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ABSTRACT. Methylamine dehydrogenase (MADH) and amicyanin form a physiologic complex within which
electrons are transferred from the tryptophan tryptophylquinone (TTQ) cofactor of MADH to the type 1
copper of amicyanin. Interactions responsible for complex formation may be inferred from the crystal
structures of complexes of these proteins. Site-directed mutagenesis has been performed to probe the
roles of specific amino acid residues of amicyanin in stabilizing the MAfarhicyanin complex and
determining the observed ionic strength dependence of complex formation. Conversiot’abRbig
severely disrupted binding, establishing the importance of hydrophobic interactions involving this residue.
Conversion of Ar§® to either Asp or to Leu increased th& for complex formation by 2 orders of
magnitude at low ionic strength, establishing the importance of ionic interactions which were inferred
from the crystal structure involving AP§ Conversion of Ly% to Ala did not disrupt binding at low

ionic strength, but it did greatly diminish the observed ionic strength dependence of complex formation
that is seen with wild-type amicyanin. These results demonstrate that the physiologic interaction between
MADH and amicyanin is stabilized by a combination of ionic and van der Waals interactions and that
individual amino acid residues on the protein surface are able to dictate specific interactions between
these soluble redox proteins. These results also indicate that the orientation of MADH and amicyanin
when they react with each other in solution is the same as the orientation of the proteins which is seen
in the structure of the crystallized protein complex.

The quinoprotein methylamine dehydrogenase (MADH) form a ternary complex to catalyze methylamine-dependent
and a type | copper protein, amicyanin, form a physiologi- cytochromec-551i reduction (Husain & Davidson, 1986;
cally relevant complex in which intermolecular electron Gray et al., 1986, 1988; Davidson & Jones, 1991, 1995).
transfer occurs. MADH is a periplasmic enzyme which has Although it is a thermodynamically favorable reaction,
been purified from several Gram-negative bacteria (David- MADH does not reduce cytochron®e551i in the absence
son, 1993) and which catalyzes the oxidation of methylamine of amicyanin (Husain & Davidson, 1986), probably because
to formaldehyde and ammonia. As a prosthetic group, it the proteins are unable to interact in a productive manner.
possesses tryptophan tryptophylquinone (TTQ) (Mclintire et Reduced amicyanin will not significantly reduce oxidized
al., 1991). InParacoccus denitrificansamicyanin is an cytochrome in the absence of MADH (Davidson & Jones,
obligatory mediator of electron transfer from MADH to 1995). This is because the redox potential of free amicyanin
soluble c-type cytochromes (Husain & Davidson, 1986). is much more positive than that of the cytochrome. The
Each protein is induced in this bacterium during growth on potential of amicyanin shifts on complex formation with
methylamine as a carbon source (Husain & Davidson, 1985, MADH to facilitate the reaction (Gray et al., 1986). The
1987). The amicyanin gene is located immediately down- requirement for amicyanin is quite specific. Other structur-
stream of that for MADH, and inactivation of the former by ally similar type | copper proteins, plastocyanin and azurin,

gene replacement resulted in loss of the ability to grow on ¢o not effectively substitute for amicyanin (Gray et al., 1988;
methylamine (van Spanning et al., 19900 viv0, itappears  Hyyn & Davidson, 1995).

that alternative cytochromes may accept electrons from
amicyanin (de Gier et al., 1995)n vitro, cytochromec-551i

is the most efficient acceptor for the amicyanin-mediated
transfer of electrons from MADH. MADH, amicyanin, and
cytochromec-551i are isolated as individual soluble proteins,
but it was demonstrated in this laboratory that they must

