
ty was not associated with the EGF receptor 
(10). 

Neither adenosine triphosphate (ATP) 
nor bradykinin, both of which stimulate 
formation of IP3 in A-431 cells, enhanced 
the recovery of phospholipase C activity 
from the phosphotyrosine antibody matrix 
(10). This finding suggests that these ago- 
nists induce the formation of IP3 by a 
mechanism or mechanisms that do not in- 
volve tyrosine phosphorylation. While our 
experiments have not focused on possible 
roles for G proteins in mediating EGF- 
stimulated formation of IP3, we have been 
unable to W e r  activate the irnrnunoaffin- 
ity-purified phospholipase C by addition of 
guanosine triphosphate (GTP) or GTP-y-S. 
Also, treatment of A-431 cells with toxins or 
other agents that modify certain G proteins 
does not affect the EGF-stimulated forma- 
tion of inositol phosphates in vivo (10). 

To date, although several proteins, in- 
cluding several enzymes, have been identi- 
fied in vivo or in vitro as possible exogenous 
substrates of tyrosine kinases (5) ,  none of 
these is a good candidate as a molecule 
regulating cell proliferation. In no case has a 
biochemical function been associated with 
tyrosine phosphorylation of exogenous sub- 
strates. Data obtained in vivo by expression 
of tyrosine kinase-defective mutants of the 
EGF receDtor indicate that all events distal 

I 

to receptor occupancy, including the forma- 
tion of inositol phosphates and the release of 
stored intracellular ca2+ (14, are abrogated 
directly or indirectly as a consequence of this 
mutation. Those data support the hypothe- 
sis that tyrosine kinase activity is required 
for EGF-stimulated PIP2 turnover in vivo, 
but do not discriminate as to whether auto- 
phosphorylation of the receptor or exoge- 
nous substrate phosphorylation is critical to 
the generation of biological responses. Our 
findings suggest that either phospholipase C 
or a tightly associated protein is an exoge- 
nous substrate for EGF-stimulated tvrosine 
phosphorylation, and this tyrosine phospho- 
rylation may have functional consequences 
relating to PIP2 hydrolysis. 

REFERENCES AND NOTES 

1. G. Carpenter and S. Cohen, Annu. Rev. Biochem. 
48, 193 (1979). 

2. G. Carpenter, L. King, Jr., S. Cohen, J. Biol. Chem. 
254, 4884 (1979); H. Ushiro and S. Cohen, ibid. 
255, 8363 (1980). 

3. M. Wahl, J. Sweatt, G. Carpenter, Biochem. Biophys. 
Res. Commun. 142, 688 (1987); M. Wahl and G. 
Carpenter, J. Biol. Chem. 263, 7581 (1988). 

4. L. Pike and A. Eakes, J. Biol. Chem. 262, 1644 
(1987); J. Hepler et al., ibid., p. 2951; L. Wheeler et 
al., ibid., p. 6531; A. Pandiella, A. Malgaroli, J. 
Meldolesi, L. Vicentini, Exp. Cell Res. 17, 175 
(1987); R. Johnson and J. Garrison, J .  Biol. Chem. 
262, 17285 (1987). 

5. G. Carpenter, Annu. Rev. Biochem. 56, 881 (1987). 
6 .  M. Berridge, ibid., p. 159. 

7. T. Hunter and J. Cooper, ibid. 54, 897 (1985). 
8. Y. Sugirnoto, M. Whitman, L. Cantley, R. Erikson, 

Proc. Natl. Acad. Sci. U.S .A.  81, 2117 (1984); I. 
Macara, G. Marinetti, P. Balduzzi, ibid., p. 2728; S. 
Jackowski, C. Rettenmier, C. Sherr, R. Rock, J. 
Biol. Chem. 261,4978 (1986); M. Kato, S. Kawai, 
T. Takenawa, ibid. 262, 5696 (1987). 

9. A. Frackelton, Jr., A. Ross, H. Eisen, Mol. Cell. Biol. 
3, 1353 (1983). 

10. M. I. Wahl et al., unpublished results. 
11. S. Cohen, G. Carpenter, L. King, Jr., J. Biol. Chem. 

255, 4834 (1980); S. Cohen, R. Fava, S. Sawyer, 
Proc. Natl. Acad. Sci. U.S.A. 79, 6237 (1982). 

