Volume 250, number 1, 49-52

FEB 07155

June 1989

Substitution of arginine for lysine 134 alters electrostatic
parameters of the active site in shark Cu,Zn superoxide dismutase

Lilia Calabrese, Fabio Polticelli, Peter O’Neill°, Antonio Galtieri*, Donatella Barra,
Eugenia Schinina and Francesco Bossa

Department of Biochemical Sciences and CNR Centre of Molecular Biology, University of Rome ‘La Sapienza’,
00185 Rome, Italy, ° MRC Radiobiology Unit, Chilton, Didcot OX11 ORD, England and * Department of Organic and
Biological Chemistry, University of Messina, 98166 Messina, Italy

Received 20 March 1989

The complete amino acid sequence was determined for the Cu,Zn superoxide dismutase from the shark Prionace glauca.

The active site region shows the substitution of an Arg for Lys at position 134, which is important for electrostatic facilita-

tion of the diffusion of O; to the catalytically active copper. This change may be related to observed alterations of electro-

static parameters of the enzyme (pX of the pH dependence of the enzyme activity, rate of inactivation by H,0,), although
it preserves a high efficiency of dismutation at neutral pH.

Superoxide dismutase; Amino acid sequence; Electrostatic interaction

1. INTRODUCTION

Primary structures of Cu,Zn superoxide dismu-
tase (SOD) are known from 17 different eukaryotic
organisms. Sequence invariance is found for
residues that are directly connected with the bin-
ding of active site metals and the maintenance of
the three dimensional structure, while it seems to
be less stringent for cationic residues which in the
refined crystallographic model of the bovine en-
zyme [1] appear to be involved in pre-collision elec-
trostatic guidance of the negatively charged sub-
strate, O3, to the catalytically active copper. This
electrostatically facilitated encounter accounts for
the high catalytic efficiency of Cu,Zn SOD and
reflects a typical pH-dependence curve, which can
be fitted by two pK values between pH 9 and 11,
and the ionic strength dependence of the enzyme
activity [2]. In this respect, rather than the con-
served Arg 141, which may be considered as part
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of the pocket around the catalytic Cu ion (5§ A
apart), other residues, which are more distantly
located on the activity-linked electrostatic channel,
play an important role. In the high resolution
crystallographic analysis of the bovine enzyme two
residues at approx. 12 A from the copper (Lys 134
and 120) were identified as responsible for the elec-
trostatic facilitation of the enzyme-substrate en-
counter [1]. Since these residues are somewhat
subjected to species variation [3] it is worth study-
ing electrostatic parameters of SOD Kkinetics in
variants lacking either or both residues. While a
detailed kinetic study is available for the Lys
120-lacking yeast SOD [2], the present report is the
first study on a Lys 134-lacking Cu,Zn SOD, that
from the shark Prionace glauca.

2. MATERIALS AND METHODS

Ox and shark SODs were purified as previously described
[4,5]. Catalytic constants were evaluated from the dependence
of the first-order rate of decay of Oz on [SOD} (0.2—1.0 M)
under turnover conditions, [Oz] » [SOD], by pulse radiolysis
[2]. Curve fitting procedures were performed as previously
described [2]. Inactivation by hydrogen peroxide was carried
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out as previously reported [6]. Enzyme assays during inactiva-
tion processes were carried out by the pyrogallol spec-
trophotometric method [7].

2.1. Protein sequence

Procedures for preparation of the apoprotein and subsequent
carboxymethylation were as previously described for the por-
cine enzyme {8]. To perform an N-terminal sequence analysis
on the entire protein, 40 g of the apoprotein were loaded onto
a trifluoroacetic acid-treated glass fiber filter and sequenced
with an Applied Biosystems model 470A gas-phase protein se-
quencer equipped with an Applied Biosystems model 120A
PTH analyzer for the on-line detection of PTH amino acids.

Two aliquots of 3 mg of S-carboxymethylated apoprotein
were suspended in 0.5 ml of 0.1 M ammonium bicarbonate and
incubated at 37°C for 3 h with trypsin or S. aureus V8 protease,
respectively. The enzyme to substrate ratio was 1/40. Purifica-
tion of the fragments was achieved by high-performance liquid
chromatography using a Beckman model 332 instrument, on a
macroporus reverse-phase column (Brownlee Labs, Aquapore
RP-300; 4.6 x 250 mm, 7 gm) eluted with gradients of 0 to 70%
acetonitrile in 0.2% trifluoroacetic acid, at the flow rate of
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1 ml/min. Elution of the peptides was monitored on a Beckman
165 spectrophotometer both at 220 and 280 nm.