The specific interaction between MADH and amicyanin
has been characterized by absorption spectroscopy (Gray et
al., 1988), potentiometric studies (Gray et al., 1988), steady-
state kinetics (Davidson & Jones, 1991; Brooks et al., 1993),
transient kinetics (Brooks & Davidson, 1994a,b; Bishop &
Davidson, 1996; Bishop et al., 1996), direct binding assays
(Davidson et al., 1993), chemical cross-linking (Kumar &
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ionic strength (10 mM buffer) over high ionic strength (10 30 °C produced higher yields of amicyanin than growth at
mM buffer plus 0.2 M NaCl). However, chemical cross- 37 °C. Synthesis of amicyanin via thac promoter site on
linking studies suggested that both hydrophobic and elec- pMEG201 was induced by the addition of 3@ isopropyl
trostatic forces were involved in complex formation. A j-p-thiogalactopyranoside. Cells were harvesteh after
binary complex of MADH and amicyanin (Chen et al., 1992) induction. Fractionation of cells after induction and analysis
and a ternary protein complex of these proteins plus of cell fractions revealed that the expressed amicyanin was
cytochromec-551i (Chen et al., 1994) have been crystallized exported to the periplasm and that the signal sequence was
and their structures determined. The ability of MADH to cleaved to produce a protein of the correct molecular weight.
oxidize methylamine and then transfer electrons to cyto- The amount of amicyanin that was isolated depended upon
chrome ¢-551i via amicyanin in these crystals has been the copper concentration in the growth medium; 100
demonstrated by single crystal polarized absorption mi- Cu?* was optimal.

crospectrophotometry (Merli et al., 1996). Amicyanin was purified from the periplasmic fraction of
The structures of the crystallized complexes of these g coli by methods essentially identical to those used to
proteins indicate that the interface between the two proteinsfractionateP. denitrificansand isolate amicyanin from the
is stabilized largely by hydrophobic interactions, despite the periplasmic fraction (Husain & Davidson, 1985; Davidson,
presence of some charged and neutral hydrophilic residues; 9g0). Fractionation of the cells was accomplished by
in addition to hydrophobic residues (Chen et al., 1992, 1994). yreatment with lysozyme followed by a mild osmotic shock.
One and possibly a second intermolecular salt bridge at theamicyanin was purified from this fraction by ion-exchange
periphery of this hydrophobic interface may also be inferred chromatography over DE-52 (Whatman). While some
from the structural data. The actual contributions of these mutations affected the conditions under which amicyanin
hydrophobic and electrostatic interactions can only be g|uted from the column, in all cases it was possible to obtain
ascertained by probing the structure by site-directed mu- pyre protein using this procedure. Yields of wild-type and
tagenesis. To better understand the precise mechanism by,tant amicyanins ranged from 10 to 15 mg/L of culture.
which this specifiq prof[eiﬁprotein associa'gion is stabilized,_ ~ The kinetic properties of wild-type recombinant amicyanin
we have used site-directed mutagenesis to alter specificyere verified in steady-state and transient kinetic assays with
amino acid residues of amicyanin which appear from the pmaDH and cytochromes-551i. The binding and catalytic

crystal structure to be important for functional association rate constants observed for recombinant amicyanin are the
with MADH. Mutagenesis of certain specific individual  same as those of the native protein.

amino acid residues caused dramatic decreases in binding
affinity and in some cases altered the ionic strength

dependence of complex formation which is observed with
wild-type amicyanin. These results demonstrate that a
combination of hydrophobic and ionic interactions is required

to stabilize complex formation and that individual amino acid

residues on the protein surface are able to dictate very
specific interactions between soluble redox proteins.

