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Eight mutant Cu,Zn-superoxide dismutases (SODs) 
related to familial amyotrophic lateral sclerosis (FALS) 
were produced in a baculovirus/insect cell expression 
system and their molecular properties in terms of hy- 
droxyl radical formation and aggregation were com- 
pared with the wild-type enzyme. Treatment of the 
enzymes with Chelex 100 resin decreased Cu contents 
as well as SOD activities in all mutant Cu,Zn-SODs, 
indicating that the affinities of the enzymes for copper 
ion were decreased. Contrary to previous reports, all 
the mutant Cu,Zn-SODs exhibited less reactive oxi- 
dant producing ability in the presence of hydrogen 
peroxide than the wild-type enzyme. Both SOD activ- 
ities and their reactive oxidant forming correlated 
well with the copper ion content of the molecules. In 
addition, the proteins spontaneously aggregated and 
were precipitated by simple centrifugation at 12,000g 
for 20min in keeping their enzyme activities. Since 
hyaline inclusions found in FALS patients with SOD1 
mutations contained components which were reactive 
to anti-Cu,Zn-SOD antibody, a primary reaction caused 
by mutant SOD1 may be attributed to their propensity 
to form aggregates. Aggregated but still active mutant 

SOD1 would be expected to mediate the formation of 
reactive oxygen species and nitrosylation in a more 
condensed state. 

Keywords: Baculovirus, gain of function, hydroxyl radicals, 
copper toxicity, protein aggregation 

I N T R O D U C T I O N  

Superoxide dismutase (SOD; EC 1.15.1.1) is an 

antioxidative enzyme which scavenges superox- 

ide radicals in the cytoplasm of most  mammal ian  
cells. Ill Of the three SOD isozymes, Cu,Zn-SOD 

is present in the cytoplasm as a dimer  with the 

copper  and zinc ions functioning as catalysis and 

as a part  of the protein architecture, respectively. 

Since defects in the gene which encodes Cu,Zn- 

SOD (SOD1) have been identified in familial 
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66 A. OKADO-MATSUMOTO et al. 

amyotrophic lateral sclerosis (FALS), ~2J a fatal 
motor neuron disease, more than 50 additional 
mutations linked to FALS have been found in 
10-15% of the patients. ~31 

When mutations were initially discovered in 
SOD1, it was commonly thought that the eleva- 
tion in levels of reactive oxygen species (ROS), 
as a result of the loss of SOD activities, were 
involved in the process of developing ALS. [41 
However, at present, it is now believed that this 
disease is the result of gain of function and not 
the loss of SOD activity of these mutant enzymes. 
This is because mutant SODs have activities 
which are equivalent to the wild-type enzyme ~3'51 
and transgenic mice carrying mutant human 
SOD1, [6'7] which have higher SOD activity than 
control mice due to the extra genes, develop sym- 
ptoms which are characteristic of ALS. In addi- 
tion, SODl-knockout mice do not exhibit motor 
neuron dysfunction.[8~ Several mechanisms, 
such as the production of ROS, [9 14] metal toxi- 
city, [15M71 interaction with reactive nitrogen spe- 
cies, [15"181 and protein aggregation, [19-211 have 

been proposed as possible candidates for the 
reason for the gain in function. Although the prod- 
uction of reactive oxidant is a known function of 
wild-type Cu,Zn-SOD, [22'231 the enhanced prod- 
uction of ROS has also been reported for purified 
mutant enzymes, [9-121 cells transfected mutant 
gene, ]9'13] and transgenic mice. [141 

Our previous papers [5,24] reported on a baculo- 
virus expression system in which a large amount 
of wild-type and three mutant Cu,Zn-SODs 
with characteristics similar to human enzymes 
are produced and preliminary characterization 
of these enzymes. Here we report further ana- 
lyses of the enzymatic properties of eight mutant 
Cu,Zn-SODs including the potency of reactive 
oxidant production and the tendency to form 
aggregates in comparison to the wild-type 
enzyme. Our data are not consistent with the 
observation that the mutant enzymes are capa- 
ble of producing more reactive oxidant than 
the wild-type enzyme. {9-121 However, we cannot 

rule out the possible involvement of aggregated 
enzymes in the acceleration of oxidation and 
nitrotyrosine formation at aggregated locations 
in motor neurons. 

