
Activation of the Cellular Proto-Oncogene Product sf"aed by linking encoding either 

p2lRas by Addition of a Myristylation Signal the first 11 amino acids or all 59 residues of 
the NH2-terminal sequences of RaSV (Fig. 
1, legend) to the full 189 residues of either 

JANICE E. BUSS, PATRICIA A. SOLSKI, JAMES P. SCHAEFFER, normal human cellular H-Ras (wild type, 

MARSHA J.  MACDONALD, CHANNING J. DER WT) or activated H-Ras ( ~ e u ~ ' )  in which 
the glutamine residue at position 61 was re- 
placed with a leucine (Fig. 1). In addition, 

The 21-kD proteins encoded by ras oncogenes (p21Ras) are modified covalently by a palmitylated (CysIg6) and nonpalmitylated 
palmitate attached to a cysteine residue near the carboxyl terminus. Changing cysteine (SerIa6) forms of both proteins were ana- 
at position 186 to serine in oncogenic forms produces a nonpalmitylated protein that lyzed. Immunoprecipitation of Ras from 
fails to associate with membranes and does not transform NIH 3T3 cells. Nonpalmit- [3S~]methionine-labeled NIH 3T3 cells 
ylated p21Ras derivatives were constructed that contained myristic acid at their amino transfected with the DNA constructs con- 
termini to determine if a different form of lipid modification could restore either firmed that proteins of the correct expected 
membrane association or transforming activity. An activated p21Ras, altered in this sizes were present (Fig. 2). Specific incorpo- 
way, exhibited both efficient membrane association and full transforming activity. ration of amide-linked [3H]myristic acid 
Surprisingly, myristylated forms of normal cellular Ras were also transforming. This was easily detected in all chimeric Gag-Ras 
demonstrates that Ras must bind to membranes in order to transmit a signal for (Fig. 2, lane 9) (12). 
transformation, but that either myristate or palmitate can perform this role. However, As with Ras containing only palmitate, 
the normal function of cellular Ras is diverted to transformation by myristate and more than 90% of a p29-~eu61-~ys1a6 Gag- 
therefore must be regulated ordinarily by some unique property of palmitate that Ras bearing both myristate and palmitate 
myristate does not mimic. Myristylation thus represents a novel mechanism by which was found in a 100,000g pellet (P100) (Fig. 
Ras can become transforming. 2, lanes 1 and 2). The p21-Ser'86 protein 

lacking any lipid was completely soluble 

C ELLULAR ras GENES ENCODE 21-KD A naturally occurring myristylated variant (Fig. 2, lanes 3 and 4). When either the 11- 
guanosine diphosphatelguanosine of H-Ras had already been described: the (p22) or 59-residue (p29) myristylation sig- 
triphosphate (GDP1GTP)-binding p29Gag-Ras protein encoded by the onco- nals were present, approximately 60% of 

proteins termed p2 1Ras (1, 2). The p21Ras gene of Rasheed sarcoma virus (RaSV) (10). myristylated Gag-Ras (Serlg6) proteins sedi- 
can acquire the ability to transform cells if p29Gag-Ras is a fusion protein containing mented in a crude membrane-containing 
activated by point mutations that affect the rat H-Ras sequences and a 59-residue NH2- fraction (P100) (Fig. 2, lanes 5,6, 7, and 8). 
binding or hydrolysis of guanine nucleotide terminal extension derived from the Ra- Both lengths of the NH2-terminal myristyla- 
to favor the active GTP-bound form of the sheed leukemia virus (RaLV) Gag protein tion signal thus conferred the ability to bind 
protein (2, 3) .  Genes encoding activated (which is responsible for its myristylation) to membranes on a soluble p21-~er'a6. Pre- 
forms of p21Ras are the most frequently and viral sequences of unknown origin (1 1). liminary experiments in which irnrnunofluo- 
identified oncogenes in human tumors (4). New chimeric Gag-Ras proteins were con- rescence was used to localize p22-WT-~er'a6 
p21Ras is modified by a palmitic acid at- 
tached to a cysteine near its COOH-termi- 
nus (5) .  Because nonpalmitylated forms are Fig. 1- Diagram of chimeric Gag- Protein structure Transforming activtty 

found in cytosolic fractions, the palmitate is :::, 2; ~ s ? ~ u ~ ~ ~ ~ ~ ~ ~ ~ e ~ ~ ~ ~  (foci~pg DNA) 

thought to promote or stabilize the interac- viral- or vector-derived sequences p 2 1 - ~ e u ~ ' - ~ y s ' ~ ~  I 611 c 4800 

tion of p21Ras with cellular membranes (6). (cross-hatched boxes) were linked p21.LeU61.Ser'86 i 611 I o 

