE ID of 23) calculated with FT-DOCK andHtk@yt ¢, monomers

(wheat) are related by 2-fold axis symmetry by the present X-ray structure analysis. (D) Rotafipof(8@& model complex shown in

panel C. The Fe atom of the heme grougHd-Cyt ¢, is represented as a red sphere.

been occupied. However, the previous kinetic studies of the on a molecular 2-fold axis dfld-MDH, the configuration
reaction ofPd-MDH with Pd-Cyt css3 provided no evidence  of the dockedHd-Cyt ¢, molecules is almost consistent with
of cooperativity {5, 16). In the study of the crystal structure the pattern | configuration observed in the crystal structure
of Hd-Cyt ¢, presented here, we found that tial-Cyt ¢ (Figure 6C,D). Furthermore, it has been confirmed ttekt
molecules related by a 2-fold axis in the asymmetric unit Cyt c. dimerizes with itself in solution, because of the
interact with each other. This finding is the first example of formation of the cross-linked species with a mass-@0

the unique configuration of Cyi as a physiological electron  kDa (Figure 7, left). These facts strongly suggest that this
acceptor for MDH and would be important for the interaction unique configuration oHd-Cyt ¢ perhaps has an important
with MDH from the perspective that the,5, heterotet- meaning in terms of the interaction withd-MDH.

rameric structure of the enzyme also has a 2-fold axis of The newly proposed docking model withd-MDH and
symmetry. Therefore, we further investigated whether it is Hd-Cyt c_ in this study was analyzed by comparing with
possible to keep the configuration of twhd-Cyt c_ guinohemoprotein alcohol dehydrogenase ADH 1B (PDB
molecules during the formation of a complex witld-MDH entry 1KV9) and the proposed docking models betwiedn

by using FTDOCK for proteirrprotein docking simulation. ~ MDH and Pd-Cyt css3i (20). The a-subunit of H&-MDH
The Hd-Cyt ¢ monomer andHd-MDH heterotetramer  shows a high degree of structural similarity with the quinone
molecules were employed for the calculation. After docking domain of ADH 1I1B, while noj-subunit exists in ADH 11B
and scoring, we obtained several candidates. The possiblgFigure 8). The function of thg-subunit remains unknown
model complexes were selected by filtering on the basis of in the previous MDH studies, but it is strongly suggested in
the PQQ-heme distance and by eliminating the models in this study that theHd-MDH S-subunit plays an important
which a “docked” Cytc,. molecule collides with the rotated  role in the effective interaction witHld-Cyt ¢, by controling
one, when the complex is rotated on a molecular 2-fold axis the total net charge did-MDH and the surface electrostatic
of heterotetramerield-MDH docking one Cytc, molecule. potential near the PQQ active center (Figure 6A,B). This
When one of the candidates (RPSCORE ID of 23) is rotated suggestion is also supported by the FTDOCK docking
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g & Hd-Cyt c.: aArg426--Aspl09-A, SLys35--Glu57-A,

g g PAsp33--Lys70-A, andbLys31:--Glu68-A. This interaction
ok BB means it is predominantly electrostatic and is consistent with
66K the results of the ionic strength dependence in steady-state
93 and stopped-flow kinetics (Figures 1B and 2). The shortest

T 3K - distance between the PQQ and heme in this model was

1k B9 estimated to 18.2 A;-4 A longer than that between the PQQ
14K = and heme in ADH 1IB ¢14 A). Therefore, the proposed

model of theHd-MDH—Hd-Cyt ¢, complex appears to be
FIGURE 7: SDS-PAGE of the cross-linked species. The left panel Similar to the proposed ionic “docking complex” kfe-MDH
shows SDSPAGE of the cross-linketfid-Cyt ¢, dimer. Hd-Cyt with Me-Cyt ¢, (12); that is, the ionic strength dependence
¢ (60 ug) was added to 3@L of 10 mM Mes buffer (pH 5.5)  ghserved in theHd-MDH—Hd-Cyt ¢, complex is quite

containing 4 mM 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide ;. _
(EDC) and 10 mMN-hydroxysuccinimide (NHS). After the mixture similar to that of of thale-MDH—Me-Cyt ¢, complex. Salts

was incubated at 38C for 30 min, the sample was applied to the INhibit the initial complex formation process, and not the
gel (12ug). The arrow indicates thed-Cyt ¢, dimer (~40 kDa). subsequent electron transfer process. Moreover, the initial
The right panel shows SBAGE of the cross-linkeid-MDH — docked Cytc, is suggested to move to its optimal position

Cyta foEDpI(t:ex.HddNCgtSthWﬁsea}sctixfatlte%witr;t_thehcrgst,)s-linking_ OIfor the electron transfer process, probably involving an
reagents an atp 0. er desalting na een carried. . . .
out, the activateHd-Cyt ¢, (final concentration of 10:M) was interaction with the hydrophobic funnel on the surface of

added to 10 mM Mes buffer (pH 5.5) containing 0@ Hd-MDH MDH.