12. W. Chen et al., Nature 328, 820 (1987); J. H. Pierce 
et al., Science 239, 628 (1988); W. Moolenaar et al., 
EMBO J .  7, 707 (1988). 

13. A-431 cells were subcultured in 100-mm Falcon 
tissue culture plates at a density of 1 x lo4 to 
2.5 x lo4 ceWunz in Dulbecco's modified Eagle's 
medium (DMEM) containing 10% calf serum, 20 
mM Hepes (pH 7.4), and gentamicin (50 mgiml) 
and grown for 2 to 3 days to a density of 5 x lo4 to 
10 x lo4 ceWun2. Then the cells were washed twice 
with DMEM and incubated at 37°C in 4 ml of 
DMEM. Sodium orthovanadate was added to all 
cultures to a final concentration of 100 p,M for 10 
minutes, and the cultures were treated without or 
with EGF (200 ngiml) for an additional 0 to 60 
minutes. (A control experiment demonstrated that 
treatment with vanadate prior to growth factor 
addition was not required.) Subsequently, the cul- 
tures were placed on ice and washed four times with 
ice-cold calcium- and magnesium-free phosphate- 
buffered saline. Soluble cell extracts were prepared 
by adding 1.4 ml per plate of ice-cold solubilization 

buffer [20 mM Hepes, pH 7.2, 1.0% octyl p-D- 
glucop\,ranoside, 30 m.\l sodiun~ p\,rophosphate. 
30 m\l sodium chloride, 5 m\l P-glycerophosphate, 
1 mil EGTA, 1 m1.l phen\~ln~ethvlsulfonvMuoride. 
100 FM sodium o;tho&nada&, aprdtinin (10 
p,giml), and leupeptin (10 p,g/ml)]. The soluble cell 
extracts were centrifuged for 10 minutes at 
250,000g. The clarified extracts (0.75 to 1.5 mgiml) 
were treated with 50 to 100 p,1 of Sepharose-linked 
phosphotyrosine antibody (1G2) at a ratio of ap- 
proximately 1.0 to 1.5 mg extract to 100 p,1 of 
packed bead matrix. After adsorption to the matrix 
for 2 hours at 4"C, the bead matrix was batch- 
washed four times with ten volumes of ice-cold 
solubilization buffer. Finally, eluates from the matrix 
were obtained by addition of 1.5 volumes of elution 
buffer (solubilization buffer plus 1 mM phenylphos- 
phate). After 10 minutes at 4°C the eluates (100 to 
200 PI) were recovered by centrifugation into a 
second tube. The phospholipase C assay was per- 
formed by adding 20 ~l of the eluates to 30 p,1 of a 
reaction solution containing [)H]PIP2, octylgluco- 
side, calcium chloride plus EGTA, sodium phos- 
phate (pH 6 4 ,  and potassium chloride, yielding, in 
a 50-p,1 volume, final concentrations of 200 p,M, 
0.65%, 1 FM free Ca2+, 20 mM, and 40 mM, 
respectively. 

14. We thank S. Heaver and D. Sullins for their assist- 
ance in typing this manuscript and K. Adair for 
technical assistance. This research was supported by 
NIH medical scientist training grant GM 07347 (to 
M.I.W.), by NCI grant CA 43720, and by NIH 
grant DK 38517. 

28 April 1988; accepted 5 July 1988 

Autoregulation of Enzymes by Pseudosubstrate 
Prototopes: Myosin Light Chain Kinase 

The myosin light chain kinase requires calmodulin for activation. Tryptic cleavage of 
the enzyme generates an inactive 64-kilodalton (kD) fragment that can be further 
cleaved-to form a constitutively active, calmodulin-independent, 61-kD fragment. 
Microsequencing and amino acid analysis of purified peptides after proteolysis of the 
61- and 64-kD fragments were used to determine the amino-terminal and carboxyl- 
terminal sequences-of the 64-kD fragment. Cleavage within the calmodulin-bindkg 
region at A$05 generates the catalytically inactive 64-kD fragment, which is incapable 
of binding calmodulin. Further digestion removes a carboxyl-terminal fragment, 
including the pseudosubstrate sequence ~ e r ~ ~ ~ - ~ ~ s - A s ~ - A r ~ - ~ e t - ~ ~ s - ~ ~ s - ~ r - ~ e t -  
Ala-Arg-Arg-Lys-Trp-Gh-Lys-Tht.-Gly-Hi~-Ala-Val-Arg""5 and results in a calmodu- 
lin-independent 61-kD fragment. Both the 61- and 64-kD fragments have the same 
primary amino-terminal sequences. These results provide direct support for the 
ioncevt that the vseudosubskate structure binds th; active site and &at the role of 
calmddulin is t i  modulate this interaction. Pseudosubstrates may be utilized in 
analogous ways by other dosterically regulated enzymes. 