Site-Directed Mutagenesis of the Amicyanin GeSéte-
directed mutagenesis was performed on double-stranded
pPMEG201 using two mutagenic primers with the QuikChange
Site-Directed Mutagenesis Kit (Stratagene). The oligonucle-
otide sequences used to construct the site-directed mutants
are as follows: R99D,'SCATCCCTTCATGGACGGCAAG-
GTC-3; R99L, 5-CATCCCTTCATGCTCGGCAAGGTC-
GTC-3; K68A, 5-GAGGCGGCGTTGGCGGGCCCGAT-

EXPERIMENTAL PROCEDURES GATG-3; M71R, 3-GAAAGGCCCGAGGATGAAGAA-
Protein Purificati MADH ified fromP. deni GGAG-3; F97E, B-CACTGCACCCCGCATCCCGAGAT-
rotein Funmcation. was purilied fromr. deni- GCGCGGCAAG-3 The underlined bases are those which

trificans as previously described (Davidson, 1990). Recom-
binant amicyanin was purified frofascherichia coliusing

the same methods as described previously for purification
of the native protein fromP. denitrificans (Husain &
Davidson, 1985). Protein concentrations were calculated
from the known extinction coefficients for MADH (Husain
et al., 1987) and amicyanin (Husain & Davidson, 1985).
Reduced MADH was prepared by titration with sodium
hydrosulfite (dithionite). All reagents were obtained from
commercial sources.

Expression of the Amicyanin Gene Product in E. cdli.
555 bp fragment from the methylamine utilizationgy gene o i S ) ]
cluster of P. denitrificans(Chistoserdov et al., 1992) was _ Kinetic Studies. Steady-state kinetic experiments with
obtained from Dr. A. Y. Chistoserdov (SUNY, Stony Brook, MADH and amicyanin as an electron acceptor were per-
NY). This fragment was present in pUC18 (pAYC170a). formed as descrlbeq previously (Brooks et al., _1993). The
A Hindlll/ EccRl fragment from pAYC170a was cloned into ~ @SSay mixture contained 16 nM MADH and varied concen-

pUC19 in order to allow transcription afiauC from the puc ~ frations of amicyanin in 10 mM potassium phosphate, pH
lac promoter. This fragment includes the region which 7.5, with or without 200 mM KCI. The reaction was initiated

encodes the signal sequence for export of amicyanin to thePY the addition of substrate, and activity was monitored by
periplasm. The resulting plasmid, pMEG201, was trans- "€ change in absorbance caused by the reduction of
formed intoE. coli BL21 (DE3) (Novagen) for expression amicyanin at 595 nm. Assays were performed atG0Data
of amicyanin. were fit to eq 1.

Cells were grown in Luria broth containing 10@/mL
ampicillin and 100uM Cu?* at 30°C. Growth of cells at U[Eql = ko SV(Kyy + [S]) (1)

were changed to create the desired change in the amino acid
sequence. The sequence of thauC gene fromP. deni-
trificans was reported by Van Spanning et al. (1990). In
each case, the change in the nucleotide sequence also
generated a new restriction site which was used to facilitate
screening for the mutation. Mutations were confirmed by
dideoxy DNA sequencing of the double-stranded plasmids
using the Sequenase Quick-Denature Plasmid Sequencing
Kit (Amersham). For each mutation, the entire 555 bp
mauC-containing fragment was sequenced to ensure that no
second site mutations were present, and none were found.
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An On-Line Instrument Systems (OLIS) RSM1000 stopped-
flow spectrophotometer was used for transient kinetic experi- ,gzc 9o
ments. Reactions were monitored at 443 nm, which is an
isosbestic point for the semiquinone and oxidized forms of
MADH and is where MADH exhibits a\e of 26 200 M
cm™t on conversion from reduced to semiquinone (Husain
et al., 1987). For each set of mixing experiments, the
concentration of MADH was fixed between 0.5 angf,
and the amicyanin concentration was varied. The amicyanin
concentration was always in at least 10-fold excess of MADH
to maintain pseudo-first-order reaction conditions. Values
of Kops Were determined from the fits of the raw data to
equations describing a single exponential rise (eq 2).