The amino acid composition of peptides was determined us-
ing an LKB 4151 Alpha Plus amino acid analyzer. Sequence
analyses were performed after loading aliquots (~1 nmol) of
pure peptides onto the gas-phase filter, coated with polybrene
and prewashed according to the manufacturer’s instructions.

3. RESULTS AND DISCUSSION

The complete amino acid sequence of the shark
Prionace glauca Cu,Zn SOD is aligned in fig.1
with those of the ox [9] and swordfish [10] en-
zymes. The sequence was deduced following the
analysis of the complete set of tryptic peptides,
which were overlapped with the help of the com-
plete set of S. qureus V8 protease peptides. This is
the first report for an organism representative of
the cartilaginous fishes. This sequence displays a
72.1% identity with respect to the bovine se-

30
0x Ac-A TIK AV C V L{K|G|DIG|P V Q|G T|T HIF E|JAKGD TV V|IV|T--GSIT|GLTE
Swordfish V L|KAV CVL|R[GIA|GIE TT|GT|VY|FE{QEGNANAVGKGIILKIGLT|P
Shark MKAVCVL|KIGITIGIEV TG T{VLIFEJQAADG-PIVITLKGSTITIGLT|P
- " iy 50 70
Ox GIDIH G F HV HQF GDNT|Q[G C|T|S AG P H|FIN P|LIS K{K|H|G|{G P{K|D EJEIR H
Swordfish |GIE|H 6 F HV H|G{F @ D N T{N{G C[I|S A G P H{FIN P{A{S K{K{H{A|G P{K(D E{D|R H
Shark GIK|H G FHVHAFGDNT|NGCII|SAGPHY{NPFISK|NH|G|G P|D|D E[E|R H
90 110
Ox VGDLGNV|TIAIDKING V AT VDIIV LIS/L|S|GIE Y{S T IGRT|MVIVIH
Swordfish |V GDLGNV|TIAIDA|NGYV A[K I DJIJT|D[- K I S/L|T|GP Y|ST T GRT|MVII}H
Shark VGDLGNVIEJAINGING V A[EF EjT{K Q LHL{SIGIER|SIIGRTL[V|V|H
130 150
0Ox EK/PIDDLGIRIGGIN[EES|TKITGNAGSRLACGYVIG|IAK
Swordfish |E K|A{DD L G{R|G G|N|EES|[LK|ITGNAGSRLACGVIG|TE
Shark EKIEfDDLG|K|GG|DJE ESI[LRITGNAGSRLACGVIG|IAKD

Fig.1. Comparlson of the primary structures of shark (Prionace glauca), ox and swordfish Cu,Zn superoxide dismutases. Numbering
refers to the bovine sequence. Boxes indicate positions at which residues are identical.
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quence, taken as representative of the mammalian
ones, and 68.2% identity with respect to a teleost
SOD, that from swordfish. From the point of view
of structure-activity relationships the most in-
teresting feature of the shark Cu,Zn SOD is the
absence of Lys 134 which is replaced by an Arg.
This residue is a very conserved one and this is the
first case of its absence in vertebrates, the other
lacking sequences being those from fruit fly and
from cabbage [3]. No other charged residues in the
electrostatic channel to the active site (Arg 141,
Lys 120, Glu 119, Glu 130, Glu 131 in the bovine
enzyme) are changed in the shark SOD. In-
terestingly Glu 131, which is believed to assist Lys
134 in a concerted role for Oz guidance to the ac-
tive site in the bovine enzyme [1] is conserved in the
shark enzyme.