MATERIALS AND METHODS 

Materials 

5,5-Dimethyl-l-pyrroline N-oxide (DMPO) was 
purchased from Dojindo Laboratories. 4-hydroxy- 
2,2,6,6-tetramethylpiperidinyloxy (4-hydroxy- 
TEMPOL) were purchased from Aldrich. All 
other reagents were of the highest grade 
available. 

Site-Directed Mutagenesis and Expression 
of Mutant Cu,Zn-SODs 

Since the previous papers, [5"24] three new mutant 
Cu,Zn-SOD cDNAs, designated as G37R, G41S, 
and II13T, were constructed by site-directed 
mutagenesis t251 using a uracil template as 
described previously. I261 The H46R mutant was 
a generous gift from Prof. Joseph S. Beckmann, 
University of Alabama at Birmingham. Muta- 
tions of the coding sequences were confirmed by 
the dideoxy chain termination method[27] using 
Sequenase ver. 2.0 (USB). The DNA fragments 
were ligated back to a transfer vector pVL1393 
(Invitrogen). After purification by cesium chlor- 
ide ultracentrifugation, I gg of the purified plas- 
mid DNA was cotransfected with baculovirus 
DNA (100 ng Baculogold, Pharmingen) into Sf21 
cells using Lipofectin (Gibco/BRL). After 4-5 
days of incubation, the viral supernatant was 
harvested from the cells, and the recombinant 
viruses were then amplified on a large scale. 

Overproduction of the Cu,Zn-SODs in 
Sf21 Cells 

The culture of Sf21 cells and manipulation of 
baculovirus were performed according to the 
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FUNCTIONS GAINED IN MUTANT Cu,Zn-SODs 67 

published protocols. [28] For protein production 
Sf21 cells (106) in a 10-cm dish were infected 
with baculovirus carrying Cu,Zn-SOD cDNA at 
a multiplicity of infection of 10 after which they 
were incubated for 3 days. CuSO4 and ZnSO4 
dissolved in water and sterilized by filtration 
through Dismic filters (Advantec) were added 
directly into the medium to a final concentration 
of 1 mM after viral infection. 

Purification of Cu,Zn-SOD from 
Infected Sf21 Cells 

The purification procedures used have essen- 
tially been described previously [5] with some 
modifications. Harvested cells were washed with 
PBS three times and iysed in hypotonic buffer 
containing 2.5 mM potassium phosphate, pH 7.4, 
I mM CuSO4, I mM ZnSO4, I mM benzamidine, 
and 0.1 mM (p-amidinophenyl)methanesulfonyl 
fluoride hydrochloride (Wako) on ice. The cells 
were homogenized in a Dounce homogenizer, 
and centrifuged at 100,000g for I h at 4°C to 
precipitate insoluble materials. The supernatant 
was loaded onto a DE52 ion-exchange column 
(Whatman) preequilibrated with 2.5mM potas- 
sium phosphate, pH 7.4. After washing with 10 
volumes of the same buffer, the bound proteins 
were eluted with a linear gradient of potassium 
phosphate from 2.5 to 200 mM. To further purify 
the enzyme, gel-filtration column chromatogra- 
phy on AcA54 (IBF Biotechnics) preequilibrated 
with 100 mM NaC1 and 10 mM potassium phos- 
phate, pH 7.4, was performed. The Cu,Zn-SODs 
were treated with 100btM CuSO4 and 100~tM 
ZnSO 4 overnight at 4°C to saturate the copper 
and zinc sites of the enzyme. The mixture was 
dialyzed against 10mM potassium phosphate, 
pH 7.4, which was pretreated with Chelex 100 
resin (Bio Rad), overnight at 4°C to remove free 
copper and zinc ions. The concentration of puri- 
fied Cu,Zn-SOD was determined spectrophoto- 
metrically using the molar extinction coefficient 
A280 = 1.74 x 104 M -1 cm 1. 

