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Amyotrophic Lateral Sclerosis and Structural 
Defects in Cu,Zn Superoxide Dismutase 

Han-Xiang Deng, Afif Hentati, John A. Tainer, Zafar Iqbal, 
Annarueber Cayabyab, Wu-Yen Hung, Elizabeth D. Getzoff, 

Ping Hu, Brian Herzfeldt, Raymond P. Roos, Carolyn Warner, 
Gang Deng, Edwin Soriano, Celestine Smyth, Hans E. Parge, 

Aftab Ahmed, Allen D. Roses, Robert A: Hallewell, 
Margaret A. Pericak-Vance, Teepu Siddique* 

Single-site mutants in the Cu,Zn superoxide dismutase (SOD) gene (SODI) occur in 
patients with the fatal neurodegenerative disorder familial amyotrophic lateral sclerosis 
(FALS). Complete screening of the SOD1 coding region revealed that the mutation Ala4 
to Val in exon 1 was the most frequent one; mutations were identified in exons 2, 4, and 
5 but not in the active site region formed by exon 3. The 2.4 A crystal structure of human 
SOD, along with two other SOD structures, established that all 12 observed FALS mutant 
sites alter conserved interactions critical to the p-barrel fold and dimer contact, rather than 
catalysis. Red cells from heterozygotes had less than 50 percent normal SOD activity, 
consistent with a structurally defective SOD dimer. Thus, defective SOD is linked to motor 
neuron death and carries implications for understanding and possible treatment of FALS. 

Amyotrophic lateral sclerosis (ALS) , also 
called motor neuron disease, Charcot's dis- 
ease, or Liou Gehrig's disease, is a progres- 
sive paralytic disorder that is usually fatal 
within 5 years of onset of symptoms (1). 
The paralysis is due to degeneration of large 
motor neurons of the brain and spinal cord; 
the underlying cause of the degeneration is 
not known (2). About 10% of ALS cases 

are familial. Familial ALS (FALS), clini- 
cally indistinguishable from sporadic ALS, 
is expressed as an age-dependent autosomal 
dominant trait (3, 4). SODJ, the gene 
encoding the cytosolic antioxidant enzyme 
Cu,Zn superoxide dismutase (SOD), was 
studied as a FALS candidate because, of (i) 
its proximity to a FALS locus mapped to 
chromosome 21q22.1 in a subset of FALS 
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families (5-7), (ii) decreased SOD activity 
in cerebrospinal fluid of some ALS patients 
(8) ,  (iii) the important function of SOD in 
free radical homeostasis (9), and (iv) the 
apparent role of free radicals in neurodegen- 
eration (10). For 7 of the 11 previously 
reported FALS families (5r6) the probabil; 
ity of genetic linkage, based on heterogene- 
ity analysis (I I), to the region containing 
SODJ on chromosome 21 (7) was >90% ~, 
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genetic screening of the entire SODl cod- 
ing region, SOD activity assays in human 
mutants, and x-ray crystallographic struc- 
ture determination of human SOD, in order 
to characterize the FALS mutations, thus 
providing evidence for the --scific structur- 
al basis of this disease. 