and then was incubated at 26 for 160 min. Ammonium acetate On the other hand, the proposed model of lteMDH —

(10 mM) was added finally to the mixture, and the resulting Pd-Cyt cssy; complex is assigned as an electron transfer
complex was purified chromatographically. The fraction containing complex model using the coordinates of ADH IIB, in which

the Hd-MDH—Cyt ¢, complex was applied to the gel (). The : . o
arrow indicatesytheL CI’OSE-“nkdﬂ-SUt?lfnit—Hd-Cyt gL rﬁ%’%omer the two proteins have been located at the optimum position

complex (28 kDa; 9 kDg-subunit and 19 kDa Cwt, ). for the electron transfeQO). Itis S|Ight|y different from the
Hd-MDH —Hd-Cyt ¢, docking model. The proposed position
of Pd-Cyt css1i Seems to be rotated in the counterclockwise
direction by~90° compared to the orientation bfd-Cyt c_

in theHd-MDH —Hd-Cyt ¢, docking model and to be slightly
far from the-subunit compared to the position Bfi-Cyt

c.. This observation might be true, because ttteMDH —
Hd-Cyt c. docking model is in the initial docking state, while
the proposed model of tHed-MDH —Pd-Cyt Css51; complex

is in the electron transfer state. Therefore, it is suggested
that the difference between these docking models may
implicate the activation mechanism on the non-ET process
for the electron transfer reaction between MDH and €yt

the mechanism implies that the interaction between the two
proteins changes from the initial docking site to the optimal
site for the electron transfer. Alternatively, the difference
might be due to the character of MDHs, becaRseMDH

has a more strongly negative net charge tHanMDH and

its electron transfer reaction was observed even under high-
ionic strength conditions<3.0 M NaCl) @5), although no
electron transfer occurs in theéd-MDH—Hd-Cyt ¢, com-
plex.

v In this study, the catalytic efficiency and formation of a
N transient complex oHd-MDH with Hd-Cyt ¢, show an

Ficure 8: Structural comparison of theld-MDH—Hd-Cyt c_ Optlmum pH O.f 5.5, a_nquld-Cyt CL IS pTOpF’S‘?d to dlmenze.
docking model and ADH 1IB. Thex-subunit of H&-MDH was transiently during the initial electrostatic binding process with
superimposed on the quinone domain of ADH li@:subunit (cyan) ~ Hd-MDH. Although the overall reaction mechanismtad-

and g-subunit (lime) ofHd-MDH, Hd-Cyt c_ (wheat), and ADH MDH is defined as simple ping-pong-type kinetics at present,

1B (pink). the real mechanism might be more complexed, beckidse
MDH exhibits a heterotetrameric structure,§,) and has
simulation, which proposed that the binding positiorHaf two independent active centers per molecule and two Cyt

Cyt c_ in Hd-MDH seems to be more stable at the site near ¢. molecules bind to the two active centers at same time
the S-subunit than the Cyt domain in ADH 1I1B having no and/or stepwise. If the binding constant and the electron
B-subunit (Figure 8). Moreover, the interaction between the transfer rate constant of the first Gytobviously distinguish
fB-subunit andHd-Cyt ¢, was also confirmed by a cross- it from the second Cyt. under steady-state kinetic condi-
linking study, which shows the cross-linked species with a tions, the simple kinetics model (in eqs-3) should be
mass of~30 kDa Hd-MDH g-subunit (9 kDa)+ Hd-Cyt reconsidered. However, they have not been determined in
c. (19 kDa)] on SDS-PAGE (Figure 7, right). The four salt  the previous MDH-Cyt c¢_ studies. Therefore, at present,
bridges are proposed in the interface betwderAMDH and we could only assume that the binding constant and the
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electron transfer rate of the first Cgt are equal to those of 14
the second Cyt.. An attempt to determinelfy values of
amino acid residues involved in formation of the complex
was carried out by analyzing the slope of keg/Kc' plots.
However, it was difficult to determine their precise values
because of few observed plots and the complicated interac-

tions between the two proteins. At pH 4.3.0, the amino

15

acid residues, which participate in the complex formation 16.

by acid dissociation, are Glu and Asp having,walues of
4.0-4.5. The protonation/deprotonation of their carboxyl
groups on the molecular surface is suggested to be very 17
critical for the docking mechanism and an efficient electron
transfer process. Moreoveld-MDH and Hd-Cyt c_ are
acidic proteins at neutral pH3(); especiallyHd-Cyt c.
containing a total of 25 acidic amino acid residues on the
protein surface is strongly acidic. As shown in Table 2, the
pH change from pH 7.0 to 5.5 causes an increase in the
affinity betweenHd-MDH and Hd-Cyt ¢ because of a
decrease in the strength of the repulsion between these acidic
proteins by the negative charge loss of the protein surfaces,
as proposed in the case BE-MDH and Pd-Css;; (15).
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