Aus=Cl—e+b 2)
Ap=Cl—-e™+Cci—-e"+b (3)

In the case of the R99D mutant, biphasic kinetics were piguge 1: Hydrophobic surface domain surrounding the copper
observed and those data were best fit to eq 3. For reactionssite of amicyanin. The surface-exposed ¥lisf amicyanin which
of this mutant protein, typically greater than 90% of the total serves as a copper ligand is surrounded by seven hydrophobic
amplitude change associated with the reaction could ber?‘%‘g;'s'\r"ﬁxi (’;’;‘iﬁ;’sg"fetz digzérzrg:&mfé 32%92‘% I}%’;
aitributed to one of the rate constants. Subsequent analy&%re located on the periphery of this hydrophobic patch. Cogrdinates
of kops for reactions of R99D used the rate constant that was are available in the Brookhaven Protein Data Bank, entry 2MTA.
associated with the much larger amplitude. The reason for
the biphasic kinetics, which are exhibited only by this mutant, MET 71
is under further study.

In all reactions, saturation behavior was observed, and data
were fit according to the model (eq 4) and the equation (eq

. . K . L
MADH .4+ amicyanin, == MADH red@micyaniry, f
MADH . famicyanin,y (4)

ks[amicyanin,]
Kobs [amicyanin, ] + K, Tk ®)
5; Strickland et al., 1975) given below. The three kinetic
parameters are directly determined from the nonlinear fit of
the hyperbolic curve which describes the dependenég,of
on amicyanin concentration. The maximum, concentration-
independent, value df,us is equal toks + ki, andk, will
equal they-intercept of the curve.Ky is the amicyanin
concentration which corresponds to the midpoint of the
hyperbola. Nonlinear curve fitting of data was performed
with OLIS software and the Enzfitter computer program.

FIGURE 2: Amicyaninr—MADH interface. Van der Waals radii of

RESULTS His%, Met™l, and Ph& of amicyanin and MADH residues with
which they make close contact are shown as dots. Possible ionic
Rationale for Site-Directed Mutagenesis Experimefitse interactions between Af§and Ly$® of amicyanin and carboxylic

crystal structure of the MADHamicyanin complex (Chen 125022 & I8P AL BN PR reside e colored rodh Met
et_ al., 1992). reveals Fhat th? site on amicyanin that Interactsinteracts with Tht* of the MADH small subunit. PHe interacts
with MADH is the region which surrounds Hfsthe surface-  ith Arg184 of the MADH small subunit and PP of the MADH
exposed histidine ligand for the type 1 copper. His at large subunit. The side chain N of Afgof amicyanin and side
the center of a hydrophobic patch of amino acid residues chain O of Asp®’ of the MADH large subunit are separated by 2.7
that includes Mét, Metl, Met®, Prd2 Prd* PrdS and A. The side chain N of Ly of amicyanin and side chain O of

; X o . Aspt15 of the MADH small subunit are separated by 4.4 A. The
7
Phé’ (Figure 1). The proteinprotein interface with MADH copper of amicyanin and TTQ of MADH are in yellow. Coordinates

appears to primarily involve hydrophobic (van der Waals) are available in the Brookhaven Protein Data Bank, entry 2MTA.
interactions mediated by some of these residues (Figure 2).

For example, the side chains of Meand Ph& are seenin  interacts with Arg®* of the MADH small subunit and P#¢?

the crystal structure of the complex to be close enoughg of the MADH large subunit. In addition, two possible
A) to make van der Waals contact with residues of MADH. electrostatic interactions are indicated at the periphery of the
Met"! interacts with Tht* of the MADH small subunit. Pé hydrophobic interface (Figure 2). The side chain N of Arg
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Table 1: Effects of Mutagenesis of Specific Amino Acid Residues
on Complex Formation between Amicyanin and Methylamine
Dehydrogenase

Km (uM)?3 Kg (uM)®
noadded +0.2M noadded +0.2M

amicyanin KCle KCI KCI KCI
wild type? 1 8 <5 15
R99D 76 64 20 179
R99L 31 59 59 158
K68A 3 7 <5 5
R99L/K68A 98 60 85 107
M71R 2 23 <5 22
FO7E 151 ND 228 ND