Genomic DNA from members of FALS 
families and normal controls (13) was 
screened for mutations in SODl. DNA 
amplified from the five SODl exons (14) by 
polymerase chain reaction (PCR) was ex- 
amined for single-stranded conformational 
polymorphism (SSCP) (1 5) by changes in 
DNA migration on nondenaturing poly- 
acrylamide gels (Fig. 1). Such polymor- 
phism~ were heterozygous for the SODl 
mutations, and were detected in 17 of 49 
FALS families tested, including 7 previous- 
ly linked to the SODl region of chromo- 
some 21 (5, 6), 2 with positive lod (loga- 
rithm of the odds of linkage) (I I)  scores for 
chromosome 21 markers (5, 6), and 8 not 
tested for linkage. No sequence changes 
were found in exon 3 (1 6). Identical mo- 
bility changes representing SSCP in exon 1 
appeared in eight families, whereas distinct 
SSCP patterns indicating different muta- 
tions were observed in each of exons 2, 4, 
and 5 (Fig. 1). No SSCPs were seen in DNA 
from the 75 normal controls, nor from the 
three FALS families (6) not linked to chro- 
mosome 2 1. Polyrnorphisms correlated ap- 
propriately with affected and at risk individ- 
uals segregating the affected haplotype, 
when DNA from all available members of 
the FALS families (Table 1) with the high- 
est lod scores (individual multipoint lod 
scores of 2.32 for family 618C, and 3.46 for 
family 6 8 7 9  was tested (6). Sequence anal- 
ysis of DNA from affected individuals in all 
ten families with SSCPs in exons 1 and 5 
revealed single base pair mutations (Fig. 2). 
The mutation (GCC + GTC) in exon 1 at 
position 4 removes a Hae 111 restriction site, 
thus producing the additional larger restric- 
tion fragment (49 bp) observed in these 
heterozygous mutants. Overall, 14 different 
single-site SOD mutants at 12 amino acid 
mutation sites have been identified (Table 
I), accounting for the defects in 23 FALS 
families. The Ala4 to Val mutation in exon 
1 is the most frequent, occumng in eight 
different families. 

We mapped the 12 mutation sites (Ta- 
ble 1 and Fig. 3) onto the human SOD 
crystallographic structure (Fig. 4) to define 
the effects of the FALS mutations on the 
protein structure and function. The wild- 
type human SOD structures, refined inde- 
pendently at 2.5 A resolution in the CZZZ,, 
crystal form (1 7) and at 2.4 A resolution in 
the P6, crystal form (1 8) were both used to 
assess the contributions of the side chains ,; 
these positions to the active site, the dimer 
interface, and the p barrel subunit fold, 

which exhibits Greek key topology [so 
named for a common design in Grecian art 
(1 9)]. We also examined comparable inter- 
actions within the crystallographic struc- 
tures of bovine SOD, now refined at 1.8 A 
resolution, and yeast SOD, now refined at 
1.7 A resolution (18). Overall, the struc- 
tural results show that the 12 mutated side 
chains cluster near the two Greek key 
connections closing off the ends of the p 
barrel, in the dimer interface, and at the 

base of the active site loops (Figs. 3 and 4). 
These side chains, which are mostly se- 
quence-conserved, are also structurally con- 
served in the wild-type SOD structures from 
different species, and appear to be critical 
for the structural integrity of the dimeric 
enzyme (Table 1). The FALS mutations do 
not change any active-site residues in- 
volved in the electrostatic recognition of 
the substrate (ZO), the ligation of the metal 
ions, or the formation of the active-site 

Exonl Exon5 
Fig. 1. Autoradiogram showing normal and variant (arrow) 
SSCP bands of DNA for exons 1 and 5 of SOD1, from patients 5- C A A  
with FALS (A) and control subjects (C). SSCP changes in the --F- 

exon 1 panel are representative of affected individuals from I()()- 
I* 

families with a mutation in exon 1 (Table 1). DNA in lanes 2 
and 3 of the exon 5 panel are from affected individuals in 
family 226C and 640C respectively. PCR primers used in the 
analysis were for exon 1 : (i) TTC CGT TGC AGT CCT CGG AA - 
and (ii) CGG CCT CGC AAC ACA AGC CT and for exon 5: (i) 

Y 

AGT GAT TAC TTG ACA GCC CA and (ii) TTC TAC AGC TAG 
CAG GAT AAC A. Primers for exons 2 and 4 have been 
reported in (12) as set b. PCR amplification, SSCP gel analysis [0.5 x Mutation Detection 
Enhancement (MDE; J. T. Baker), 5% glycerol gels], and autoradiography were performed 
essentially as described (12). Exon 1 and 5 PCR products were 158 bp and 216 bp, respectively. 
The Hae Ill restriction digests were performed as recommended (New England Biolab). 