P ROTEIN KINASES ARE INVOLVED IN 

the regulation of protein and enzyme 
functions necessary for numerous 

biological processes (1). The smooth muscle 
myosin light chain kinase (MLCK) plays an 
obligatory regulatory role in the initiation of 
smooth muscle contraction (2). In many 
instances, protein kinases are inactive and 
require activation by regulators. In the case 
of the MLCK, the regulator is calrnodulin. 
structural studies by Blumenthal et al. (3) 

showed that a peptide segment of 26 resi- 
dues was responsible for binding calmodulin 

R. B. Pearson and B. E. Kemp, Department of Medicine, 
University of Melbourne, Re atriation General Hospi- 
tal, Heidelberg, Victoria 308[ Australia. 
R. E. H. Wettenhall, Department of Biochemisay, La 
Trobe University, Bundoora, Victoria, Australia. 
A. R. Means, Department of Cell Biology, Baylor Col- 
lege of Medicine, Houston, TX 77030. 
D. J. Hartshome, Department of Numtion and Food 
Science, University of Arizona, Tucson, AZ 85721. 

*To whom correspondence should be addressed. 

SCIENCE, VOL. 241 



Fig. 1. Amino acid se- Substrate MLC (1-23) s s K R A K A K T T - P Q 8 A T s N v F A 

quence of the MLCK cb, 
pseudosubstrate and cal- MLCK (484-512) s K D R M K K Y M A - w Q K T G H A v R* A I G R L s s 
modulin-binding regions. 
The myosin light chain +----Pseudosubsuate sequence- 
(MLC) phosphorylation 
site sequence and the Calmodulin-binding region - 
MLCK sequence are il- 
lustrated with residue numbers in parentheses (5). Ser19 is the MLC phosphorylation site. The tryptic 
cleavage site at ArgSoS for generation of the 64-kD inactive fragment is indicated by an asterisk. The 
basic residue substrate specificity determinants (16) are underlined together with the corresponding 
residues in the enzyme (5). Amino acids are listed using the single letter code; abbreviations are as 
follows: 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. 

to the skeletal muscle MLCK. A structurally 
related calmodulin-binding region was sub- 
sequently found in the smooth muscle 
MLCK (4, 5). Whereas there was no com- 
pelling homology between the calmodulin- 
binding sequence of the skeletal muscle en- 
zyme and other proteins in the database (3), 
the arrangement of basic residues in this 
region of the enzyme was similar to the 
pattern of basic residues identified as sub- 
strate specificity determinants in the myosin 
light chains (Fig. 1). This led to the concept 
that a sequence within the calmodulin-bind- 
ing region may be responsible for maintain- 
ing the enzyme in the inactive form by 
mimicking a substrate (5). The calmodulin- 
binding region overlaps and extends to the 
carboxyl-terminal side of the pseudosub- 
strate sequence (Fig. 1). Synthetic peptides 
corresponding to the pseudosubstrate cal- 
modulin-binding region are potent sub- 
strate antagonists as well as calmodulin an- 
tagonists for the enzyme (5, 6). Because 
these functional sequences of the enzyme 
can be mimicked with synthetic peptides, 
they are referred to as pseudosubstrate and 
calmodulin-binding prototopes, respectively 
(7). We have found that other protein ki- 
nases, including protein kinase C (7) and the 
calmodulin-dependent protein kinase I1 (8), 
also contain pseudosubstrate sequences in 
their primary structures that appear to be 
responsible for regulating these enzymes. 
These putative regulatory sequences are lo- 
cated outside the catalytic domains that 
share homology with all protein kinases (5, 
7, 8). However, there has been no direct 
evidence that these pseudosubstrate struc- 
tures actually function to inhibit the catalytic 
activity in the enzyme in situ. We used 
limited proteolysis, protein sequencing, and 
amino acid analysis to provide direct evi- 
dence that the pseudosubstrate sequence in 
the MLCK is responsible for regulating the 
enzyme. 