@ Determined using eq 1 from steady-state assays with amicyanin
as the terminal electron acceptdDetermined from the analysis of
the variation inksps With @amicyanin concentration in pre-steady-state
kinetic studies, using eq 5.Values for recombinant wild-type ami-
cyanin fromE. coli and native amicyanin fron®. denitrificansare
essentially identical It was not possible to determir&; values<5
uM because the rate was already maximal aMg which is the lowest

concentration of amicyanin that could be used and still maintain psuedo-

first-order reaction conditions under which eq 5 is valid (i.e., [ami-
cyanin] >> [MADH]). ¢ND, not determined.

of amicyanin and side chain O of A%of the MADH large
subunit are separated by only about 2.7 A. This strongly

Davidson et al.

mutations significantly affected complex formation with
MADH. The steady-stat&, values and kinetically deter-
mined Ky values for each mutant were much greater than
for wild type (Table 1). This was true under both the low
salt and high salt reaction conditions. The R99L and R99D
mutants each exhibited a small salt dependence that is
qualitatively similar to what is observed with wild-type
amicyanin, an increase i, and Ky at the higher ionic
strength. However, the ionic strength dependence is less
pronounced than that observed with the wild type.

Lys® was changed to Ala. Thi&, values for the K68A
mutant were comparable to those of wild-type amicyanin.
The K4 value for the K68A mutant was comparable to that
of wild-type amicyanin at the lower ionic strength (i.e., both
Kg values are less than @M), but in contrast to what is
seen with the wild type, th&y of K68A did not increase
appreciably at the higher ionic strength. Thus, ®ydoes
not appear to be required for binding, but it may play a role
in determining the ionic strength dependence of complex
formation.

A double mutant in which Arf was changed to Leu and
Lys® was changed to Ala was also constructed and analyzed.
The R99L/K68A mutant exhibitel, andKy values which
were much greater than wild type and similar to those for

suggests that these two residues participate in an intermothe R99L and R99D single mutants. The ionic strength

lecular salt bridge. The side chain N of 5}&f amicyanin
and side chain O of ASf of the MADH small subunit are

dependence that is apparent in the wild type was not observed
in the RO9L/K68A mutant. The approximate 3-fold increases

separated by about 4.4 A. This suggests the possibility of in Ky, at low ionic strength for the double mutant relative to
electrostatic interactions between these two residues. Tothe single R99L mutant, and K68A relative to wild type,

examine the importance of individual amino acid residues
in stabilizing complex formation between amicyanin and
MADH, site-directed mutants were prepared in which Arg
Lys®, Met’?, and Ph& were changed to other amino acids.
Kinetic Analyses.The relative affinities of MADH for
wild-type and mutant amicyanins were determined in kinetic
experiments. Ky, values were determined using a steady-
state enzyme assay in which amicyanin was the terminal

suggest that the K68A mutation may have a small effect on
binding at low ionic strength. This effect cannot be discerned
from the Ky values for wild type and K68A, which were
each below our limit for reliable detection of/BM. The
small increase irky for the double mutant relative to the
single R99L mutant at low ionic strength is also consistent
with this idea. This indicates that the ionic interaction
involving Lys*® may contribute to stabilization of the

electron acceptor in the assay of methylamine-dependentcomplex at low ionic strength but to a much smaller degree

reduction of amicyanin by MADH.Ky values were deter-
mined from pre-steady-state stopped-flow studies in which
reduced MADH was mixed with oxidized amicyanirKn,

than the ionic interaction involving AF§ This conclusion
is consistent with the structural data which suggest a strong
ionic interaction involving Aré® (r = 2.7 A) but a much

is a term which is comprised of several rate constants thatweaker ionic interaction involving LY& (r = 4.4 A).