Fig. 2. Sequence analysis of A B C 
DNA from affected individuals A e G T A C  G T 

in FALS families listed in Table 
1. (A) The only mutation identi- 
fied in exon 1 (Table 1). The two 
exon 5 mutations (Table 1) are 
represented in (B) (family 640C) 
and (C) (family 226C). The ver- 
tically oriented sequence of 
seven bases to the right of each 
panel identify the mutation, the 
wild-tv~e base is aiven to the 
lefl dr' the mutant: but is not 
represented in the autoradiograph. Primer sets in Fig. 1 were used to amplify exonic DNA essentially as 
previously described (12). The PCR products were purified and cloned into the plasmid PUC19 (30). 
Exon inserts in the plasmids were used to verify the normal and variant SSCP patterns expected and 
separately sequenced with Sequenase (USB). Both strands were sequenced in each instance. 

Fig. 3. Structural fea- N 81 I 82 11 83 111 Greek key 84 
tures and FALS associ- dc dc dc NS-1 Cu 

10 20 30 3738 4041 43 ated mutations mapped 
I c - A T K : V C V L K G D G P V O Q I I N  F E O K ' E S N G P V K V W G S I K Q  L T E Q L H Q F H V  to the amino acid se- v RV s R 

quence of human SOD, D 
shown in single letter 
code. Ac indicates the N Active site loop 85 v 86 

S-S Zn NH,-terminal acetyl Cu dC --rNS-2 Cu Zn Zn Zn 
NS-3 

group. The mutations at 50 c 60 70 '80 85 90 93 
the 12 positions are ~ E F G D N T A G ~ T ~ A Q P ~ F N P L ~ R K H G G P K D E E R ~ ~ Q D L G N ~ T A D K D G ~ A D ~ ~  

R A 
shown in bold below the c 
sequence. The mutation vI Greek key 87 W Active site loop 
sites and every tenth B8 c 

r d c i  NS-4 cu S-s 7 dc 1 
residue are numbered loo ,, 130 140 144 148150 above the sequence, I  E D S V I S L S G D H C I  I  G R T L V V H E K A D D L Q K G G N E E S T K T G N A G S R L A C G V I  G I A O  

0 V T F 0 
The structural features 
shown at the top are the eight p strands of the Greek key $ barrel, the seven connecting turns or loops 
(Roman numerals), NHiterminal (N) and COOH-terminal (C) sequences not present in $ strands, and 
locations of four intervening sequences (IVS) showing the boundaries of the five exons. Residues that 
form a disulfide bridge (S-S), ligate the metals (Cu or Zn), or are involved in dimer contact (dc) are also 
shown above the sequence. Abbreviations for the amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; 
F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; 
W, Trp; and Y, Tyr. 
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channel (Figs. 3 and 4). No mutations were 
found in exon 3, which encodes the Zn- 
binding loop of the active site (Fig. 3). 
Thus, these results point to a structurally 
defective and therefore less active enzyme, 
rather than to a completely inactive or a 
more active SOD in FALS. 

On the basis of rigorous studies defining 
the structural and energetic effects of dis- 
rupting conserved hydrophobic packing in- 
teractions in proteins (2 1 ), six of the FALS 
mutations (Ala4 to Val, Leu38 to Val, 
Leulo6 to Val, Ile113 to Thr, Leu144 to Phe, 
Val148 to Gly) would be expected to desta- 
bilize the subunit fold or the dimer contact 
(Table 1 and Fig. 4). The most frequent 
FALS mutation (Ala4 to Val) would disrupt 
both; the subunit fold, by collisions with 
the sequence-invariant Leulo6 plug at one 
end of the p barrel (19), and the dimer 
interface, by shifts of the adjacent interface 
residue Val5 (Fig. 4b). The His43 to Arg 
mutation removes a critical hydrogen bond, 
linking the first Greek key P barrel connec- 
tion to the active site. The same mutation 
in yeast SOD (18) is accompanied by two 
additional compensatory sequence changes 
not found in this FALS mutant. The four 
FALS mutations that change sequence- 
conserved Gly residues would energetically 
destabilize the structurally conserved, left- 
handed, backbone conformation, favorable 
only to Gly. In contrast, the Glul" to Gly 
mutation is expected to introduce poten- 
tially destabilizing flexibility at a P barrel 
connection next to the conserved salt 
bridge between Asp1" and Arg79. 

