
infection. Epidemiological studies of indi- 
viduals with gastric ulcers demonstrate a 
higher prevalence of H. pylori infections in 
Leb-positive individuals (28). In our assay, 
bacteria only bound to gastric epithelium if 
Leb was expressed (Fig. 4). 

The Leb carbohydrates may serve as a 
therapy for H. pylon infections and gastric 
ulcer disease. Soluble receptor analogs (29) 
could competitively inhibit pathogenic bacte- 
rial attachment without interfering with the 
indigenous flora, circumventing the negative 
effects of broad-spectrum antibiotics (30). 

The Leb antigen substituted with a termi- 
nal GalNAcal-3 residue, A-Leb [blood 
group A determinant (Table I)]  (1 6), did 
not bind to bacteria in solution (24) nor did 
it inhibit bacterial adherence in situ. The 
terminal sugar residues GalNAcal-3 (blood 
group A) or Galal-3 (blood group B) will, 
in addition to the H antigen, also substitute 
the Leb antigen (A-Leb and B-Leb, respec- 
tively) (16). Thus, there might be fewer 
available H. bvlori recevtors in individuals of 

' 2  

blood group A and B phenotypes, as com- 
pared with blood group 0 individuals. This 
may explain epidemiological observations 
(3 1) that individuals of blood group 0 phe- 
notype run a greater risk for developing 
gastric ulcers. Distinctive differences in car- 
bohydrate compositions of natural glycocon- 
jugates are genetically regulated in individ- 
uals and populations (1 8). It is an interesting 
notion that the glycosylation patterns of sol- 
uble glycoconjugates, that is, natural receptor 
analogs in secretions such as breast milk and 
saliva (32), may act as clearance factors and 
consequently govern the susceptibility for bac- 
terial adherence and colonization. 
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Separate GTP Binding and GTPase Activating 
Domains of a GCY Subunit 

David W. Markby, Rene Onrust, Henry R. Bourne* 
Most members of the guanosine triphosphatase (GTPase) superfamily hydrolyze guano- 
sine triphosphate (GTP) quite slowly unless stimulated by a GTPase activating protein or 
GAP. The a subunits (Ga) of the heterotrimeric G proteins hydrolyze GTP much more 
rapidly and contain an -120-residue insert not found in other GTPases. Interactions 
between a Ga insert domain and a Ga GTP-binding core domain, both expressed as 
recombinant proteins, show that the insert acts biochemically as a GAP. The results 
suggest a general mechanism for GAP-dependent hydrolysis of GTP by other GTPases. 

Heterotrimeric G proteins couple cell sur- 
face receptors to intracellular signaling 
pathways through a GTP-dependent cycle 
in which a and py subunits regulate effec- 
tors (1-3). G a  subunits belong to a large, 
diverse family of GTPases whose members 
include Ras, the product of the ras proto- 
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oncogenes, and bacterial elongation factor 
Tu (EF-Tu) . GTPase family members share 
conserved structures and mechanisms: a 
core GTP-binding domain probably similar 
in topology to the a -P  folds of Ras and 
EF-Tu and a GTPase cycle that controls 
protein-protein interactions (3, 4). In the 
GTPase cycles of all these proteins, ex- 
change of GTP for bound guanosine di- 
phosphate (GDP) initiates activation and 
GTP hydrolysis terminates activation. For 
individual GTPases, either of these two 
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steps (or both) may be regulated by other 
proteins. 

Regulation of GTPase activity in the G a  
proteins differs from that observed with 
Ras, EF-Tu, and other GTPases: G a  sub- 
units hydrolyze GTP at a relatively constant 
intrinsic rate (k,,,Grp values of 1 to 5 
min-') (1, 5), which in some cases can be 
increased by interaction with effector pro- 
teins (6). In contrast, other GTPases hy- 
drolyze GTP very slowly-at rates 111000 of 
that of G a  in the basal state-but can be 
stimulated by GTPase activating proteins 
(GAPS) to hydrolyze GTP at rates -100 
times faster than that of G a  (7). We (8) 
and others (9) hypothesized that the much 
greater basal GTPase activity of G a  is due 
to an intrinsic GAP domain; the proposed 
GAP is formed by an inserted sequence of 
- 120 amino acids, present in all G a  chains 
but absent in other GTPases. We found 
that the inserted sequence of a G a  subunit, 
expressed as a recombinant protein, stimu- 
lated GTP hydrolysis by the remaining 
GTP-binding core, also expressed as a sep- 
arate recombinant protein. Mutation of a 
conserved arginine located in the insert 
region inhibited GTP hydrolysis by intact 
G a  and by the noncovalent complex. 