Limited tryptic digestion of the MLCK 
(130 kD) for approximately 1 rnin generates 
a 6 4 - 0  fragment that has lost the capacity 
to bind calmodulin and has little or no 
catalytic activity (6, 9). Further digestion of 
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the enzyme yields a 61-kD fragment that is 
constitutively active. To determine the dif- 
ference in structure, the 61- and 64-kD 
fragments were purified by anion-exchange 
chromatography. Amino-terminal sequence 
analysis of the 64-kD fragment revealed the 
sequence Thr-Pro-Pro-Lys-Ala-Ala-Thr-Pro- 
Pro-Gln-Ile-Thr-Gln-Phe-Pro-Glu (initial 
yield, 550 pmol, 48% of the 64-kD frag- 
ment by amino acid analysis). The amino- 
terminal Thr of the 64-kD fragment is 41 
residues amino terminal to the Trpl (10) 
reported for the cDNA-derived sequence 
(1 1). However, the complete amino-termi- 
nal sequence of the smooth muscle MLCK 
is n o t  yet known. A second overlapping 
sequence commencing Ala-Ala-Thr-Pro- 
Pro-Gln (initial yield, 120 pmol, 10% of the 
64-kD fragment by amino acid analysis) was 
also present, indicating a ragged amino ter- 
minus. The 61-kD fragment contained four 
amino-terminal sequences identified by 
quantitative phenylthiohydantoin amino 
acid analysis. Of these, Thr-Pro-Pro-Lys- 
Ala- (initial yield, 90 pmol) and Ala-Ala- 
Thr-Pro-Pro- (initial yield, 200 pmol) coin- 
cided with the amino terminus of the 64-kD 
fragment. The remainin two sequences, B vaP7,?-~eu- he-GIy-Thr3 (initial yield, 
140 pmol) and Ala284-Asn-~le-~al-~et288 
(initial yield, 60 pmol), appeared to be 
derived from low molecular size contaminat- 
ing fragments resulting from partial internal 
cleavages during the conversion of the 64- 
kD fragment to the 61-kD fragment. The 
results show that both the 61- and 6 4 - 0  
fragments share the same primary amino- 
terminal sequences, and the conversion of 
the 64-kD fragment to the 61-kD fragments 
results from carboxyl-terminal cleavage. 

The carboxyl-terminal sequence of the 64- 
kD fragment was investigated by comparing 
the chymotryptic peptides generated from 
the 64- and the 61-kD fragments and sepa- 
rated by reversed-phase high-performance 
liquid chromatography (HPLC) (Fig. 2). 
The chymotryptic peptides that were unique 
to the 64-kD fragment digest were selected 
for sequence analysis, and the sequences 
were compared with the partial primary 

sequence of the enzyme previously reported 
(I i) . The most ca;boGl terminal peptide 
identified in the chymotryptic digest of the 
6 4 - 0  fragment was Gln498-~ys-Thr-Gly- 
 is-Ala-~al-Arg505 (Figs. 2 and 3A). Pep- 
tides with this structure were isolated from 
two independent preparations of the 64-kD 
fragment, and both gave the sequence 
~ln~~~-~ys-Thr-Gly-His-Ala-Val. The pres- 
ence of the carboxyl-terminal Arg was un- 
equivocally identified from the amino acid 
composition of the peptide (12). Indepen- 
dent evidence that ~ r ~ ~ O ~ w a s  the carboxyl- 
terminal residue of the 64-kD fragment was 
also obtained from the tryptic digests of 3 2 ~ -  

labeled MLCK (13). 
Carboxypeptidase P digestion of the 64- 

kD fragment also generated active enzyme, 
consistent with the inhibitory region being 

A 2 1 ~  

10 20 30 40 50 60 
Time (min) 