This interaction with membranes is impor- (24) to the initiating methionine of 
tant biologicafly, as nonpalmitylated mu- full-length H-Ras possessing either P ~ ~ - L ~ u ~ ' - c Y s ' ~ ~  eS 611 c 4227 

a cysteine (C) or serine (S) at Ras p22-Leu6~.Ser~86 tants of activated p2lRas no longer trans- position 186, The NHZ-terminal IF;Y 611 I 3608 

form cells (7). However, it is not clear amino acid sequences of the chi- p29-~eu61-CyS186 fi t ,  c 4780 

whether the lipid acts in a general way to meric Gag-Ras p29 JM.lGXQ- 
increase p21Ras hydrophobicity or whether S L ? T P L S L T L D ~ l ) v R D R A -  p29-Leu61-ser'86 

6 1 1  I 3060 

the COOH-terminus and palmitate, in par- ~ ~ , " ~ d ~ & $ ? ( ~ &  p29.wr-cys1s =-, W i  o 

ticular, are involved in more specific interac- amino acids of p21); and p22 
tions between p2 1Ras and membrane- IM~G*QSLT~ KGGTI" (+ 189 p21-WT-~y~186 I @I 

C 0 

bound proteins or lipids. amino acids of p21) (25). The 248- p21.wr-ser~86 I WT s o 

Myristic acid is attached to the NH2- residue chimeric Gag-Ras ( ~ 2 9 )  
contains 59 NH2-terminal non-Ras p 2 2 - ~ - ~ y s ' ~ ~  I WT c 927 terminus of a select group of proteins (8) amino acids from Rasheed sarcoma 

and is involved in the association of p60v- (11) linked to the 189 residues p22.wr-ser186 I 
WI s 1407 

Src and several viral structural (Gae) Dro- of human H-Ras. The first 32 ami- 
" 1  I 

teins with membranes (9). We reasoned that no acids are derived from the rat leukemia virus pl5Gag (underlined), whereas the following 27 

ifthe major role lipid on p 2 1 ~ a s  was residues stem from viral sequences unrelated to Gag or Ras. The 200-residue chimeric Gag-Ras 
(designated p22) contains the first six amino acids of Gag linked to five residues encoded by the PAT- 

promote membrane-~rOtein H-Ras vector sequence (26) and the full 189 amino acids of human H-Ras. The initiating methionine 
interactions, then a mvristvl group might be (brackets) is removed and mvristic acid is attached to the zlvcine (asterisk) that follows (101. The SerIs6 - .  
capable of performiG &is same f$ction *utatioiwas introduced by'oligonucleotide-directed muFagenesis to chaAge Cys (TGT~ td Ser (AGT). 
even if artached at another site on the pro- Both normal and activated versions of human H-Ras had been constructed previously (27). To quantify 

focus-forming activity, 10 ng of purified plasmid DNA was coprecipitated with 20 pg of calf thymus tein. DNA by the calcium phosphate technique and added to lo6 NIH 3T3 cells (27). Foci were counted 
L~ joua cancer Research ~ ~ ~ ~ d ~ u ~ ~ ,  L~ joua, CA after 14 to 18 days. The numbers presented are the average offrom 5 to 15 separate dishes from at least 
92037. three different transfection assays. 61L, ~ e u ~ ' .  

1600 SCIENCE, VOL. 243 



protein within the transformed cells also 
indicated that myristylation had reestab- 
lished binding of the nonpalmitylated pro- 
tein to the plasma membrane (12). That two 
different fatty acids attached at distinct sites 
caused ras-encoded proteins to bind to 
membranes raised the possibility that myris- 
tate, and perhaps palmitate as well, provided 
a simple hydrophobic domain that enabled 