To investigate the influence of the struc- 
tural defects in the FALS mutants on SOD 
activity, we measured the mean SOD activ- 

Table 1. FALS mutations in human SOD 

ity in red cells (22) of 15 members of seven 
FALS families and found that the average 
mutant activity was less than half (41%) 
that of normal controls (Table 2). The 15 
subjects were all heterozygous for SOD1 
mutations and represented six different mu- 
tations on exons 1, 2, 4, and 5, including 
the most frequent Ala4 to Val mutation 
(Table 2). The mean SOD activity of indi- 
vidual mutation groups ranged from 36 to 
47%. Activity gels on SOD from red cells 
confirmed that the His43 to Arg and the 
Glu'" to Gly mutants were expressed and 
had decreased activity (22), and therefore 
the disease is not simply the result of the 
absence of the mutant enzyme. The func- 
tional SOD enzyme is dimeric; thus, ran- 
dom association of wild-type and mutant 
subunits would result in 25% mutant ho- 
modimers, 25% wild-type homodimers, and 
50% heterodimers. The apparent domi- 
nance of SOD1 mutations in FALS may 
reflect the localization of these mutations to 

positions where both subunits of the dimer 
are affected (Fig. 4). This would be consis- 
tent with both the structural results and 
measured activities below 50%. SOD activ- 
ity data from FALS mutants is in agreement 
with other biochemical studies of SOD 
mutants (23), and supports the structurally 
predicted destabilizing effects of these mu- 
tations, which can result in decreased Cu 
binding (24) and in reduced activity. 

Although the general hypothesis that 
free radical mediated damage contributes to " 
age-related neuropathology has been pro- 
posed (1 O ) ,  our results establish a specific 
molecular basis for free radical damage in a 
neurodegenerative illness resulting from a 
structurally defective SOD with reduced 
activity. Because of the scavenging of other 
free radicals by 0, to form superoxide 
(0;-), SOD protects not only against 
direct damage by 0;- and damage from 
02.--generated toxic hydroxyl radicals 
(from hydrogen peroxide) and peroxynitrite 

Table 2. SOD activity in FALS mutants and controls 

Mutant Subjects SOD activity* 
(N)  

Mutation (mean ? SD)t 

Exon 1 
Exon 2 
Exon 4 
Exon 4 
Exon 4 
Exon 5 
All mutants 
Controls 

Ala4 + Val 
His43 + Arg 
GlyE5 4 Arg 
Glyg3 + Ala 
GluloO + Gly 
v a 1 l 4 ~  + GIY 
Six different mutants 
None 

-- 

Gunits per milligram of red cell protein. t~eancalculated from summation of individual sample readings. The 
SE of mutant mean = 86; 99% confidence limits 1165 to 1677 units; SE of control mean = 181, 99% confidence 
limits 2989 to 4023 units. The t test was used to calculate the difference between the two means, and the 
difference was statistically significant, P < 0.0005. 

Amino acid 
change 

Point 
mutation Structural location$ Structural role FALS families 

Ala4 + Val 

Gly3' 4 Arg 
4 Val 

Gly41 + Ser 
Gly4l + Asp 
His43 4 Arg 

GlyE5 + Arg 
Glyg3 4 Ala 
Glyg3 + Cys 
GluloO 4 Gly 
Leu1O6 4 Val 
lle113 + Thr 

4 Phe 

GCC + GTC 

GGA 4 AGA 
CTG 4 GTG 
GGC + AGC 
GGC + GAC 
CAT + CGT 

GGC + CGC 
GGT 4 GCT 
GGT + TGT 
GAA + GGA 
CTC + GTC 
ATT + ACT 

TTG + TTC 

GTA 4 GGA 

p strand 

Greek key connection 
Greek key connection 
p strand 
p strand 
p strand 

p strand 
Loop 5 
Loop 5 
p strand 
Greek key loop 
Greek key loop 

p strand to loop 
connection 

p strand 

Exon 1 
p barrel and dimer 

packing 
Exon 2 

Conserved left-handed Gly 
p barrel plug 
Conserved left-handed Gly 
Conserved left-handed Gly 
Hydrogen bonding 

