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ABSTRACT:. Methylamine dehydrogenase (MADH) and amicyanin form a physiologic complex which is
required for interprotein electron transfer. The crystal structure of this protein complex is known, and the
importance of certain residues on amicyanin in its interaction with MADH has been demonstrated by
site-directed mutagenesis. In this study, site-directed mutagenesis of MADH, kinetic data, and
thermodynamic analysis are used to probe the molecular basis for stabilization of the protein complex by
an interprotein salt bridge between Arg99 of amicyanin and Asp180 ofiteebunit of MADH. This

paper reports the first site-directed mutagenesis of MADH, as well as the construction, heterologous
expression, and characterization of a six-His-tagged MA@AEp180 of MADH was converted to arginine

to examine the effect on complex formation with native and mutant amicyanins. This mutation had no
effect on the parameters for methylamine oxidation by MADH, but significantly affected its interaction
with amicyanin. Of the native and mutant proteins that were studied, their observed order of affinity for
each other was as follows: native MADH and native amicyaninative MADH and R99D amicyanin

> aD180R MADH and native amicyanir oD180R MADH and R99D amicyanin, aradD180R MADH

and R99L amicyanin. TheD180R mutation also eliminated the ionic strength dependence of the reaction
of MADH with amicyanin that is observed with wild-type MADH. Interestingly, the inverse mutation
pair of tD180R MADH and R99D amicyanin did not restore the favorable salt bridge, but instead disrupted
complex formation much more severely than did either individual mutation. These results are explained
using molecular modeling and thermodynamic analysis of the kinetic data to correlate the energy
contributions of specific stabilizing and destabilizing interactions that are present in the wild-type and
mutant complexes. A model is also proposed to describe the sequence of events that leads to stable complex
formation between MADH and amicyanin.

Methylamine dehydrogenase (MADHis an enzyme in  blue copper protein3), according to eq 1.
a soluble electron transfer chain of proteins that enables
several Gram-negative bacteria to use methylamine as 8CH,NH," + 2amicyanin, .4+ H,O — CH,O +
carbon and energy source, ). MADH from Paracoccus . . n n
denitrificansis a 125 kDa protein with two sets of identical 2amicyanifgycegt NH,~ +2H" (1)
subunits arranged in anf, structureéz Each smallers

subunit possesses a tryptophan tryptophylquinone (TTQ) The oxidation of reduced MADH by amicyanin requires
prosthetic group3) that participates in catalysis and electron |ong-range electron transfer between these proteins. Since
transfer. TTQ is formed by posttranslational modification the electron acceptor for this oxidoreductase is a protein,
of residues Trp57 and Trp108 of th subunit. MADH rather than a small molecule like,@r NAD*, electron
catalyzes the oxidative deamination of methylamine and transfer from reduced TTQ cannot occur directly. The
electron transfer from methylamine to amicyanin, a type | reaction centers, TTQ in MADH and copper in amicyanin,
are separated by 9.4 &) The binding and electron transfer

t This work was supported by National Institutes of Health Grant "€actions of MADH with amicyanin have been the subject
GM-41574. of many studies which have characterized: the binding
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State St Jackson, MS 39216-4505. Telephone: (601) 984-1516, Fax:Jilerent reactions conditions¢7), the rates and mecha-
(601) 984-1501. E-mail: vdavidson@biochem.umsmed.edu. nisms of electron transfer from different redox forms of_TTQ
1 Abbreviations: MADH, methylamine dehydrogenase; TTQ, tryp- to copper 8—11), and complex-dependent changes in the

tophan tryptophylquinone; PES, phenazine ethosulfate; DCIP, 2,6- i i i
dichlorophenolindophenol; KP potassium phosphate buffer; PDB, redox properties of amicyanirig). Crystal structures are

Protein Data Bank; 6xHis-MADH, recombinant MADH with a sequence &/SO available for MADH 13), amicyanin {4), and com-
of six histidine residues inserted at the C-terminal end ofteebunit. plexes of MADH and amicyanir4( 15).