Quantification of Copper Ions 

In most experiments, free and loosely bound cop- 
per ions were removed from the enzyme by treat- 
ment with Chelex 100 resin. The levels of bound 
copper ions in the Cu,Zn-SOD was determined 
by polarized Zeeman atomic absorption spectro- 
photometer (Hitachi Z-8000). Ten pl of each sam- 
ple and standard solution was directly loaded 
into a cuvette, and copper was determined by 
absorption measurement at 324.8 nm. 

Assay of SOD Activity 

The SOD activity of the purified protein was 
assayed using the xanthine-xanthine oxidase/ 
nitroblue tetrazolium method.[29] Each data point 
represents the mean and standard deviation for 
triplicate experiments. 

Detection of DMPO-OH by a 
EPR Spectroscopy 

In the presence of DMPO, the reaction of Cu, 
Zn-SOD with H202 produces a stable radical 
adduct, DMPO-OH, which can be determined 
by EPR spectroscopy. All buffer and water used 
in this experiment were treated with Chelex 
100 resin to remove any trace metals before use. 
Reactions were initiated by the addition of 
H202 to the incubation mixtures (total volume of 
100pl) containing wild-type or mutant SODs 
(lpM) and DMPO (100mM) in 25mM NaH- 
CO3/CO2 buffer, pH 7.4. Spectral acquisitions 
began 60 s after initiation of the reaction. The 
EPR spectra were measured at room tempera- 
ture using a Bruker ESP300 instrument under the 
following conditions: microwave power, 19 mW; 
modulation frequency, 100 kHz; modulation am- 
plitude, 1.035 G; conversion time, 10.24 ms; time 
constant, 10.24 ms; sweep time, 21 s; sweep width, 
100 G with 1024-point resolution. Quantification 
of the spin adducts were carried out by double 
integration of the data using 4-hydroxy-TEMPOL 
as a standard. 
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68 A. OKADO-MATSUMOTO et al. 

Evaluation of Aggregated SODs 

Stored enzymes  were  centr i fuged at 12,000g 
for 20min  at 4°C to r emove  aggrega ted  SODs 
before use. The superna tan ts  were  supple -  

men ted  with  CuSO4, gently shaken  overnight ,  
and  then centr i fuged at 12,000g for 20 min  at 4°C 
to precipi tate  the SOD aggregates.  The prote in  
content  of the superna tan ts  were  de te rmined  
by  measu r ing  the absorbance at 280nm.  The 
amoun t s  of aggrega ted  SODs were  calculated 

by  subtract ing the soluble fraction f rom total 
amoun t s  of the proteins.  

RESULTS 

Impaired Cu Binding Abilities and Loss of 
SOD Activities in Mutant Cu,Zn-SODs 

In this work,  eight m u t an t  Cu,Zn-SODs were  
p roduced ,  which were  found  in FALS, as well  
as the wi ld- type  e n z y m e  in a bacu lov i rus / insec t  
cell sys tem and purif ied as described previ-  
ously. [5'24] The proteins,  which were  more  than 

98% pure  (data not shown),  were  sa tura ted  with  
copper  and  zinc ions by  incubat ion with  100 btM 
CuSO4 and  100~tM ZnSO4 overnight ,  and  then 
dia lyzed to r emove  free meta l  ions. When  their  

SOD activities and  Cu contents were  measured ,  
all but  the H46R mutant ,  which  has an amino  
acid subst i tut ion in one of Cu chelating His  

residues,  exhibited near ly  equal  SOD activities 
and  Cu contents to those of the wi ld- type  e n z y m e  
(Table I). When  the enzymes  were  treated with  
Chelex 100 resin to r e m o v e  free and  loosely 
bound  meta l  ions in the prepara t ion ,  levels of 
the Cu ions bound  to the m u t a n t  proteins were  
decreased to var ious  extents. However ,  essen- 
tially no change was  observed  for the wi ld- type,  
indicating that  meta l  b inding  affinities of the 
m u t a n t  enzymes  were  impa i red  due  to the single 
amino  acid subst i tut ion in the proteins.  By this 
t reatment ,  SOD activities of the mu tan t  enzymes  
were  also decreased  and  the extents of decrease 
were  correlated with  the coppe r  contents. 