S P S P S P S P  
Fig. 2. Subcellular fractionation and acylation of 
Gag-Ras. Cells (2 x lo6) derived from individual 
foci of transformed cells or mass cultures of 
(3418-selected nontransformed p21-WT-Serlg6 
cells were labeled overnight with 100 pCi of 35S- 
labeled methionine-cysteine (Trans-Label, ICN 
Pharmaceuticals) per milliliter, followed by a 1- 
hour chase in nonradioactive medium. Crude 
membrane-containing fractions (P) were separat- 
ed from cvtosol (S) bv hmtonic lvsis of cells and 
cenmhgation at 100,006g for 30'min (28). p22- 
WT-SerlM cells (lane 9)  were also labeled with 1 
mCi of [3~]m);ristic kid per milliliter as de- 
scribed (28). p21Ra.s was isolated by immuno- 
precipitation with the H-Ras-specific antibody 
YA6-172 (27) and analyzed by SDS-polyacrylam- 
ide gel electrophoresis. Proteins were detected by 
fluorographic exposures of 8 to 15 days. The top 
arrow labeled p29 indicates p29-Leu6'-CyslM 
(lane 2), a myristylated precursor that is synthe- 
sized in the cytosol, then associates rapidly with 
membrane-containing fractions and is converted 
to a species (p29, bottqp arrow) with greater 
mobility that contains both myristate and palmi- 
tate. The minor -21-kD proteins in lanes 5 and 7 
arise from initiation at the (now internal) original 
initiating methionine of ~ Z l ( S e r ' ~ ) ,  lack both 
myristate and palmitate, and are thus cytosolic. 
Lanes 1 and 2, p29-Le~~' -Cys '~;  lanes 3 and 4, 
p21-WT-Ser'M; lanes 5 and 6, p29-Leu6'-Serlw; 
lanes 7 and 8, p22-WT-Serlm; and lane 9, 
['Hlmyristate-labeled p22-WT-SerIM. 

the  rotei in to interact with membranes. but 
whLh had no specialized role in regdiion 
of p21Ras activity. 

To determine if the membrane binding 
promoted by the myristyl group mimicked 
in a functional way the association incjuced 
by palmitate, we compared the ability of 
palmitate- and myristate-containing Ras 
to cause focus formation on monolayers 
of NIH 3T3 cells. Both p22 an4 p29 forms 
of myristylated, nonpalmitylated Gag-Ras 
( ~ e u ~ ' - S e r ' ~  ) transformed NIH 3T3 cells 
with &ciencies nearly as great as the very 
strongly transforming palmitylated versions 
(Fig. 1). This suggested that, for activated 
forms of p21Ras, association of the protein 
with membranes was crucial for transforma- 
tion, but that the binding induced by myris- 
tate was equivalent functionally to that of 
palmitate. 

Both rnyristylated but nonpalmitylated 
(serl%) Gag-Ras remained in the (upper) 
precursor form and were not processed to 
the more rapidly migrating mature form (6, 
13), even though the proteins associated 
with membranes (Fig. 2, lanes 1, 2, 5, and 
6). Recent studies have implied that the 
maturation of the Ras is not due 
exclusively to palmitylation (14). The ab- 
sence of a mature form for these myristylat- 
ed membrane-bound Ras (Serl%) proteins 
suggested that it is not membrane binding 
but rather the cysteine at position 186 that is 
required for this (as yet undefined) process- 
ing. More importantly, this demonstrated 
that neither palmitate nor COOH-termiqal 
processing were required for transduction of 
Hiends that lead to transformation. Similar 
r&ults have been obtained by Lacal et al. 
(15) by attaching a 15-amino acid myristyl- 
ation signal derived from p60v-Src to a vird 
p21H-Ras. As the NH2-terminal sequerice 
of p60Src (Met-Gly-Ser-Ser-Lys-Ser-Lys- 
Pro-Lys-Asp-Pro-) (16) and pl5Gag (Fig. 
1) are quite different, the restored ability to 
cause transformation is likely to be a conse- 
quence of the myristyl group and not the - - 
particular amino -acids used as a signal se- 
quence for myristylation. 

Unexpectedly, two forms of normal unac- 
tivated p 2 1 ~ &  carrying an ll-amino acid 
myristylation signal (p22-WT-Ser1= or 
Cysl%) also caused focus formation (Fig. 1). 
Both p22-WT-Serl% and p22-~T-Cys'86 
had potent transfbrming activity, producing 
900 to 1400 foci per microgcam of DNA 
under conditions where Leu6' derivatives 
caused -4000 tbcu r microgram and 
where p21-WT-Cys'zor p29-WT-CyslM 
caused none. Cells derived fiom p22-WT- 
Ser1& and p22-WT-Cys'86 foci could also 
grow in soft agar (17). The Ras portions of 
these proteins were confirmed to be com- 
pletely' normal by DNA sequence analysis. 