2The largera. subunit of MADH, sometimes termed the H subunit, i ; i
is encoded by thenauB gene. The smallef subunit of MADH, The crystal structures reveal that the interface of amicyanin

sometimes termed the L subunit, is encoded byrtimAgene. This anq MADH is largely hydrophobic and includes amicyanin
paper uses the and terminology. residues Met71, Met51, Met28, Pro52, Pro94, Pro96, and
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Table 1: Bacterial Strains and Plasmids

strain or plasmid relevant features source or reference
bacteria
E. coli
JM100 general cloning strain Promega
XL-1 general cloning strain Stratagene
S17-1 conjugation donomob", Sni 26
P. denitrificans wild type, Sni ATCC 13543
R. sphaeroide&.4.1 wild type laboratory strain
plasmid
pRK415-1 broad-host-range vector,'ThcP, pUC12/13 multiple cloning sitégcZ 27
pBSII KS/SK general cloning strain, ColE1, ApacZ Stratagene
pMEG987 pBSIl KScoxlIl promoter,mauFBEDACJG 7
pMEG985 pUC19EcaRI fragment from pMEG987 this work
pMEG977 pUC19, witfEcaRI fragment inserted six-His tag this work
pMEG976 pBSII KScoxIl promoter,mauFBEDA6xhisCJIG this work
pMEG975 pRK415-1¢ox Il promoter,mauFBEDA6xhisCJG this work
pZZ102 PRK415-1¢ox Il promoter,mauFBEDA6xhisCJ@vith mutation D180R irmauB this work

Phe97 and MADH residuésiPhe1430Pro145,0Alal46, possesses the complementary mutation on amicyanin. The
oProl47, aTyrl82, pAla55, pVal58, fLeu7l, SAla73, results of kinetic and thermodynamic analyses of the interac-
APhel025Phell0, an@Phell?. Site-directed mutagenesis tions of these proteins and molecular modeling studies are
studies of amicyanin revealed that conversion of Phe97 to used to identify important interactions betweehsp180 and
glutamate decreased the affinity of MADH and amicyanin neighboring residues on MADH and amicyanin. These data
by 2 orders of magnituder), supporting the importance of are also used to develop a model for the mechanism of
these hydrophobic interactions in stabilizing complex forma- complex formation between MADH and amicyanin.
tion. In addition to the stabilization of the complex by these
hydrophobic interactions, a pair of charged residues, Arg99 EXPERIMENTAL PROCEDURES
of amicyanin andxAsp180 of MADH, form a salt bridge at ) ) ) ) -
the periphery of the hydrophobic patch. Conversion of Argog Materials Native MADH and amicyanin were purified
to either aspartate or leucine by site-directed mutagenesis®™M P. denitrificansas described previousiyl). Site-
also severely destabilized complex formatiop). (These  directed mutants of amicyanin were prepared and purified
mutations not only weakened the binding but also eliminated ffom Escherichia colias described previously’). Native
the dependence of binding on ionic strength. The wild-type "€c0mbinant MADH was prepared and purified frd®
complex exhibits much stronger binding at low ionic than SPhaeroidess described previousiyi§).
at high ionic strengthsg( 7). Construction of a Plasmid To Express 6xHis-MADH
In Studying MADH—amicyanin interactionS, we have Recombinant MADH is eXpreSSEd from the plasmld pMEGg87
previously been limited to performing site-directed mutagen- (16), @ pBluescript derivative which contains the genes
esis on amicyanin. The recent success in heterologousMauFBEDACJG(Table 1). A 653-basdEcaRl fragment
expression of recombinant MADH iRhodobacter sphaeroi- ~ Which contains 95 bases from theehd ofmauA the gene
des(16) provided the potential for site-directed mutagenesis Which encodes the MADH3 subunit, was excised and
of MADH as well. This paper describes the construction, inserted into pUC19 to form pMEG985. This plasmid is
expression, and properties of a new form of recombinant much smaller than pMEG987 and, therefore, a better template
MADH (6xHis-MADH) which possesses a six-histidine tag for the mutagenesis protocol used to insert the six-His tag.
at the C-terminus of th@ subunit. The 6xHis-MADH is  Attempts to make this insertion with the conventional
much easier to purify from cell extracts than the native Protocol using Stratagene’s QuikChange kit were unsuccess-
recombinant MADH and allows one to also purify mutants ful. The protocol was modified by using the two-stage
of MADH which may be inactive or possess assembly Procedure of Wang and Malcomld) to introduce the
defects. insertion that encodes the six-His tag by site-directed
To further examine the importance of the salt bridge Mutagenesis. Briefly, an extension reaction was performed