DMPO-OH Forming Abilities 
Correlate with SOD Activities and 
Cu Contents 

Cu,Zn-SOD reacts wi th  H202 to fo rm D M P O -  
O H  [22,23,30] and this ability is repor ted  to be 
enhanced in the case of mu tan t  enzymes .  I9-121 

Since the reactive oxidant  fo rming  activity has 
been examined  for only  few m u t a n t  enzymes  
thus far, we  examined  this issue for eight mu tan t  
enzymes ,  which  were  t reated with  Chelex 100 
resin before use, and  c o m p a r e d  their charac- 
teristics wi th  the wi ld - type  enzyme.  Figure 1 
shows typical  t ime courses for the format ion  of 
D M P O - O H  obtained by  the incubat ion of puri-  
fied A4T, G37R, G85R, and  wild  type  enzymes  

TABLE I SOD activities of and copper contents in wild-type and mutant SODs before and 
after treatment with Chelex resin. Data are shown as means of triplicate assays 

Enzyme Before chelex column After chelex column 

WT 1.00 76.1 0.99 75.1 
A4T 1.00 75.8 0.48 31.1 
G37R 1.00 77.9 0.17 12.1 
G41D 1.00 73.9 0.48 43.4 
G41S 1.00 76.1 0.86 67.1 
H43R 1.00 74.3 0.57 42.4 
H46R 0.38 9.4 0.0 0.1 
G85R 0.99 75.1 0.14 2.3 
II13T 0.99 74.2 0.73 48.7 

Bound Cu SOD activity Bound Cu SOD activity 
(mol/mol SOD)  (xl02U/mg) (mol/mol SOD)  (xl02U/mg) 
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FIGURE 1 Time course  for the format ion  of D M P O - O H  
du r ing  the incubat ion of wi ld- type and  three m u t a n t  SODs 
wi th  H2Oz. Reactions were  init iated by the  addi t ion  of 40 m M  
H202 to the incubat ion mixtures  conta in ing wi ld- type  and  
m u t a n t  SODs (1 ~tM each) and  DMPO (100mM).  D M P O - O H  
concentrat ions were calculated by double  integrat ion of the  
specific s ignals  u s i ng  TEMPOL as a s tandard .  
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FIGURE 2 Abilities of the  wi ld- type  and  m u t a n t  SODs 
to form D M P O - O H .  All Cu ,Zn-SODs were treated wi th  
Chelex 100 resin prior  to use. The a m o u n t s  of D M P O - O H  
produced  by the e n z y m e s  were  quant i f ied  at 2 m i n  after 
H202 addit ion.  Data are s h o w n  as m e a n s  and  the  s tandard  
deviat ion of triplicate assays.  

with 40mM H202 in the presence of 100mM 
DMPO and quantified by double integration of 
the data using TEMPOL as a standard. As 
reported by Sato et al., [3°1 DMPO-OH formation 
was markedly affected by the buffer used, and, 
hence, we used bicarbonate buffer in this assay 
as recommended. The amounts of DMPO-OH 
increased in a linear fashion within the initial few 
minutes and then reached a plateau after 6 min. 
This experiment was also carried out for the other 
mutant enzymes and the amounts of DMPO- 
OH produced during the initial 2min were 
compared with the wild-type enzyme (Figure 2). 
The data showed that the DMPO-OH forming 
abilities of all enzymes were lower than the wild- 
type enzyme and was in good agreement with 
their SOD activities. 