describe the overall oxidatiefreduction reaction. It is
operationally defined as the concentration of amicyanin
which yields half-maximal activity with a saturating con-
centration of methylamine and a catalytic concentration of
MADH. Since K, is a composite rate constant, it is not
surprising that theé,, values do not exactly match th&
values (Table 1). However, the trends shown in Table 1
are similar for variation inK, and K4 for the mutant
amicyanins. This indicates that the changeKinvalues,
like theKq values, reflect variations in the affinity of mutant
amicyanins for MADH. It should also be noted that it was
not possible to determin€y values less than bM because

5 uM is the lowest concentration of amicyanin that could
be used and still maintain the psuedo-first-order reaction
conditions under which eq 5 is valid (i.e., [amicyanin}
[MADH]). For some of the mutant amicyanins, the first-

Analysis of Site-Directed Mutants of Pheand Met™.
Phé” was changed to Glu. This mutation significantly
affected complex formation with MADH. The steady-state
Km values and kinetically determinéq, values for the FO7E
mutant were much greater than those for wild type and the
largest of any of the mutants analyzed in this study (Table
1). In fact, theKqy value of 228«M should be considered a
minimum value because it was not possible to achieve high
enough concentrations of this mutant amicyanin to saturate
MADH in pre-steady-state studies. These results confirm
the importance of this hydrophobic residue in stabilizing
complex formation between amicyanin and MADH.

Met’* was changed to Arg. This mutation appeared to
have little effect on complex formation with MADH despite
the inferred role of hydrophobic interactions involving et
(Figure 2). The steady-statk, values and kinetically

order rate constant was maximal and concentration-indepen-determiney values for the M71R mutant were only slightly

dent at [amicyanink 5 uM, so aKq4 lower than this value
could not be determined.

Analysis of Site-Directed Mutants of APgand Ly$8
Arg®® was changed to Asp and to Leu. Each of these

greater than for wild type (Table 1). A likely explanation
for this is that the long aliphatic side chain of Arg is able to
replace the side chain of Méiat the hydrophobic interface
and still position the guanidinium group on the periphery of
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Table 2: Comparison of Amino Acid Sequences of Amicyanins and Plastoéyanin

T. versutusamicyanifd 68 RGEMMTKD 76 95 PHP- —FMRGKYV 103
P. denitrificansamicyaniri 67 LKGPMMKKE 75 94 PHP- —FMRGKYV 102
plastocyanif 59 EEDLLNAPG 67 86 PHQGAGMVGKYV 96

2 Only relevant portions of the amino acid sequences are displayed. Alignments are based on the complete sequences of each protein as reported
in the cited referenced.Taken from van Beeuman et al. (1991)aken from van Spanning et al. (1990)This is a concensus sequence of
plastocyanin based on the sequences of 25 proteins (van Beeuman et al., 1991).

the hydrophobic interface. Inspection of the structure of the of the amino acid sequences Bf denitrificansamicyanin

wild-type complex reveals that this is possible. with those of another amicyanin frofhiobacillusversutus
and a plastocyanin consensus sequence (Table 2) (van
DISCUSSION Beeuman et al., 1991; Durley et al., 1993) reveals that%rg

While much has been learned about the mechanisms which@nd Ph#& are conserved in the amicyanin sequences but have
stabilize complex formation between tightly associated N° cpunterparts in plastopyanln. These residues reside in a
proteins (e.g., antibodyantigen and ligandreceptor inter- relatively conserved portion of the sequence, bL_lt one sees
actions), relatively little is known about the factors which Gly rather than PHeé and Val rather than Afj in the
govern specific recognition and stabilization of relatively Plastocyanin sequence. The results of this mutagenesis study
weakly associated protein complexes. In the case of MADH indicate that Ly& may influence the ionic strength depen-
and amicyanin, specific recognition and efficient complex dence of complex association. It is interesting to note that
formation are critical to their physiologic function. The the corresponding residue in the other amicyanin is Arg,
electrons derived from methylamine oxidation by MADH while in plastocyanin it is a negatively charged residue, Glu.
must be transferred to the respiratory chain via amicyanin Comparison with azurin sequences is more difficult because
in order for the cell to be able to grow on this substrate. It the similarity with amicyanin is much less and there are
is critical that MADH does not accidentally donate electrons considerably more insertions and deletions in the sequences,
to the wrong redox protein. This study provides a picture as well as more deviations in the structures (Durley et al.,
of how this specific complex formation between MADH and 1993).