between Arg99 of amicyanin angAsp180 of MADH, and with the pMEG985 template and each primer separately, for
to gain insight into the possible roles of nearby surface three cycles; then the contents of the two reaction solutions

residues in formation of this critical interprotein salt bridge, Were mixed, and the standard reaction was carried out for
aAsp180 was converted to arginine by site-directed mu- @nother 25 cycles. The primers that were used were
tagenesis. The reaction of this mutant was studied with wild- 9 -CCTATCACTGCACGATCTCCCCCATCGTGGGCA-
type and mutant amicyanins, including R99D amicyanin that AGGCGAGCCACCACCACCACCACCACTGACGGC-
GGCCGGGCGCGCATGC and its complementary DNA.
The inserted nucleotides are underlined. After introduction
3 The numbering system used here for the MARKubunit is based - - - -
on the refined crystal structure of MADH.8). The residue number is of the insertion by_ this mUta,geneS'S progedure,Elcd?l )
different from that found in Protein Data Bank files 2MTA and 2BBK.  fragment was excised and ligated back into pMEG987 in
To convert to the numbering system which is used in this paper, one place of the originaEcdRl fragment. The resulting plasmid,

must add 13 to the residue number as listed in the PDB files, as well PMEG976, was used directly for further site-directed mu-
our earlier publication?). For example, residueAsp180 corresponds

to 0 Asp167 in files 2MTA and 2BBK. The numbering for tfiesubunit tagenesis reactions. For expression B sphaeroides
is unchanged. PMEG976 was digested witlpnl to isolate the entire
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coxllpromotermauFBEDA(6xHis)CJ@egion which controls

protein expression and biosynthesis, and this region was
inserted into the broad-host-range vector pRK415-1, creating

pPMEG975.
Upon sequencing of thé 8nd ofmauAand the intergenic
region betweemauAandmauG we found that two copies

of the primers used to insert the six-His tag had in fact been MADH o subunit g
inserted. However, since the second copy of the primer was 13

after the stop codon fomauA and before the ribosome
binding site for mauG this extra copy did not affect
expression of the proteins.

Site-Directed Mutagenesis of MADH on pMEG9Bite-

directed mutagenesis was performed on double-stranded
pPMEG976 using the primers described above with Strat-

agene’s QuikChange kit with the following modifications.
The reaction mixture contained 2% formamide and 5%
dimethyl sulfoxide, which improved the PCR for large
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Ficure 1: Crystal structure of the ternary protein complex of
MADH, amicyanin, and cytochromes;;. Only half of the complex
with one subunit each from MADH is shown. The C-terminus of
B subunit of MADH, which is the site of addition of the six-His

plasmids. The site-directed mutagenesis of Asp180 of thetag, is indicated. The coordinates are available as Protein Data Bank

MADH a subunit to Arg was performed as follows. The
pair of primers used to create the mutation wer&&EGC-
ATGCTGGACGTGCCTAGGTGCTATCACATCTTCC-3

and its complementary DNA. The four underlined bases

which were changed also created a uniduell site which
did not exist in pMEG976. This facilitated screening for the

entry 2MTA.
fitto eq 2

VB = Keaf SJ/(K + [S]) )

mutant by restriction digest. The mutation was then con- Where v is the measured initial reaction raté, is the
firmed by sequencing 70 base pairs around the mutated sitec¢oncentration of MADH, [S]is the concentration of methyl-

TheKpnl fragment of this mutated plasmid was excised and
cloned into PRK415-1, to yield pZZ102, which was used
for expression obtD180R MADH in R. sphaeroides
Purification of 6xHis-MADH The methods for growth of
R. sphaeroidesand preparation of the periplasmic fraction
of these cells after harvest were as described previoli§ly (
17). The periplasm was concentrated by ultrafiltration and
exchanged with the buffer [S0 mM NaPO, (pH 8.0), 300
mM NacCl, and 10 mM imidazole] used to equilibrated the

amine or amicyanink., is the turnover number, and, is
the Michaelis-Menten constant.