Kinet ic  Parameters  for D M P O - O H  
Format ion  by  Mutant  C u , Z n - S O D s  

In previous reports, L1°'111 higher V ..... values and 
lower Km values for DMPO-OH formation 
from H202 were reported for the mutant SODs 
than for the wild-type enzyme. To examine 
the kinetic parameters for the mutant enzymes, 

1.0 

0.8 

0.6 

0.4 

0.2 

-005 

z" 
. ~ G G 3 7 R  

o os o'~ o~5 0:2 o)a 
1 / [H202] (rnM ~) 

FIGURE 3 Double  reciprocal plots of D M P O - O H  forma- 
tion rates ve r su s  H202 concentrat ions.  Rates of D M P O - O H  
format ion by the  reaction of m u t a n t  and  wi ld- type  SODs 
wi th  va ry ing  concentrat ions of H20,_ were calculated as 
described in the legend for Figure 1. 

double reciprocal plots were carried out for the 
rate of formation of DMPO-OH at the initial 2 min 
period, v e r s u s  I° I202 concentrations (Figure 3). 
Although only typical data for A4T, G37R, and 
wild-type enzymes are shown, they fit simple 
first order reaction kinetics in this range of HaO2. 
The same experiment was performed for all the 
other enzymes and the V~ax and KI~ values were 
calculated from the plots (Table II). The Vma× 
values for mutant enzymes were all lower and 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
1/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



70 A. OKADO-MATSUMOTO et al. 

TABLE II V~=× and Km values for formation of 
DMPO-OH adduct by wild-type and mutant SODs 
from hydrogen peroxide 

Enzyme a V m a ×  Km 

WT 41 35 
A4T 18 50 
G37R 14 85 
G41D 23 52 
G41S 20 40 
H43R 2O 51 
II13T 28 38 

~Activities of H46R and G85R were too low to be 
calculated. 

the Km values  were  all higher  than  for wi ld- type  
enzymes .  Thus the data fail to suppor t  the v iew 
that  enhanced radical fo rming  ability is a fea- 
ture of the m u t an t  Cu,Zn-SODs,  contradic tory  
to some  reports ,  [9-121 while they were  consistent  
wi th  several  recent reports.  I31-33l 

80 

t'~ 60 
0 
O3 

i 
.~:~ 40 

i 
2o 

0 

FIGURE 4 Aggregation is accelerated in mutant SODs. Puri- 
fied SODs were incubated for 18 h in the presence of either 1 
or 10 gM CuSO4 and centrifuged at 12,000g for 20rain at 4~C 
to precipitate aggregated fractions. Protein contents in the 
supernatants were determined by measuring absorbance at 
280 nm. Aggregated fractions were calculated by subtracting 
soluble fraction in the supernatant from the amount of initial 
proteins. 

DISCUSSION 

Accelerated Aggregation of SOD Mutants 

During  course of the work,  we  found  that 
the mu tan t  enzymes  readi ly  fo rmed  aggregates  
dur ing  storage at 4°C. Since the stored e n z y m e  
solutions contained at different extents of aggre-  
gation, they were  r em oved  by s imple  centr ifuga- 
tion at 12,000g for 20min  at 4°C and protein 
concentrat ions were  adjusted to the same levels 
pr ior  to use. After incubat ion overnight  at 37°C 
in the presence  of 1 or 10 gM CuSO4, pur i f ied 
mu tan t  SODs were  centr i fuged and  the protein 
contents in the superna tan ts  were  eva lua ted  by  
measur ing  the absorbance at 280nm.  Figure 4 
shows the calculated fractions of aggrega ted  
proteins,  obta ined by  subtract ing the remain ing  
proteins  in the superna tan t  f rom the original 
concentration.  About  20-50% of the proteins  
were  precipi ta ted for all m u t a n t  enzymes  by  
low gravi ty  centrifugation, but  less than 10% 
was  precipi ta ted in the case of the wi ld- type  
control enzyme.  An equimolar  mixture  of the 

wi ld- type  and  m u t a n t  SODs resul ted in average  
level of the aggregat ion of them. The physiologi-  
cal re levance of these data is d iscussed below. 