amicyaniq occurs. _ These results are important because they provide strong
Interactions between redox proteins are usually thought evidence that the orientation of MADH and amicyanin which
of as being either hydrophobic or electrostatic in nature. The j5 seen in the structure of the crystallized complex is the

MADH —amicyanin interaction indicates that the factors g5me a5 the orientation of the proteins when they react with
which stabilize proteirrprotein interactions are not neces- oach other in solution. Only two other physiologic com-

sarily that simple. Both hydrophobic and electrostatic o a5 of soluble redox proteins have been crystallized, that
interactions are important. These mutagenesis studies indi-

te that alterafi f A Its i anificant Keni of cytochromec with cytochromec peroxidase (Pelletier &
cate that afteration 0 Rresu s In a significant weakening -y ¢, 1992) and the Feprotein and MoFeprotein com-
of binding, particularly at low ionic strength. Thus, our

A L ; . . ponents of nitrogenase (Schindelin et al., 1997). With so
results show that the ionic interprotein interactions involving f A ; !

. ; . . ew examples it is impossible to generalize about factors
this residue, which may be inferred from the crystal structure which govern the interactions between such protein partners
(Figure 2), are important for stabilizing the complex. The h fint tion d ibed h bet . o
results of mutagenesis of PAelemonstrate that the hydro- The type o interaction described here between amicyanin
phobic interactions involving this residue are also very and MADH, with both ionic and hydrophobic co.mponents,.
important. may be a rea;o_nable model for weakly ass_ouatgd pro_tem

We propose the following model for complex formation complexes. Itis important that the hydrophoblc r(_aglon_whlch
between MADH and amicyanin. The initial recognition and surr_Ol_Jnds_the electr_qn_transf(_er S'te. on amicyanin not
interaction between MADH and amicyanin is strongly participate in non_specmc |nteract|o_ns with qther proteins that
influenced by Arg® of amicyanin and an Asp residue of have hy('jropho'blic' surface domains. This would !ead to
MADH. This initial electrostatic interaction could then allow ~ COMPpetitive inhibition for the electron transfer reaction or,
the hydrophobic surface areas which surround the copper€Ven WOrse, electron transfer to the wrong protein. This
site on amicyanin and the exposed edge of TTQ on MADH Would decrease the efficiency of energy metabolism and be
to orient opposite each other. Once this occurs, the counterproductive to the organism. By requiring one or more
hydrophobic surfaces are able to interact to form the stable SPecific electrostatic interactions for proper recognition and
complex. A novel feature of this model is that ionic and alignment of hydrophobic surfaces, the chance of nonspecific
electrostatic interactions serve to facilitate nearby hydro- interactions with other proteins is minimized. It should be
phobic proteir-protein interactions. Intuitively, this may noted that while this model may be reasonable, it will
seem counterproductive. However, it is likely that this certainly not be universal. For example, the crystal structure
feature provides a large degree of the specificity of the of the ternary MADH-amicyanin-cytochromec-551i com-
interaction. plex (Chen et al., 1994) reveals that the other pretpiotein

In considering what dictates the specificity of MADH for  interface between amicyanin and the cytochrome contains
amicyanin, it is noteworthy that azurin and plastocyanin have relatively polar residues and is stabilized primarily by
been previously reported to be poor substitutes for amicyaninhydrogen bonds. Clearly, additional studies such as those
(Gray et al., 1988; Hyun & Davidson, 1995). Each of these described here are required to gain a complete understanding
other type 1 copper proteins has an analogous hydrophobicof the factors which dictate the specificity of interactions
surface domain surrounding the copper site. Comparisonbetween soluble redox proteins.
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