On the basis of a structural model for G a  
(1 0, 1 I), we designed a series of constructs 
to express putative domains of a,, a well- 
characterized G a  subunit that stimulates 
adenylyl cyclase. Our model postulates that 
G a  chains fold as two discrete domains: a 
GTP-binding core with the a-p topology of 
Ras, plus a second domain of -120 resi- 
dues, inserted at a position that corresponds 
to loop 2 of Ras (Fig. 1A). We refer to 
these proposed domains as Ralph, for the 
Ras-like domain, and Gail, for the G a  
insert or postulated GAP-like domain. The 
putative Ralph domains of q and 4, the a 
subunit of transducin, contain the amino 
acid sequences known to interact with their 
corresponding effectors, adenylyl cyclase 
and cGMP-phosphodiesterase (1 0, 12). 
Consequently, we predicted that the Ralph 
domain of 4 would stimulate adenylyl cy- 
clase in the absence of Gail. 

Gail was predicted to stimulate GTP 
hydrolysis by Ralph and thereby turn off its 
ability to stimulate adenylyl cyclase. In the 
G a  model, Gail is inserted between se- 
quences that constitute parts of the GTP- 
binding site and is located near the bound 
Mg2+ and the y-phosphate of GTP. This 
location corresponds exactly to the GAP- 
binding region of Ras, which is centered in 
loop 2 (1 3). Two residues near the COOH- 
terminus of the insert, threonine 204 
(T204) and arginine 201 (R201) of a,, are 
conserved in all known G a  chains and may 
participate directly in catalysis. In our 
alignment (Fig. lB), T204 of a, is cognate 
to T35 of Ras, which interacts with bound 

1 8% 

Mg2+ and the y-phosphate of GTP. R201 
of a, has no homologue in Ras, but is 
probably an active site residue, because the 
kcat,- is reduced -100-fold by modifica- 
tion of the arginine side chain, either by 
cholera toxin-catalyzed attachment of 
adenosine diphosphate-ribose (1 4) or by 
amino acid substitutions. R201 has been 
replaced by site-directed mutations (9) and 
by the somatic mutations that create gsp 
oncogenes in human pituitary and thyroid 
tumors (8, 15). These mutations in a, lead 
to constitutive stimulation of adenylyl cy- 
clase; corresponding mutations in other G a  
chains also constitutively activate their re- 
spective effector pathways (1 6). 

Figure 1C diagrams the 4 derivatives 

A Ralph 

Gail 

used in our experiments. In the Ralph 
constructs (R-1 and R-2) the Gail insert is 
deleted; these constructs correspond to the 
proposed Ras-like GTP-binding core. The 
Gail constructs (G-1 thru G-8) encode the 
insert region and include an NH2-terminal 
epitope to allow identification of the pro- 
tein by immunoblotting. 

To assess possible functional interac- 
tions between Ralph and Gail, we initially 
tested the activity of the constructs desig- 
nated R-1 and G-2 (Fig. 1, B and C) in 
transiently transfected COS-7 cells. We 
used adenosine 3'3'-monophosphate 
(CAMP) accumulation as a measure of stim- 
ulation of adenylyl cyclase. We introduced 
a point mutation, Q227L, into R-1; like the 

Gail 

Ralph 

Gas 1 1 1 1  R 8  . 1 1  

0 100 200 300 400 
Residue no. 

B 70 80 190 2w 210 no 
. . . . . .  . . . . . . .  I . .  I . . . .  . .  . . . . .  . . . . . .  I I . . .  1 I 

... ... ... a, I LHVNGFNGEGGEEDPOAARSNS (105 residues) YVPSDODL LRCRVLTS G I  FETKFOVDK VNFHMFDVGGO 
... R-1 l LHVNGFNGEG ODLLRCRVLTS G IFETKFOVDK VNFHMFDVGGO 
... R-2 ILHVNGF SGOOGTS G IFETKFOVDK VNFHMFDVGGO 

....-........ ............ G-2 MGADVPDYASNS 1,. Y V P S D O L T  G I  FETKFOVDK V 
... Rm LIONHFV D E Y D P T I E D S Y R K O V V I D G E T C L L D I L D T A G O  

a a a a  I t t I ~ I ~ I I ~ ~ B P B B P P P B B I I I ~ P P P P B B ~ P ~ ~ ~  
. . . . . . . . .  . . . . . . . . .  . . . . . . . .  I l I I .  . . .  