Molecular Modeling The crystal structures that were
analyzed were those of free MADH3E, PDB entry 2BBK),
free amicyanin 14; PDB entry 1AAC), and the MADH
amicyanin-cytochromecss;; complex (L5, PDB entry 2MTA).
Manipulation and comparisons of these structures were
performed using the QUANTA and CHARMm (Molecular
Simulations) computer programs run on a Silicon Graphics

chromatography column that was used in the subsequent®2 computer.

purification. The sample was applied to a?NiNTA
superflow column (Qiagen) (2 mL of resin/100 g of cells).
The column was washed with 5 column volumes of the
equilibration buffer and then eluted with buffer that contained
increasing concentrations of imidazole. The 6xHis-MADH
eluted at approximately 50 mM imidazole.

Kinetic Analysis of Natie, Recombinant, Six-His-Tagged,
and Mutant MADH Steady-state kinetic experiments with
PES as an electron acceptor for MADH were performed
essentially as described previoushf). The assay mixture
contained 16 nM MADH, various concentrations of methyl-
amine, 4.8 mM PES, and 17aM DCIP, in 0.1 M KR at
pH 7.5 and 30C. The reactions were started by addition of

RESULTS

Expression and Properties of 6xHis-MADHhe expres-
sion level of 6xHis-MADH, based on the yield of purified
protein, was approximately one-third (10 mg/100 g wet
weight of cells) of that of the untagged native recombinant
MADH expressed irR. sphaeroidesAlthough the reason
for this somewhat lower yield is unknown, it is clear that
the addition of the six-His tag to the C-terminal end of the
S subunit did not prevent the biosynthesis of this subunit,
its export to the periplasm, or correct assembly of subunits
to form the holoenzyme. This is consistent with the known
structure of MADH which reveals that the C-terminus of

methylamine, and activity was monitored by the decrease the small subunit is at the surface of the protein and away
in absorbance at 600 nm due to reduction of DCIP. In this from the subunit interface (Figure 1). The 6xHis-MADH was
way, the reactivities of different forms of MADH toward constructed not only to make the purification of the
the substrate methylamine were compared. recombinant protein easier but also to facilitate the purifica-
Steady-state kinetic experiments with amicyanin as a tion of mutant enzymes without activity or with altered
terminal electron acceptor were performed essentially asspectral properties. Thus, the advantages afforded by the
described previously6]. The assay mixture contained 16 addition of the six-His tag outweigh the lower yields.
nM MADH and various concentrations of native or mutant ~ The visible spectrum of MADH arises from the TTQ
amicyanin in 10 mM KPat pH 7.5, with or without 200  cofactor in the3 subunit, and each of the three redox forms
mM KCI, at 30°C. The reaction was initiated by the addition of MADH exhibits distinct spectral@). The spectra of the
of 0.1 mM methylamine, and activity was monitored by the oxidized, semiquinone, and reduced forms of 6xHis-MADH
change in absorbance at 600 nm caused by the reduction ofvere indistinguishable from those of native MADH. The
amicyanin. Data from steady-state kinetic experiments were steady-state kinetic parameters for the reactions of 6xHis-
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Table 2: Comparison of Kinetic Parameters of 6xHis-MADH with
Those of Native MADH

electron native

kinetic parameter acceptor  6xHis-MADH MADH
Keat (571) PES/DCIP  18.4:13 13.6£0.1
Km (uM) with methylamine PES/DCIP 5205 6.4+ 0.2
Keat (579 amicyanin  62.2-3.1 61+ 6.0

Km (uM) with amicyanin amicyanin 6.£1.1 3.6+ 1.9

Table 3: Kinetic Parameters for Methylamine Oxidation by
aD180R MADH and Native MADH with Atrtificial Electron

Acceptors
MADH Keat (571 Km («M) with methylamine
native 13.6+0.1 6.4+ 0.2
aD180R 13.6+ 0.5 5.9+ 0.3

Ficure 2: Location of the interprotein salt bridge at the MABH
amicyanin interface. This is an enlarged view of the relevant portion
Table 4: Effects of Mutations on thi€, Values for the Reaction of of the structure displayed in Figure 1. Amicyanin residues Arg99
MADH with Amicyanin and Phe97, and MADH residugAsp180, are displayed as ball-
and-stick models and are labeled.