Transformation by p22-WT-~er'86 did 
not result fiom either of the two mecha- 
nisms described previously for activation of 
Ras: altered C;TP binding (18) or decreased 
guanosine mphosphatase (GTPase) activity 
(2, 3). Analysis of myristylated p22-WT- 
Serl% in vitro revealed high-anity GTP 
biding (concentration for half maximal 
biding, 1 0 - 8 ~  and the high GTPase ac- 
tivity characteristic of nontransforming Ras 
(Fig. 3, A and B). Both p22 and p29 
myristylated normal Ras hydrolyzed bound 
32P-labeled deoxyguanosine mphosphate 
(dGTP) to GDP efficiently, whereas an acti- 
vated Ras(Leu6') version remained primari- 
ly in the GTP form. The in vitro GTPase 
activity and C;TP binding of these myristy- 
lated proteins thus mirrored accurately the 
properties of the wild-type or activated Ras 
fiom which they were derived. 

Cellular, nontransforming Ras have re- 
cently been shown to interact with GTPase- 
activating protein (GAP), a cytosolic pro- 
tein that stimulates their intrinsic GTPase 
activity and maintains the protein in its 
inactive GDP-bound form (19). GAP does 
not stimulate the C;TPase of activated Ras, 
which remain in the GTP-bound form (19). 
GAP is thought to interact with Ras in a 
region between residues 32 to 40 of the Ras 
protein and is proposed to be an effector 
protein through which normal Ras exerts its 
effects on the cell (20). However, it was 
possible that the membrane binding induced 
by myristylation prevented stimulation by 
GAP, or that the relatively large amount of 
p22-WT-Ser1= in the focus-selected cells 
overwhelmed the ability of GAP to keep the 
protein in its inactive GDP-bound state. We 
determined directly the anine nucleotides 
bound to p22-WT-Ser'g by labeling cells 
with radioactive phosphate, isolating p22- 
WT-Serl% by immunoprecipitation, and 
then releasing and separating the bound 
nucleotides by two-dimensional thin-layer 
chromatography (TLC). The p22-WT- 
Serl% was found to be primarily in the GDP 
form (-90%), with the remaining 10% 
bein GTP (Fig. 3C, a). The p29-WT- 

1& 
Cys (Fig. 3C, b), which is palmitylated, 
also bound mostly GDP. An activated p29- 
Leu6'-Ser'86 protein contained >90% GTP 
(Fig. 3C, c). The extent to which bound 
GTP may have been converted to GDP 
during immunoprecipitation of the normal 
(wild-type) proteins, which have a high 
intrinsic GTPase activity, is likely to be small 
(21). Thus, if these data reflect accurately the 
nudeotide state of Ras within the cell, this 
implies that p22-WT-Ser'86 not only contin- 
ues to interact with GAP, but that it causes 
transformation even though predominantly 
in the GDP form. 

The inability of the p29-WT-CyslM pro- 
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tein to transform cells is a potentially impor- 
tant observation. This protein is myristylat- 
ed and binds to membranes with the same 
efKciency as p22-~~-Ser186, but has a 59- 
rather than 1 l-amino acid leader sequence. 
Two possible explanations for the lack of 
activity of ~ 2 9 - w T - c ~ ~ ' ~  are (i) the length 
or structure of the 59-amino acid leader of 
p29 hinders interactions with membrane- 
associated targets; or (ii) the presence of this 
particular leader disrupts the general sauc- 
ture of the protein and renders it inactive. 
This second model is not likely, as the I.eu6' 
version of p29 is functional biochemically 
and transforms cells efiiciently. Thus, it ap- 
pears that not merely the presence of a 
myristyl group and membrane association, 
but also the length of myristylation signal 
sequence is important to position the nor- 

A GTP blndlng 
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ma1 Ras optimally for interaction with pro- 
teins that trigger the transformation process. 