The catalytic constant of the shark enzyme was
found to be (k=) 3.75 x 10° M~'.s7! at neutral
pH and 7 = 0.02, a value among the highest found
for Cu,Zn SOD [2]. The pH dependence of the ac-
tivity of the shark SOD in the range pH 6—12 is
shown in fig.2 for two salt concentrations together
with that of the bovine enzyme as reference. By
curve fitting procedures two pK values were
calculated for the alkaline activity decline at I =
0.02, at pH 8.6 and 10.6, with a respective con-
tribution of 30% and 70%. These values are lower
than those determined for other Cu,Zn SODs
[2,11]. The lower pKX is strongly affected by ionic
strength, suggesting a solvent accessible residue,
while the higher pX is nearly insensitive to salt con-
centration and may be related to Arg 141 as in
other SODs {2]. A possible candidate for the
residue displaying the lower pK is Lys 120 [11]. It
is likely that Arg 134 does not contribute to the pX
activity curve, perhaps because of the strong
neutralizing effect of the negative charges con-
tributed by Glu 130 and Glu 131. These residues
are strategically located at the mouth of the active-
site channel with Glu 131 neutralizing Lys 134 in
the bovine enzyme three-dimensional model [1]. It
is tempting to suggest that in the shark SOD both
Glu 131 and Glu 130 carboxyls help electrostatic
orientation of the planar guanidinium group of
Arg 134, Under these conditions (exposure to sol-
vent, salt bridges) a fairly high pK is expected for
this group.

Beside the interaction with O3, also the interac-
tion of Cu,Zn SOD with the inactivating H,O
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Fig.2. Variation with pH of the catalytic rate constants of ox

and shark SODs. Buffers were changed in the different pH

ranges as follows: pH 7, Tris/Mes buffer; pH 8-9, Tris/Mops

buffer; pH 9 and above, borate buffer. The protein

concentration was 0.6 kM. Shark SOD: (e) 7 0.02, (©0) 7 0.1;
ox SOD: (w) 70.02, (D) I 0.1.

product [12] is governed by electrostatics. In the
presence of H20; the copper of the bovine enzyme
was shown to cycle between the two oxidation
states, and the reaction rate was found to be under
electrostatic control [13]. This redox process is
followed by inactivation of the enzyme and the
rate of the process increases with increasing pH.
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Fig.3. Effect of pH on the rate constant for inactivation of
shark (e) and ox (m) SOD by H»0,. Enzymes (30 xM) were
reacted with 3 mM H,0; in 25 mM PP;, 25 mM Na,COj; above
pH 10 or in 40 mM PP;, 40 mM NaHCO;, pH 8 and 9. At
intervals, aliquots were assayed for residual enzyme activity.
The pseudo-first order rate constant values (k) were obtained
from semilog plots of residual activity vs time at the indicated
pH.
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Inactivation of shark Cu,Zn SOD by H,0; was
first order with respect to residual activity at all pH
values between pH 8 and 12. Fig.3 reports a plot
of pseudo-first order rate constants of the inactiva-
tion vs pH, for the shark and ox enzymes. These
results clearly indicate that the rate of inactivation
increases in the same way for the two enzymes bet-
ween pH 8 and 9.5 approximately. Above this pH
the rate further increases in the case of the bovine
enzyme, with a pK of about 10.5, in agreement
with previous data obtained above 9.6 [6,14], while
it is nearly independent of pH in the shark enzyme.
The likely explanation for this pH dependence of
the H,O, inactivation is that (a) residue(s) with
(an) alkaline pK(s) screen(s) the HO3 anion (pK =
11.6) somewhat from the copper site where the in-
activation occurs [12]. The identical behaviour of
ox and shark SODs below pH 9.5 may suggest Lys
120 as a binding site for the peroxide anion. The
different combination of charges on the surface of
the active site channel of shark SOD may result in
the slower rate of the process with respect to the
bovine enzyme at higher pH values.

Thus H,O; inactivation appears to be governed
by similar electrostatic interactions as the interac-
tion with Oz, but with opposite effect, likely
because of different size and effective charge on
the superoxide and peroxide anions. It can be con-
clusively suggested that in the case of shark SOD
the presence of a cluster formed by Arg 134, Glu
130 and Glu 131 renders the attraction for Oz as
effective as to result in one of the highest rates of
diffusion to the active site, while it apparently in-
hibits the interaction with H,O» under conditions
where Lys 120 is fully deprotonated. This residue
may have in the shark protein a pK lower than that
observed in mammalian SODs [2] in line with the
idea that spatial distribution and resulting electric
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fields are effective for electrostatic parameters of
SODs rather than single residues at specific posi-
tions in the linear sequence [15].
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