Km (M) for amicyanin

o 10 mM KR 10 MM KR and MADH this K, value increased more than 6-fold on addition
MADH _ amicyanin atpH 7.5 02MKcl of 0.2 M KClI to the 10 mM KPbuffer, no increase in this
native native 1303 8.0+1.2 Km value was observed with theD180R mutant.
aD180R native 528 127 650+ 176 Reactions ofaD180R MADH with R99D and R99L
native R99D 76.1 8.8 63.9+ 6.6 . . . .
oD180R R99D 1230 286 1290+ 300 Amicyanin Since residuesiAsp180 of MADH and Arg99
aD180R R99L 1263 225 1144+ 153 of amicyanin are seen in the crystal structure of the protein
aTaken from ref7. complex to form a salt bridge (Figure 2), we examined

whether the R99D mutation of amicyanin could complement

MADH were compared with those of the native enzyme and the aD180R mutation of MADH and restore wild-type
shown to be very similar (Table 2). It is important in this inding affinity (Table 4). Interestingly, th&n value for
study to verify that the six-His tag does not significantly the reaction ofaD180R MADH with R99D amicyanin is
affect the interaction between MADH and amicyanin. Again, alm_ost 100Q-fold greater than of the reaction between the
this observation is consistent with the crystal structure of Native proteins, and also much greater thanKhevalues
the MADH—amicyanin-cytochrome cssyi complex  that for reactions between mutant and native proteins. A S|m|_Iar
indicates that the C-terminus of tifesubunit of MADH is very largeK, value was obtained for the steady—stat(_e rea(_:tlon
located on the protein surface in a region where one would °f ®D180R MADH with another mutant, R99L amicyanin.
not expect it to interact with residues at the MABH  Neither of thes&y, values for the reactions of the mutant
amicyanin interface (Figure 1). amicyanins with aD180R MADH exhlbltec_i any ionic

Expression and Properties ofiD180R MADH The strength dependence. Despite the [arge differencdsyin
expression level otD180R 6xHis-MADH, based on the Values, theke values for turnover in these steady-state
yield of purified protein, was approximately equal to that of réactions were similar. Thie. for the reaction orD180R
the 6xHis-MADH expressed iR. sphaeroidesThe visible MADH with R99D amicyanin was 87 21 s'* compared
spectra of the oxidized, semiquinone, and reduced forms oft® 66 £ 1 s™* for the wild type under low-salt conditions,
the aD180R MADH were indistinguishable from that of @nd 117+ 5 s™* compared to 11& 15 s in the presence
native MADH. This suggests that the mutation has not ©f 200 mM KCI.
affected the electronlc_propertles of the TTQ prosthetlc_group. DISCUSSION

The steady-state kinetic parameters for the reactions of
aD180R MADH were compared with those of the native Molecular Basis of the Mutation Effect on Binding of
enzyme (Table 3). When the artificial electron acceptor, PES, MADH and Amicyanininterprotein salt bridges have been
is used in the steady-state assay, the valudg.0and K, implicated in helping to stabilize certain proteiprotein
for methylamine were essentially the same as for native interactions that are important in protein binding and
MADH. This indicates that theD180R mutation, which is ~ function. Amino acid residues that appear to participate in
at the surface of MADH, has not affected the substrate interprotein salt bridges are attractive targets for site-directed
binding and catalytic reactions that occur at the active site mutagenesis. When mutation of such a residue disrupts
of MADH. However, significant differences were observed function, it is usually taken as evidence for the importance
betweenaD180R and native MADH in the steady-state of the ionic interaction. This is as far as such studies usually
reaction with amicyanin as the electron acceptor (Table 4). go. Intuitively, one would expect that if each of the residues
The K, value for amicyanin increased approximately 400- that participates in an interprotein salt bridge were mutated
fold as a result of th@D180R mutation. Furthermore, the to the other residue, such an inverse pair of mutations would
mutation eliminated the ionic strength dependence oKthe = complement each other and restore activity. The ionic
value for amicyanin which is observed for the reaction of interaction of the oppositely charged residues is nondirec-
native MADH with amicyanin. Whereas with the native tional, so it should not matter which residue is on which
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protein for the salt bridge to form. An example of this was A
reported for the lactose permea&6)(where single mutations Arg99
of D237 or K358 abolished activity, but a D237K/K358D
double mutation was active. In that case, the neutralized
charge pair appeared to be important for proper insertion of
the protein into the membrane. However, such complemen-
tation by inverse mutation is not necessarily the case. A
computational analysis of conservation of salt bridges in
protein families revealed that the compensation mode of
conservation (i.e., reversal of charges) occurs only rafdly (

