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Single Mutation Induces a Metal-Dependent Subunit
Association in Dimeric Cu,Zn Superoxide Dismutase
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Tryptophan 83, a residue strongly involved in the
intersubunit interaction of the Cu,Zn superoxide dis-
mutases from Photobacterium leiognathi, has been se-
lectively mutated to phenylalanine or tyrosine. The
recombinant mutant enzymes expressed in Esche-
richia coli were purified in two well distinct and stable
forms, one dimeric and fully active and the other mo-
nomeric and devoid of metals. In agreement, in vitro
experiments indicate that the removal and addition of
zinc in the mutant enzymes induces monomerization
and dimerization, respectively, while does not perturb
the dimeric association of the native protein. This is
the first unambiguous experimental proof of a direct
communication between the intersubunit interface
and the metal active site. © 2000 Academic Press
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Factors governing subunit—subunit interactions in
multimeric proteins and the functional role of protein
guaternary structure have been the object of intense
studies over the past few years. An interesting class of
homodimeric proteins is represented by Cu,Zn super-
oxide dismutases (Cu,ZnSODs), which are ubiquitous
enzymes involved in the mechanisms of resistance
against oxidative stress (1). All the eukaryotic Cu,Zn-
SODs so far characterized have a fully conserved
dimeric structure. Bacterial Cu,ZnSODs have been re-
cently characterized and it has been shown to have a
distinct quaternary organization since in the dimeric
enzyme from Photobacterium leiognathi the B-strands
recruited to form the dimer interface are diametrically
opposite to those used in the eukaryotic enzymes (2, 3).
Moreover some bacterial Cu,ZnSODs have been shown
to have a stable monomeric form (4—6). These findings
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suggest that, starting from a putative monomeric pre-
cursor, prokaryotic and eukaryotic Cu,ZnSODs have
convergently evolved toward a dimeric structure which
could be important for the enzyme biological function.
The 3D structure of the Cu,ZnSOD from P. leiognathi
has shown the presence of three clusters of residues
which are important for the stability of the dimeric
structure (3). Trp83 is central to the largest hydropho-
bic cluster located at the dimer interface of this enzyme
and is conserved in several other bacterial Cu,ZnSODs
known to be dimeric (3). In order to weaken the stabil-
ity of subunit-subunit interaction in P. leiognathi
Cu,ZnSOD and to investigate the monomer dimer equi-
librium, we have constructed two site-specific mutants
in which Trp83 has been selectively substituted with
phenylalanine or tyrosine. We have found that the
mutants do not display any monomer-dimer equilib-
rium, but that their quaternary structure is strongly
metal-dependent. In detail, the metallated wild type
and mutated proteins have a stable and active dimeric
assembly, while metal depletion brings the mutant
proteins in a stable and inactive monomeric state, at
variance on what found in the wild type enzyme. This
is the first unambiguous experimental proof of a direct
communication between the intersubunit interface and
the metal cluster constituting the active site, i.e., two
regions which are more than 15 A away.

MATERIALS AND METHODS

Site-directed mutagenesis has been carried out by a PCR based
approach which has already been described (7), using the mutagenic
primers Phe83 5'-ATCATCAGTAAATGGGAAACC and Tyr83 5'-
ATCATCAGTATATGGGAAACC and the high fidelity polymerase
Expand (Boehringer Mannheim). The nucleotide sequence of the
mutated DNAs was verified by the dideoxy chain termination
method. Overexpression of wild type and mutants Cu,ZnSODs was
carried out in 71/18 E. coli cells grown in Luria Bertani broth con-
taining 100 pg/ml ampicillin, 0.25 mM CuSO, and 50 uM ZnSO,.
Periplasmic extracts were prepared as previously described (8), con-
centrated by ultrafiltration and loaded onto a gel filtration FPLC
column previously equilibrated with 20 mM Tris—HCI, pH 7.0, 0.15
M NacCl, in order to separate monomeric and dimeric forms of the
enzyme. Further purification of the two enzyme forms has been
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carried by ion exchange chromatography, accordingly to previously
described procedures (8, 9). The metal dependent subunit association
of metal devoid and the zinc reconstituted proteins was studied by
gel filtration chromatography under the above described conditions.
Protein concentration was evaluated by the method of Lowry (10),
using bovine serum albumin as standard. Cu,ZnSOD activity was
measured using the pyrogallol method (11). Copper content was
evaluated by double integration of the EPR spectra, using a Cu®*
EDTA solution as a standard (12).

Metal-free Cu,ZnSODs (devoid of both the copper and zinc ions)
were prepared by extensive dialysis against 50 mM sodium acetate
buffer, pH 3.8, 2 mM EDTA followed by a further dialysis against 50
mM sodium acetate, pH 3.8, 0.1 M NaCl to remove excess EDTA, as
previously described (8). Before reconstitution with zinc metal devoid
proteins were dialyzed twice against 50 mM Na acetate buffer, pH
5.5. Zinc reconstituted samples were dialyzed against 0.15 M NacCl,
20 mM Tris—HCI, pH 7.0 and loaded on a gel filtration column
equilibrated with the same buffer plus 50 uM EDTA.