Fig. 2. Chymotryptic peptide maps of MLCK 61- 
and 64-kD fragments. The 64- and 61-kD tryptic 
fragments were concurrently digested with chy- 
motrypsin at 25°C [ l  : 50 and 1 : 32 (w:w), respec- 
tively]. After 10 rnin, the hydrolyses were termi- 
nated by the addition of trichloroacetic acid to 5% 
(wlv). After 15 min at room temperature, the 
samples were centrifuged in an Eppendorf bench 
top centrifuge, and the supernatants were neutral- 
ized with 1M tris base, diluted with an equal 
volume of 0.1% trifluoroacetic acid, and applied 
to an Aquapore RP-300 microbore guard column 
(2.1 mm by 30 mm with 7-pm resin, Brownlee 
Labs). Peptides were eluted with a linear gradient 
of 0 to 60% CH3CN (vlv) in 0.1% CF3COOH 
(vlv) over 60 rnin at a flow rate of 0.5 rnllmin, and 
detected by monitoring the absorbance at 210 
nm. The major absorbance peaks (61 kD, upper 
trace; 64 kD, lower trace) were collected, and 
those indicated by hatching were sequenced by 
automated Edman degradation. Peptide 2 was 
further purified on a Vydac C18 column (4.6 rnm 
by 25 mm, 5-pm resin) before sequencing (20). 
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located close to the carboxyl terminus of the 
64-kD fragment, but this activation was 
much less efficient than with trypsin (14). 

Analysis of unique chymotryptic peptides 
associated with the 6 1 - 0  fragment provid- 
ed equivocal information about the carbox- 
yl-terminal region of the constitutively ac- 
tive form of the enzyme. The most distal 
unique chymotryptic peptide sequence iden- 
tified was ~ l e ~ ~ ~ - ~ e u - ~ a l - ( S e r ) - G l y ,  which 
would place the most carboxyl-terminal ex- 
tension of the tryptic cleavage site for the 
61-kD fragment at either ~~s~~~ or 
The presence of a number of peptides 
unique to the 61-kD fragment indicated that 
it was more susceptible to chymotryptic 
digestion (15). An arginine corresponding 
to is found at the carboxyl terminus 
of the catalytic domain of all known protein 
kinases. Since the 61-kD fragment is active, 
the protein substrate binding. site must be 

u 

located amino terminal to this arginine in 
the MLCK. 

Studies by Lukas et al.  (4) and our group 
(5) indicate that the MLCK calmodulin- 
binding region contains the sequence from 
Ala493 to se212, and that the tripeptide 
~ l f ~ ~ - A r ~ - ~ e u ~ ' ~  is necessary but not suffi- 
cient for high-affinity calmodulin binding 
(Fig. 3B). Thus the tryptic cleavage site at 

occurs within the calmodulin-bind- " 
ing site, thereby explaining the loss of cal- 

modulin binding of the 64-kD fragment 
(6). The 64-kD fragment retains the entire 
pseudosubstrate sequence Ser484-~ys-Asp- 
kg-Met-Lys-Lys-Tyr-Met-Ma-Arg-Ar 
Lys-Trp-Gln-Lys-Thr-Gly-His-Ma-Val 8,; 
previously postulated (5) to act as an inhibi- 
tor by binding with the active site (Fig. 1). 
The substrate-pseudosubstrate homology 
extends from ~ e r ~ ~ ~  to va1504, but it is 
possible that the sequence most critical for 
binding with the active site may be smaller, 
perhaps - Arg - Lys - Trp - Gln - Lys499 
(16). The failure of trypsin to cleave at the 
Arg494-Arg-~ys496 sequence during the gen- 
eration of the 64-kD fragment is consistent 
with the protection of this region, as expect- 
ed by its binding with the active site. Fur- 
thermore, we have shown that during tryp- 
tic digestion of the MLCK-calmodulin com- 
plex the active 61-kD fragment is generated 
but there is no accumulation of the inactive 
64-kD fragment (6), a result consistent with 
the release of the pseudosubstrate peptide 
from the active site during calmodulin acti- 
vation. 

The model we developed, that the MLCK 
is regulated by a pseudosubstrate, is based 
on the following observations. Synthetic 
peptides corresponding to the pseudosub- 
strate sequence act as potent substrate antag- 
onists of both the intact calmodulin-depen- 
dent enzyme (5) and the 61-kD constitutive- 

ly active fragment (6, 17). The inactive 64- 
kD fragment contains the pseudosubstrate 
sequence, and its removal generates the ac- 
tive 61-kD fragment. The 64-kD fragment 
is missing a segment of the calmodulin- 
binding region, which explains why it is 
devoid of calmodulin-binding activity. 