These studies demonstrate that Ras must 
bind to membranes in order to transmit a 
signal for transformation (and presumably 
h r  normal function), but that such biding 
can be generated by either myristate or 
palmitate. Nevertheless, for the processes in 
which cellular Ras participates normally, 
only palmitate a specific (non- 
transforming) association of Ras with mem- 
branes. The surprisingly effective transfonn- 
ing ability of p22-wT-Ser186 could arise 
because myristate addition is a permanent 
(22), rather than a reversible acylation like 
palmitate (23). This could disrupt what is 
ordinarily a transient association between 
Ras and its normal membrane-bound target 
proteins. Alternatively, the myristyl group 

GTP hydrolysis 
B a b c 

In v~vo GTPIGDP blndlng Fig. 3. Guanine nucleotides " 
associated with Gag-Ras in 
vitro and in viva. (A) Atfini- 
ty of Gag-Ras for dC;TP. 
Monoclonal antibody YA6- 
172 and goat antiserum 
against rat protein were 
used to form immunopre- 
cipitates from detergent es- 
tracts of cells espressing 
p29-UT-CyslXh (0 )  and 
p22-IT-Scrim ( A  I.  Dupli- 
cate reactions containing 
from 5 n,ll to 100 n.11 [a- 
"PJdGTP were processed as 
described (27). Nonspecific 
background binding, dctcr- a .  
mined from replicate ex- 
tracts treated onl!. with goat 
anti-rat scmrn, Lvas subtract- 
ed from each point. The am( dGTP 
(100,25 1 cpm for p29-WT- l a o ~ y s ;  ana /J,MO cpm tor PAL-\\ I 1 .  (M) LII I' nyarolysls ny Gag- 
Ras. Irnmunoprecipitates prcparcd as in (A), containing p22-in-Serlwh (a ) ,  p29-iiT-C!.sl" ((h), or 
p 2 2 - L e ~ ~ l - C y s ~ ~ ~  (c) proteins nrcrc a l l o n ~ d  to  bind 100 n.\l [a-"PIdCTP (25). Samples reprcsentinp 
equal amounts of hound dGTP were transferred to 37°C. At various times (from 0 to YO min) portions 
(2 (11) were spotted on polyeth!rleneimine (PEI) cellulose and chromatographed in 0.75.11 I(HzPO4, 
pH 3.4. GTP and CI>P were \visualized by autoradiography. The 90-min time points arc shown. (C) 
Nuclcotidcs bound to Gag-Ras in vivo. Subconfluent cells (-4 x 10") Xvcre labeled overnight with 1 
mCi of "P (200 mCi/ml, ICN Pharmaceuticals) per milliliter and Iysed in butfcr containing 20 mdf 
tris-HCI, pH 8.0, 100 m.ll NaCI, 5 m\l MgCI,, 1% NP-40, and 20 (161 Na2\'04 (19). Samples \\.ere 
precleared by incubating with goat anti-rat serum and tiscd Stopliylartlrnrs arrrrprrc and immunoprc- 
cipitatcs prepared cithcr with (a, b, and c) or without (d)  H-Ras-spccific antiserum YA6-172. 
Nucleotidcs wcrc relcascd from the immune complex by incubation in 15 pl of 2 m,1l EDTA. 2 mdl 
dGTP, and 2 m.2.l GDP at 55°C for 20 min. Samples (2 (11) were spotted on PEI cellulose and separated 
by two-dimensional TLC with 2,21 ammonium formate: 2 5  HCI ( 6 2 : 3 8 )  for the first dimension and 
0.75124 E;HzPO4, p H  3.4. for the sccond. Positions of nonradioactive dGT1' and G1)P are indicated 
(dashed circles). Radioactive nuclcotides \\,ere visualized by autoradiography for 3 hours with an 
intensifiing screen. (a and d )  p22-LIT-ScrlXh; (b) p29-MT-CyslX6; and (c) p29-Le~h'-Scr'"~. 
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could promote biding to an inappropriate 
target with which cellular Ras does not 
usually associate. In either case, the unex- 
pected and efiicient activation of cellular Ras 
by myristylation offers a new tool for the 
study of the sequence of events that leads to 
transformation by Ras. In addition, the at- 
tachment of a myristylation signal sequence 
is clearly a technique that can yield unex- 
pected biological information by inducing 
or perturbiig membrane association of pro- 
teins that are not myristylated ordinarily. 