An experimental example of the inability to restore an
interprotein salt bridge by such compensation involves the
interaction between lipase and colipas®?)( which is
stabilized by an interprotein ion pair that is critical for
catalysis. Mutation of either residue involved in the ion pair
significantly disrupted activity. However, the inverse muta-
tions of lipase K400E and colipase E45K did not have a
compensatory effect. In fact, the interaction of the two FIGURE3: Interactions between residues 99 of amicyanin@hgd
mutants was somewhat worse than that of either mutant with ©f MADH in native and mutant protein complexes. The positions

. of Arg99, aAsp180, and Phe97 of amicyanin in the native complex
the wild type €2). An even more extreme example of the 46 shown in panel A, with van der Waals radii indicated by the

inability of inverse mutations to restore an interprotein salt gray spheres. The coordinates are available as Protein Data Bank
bridge is described in our study with MADH and amicyanin. entry 2MTA. In panels B-D, the positions of mutated residues

In this discussion, molecular modeling and thermodynamic have been ”I“Ode|ed into theh W”d'IYPe ?trﬁcmre as .descrikt])ed in
analysis of the kinetic data are used to elucidate the molecuIarfe’;%‘a;'gjeg;athzrs?ggﬂgﬁ'r eTS grg%tglsiri% etd ?n'gﬁgﬂmﬁett:;t?re
basis for these observations.

The K, values obtained from the steady-state analysis of however, why the interactions aiD180R MADH with
the reactions of amicyanin with MADH mutants are listed amicyanin are so much weaker than interactions of mutant
in Table 4. In previous studies, we have been able to obtain amicyanins with MADH. With such weak interactions, it was
Kq values for the wild-type MADH-amicyanin complex, and  not possible to obtain structures of the complexes. Modeling
the complexes with some amicyanin mutants, from the of these mutations into the MADHamicyanin complex
analysis of transient kinetic datd, (23, 24). Unfortunately, structure (Figure 3) does provide some insight into this
the interaction of theD180R MADH with amicyaninis so ~ phenomenon.
weak that it was not possible to use sufficiently high protein ~ There is a salt bridge between Arg99 of amicyanin and
concentrations in the transient kinetic studies to approachaAsp180 of MADH in the native protein complex (Figure
saturation kinetics so that an accurdtg value could be  3A), which is to say, the side chain NH2 of Arg99 is
obtained (data not shown). Such studies are done by stoppedseparated by 2.7 A from the OD1 and OD2 aAsp180.
flow spectroscopy. At the high protein concentrations that This salt bridge is lost in the native MADHR99D ami-
are required, particularly for the reactionsodd®180R MADH cyanin complex (Figure 3B). This salt bridge is also lost in
with mutant amicyanins (i.e.Kn > 1 mM), the high the aD167R MADH—native amicyanin complex, but that
background absorbance and viscosity of the very concen-mutation also generates two additional significant interactions
trated protein solution, as well as the prohibitive amount of (Figure 3C).0Arg180 forms an unfavorable interaction with
protein required for complete studies, made the precise Phe97 on amicyanin. The side chain NH2 4rg180 is
determination ofk4 values not feasible. Fortunately, our predicted to come within 0.7 A of the O of Phe97 and,
previous studies with amicyanin mutants demonstrated thattherefore, have a significant destabilizing influence on
the correlation between steady-stéte values and trudy complex formation. If the side chain ofArg180 is rotated
values is quite good. In particular, the correlation between about its G—Cs bond, it is not possible to assume a
AKn, andAKg values for complex formation between MADH  conformation that is devoid of unfavorable close contacts.
and different amicyanin mutants is quite strormy. (Thus, Conversely, in the conformation shown in Figure 3C,
the differences inKy, values reported in Table 4 are a «aArg180 also forms a favorable van der Waals interaction
reasonable estimation of the relative affinities of these wild- with Arg99 on amicyanin. This involves the carbons of the
type and mutant proteins. two arginine side chains. In theD180R MADH—-R99D