The role of pseudosubstrates in the regu- 
lation of protein kinases is not restricted to 
the calmodulin-dependent protein kinases; 
protein kinase C ( 7 ,  the regulatory subunit 
of the adenosine 3',5'-monophosphate 
(cAMP)--dependent protein kinase (18), and 
the heat-stable inhibitor of this enzyme (19), 
all contain pseudosubstrate sequences. An 
important question raised by these findings 
is whether all protein kinases or other cal- 
modulin-dependent enzymes, such as ade- 
nylate cyclase and phosphodiesterase, are 
regulated in this way. It is not known if the 
corresponding calmodulin-binding sites in 
these proteins are associated with sequences 
that render the enzyme inactive by mimick- 
ing substrate binding with the active site. 
Thus the pseudosubstrate model may be 
more general and relevant to the regulation 
of a wide range of enzymes dependent on 
allosteric regulators. Given the design of 
enzymes it is perhaps not surprising that one 
of their most distinguishing features, namely 
substrate specificity, would be exploited 
with such masterly economy in their regula- 
tion. 

Fig. 3. (A) Amino acid A 
sequence of chymotryp- ~ 4 6 1 -  C - T - Q - C - L - Q - H - P - W470- L - Q -B- D - T - K - a - El- E -A480 - REFERENCES AND NOTES 

tic peptides unique to -C6 1. P. Cohen, Eur. 1. Biochem. 151, 439 (1985); T. 
the A 6 4 - k ~  fragment. 
Chymotryptic peptides 
are identified within ar- 
rows and are prefixed C. 
The residues identified 
by quantitative sequen- 
tial Edrnan degradation 
(20) are underlined. The 
vield of peptides C6 and R - 

were' 33* (383 s484.K~D.R~M~K.K~y.M-AARRRRKKWWQQKKTTGGHHAAv5~ omol) and 28% (305 -. 
bmolj of the 64-kLj di- 
gest, respectively. Arp, A493.R.R-K-W-Q.K-T-G-H-A-V.R505-A.~.G.R-~.s-s512 
indicated bv an asterisk. / 

was idended from th; Calmodulin- binding prototope 
amino acid composition 
of peptide C2 (12). Ab- 
breviations are as in Fig. 
1. (B) Summary of the 
locations of the catalytic I 
and regulatory features 

I \ ..., 
7 7 9  48/ 2 52\ 669 

of the MLCK. The se- 
quence 1 to 669 corre- 
sponds to the partial G223-X-G-X-X-G228 K245 R459 
cDNA-derived sequence 
of MLCK (1 1). Residues I Catalytic domain 
conserved in the catalytic R-L-s-s(P)~'~-M-. . . R-K-A-S(P)~~'-G- 
domain of all protein ki- CAMP - dependent protein kinase phosphorylation sites 
nases, including the gly- 
cine-rich adenosine triphosphate (ATP)-binding motif and the essential LysZ4' and are shown. 
The regulatory features, including the pseudosubstrate prototope, the calrnodulin-binding prototope, 
and the phosphorylation sites, are located on the carboxyl-terminal side of the catalytic domain. 
Abbreviations are as in Fig. 1. 
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Beta-N-Methylamino-L-Alanhe Neurotoxicity: 
Requirement for Bicarbonate as a Cofactor 

JOHN H. WEISS AND DENNIS W. CHOI* 

Ingestion of the excitotoxic cycad seed amino acid p-N-methylamino-L-alanine may be 
responsible for the neuronal degeneration associated with Guam amyotrophic lateral 
sclerosis-parkinsonism-dementia in man. However, the basis for the central neurotox- 
icity of P-N-methylamino-L-alanine has been unclear, as it lacks the omega acidic (or 
equivalent electronegative) moiety characteristic of other excitatory amino acids. P-N- 
methylamino-L-alanine produced neurotoxic and neuroexcitatory effects in murine 
cortical cell cultures only when physiological concentrations of bicarbonate were 
available in the extracellular bathing medium. Bicarbonate may interact noncovalently 
with P-N-methylamino-L-alanine to produce, in combination, a molecular configura- 
tion that activates glutamate receptors. 