REFERENCES AND NOTES 

1. T. Y. Shih, A. G. P a m  P. E. Stokes, M. 0. 
We&, E. M. ScoInick, Nature 287,686 (1980); V .  
Manne, S. Y& H.-F. Kung, Roc. Natl. A d .  
Sci. U.S.A. 82,376 (1985). 

2. V. Mannc, E. Bckcsi, H.-F. Kung, h. Nad. Acad. 
Sri. U.S.A. 82,376 (1985). 

3. J. P. McGrath, D. J. Capon, D. V. Gocddcl, A. D. 
Levinson. Nature 310.644 (1984): I. B. Gibbs I. S. 
Sigal, M.'POC, E. M. 'ScoM'ck, dk: Natl. A C ~  Sci. 
U.S.A. 81,5704 (1984). 

4. M. Barbacid, A m .  Rev. Biochem. 56,779 (1987). 
5. B. M. Sdton, I. S. Tmwbridgc, J. A. Cooper, E. M. 

Scolnick. Cell 31. 465 (1982); 2.4. C h m  L. S. 
Ulsh, G. DuBois, T. Y.  Shih, J .  ~irol .  56, 607 
(1985); J. E. Buss and B. M. Scfron, Mol. Cell. Biol. 
6, 116 (1986). 

6. B. M. Willumxn, A. Christcmcn, N. L. Hubbat, 
A G. Papageorgc, D. R. Lowy, Nature 310, 583 
(1984). 

7. B. M. WiUumscn, K. Norris, A. G. Papageorge, N. 
L. Hubbat, D. R. Lowy, EMBOJ. 3,2581 (1984). 

8. B. M. Scfton and J. E. BW, J .  Cell Biol. 104,1449 
(1987); D. A. Towler, J. I. Gordon, S. P. Adams, L. 
Glaser, A m .  Rev. Biochm. 57,69 (1988). 

9. J. E. Buss, M. P. Kamps, K. Gould, B. M. Scfron, J .  
Virol. 58,468 (1986); F. R. Cross, E. A. Garbcr, D. 
P e l 1 1  H. Hanafuu, Mol. Cell. Biol. 4, 1834 
(1984); A. Rein, M. R. McCLurc, N. R. Ricc, R. B. 
Luftig, A M. Schultz, Roc. Natl. A d .  Sci. U.S.A. 
83,7246 (1986). 

10. A. Schulu and S. Oroazlul, Virdogy 133, 431 
(1984). 

11. S. Rashccd, G. L. Norman, G. Hcidcdra, Scimrr 
221, 155 (1983). 

12. J. E. Buss a al., unpublished data. 
13. T. Y. Shih n al., J .  Virol. 42, 253 (1982). 
14. A. Fujiyama, K. Mamunoto, F. Tamawi, EMBO J .  

6, 223 (1987); D. Brcviario, M. Baroni, R. Dhar, 
Biochem. Biophys. Ra. C m .  151, 1346 (1988); F. 
Tamanoi n al., J .  Cell Biochem. 36,261 (1988); S. 
Powers a al., Cell 47, 413 (1986); S. *kc, J. P. 
Vo& R. J. bcschcscs, J .  Stock, Proc. Nafl. A d .  
Sci. U.S.A. 85.4643 11988). 

15. P. M. Lad, c.'Y. Pcnrhgtok, J. C. Lad, Oncogme 
3,533 (1988). 

16. A. M. Schultz, L. E. Hcndason, S. Oroszlul, E. A. 
Garbcr, H. Hanafusa, Science 227,427 (1985). 

17. J. E. Buss n al., unpublished data. 
18. L. A. Fcig and G. M. Cooper, Mol. Cell. Biol. 8, 

2472 (1988); J. C. Lad and S. A. Aaronson, ibid. 6, 
4214 (1986); I. S. S i  a al., Ror. Nad. Arrrd. Sci. 
U.S.A. 83,952 (1986); C. J. Der, B. Wcissman, M. 
J. MacDonald, Oncogene 3, 105 (1988). 

19. M. Trahcy and F. MECOrmick, Scirnce 238, 542 
(1987); U .  S. Vogcl a al., Nature 335,90 (1988). 

20. C. C?16, J. F. HancocL, C. J. Marshall, A. Hall, 
Nture 332,548 (1988); H. Adari, D. R. Loyr, B. 
M. Wiumscn, C. J. Dcr, F. MECOrmick, Scienre 
240,518 (1988). 