RESULTS AND DISCUSSION

Purification by gel filtration chromatography of wild
type P. leiognathi Cu,ZnSOD and of the two mutant
enzymes Trp83Phe and Trp83Tyr from periplasmic ex-
tracts of E. coli cells, gives rise to different elution
patterns. Wild type Cu,ZnSOD elutes in a single peak
with an apparent molecular weight of about 32 kDa (9,
13). On the contrary, the elution profiles of the two
mutants are characterized by two clearly resolved
peaks at 32 and 17 kDa, corresponding to the dimeric
and monomeric forms of the enzymes, respectively. The
dimeric form of both the mutants is fully active, while
the monomeric forms lack Cu,ZnSOD activity. The
EPR spectra of the dimeric Trp83Phe and Trp83Tyr
mutants are indistinguishable to that of the wild type
enzyme, while the monomeric forms are totally devoid
of copper, thus explaining their lack of activity, and
contain only a very low amount of zinc. According to
this observation the mutant enzymes purified from
bacteria grown in LB containing 1 mM EDTA, display
only the monomeric form which is completely devoid of
metals.

The influence of the metal site occupancy on the
dimeric interaction in P. leiognathi Cu,ZnSOD was
further studied by gel filtration chromatography using
metal-depleted derivatives of the native and mutated
proteins. Wild type Cu,ZnSOD always elutes as a
dimeric enzyme, irrespectively of the presence of cop-
per and zinc in the active site (Fig. 1A). On the contrary
the mutants devoid of both copper and zinc elute
mainly as monomers (Fig. 1B). The addition of a stoi-
chiometric amount of zinc allows dimerization of the
mutants (Fig. 1C) while the subsequent addition of
copper does not influence their quaternary structure,
but it confers full catalytic activity.

This is the first clear proof of a direct communication
between the dimer interface and the metal site in
Cu,ZnSODs. Some evidences in this sense came from
reconstitution experiments on the eukaryotic enzymes
which indicated that the binding of copper to apo-SOD
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FIG. 1. Elution profile of metal-free and zinc-reconstituted wild-

type and Trp 83Phe P. leiognathi CuZnSOD injected onto an HiLoad
16/60 Superdex 75 gel filtration FPLC column. (A) Metal-free wild-
type P. leiognathi Cu,ZnSOD; (B) metal-free Trp83Phe mutant
Cu,ZnSOD; (C) sample B reconstituted with zinc. In the case of
wild-type Cu,ZnSOD the elution profile is identical to that shown in
A, independently of the enzyme metal content. The column was
calibrated with the following molecular weight markers (indicated by
black squares): bovine serum albumin (67,000 Da), ovalbumin
(43,000 Da), chymotrypsinogen A (25,000 Da), and ribonuclease A
(13,700 Da). The two major peaks characterizing the elution profiles
of wild-type and mutant P. leiognathi Cu,ZnSOD (indicated by open
squares on the calibration line) were of approximately 33,000 and
17,000 Da, respectively, corresponding to the dimeric (D) and mono-
meric (M) forms of the enzyme. The elution profile of the Trp83Tyr
mutant was essentially identical to that of the Trp83Phe mutant
here shown.

is affected by the occupancy of the copper site in the
other subunit (14). More recently, molecular dynamics
simulations have indicated the occurrence of a dynam-
ical correlation between the intersubunit interface and
the active site, since significant movements of the loops
surrounding the active site of one monomer were found
to be correlated to motions in the other subunit, near to
the dimer interface (15, 16). The results here reported
confirm the MD suggestion and demonstrate the occur-
rence of a direct communication between intersubunit
surface and metal active site. In fact, the Trp83Phe
and Trp83Tyr mutants reach the native like dimeric
state only in presence of the zinc atom indicating that
this atom has an important role, not only in providing
the correct structure to the metal cluster (17), but also
in conferring the right conformation for the dimeriza-
tion process. This results acquires a particular interest
since the loss of zinc from either wild type or mutant
Cu,ZnSODs associated to amyotrophic lateral sclerosis
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has been shown to induce apoptosis in cultured motor
neurons (18).

Our findings also imply that mutations at the sub-
unit interface can modulate the shape of the active site
and then the catalytic activity of the enzyme. In agree-
ment, it has been shown that the monomeric mutants
of the human enzyme obtained by site directed mu-
tagenesis at the dimeric interface display an activity
much lower than that of the native enzyme (19). More-
over it has been shown that even different protein
contact in crystals can tune the coordination geometry
of the active site copper ion with modulation effects on
its redox properties (20, 21). We suggest that muta-
tions of the residues involved in subunit association
should not necessarily reduce catalytic activity, but
could even positively perturb the active site shaping
the surrounding loops in a favorable position to better
attract the incoming superoxide anion.
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