In this work,  we  examined  proper t ies  of the 
mu tan t  Cu,Zn-SODs which  were  p roduced  in a 
baculovi rus  express ion system. When  A4T was  
p roduced  in a bacterial  system, the a m o u n t  of 
protein expressed  was  m u c h  less than the wild-  
type  enzyme,  I24~ suggest ing that  the mu tan t  

SOD was  s t ructural ly  unstable,  especially in the 
bacterial system. However ,  mu tan t  SODs, except  
for G85R, could be p roduced  at the same  extent 
as the wi ld - type  e n z y m e  in the baculovirus  sys- 
tem. In addit ion,  the cells are typical ly g rown  
under  ra ther  hypoxic  condit ions in t ightly capped  

culture flasks in the baculovi rus  system, but  
hyperoxic  condit ions are used  in the case of the 
bacterial  system. Such different oxygen condi-  
tions could affect the e n z y m e  proper t ies  of the 
p roduced  proteins.  Hence,  it is more  beneficial 
to use the baculovi rus  sys tem than the bacterial  
system, in order  to obtain the m u t a n t  SODs in a 

more  physiological  state. 
Using eight m u t a n t  enzymes ,  we  obta ined data  

concerning Cu binding,  the p roduc t ion  of ROS, 
and  the stability of the enzymes .  Affinities for Cu 
ions were  decreased  for all the mu tan t  enzymes  
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FUNCTIONS GAINED IN MUTANT Cu,Zn-SODs 71 

as judged  by  m e a s u r e m e n t  of bound  Cu in the 
enzymes  after t rea tment  wi th  Chelex 100 resin 
(Table I). Thus Cu b inding  affinities were  lower  
in the mu t an t  enzymes  than  the wild type,  
which is consistent wi th  the repor ted  nature  of 
the m u t a n t  enzyme.  [I7j However ,  in te rms  of 
hydroxyl  radical formation,  our  data  were  not 
in ag reement  wi th  previous  reports.  [9-12] Since 

we used  the mutan t  Cu,Zn-SODs which had  
been pre t rea ted  wi th  Chelex 100 resin to r emove  
contaminat ing  free Cu in the buffer  as well  as 
Cu which is loosely bound  to the proteins,  con- 
t radictory results might  be possible,  because  of 
the different Cu binding state of the enzymes.  
Recently, conclusions similar  to ours  concerning 
hydroxyl  radical format ion  by  m u t a n t  enzymes  
were  repor ted  by  several  other groups.  [31-33] The 

precise reasons for these observat ional  discrep-  
ancies are present ly  unclear. 

As another  candidate  p rope r ty  of the gained 
function for the m u t an t  Cu, Zn-SODs, we ob- 
served the accelerated aggregat ion of the mu tan t  
Cu,Zn-SODs in vitro. Since protein aggrega-  
tions posit ive to an ant i -Cu,Zn-SOD an t ibody  
were  found  in degenera ted  motor  neurons  of 
FALS pat ients  wi th  SOD1 mutat ion,  E341 mu tan t  
SODl- t ransgenic  mice, L351 and m u t an t  cDNA- 

transfected cells, f2°'z~l the aggregat ion forming  

ability of the m u t an t  enzymes  m a y  be of p r ime  
impor tance  for such symptoms .  In t e rms  of aggre-  
gation, the m u t an t  proteins could attach to some 
cellular componen t s  and coprecipi tate wi th  them 
in the cells. As a result, the effective concentrat ion 
of the componen t s  could decrease,  leading to 
dysfunct ion of the neuron.  Elevated ni t rotyrosine 
levels in the suffered lesions m a y  also be ex- 
plained by  the presence of this m u t a n t  Cu,Zn-  
SOD. The m u t a n t  enzymes  form aggregates,  but  
remain  enzymat ica l ly  active (data not  shown),  
and,  therefore, could media te  tyrosine nitration 
f rom peroxinitrite.  I361 Because hyal ine inclusions 

found  in FALS contain both  SOD and neurofi la-  
ments ,  in which m a n y  tyrosine residues are 
present ,  tyrosine nitration occurs in the molecules  
and  consequent ly  dest roys  their  function. 

In conclusion, all proper t ies  found  in the 
m u t a n t  enzymes  m a y  be traced back to the fold- 
ing instability of the enzymes ,  which accelerate 
aggregat ion  over  a long te rm frame.  Aggrega ted ,  
but  still active Cu,Zn-SODs wou ld  efficiently 
catalyze reactions which  are enhanced in trans-  
fected cells, t ransgenic mice, and  ALS patients.  
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