21. J. B. Gibbs, M. D. Schabcr, M. S. Marshall, E. M. 
Scolnick, I. S. Sigal, J .  Biol. Chem. 262, 10426 
(1987); T. Satoh, M. Endo, S. N h u r a ,  Y. .Ka- 
ziro, FEBS Lm. 236, 185 (1988); M. Hoshino, M. 
Kawakita, S. Ha&, Mol. CeN. Biol. 8, 4169 
(1988). 

22. J. E. Buss, M. P. Kamps, B. M. Scfton, Mol. Cell. 
Biol. 4, 2697 (1984). 

SCIENCE, VOL. 243 



23. A. I. Magee, L. Gutierrez, I. A. McKay, C. J. 
Marshall, A. Hall, EMBO J .  6 ,  3353 (1987). 

24. The p29Gag-Ras was constructed by ligating a 0.5- 
kb Bgl 11-Hind I11 fragment of Rasheed sarcoma 
virus (coding for 63 amino acids, including the first 
4 of RaSV Ras) to a 1.1-kb Hind 111-Bam HI 
fragment that contains the human H-Ras sequences 
for residues 5 to 189, p22Gag-Ras was generated by 
introducing a 1.4-kb Bgl I1 fragment containing the 
entire coding sequence of RaSV  as into the Bgl I1 
site of the H-Ras expression vector PAT-H-Ras 
(26). The resulting plasmid was then digested with 
Xba I to delete the COOH-terminal 236 amino 
acids of RaSV p29, treated with mung bean nucle- 
ase, and religated. Coding sequences of both p29 
and p22 mutants, contained on the resulting 1.6-kb 
Bgl 11-Bam HI fragment, were introduced into the 
Bam HI site of the pZIP-NeoSV(x)l retrovirus 
vector plasmid (26). The sequences of all mutants 

were confirmed by dideoxy sequencing. 
25. Abbreviations for the amino acid residues are A, 

Ala; D, Asp; E, Glu; G, GI?; H ,  His; I, Ile; K, Lys; 
L, Leu; M, Met; P, Pro; Q, Gln; R, k g ;  T, Thr; V, 
Val; W, Trp; and Y, Tyr. 

26. C. J. Der, B:T. Pan, G. M. Cooper, Mol. Cell Biol. 
6,  3291 (1986). 

27. C. J .  Der et al., Cell 44, 167 (1988). 
28. J. E. Buss, C. J. Der, P. A. Solski, Mol. Cell Biol. 8 ,  

3960 (1988). 
29. We thank B. Sefton and T .  Hunter for reviewing the 

manuscript, K. Kimoto for innumerable transfec- 
tions, H. Adari for advice on nvo-dimensional chro- 
matography, S. Rasheed for pRaSV plasmid DNA, 
and Cindy L. Clatterbuck for secretarial assistance. 
Supported by PHS grants CA42348 (J.E.B.) and 
CA42978 (C.J.D.). 

13 October 1988; accepted 12 January 1989 

Activity-Dependent Enhancement of Presynaptic 
Inhibition in Aplysia Sensory Neurons 

S. A. SWL, E. R. KANDEL, R. D. HAWKINS 

Tail shock produces transient presynaptic inhibition and longer lasting presynaptic 
facilitation of the siphon sensory neurons in Aplysia. The facilitation undergoes 
activity-dependent enhancement that is thought to contribute to classical conditioning 
of the gill- and siphon-withdrawal reflex. Inhibition of the sensory neurons has now 
also been shown to undergo activity-dependent enhancement when action potential 
activity in the sensory neurons is paired with inhibitory transmitter. This effect appears 
to involve an amplification of the same cellular mechanisms that are involved in normal 
presynaptic inhibition. These results suggest that activity-dependent enhancement may 
be a general type of associative cellular mechanism. 