Exon 4 
Conserved left-handed Gly 
Conserved left-handed Gly 
Conserved left-handed Gly 
Stability for Greek key loop 
C o n s e ~ e d  p barrel plug 
Dimer interface packs 

self-symmetrically 
Exon 5 

Packs with Leu38 

Dimer interface packs 
self-symmetrically 

*Mutation from Chicago (12). ?Mutation from Boston (12). $See Figs. 3 and 4 for location, §Branches of the same family. IlBranches of the same family 
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anions (from the neurotransmitter nitric 
oxide), but also against damage from other 
intracellular free radicals generated meta- v 

bolically or by environmental toxins (9, 
25). Apparently, the decreased SOD activ- 
ity in FALS mutants described here i s  suf- 
ficient to protect against normal oxidative 
stress in most cells types, and may be 
partially compensated for by other human 
superoxide dismutases found in the mito- 
chondria (MnSOD, SOD2) (26) and extra- 
cellular fluids (ECSOD, SOD3) (27). Al- 
though SOD immunoreactivity in large, 

long-lived, metabolically active neurons i s  
increased compared to surrounding cells 
(28), it appears that SOD may not be 
readily inducible. Thus, SOD J mRNA lev- 
els remain unchanged after experimental 
axotomy, whereas MnSOD i s  upregulated 
(29). Motor neurons wi th FALS mutant 
SOD may be only marginally protected and 
may decompensate when challenged by in- 
creased free radical production in response 
to the metabolic demand of axonal sprout- 
ing due to age-related attrition o f  motor 
neurons (3) or other environmental chal- 

Fig. 4. Stereo pairs of the human SOD crystallographic structure showing the a-carbon backbone 
tubes and the side chains (stick and ball representation with 30% van der Waals radii) of residues 
mutated in FALS. These mutation sites involve changes to structurally conserved interactions in the 
human, bovine, and yeast SOD crystallographic structures. (a) In each subunit, viewed from the 
dimer interface direction, the side chains (orange) of mutated residues lie clustered at the two ends 
(left and right) of the p barrel (blue-green tubes) and at the base of the two major loops (blue tubes, 
top) forming the channel around the active site Cu (gold sphere) and Zn (blue sphere) ions. The 
most common FALS mutation site is Ala4 (light red atoms and bonds), whose mutation to Val is 
expected to affect subunit and dimer stability and activity. Four of the mutations (at Gly3', Gly41, 
GlyE5, and GlulOO) should introduce charge changes, but their structural positions suggest that SOD 
activity will be affected primarily through destabilization, rather than through changes in the 
rate-limiting electrostatically facilitated diffusion of the substrate. For example, Glf5 to Arg disfavors 
a p bulge that helps to position the active-site metal ligands His46 and Aspa3. (b) Close-up of the 
twofold SOD dimer contact. The dimer interface includes p strand (blue-green versus yellow 
a-carbon traces distinguish the two subunits) and loop (blue versus purple a-carbon traces) 
interactions that also have an impact on the formation of the two active site channels (between loops 
on the outside surface of each subunit's p barrel). FALS mutations in residues forming twofold 
symmetric dirner interactions (lle113 and Val14a) should most significantly destabilize the mutant 
homodimer and heterodimers. Changes to conserved hydrophobic packing interaction at one end 
of the p barrel adjacent to the dimer interface (Ala4 and Leu1%) should directly destabilize the 
subunit fold by sterically disrupting the Ala close packing with Leu106, the major hydrophobic plug 
for the end of the p barrel. Ala4 and Leu106 changes are also expected to affect adjacent side chain 
and main chain dimer interface interactions. Although some hydrogen bonds from side chain to 
main chain are important to SOD folding and stability (1 7), the previous interpretation that changes 
to Leu106 and lle113 might act by affecting these residues' main chain hydrogen bonding (12) seems 
less probable from the SOD structures than the direct disruption of their specific hydrophobic 
packing interactions proposed here. 