T HE HIGH INCIDENCE OF AMYOTRO- 
phic lateral sclerosis (ALS), often 
with features of parkinsonism and 

Alzheirner-type dementia (ALS-PD) among 
the Chamorro people in Guam has prompt- 
ed intensive epidemiological searches for 
etiologic clues (1). The demonstration that 
ingestion of p-N-methylamino-L-alanine 
(BMAA), an uncommon amino acid present 
in the seed of the indigenous food plant 
Cycas civcinalis, can induce in primates a 
neurodegenerative syndrome closely resem- 
bling Guam ALS-PD has implicated cycad- 
BMAA ingestion as the specific cause of the 
human disease (2, 3). 

Chemicallv. BMAA is related to another ,, 
plant-derived amino acid, P-N-oxalylamino- 
L-alanine (BOAA), which is implicated in 
the pathogenesis of lathyrism (4). BOAA is 
a dGarboklic amino acid and. like other 
such amino acids, can produce neuroexcita- 
tory and neurotoxic effects on central neu- 
rons and can induce seizures in rodents (5 ) .  
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Although less potent than BOAA, single 
doses of BMAA can also induce seizures in 
rodents (6). In explants of spinal cord or 
frontal cortex, BMAA can produce excito- 
toxic neuronal degeneration that can be 
attenuated by N-methyl-D-aspartate 
(NMDA) antagonists (7). Because BMAA 
lacks the w-acidic or electronegative moiety 
characteristic of other excitatory amino acids 
(having instead a positively charged p-mi- 
no group), this excitotoxic action is curious; 
Spencer et al. hypothesized that it may be 
mediated indirectly by a metabolite (3). 

We investigated BMAA neurotoxicity on 
cortical neurons in cell culture, a system 
permitting control of the extracellular milieu 
and a high degree of temporal resolution. 
~issocia&d mouse cortical c~ltures were 
prepared (8) and studied between 15 and 21 
days after plating in media consisting of 
Eagle's minimal essential melum (MEM- 
Earle's salts, supplied glutamine-free) sup- 
plemented with 10% heat-inactivated horse 
serum, 10% fetal bovine serum, glutamine 
(2 mM), and glucose (total 21 mM). Cells 
were initially exposed to BMAA (9) in a 
defined Hepes-buffered (pH 7.4) physiolog- 

ical salt solution (HSS) with the following 
composition: 130 mM Na+, 5.4 mM K', 
0.8 mM ~ g ' + ,  1.8 mM Ca2+, 20 mM 
Hepes, 130.6 mM C1-, and 15 mM glucose. 
A 1-hour exposure to 3 mM BMAA in HSS 
did not produce any evidence of the neuro- 
toxicity seen with dicarboxylic excitatory 
amino acids (8, 10); that is, acute neuronal 
swelling, late cell loss, and efflux of lactate 
dehydrogenase (LDH) to the bathing medi- 
um were all absent (Fig. 1A; Fig. 2 shows 
representative morphological appearance) 
(five experiments). A similar lack of BMAA 
neurotoxicity was seen in a tris-buffered 
exposure solution. These observations con- 
trasted with rapid (within minutes) neuro- 
nal vacuolation seen in mouse frontal cortex 
explants after exposure to 1.6 mM BMAA 
(3). 

To reconcile our findings with the previ- 
ous study (3), we repeated the experiment 
and used the Eagle's MEM exposure solu- 
tion described in (3); 1 to 3 mM BMAA 
then produced acute neuronal swelling and 
substantial late neuronal degeneration (ten 
experiments). The key difference appeared . 

to be the bicarbonate (HC03-) present in 
MEM but not in HSS. If 10 mM NaHC03 
was added to HSS, then exposure to 3 mM 
BMAA for 1 hour produced a substantial 
amount of neuronal degeneration by the 
next day (Fig. 1A). This permissive effect of 
HC03- on BMAA neurotoxicity was not 
mimicked by 10 mM NaCl (Fig. 1A) and 
not accounted for by pH shifts. The addition 
of 10 mM HC03- to HSS produced only a 
small alkalinization, to pH 7.5 initially and 
gradually to pH 7.7 at the end of 1 hour in 
room air. If this alkalinization were mim- 
icked by addition of NaOH (both at the 
beginning and in the middle of the 1-hour 
exposure), BMAA remained essentially non- 
toxic (Fig. 1A). BMAA was also nontoxic at 
a higher pH of 8.2 in HSS (Fig. 1A) and 
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