S EVERAL DIFFERENT ASSOCIATIVE 

cellular mechanisms may underlie as- 
pects of learning, including activity- 

dependent enhancement of facilitation (I), 
associative changes in excitability (2, 3), 
long-term potentiation (4), and long-term 
depression (5) .  Activity-dependent facilita- 
tion is thought to contribute to classical 
conditioning of the gill- and siphon-with- 
drawal reflex in Aplysia (6, 7). This mecha- 
nism appears to be an amplification of a 
cellular mechanism of sensitization, that is, 
presynaptic facilitation of the siphon sensory 
neurons by serotonin acting through adeno- 
sine 3',5'-monophosphate (CAMP) (8) .  We 
wished to examine whether activity-depen- 
dent enhancement is a more general phe- 
nomenon which occurs for other modula- 
tory effects. An opportunity to test this idea 
was provided by the finding that, in addi- 
tion to sensitization and classical condition- 
ing, the gill- and siphon-withdrawal reflex 
also undergoes transient behavioral inhibi- 
tion (9, 10). The inhibition is thought to be 
due in part to presynaptic inhibition of the 
siphon sensory neurons by the peptide 
FMRFamide acting through the arachidonic 
acid cascade (10, 11). We now report that, 
like facilitation, inhibition of the sensory 
neurons undergoes an associative, activity- 
dependent enhancement when spike activity 

in the sensory neurons is paired with inhibi- 
tory transmitter. 

To test whether inhibition of the siphon 
sensory neurons is modulated by paired 
action potential activity, we puffed FMRF- 
amide onto the cell body of a sensory neu- 
ron either paired or unpaired with a brief 
train of action potentials in the neuron (Fig. 
1A) (12). In the first set of experiments, we 
examined the effect of this training on the 
amplitude of the synaptic connection from 
the sensory neuron to a motor neuron. 
Unpaired training produced rather short- 
lived inhibition of the excitatory postsynap- 
tic potential (EPSP), whereas paired train- 
ing produced longer lasting inhibition (Fig. 
1B). On average, the two training proce- 
dures produced similar inhibition 1 min 
after training, but whereas the EPSP then 
returned to-near baseline 2 min after un- 
paired training, it remained inhibited for 
several minutes after paired training (Fig. 
1C). There was a significant overall effect of 
training procedure [F(1,19) = 6.72, P <0.02] 
and significant differences in planned com- 
parisons between paired and unpaired train- 
ing 2 min [F(1,57) = 9.57, P <0.01] and 3 
h i n  [F(1,57) = 4.52, P <0.05] after train- 
ing (13). 

These results suggest that action potential 
activity paired with FMRFamide ("paired 

action potential activity") enhances the 
FMRFarnide-induced inhibition. However, 
because high-frequency action potential 
trains can produce posttetanic potentiation 
(PTP) at these synapses (14), an alternative 
interpretation is that FMRFamide paired 
with an action potential train ("paired 
FMRF") decreases the potentiation pro- 
duced by the train. If the paired and-un- 
paired training procedures both produce a 
mixture of inhibition (caused by FMRF- 
amide) and potentiation (caused by the ac- 
tion potential train), a difference between 
the training procedures could be due to a 
difference in kither process. To address this 
issue, we first determined whether the ac- 
tion potential train we used (five spikes at 
10 Hz) produced potentiation. Toward this 
end, we ran a second set of experiments with 
a similar design but with two new training 
procedures: one with the action potential 
train alone and one in which the EPSP was 
simply tested at the usual times. Testing 
produced synaptic depression that contin- 
ued at a rate similar to that seen before 
training (Fig. 1, C and D). Compared to 
this control ~rocedure. the train of action 
potentials produced potentiation that was 
modest (approximately 120% of control on 
each trial after training) but statistically sig- 
nificant [F(1,19) = 4.61, P <0.05]. 

To analyze if paired action potential activ- 
ity enhances inhibition or if paired FMRF- 
amide reduces potentiation, h e  ran a third 
set of experiments comparing the effects of 
paired training and training with the 
FMRFamide puff alone (Fig. ID) .  Paired 
training produced significantly greater inhi- 
bition than FMRFamide-alone training 
[F(1,19) = 4.83, P <0.05]. This result can- 
not be explained by reduction of potentia- 
tion by paired FMRFamide, because the 
FMRFamide-alone procedure includes no 
action potential train and thus no potentia- 
tion. Rather, the data provide support for 
the idea that paired training enhances inhi- 
bition. It is pissible that unpaired training " 
also modifies the effects of action potential 
activity or FMRFamide. 

We next tested if the activity-dependent 
enhancement of inhibition by paired action 
potential activity occurred pre- or postsyn- 
aptically. We first tested a possible postsyn- 
aptic mechanism, a pairing-specific change 
in input resistance in the motor cell. To 
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