The order of affinity for native and mutant proteins that amicyanin complex (Figure 3D), the unfavorable interaction
was observed in this study was as follows: native MADH betweerntArg180 and Phe97 remains, but the favorable van
and native amicyanir native MADH and R99D amicyanin  der Waals interaction that was seen in Figure 3C is lost. This
> oD180R MADH and native amicyanirr oD180R accounts for the even weaker affinity of the inverse mutant
MADH and R99D amicyanin, andtD180R MADH and pair. A new salt bridge betweenArg180 on aD180R
R99L amicyanin. In MADH, residuec179 is a proline and  MADH and Asp99 on R99D amicyanin does not form
residueal8l is a cysteine that participates in a disulfide because the distance between the residues is too large. This
bond. Thus, the&180 residue (Arg in the wild type and Asp is in large part due to the restricted mobility of the side chain
in the mutant) is spatially restricted in its movement. This of the residue at the 180position, which was discussed
provides one clue as to why simply performing the inverse earlier. The same thing is observed for the interaction of
pair of mutations does not restore activity. It does not explain, «D180R MADH with R99L amicyanin (not shown) where

B Pheo?

aAspl180

native MADH-native amicyanin native MADH-R99D amicyanin
C

Arg99

aD180R MADH-native amicyanin «D180R MADH-R99D amicyanin
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Table 5: Energy Differences for Complex Formation

AAG? relative to the
wild type (kcal/mol)

complexes being compared

native MADH—R99D amicyanin 2.4
oD180R MADH—native amicyanin 3.6
oD180R MADH—R99D amicyanin 4.1
oD180R MADH—R99L amicyanin 4.1

a AAG® values are for complex formation in 10 mM K& pH 7.5
in the absence of added KCI.

leucine is unable to move close enough dérgl80 to
participate in any stabilizing interactions.

Thermodynamic Consequences of Mutatidrtseermody-
namic calculations were performed to gain further insight
into how the interactions observed in the molecular modeling
studies correlate with the observed differences in affinity for
these proteins. The energy difference of two binding reactions
can be calculated according to eq 3

AAG® = —RTIn(Kyq/Kegd) = —RTIN(Ky/Kyy)  (3)
whereAAG® is the binding free energy differendg,is the
gas constant, antlis the temperaturéeq: andKeq are the
equilibrium constants for complex formation between the
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Ficure 4: Comparison of the positions of Arg99 of amicyanin and
aAspl80 of MADH when the proteins are free and in complex.
The structures used in this comparison are free MADH (PDB entry
2BBK), free amicyanin (PDB entry 1AAC), and the MADH
amicyanin complex (PDB entry 2MTA). The positions of these
residues in the protein complex are indicated in black, and the
positions of the residues in the uncomplexed proteins are indicated
in gray. As discussed in the text, in free amicyanin Arg99 assumes
two alternative conformations, both of which are shown.

proteins and are the reciprocals of the dissociation constants

Ka1 and Kqp, respectively. As discussed earlier, it was not
possible to directly measuréy values in this study, but
previous studies indicated thaK, values for these com-
plexes correlate well withhKq values 7). Therefore, in these
calculations, theK, values listed in Table 4 were used in
place of K4 values in eq 3. TheAAG® values which
correspond to the destabilization of the complex by site-
directed mutations are listed in Table 5.