lenee. Our results and free radical dam- 
agevpathways suggest that both defects in 
protective enzymes (such as MnSOD, 
ECSOD, glutathione peroxidase, and cata- 
lase) and free radical generating toxins, 
need to be examined as candidates contrib- 
uting to sporadic ALS, FALS not  linked to 
chromosome 21. and other neurodeeenera- " 
tive diseases. In view of their central role in 
protection against free radicals, superoxide 
dismutases or similar agents may prove ther- 
apeutic for all forms o f  ALS that result from 
free radical damage. 
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An Essential Role for Protein Phosphatases in 
Hippocampal Long-Term Depression 

Rosel M. Mulkey, Caroline E. Herron, Robert C. Malenka* 
The effectiveness of long-term potentiation (LTP) as a mechanism for information storage 
would be severely limited if processes that decrease synaptic strength did not also exist. 
In area CAI of the rat hippocampus, prolonged periods of low-frequency afferent stimu- 

*lation elicit a long-term depression (LTD) that is specific to the stimulated input. The 
induction of LTD was blocked by the extracellular application of okadaic acid or calyculin 
A, two inhibitors of protein phosphatases 1 and 2A. The loading of CAI cells with micro- 
cystin LR, a membrane-impermeable protein phosphatase inhibitor, or calmodulin antag- 
onists also blocked or attenuated LTD. The application of calyculin A after the induction 
of LTD reversed the synaptic depression, suggesting that phosphatase activity is required 
for the maintenance of LTD. These findings indicate that the synaptic activation of protein 
phosphatases plays an important role in the regulation of synaptic transmission. 

Activity-dependent long-term changes in 
synaptic efficacy are of fundamental impor- 
tance for the development of neural circuits 
and for information storage in the nervous 
system. Long-term potentiation in area 
CAI of the hippocampus has been an in- 
tensively. studied form of activity-depen- 
dent synaptic plasticity primarily because it 
can be elicited reliablv in vitro in isolated 
slices of the hippocampus. Consequently, 
some of the biochemical stem res~onsible 
for its induction and maintenance are well 
characterized (1). 

Several different forms of LTD in the 
hippocampus have ' been observed (2), al- 
though the underlying biochemical mecha- 
nisms are not known. Recently a form of LTD 
that, like LTP, is restricted to activated syn- 
apses has been described (3, 4). This homo- 
synaptic LTD requires activation of postsyn- 
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aptic N-methyl-D-aspartate (NMDA) recep- 
tors (3, 4) and a change in the postsynaptic 
Ca2+ concentration (4). We have examined 
biochemical processes underlying this form of 
LTD and find that LTD requires serine-thre- 
onine protein phosphatase activity. 

Synaptic transmission between Schaffer 
collateral-commissural afferent fibers and 
CAI pyramidal cells in rat hippocampal 
slices was studied with scapdard extracellu- 
lar and whole-cell recording - ~chniques 
(5) .  After LTD was saturated. with repeti- 
tive periods (2 to 6 min) of 1-Hz stimula- 
tion ( 4 ,  LTP-inducing high-frequency tet- 
anuses (100 Hz, 1 s) increased synaptic 
strength beyond the original baseline value 
(Fig. 1). If the induction of LTP had not 
caused a reversal of the processes responsi- 
ble for LTD, it would not have been possi- 
ble to re-elicit LTD. Instead, additional 
episodes of 1 -Hz stimulation reduced synap- 
tic strength to its original minimal saturated 
level (10 of 12 experiments) (Fig. 1). Con- 
sistent with this finding, previous work has 
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