If the major consequence of the R99D mutation of
amicyanin is to eliminate the salt bridge that stabilizes the
wild-type complex (Figure 3B), then the analysis by eq 3
indicates that this salt bridge contributes about 2.4 kcal/mol
toward stabilization of the complex. It should be noted that
the Ky, value for the reaction of native MADH with R99D
amicyanin in low salt is significantly higher than that of the
wild-type complex in 0.2 M KCI. That is because in 0.2 M
KCI the native salt bridge is only partially disrupted. The
unfavorable close contact betweaArg180 and Phe97 of
amicyanin in the complexes withD180R MADH (Figure
3C,D) contributes an additional 1.7 kcal/mol toward desta-
bilization of the complex. The apparent favorable van der
Waals interaction betweemArgl80 and Arg99 in the
aD180R MADH—native amicyanin complex provides a
stabilization of 0.5 kcal/mol.

Sequential Model for the Interaction of MADH with
Amicyanin While the identity of the residues which partici-
pate in the MADH-amicyanin interface and the forces which
stabilize the proteirprotein interaction are well character-

Comparison of the structures of MADH and amicyanin
free and in complex indicates that the amino acid residues
which are present at the hydrophobic interface move very
little on complex formation whereas the positions of the
residues which participate in the salt bridge at the periphery
of the hydrophobic interface shift significantly. The positions
of Arg99 of amicyanin andtAsp180 of MADH are shown
in Figure 4. In the free amicyanin structure, Arg99 assumes
two different conformations, neither of which is the same
as when it is in complex. The side chain @fAsp180 also
exhibits a significant rotation about its,€Cg bond that
repositions the carboxylic oxygen by about 3 A. If the ionic
interaction between these residues preceded the hydrophobic
interactions, one would not expect this significant shift in
position. An initial hydrophobic interaction, followed by
repositioning of Arg99 andAsp180 to form the salt bridge,
seems more likely. This scenario is further supported by the
results obtained for the reactions of R99D amicyanin with
oD180R MADH. If salt bridge formation preceded the
hydrophobic interaction, one would expect that the inverse
mutation pair could recover the salt bridge, since the free
proteins could orient themselves to bring these residues
together. On the contrary, if the formation of the hydrophobic
interactions precedes salt bridge formation, then the salt
bridge cannot form in the mutant complex because the
movement of the side chain oftArg180 is confined
(discussed earlier). The notion that the hydrophobic, rather
than the ionic interactions, is the initial determinant in

ized, the sequences of events which lead to formation of the complex formation is also supported by the results of a van't

MADH —amicyanin complex remains unclear. In addition to

Hoff analysis of the binding of wild-type amicyanin and

the salt bridge that has been studied here, other hydrophobidVlADH (22). These results indicated that théi® for binding

interactions are also criticalf). It has been proposed that

was relatively small and that the association was primarily

the recognition and formation of the salt bridge precedes anddriven by AS’. This is consistent with the desolvation of

helps to orient the residues for the hydrophobic interaction

hydrophobic residues on protein association providing much

(7). However, the new information presented here suggestsof the driving force for complex formation. The fact that

an alternative model.

the protein complex was crystallized in very high sdlt (
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25) is also consistent with this scenario for protein associa-
tion. An alternative interpretation is that the native salt bridge
does normally guide and precede hydrophobic interactions,
but the artificial inverse salt bridge forms and guides a wrong
complex that is weak or incapable of efficient electron
transfer. This latter alternative seems unlikely since similar
keat Values were obtained for the steady-state reactions of
the native and R99D amicyanimD180R MADH com-
plexes. Thus, the most likely model for complex formation
is one in which hydrophobic association precedes formation
of the salt bridge between Arg99 on amicyanin attp180

on MADH. The initial hydrophobic interaction mainly
determines the on rate for complex formation, and the salt
bridge, once formed, stabilizes the complex by decreasing
the off rate for dissociation of the complex.

Conclusion Methods were developed for the construction
and heterologous expression of a six-His-tagged MADH and
site-directed mutagenesis of this protein. Mutationasp180
on MADH destabilized the complex to a much greater degree
than mutation of Arg99 on amicyanin. Inverse mutation of
the pair did not restore wild-type binding, but weakened the
affinity of the proteins more severely than either individual
mutation. Molecular modeling studies and energy calcula-

tions provided a molecular basis for these observations and 17
illustrated how subtle perturbations of specific features of 1.

the protein structure can have large effects on the strength
of specific protein-protein interactions.
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