30 40 50 M1 

Flg. 1. Diagrams of proposed structural domains of Ga. (A) Location of insert domain in Ga model. 
The Gail domain (sphere) is inserted into the Ralph domain, represented by a ribbon cartoon based 
on the tertiary structure of Ras (34, 35). Regions of Ras that interact with bound guanine nucleotide 
are highlighted by cross-hatching. The G-2 construct included the COOH-terminal portion of loop 
2 (which includes R201), and the presumptive $ strand and loop, just downstream, which 
correspond to $2 and loop 3 of Ras; this region of overlap between G-2 and the GTPase core 
domain is more heavily shaded than the main part of Gail. Bound GTP is shown in black. (B) 
Alignment of amino acid sequences surrounding the Ga insert. The top line shows a, sequence, 
and the two lines at the bottom show the sequence and secondary structure ($ = $ strand, a = a 
helix, t = loop or turn) of Ras (34, 35). The middle three lines are sequences of the constructs R-1, 
R-2, and G-2. Underlined residues are not present in a,. Amino acids that form part of the 
GTP-binding site of Ras are shown in bold type, as are the proposed corresponding residues in a,. 
R201 of a, has no counterpart in Ras, but is included as a possible active site residue. The 
alignment is based on: (i) Strong sequence conservation in proposed GTP-binding regions (3). (ii) 
Hydrophobicity patterns in Ga and Ras (10). (iii) Conservation of a threonine residue (T35 of Ras 
or T204 of a,) within the Ras and Ga families, despite lack of sequence similarity between families 
in sequences surrounding the threonine (3). (C) Linear diagrams of a, and Ralph and Gail 
constructs. conserved GTP-binding regions (3) are boxed and cross-hatched, and the position of 
R201 is highlighted. Residues of as included in each protein fragment are given with each bar. G-1 
through G-8 include an NH,-terminal sequence (MGADVPDYASN), represented by a shaded box, 
which contains an epitope that is detected by monoclonal antibody 12CA5 (40). R-2 includes an 
inserted sequence, SGQQG, not present in a,. Residues in a, and all derivatives are numbered 
according to the long splice variant (41, 42). 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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R201 mutations, the Q227L mutation in- 
hibits GTP hydrolysis and constitutively 
activates a, (1 7, 18). Although expression 
of neither R-1-Q227L nor G-2 alone affect- 
ed cAMP production, co-expression of both 
proteins increased the amount of cAMP 
produced -4.5-fold (18A); the increase in 
the amount of cAMP was 25 to 50% of that 
observed after transfecting equal amounts of 
DNA encoding wild type as. The shortest 
Gail construct that retained high activity, 
G-2, encodes 23 COOH-terminal residues 
that are also encoded in R-1 (Fig. 1B); 
many of the overlapping residues in G-2 
also form part of the proposed Ras-like 
domain (see Fig. 1). 

Prompted by the results in COS-7 cells, 
we assessed the abilities of Ralph and Gail 
derivatives, alone or in combination, to 
stimulate CAMP synthesis in vitro. We used 
the standard assay for a, (19)--GTP-y-S- 
dependent stimulation of adenylyl cyclase 
in membranes prepared from S49 cyc- cells, 
which lack endogenous a, (20). Active R-1 

was poorly expressed in Escherichia coli with- 
out G-2. A second Ralph construct, R-2 
(Fig. 1, B and C), retained the ability to 
stimulate CAMP synthesis in cyc- mem- 
branes when independently expressed in E. 
coli and mixed with GTP-y-S and purified 
G-2. R-2 differs from R-1 both by contain- 
ing a larger deletion (A69-203 for R-2, 
A73-194 for R-1) and by insertion of a 
short linker sequence (SGQQG) that is not 
present in R-1 (Fig. 1, B and C). These 
changes delete R201 and a stretch of sur- 
rounding hydrophobic residues, substituting 
a shorter hydrophilic sequence that may be 
more compatible with an exposed loop. 

To obtain larger amounts of protein, we 
partially purified R-2 tagged at the NH,- 
terminus with hexahistidine (H,-R-2) from 
Sf9 cells after co-expression with G-2 (Fig. 
2) (21). For the sake of brevity, we refer 
hereafter to R-2 and a, without the H, 
prefix, although all in vitro characteriza- 
tions of both proteins were done with hexa- 
histidine-tagged proteins. 

Fig. 2. Preparation of R-2 
and G-2. (A) Stimulation 
of adenylyl cyclase in vi- 
tro. R-2 was partially puri- 
fied from Sf9 cells co-ex- 
pressing He-R-2 and G-2 
(44); the concentration of 
R-2 in the assay was 5 
nM, as assessed by GTP- 
$ 3  binding (44). The 

B as-Fl-2 std G-2 std 

- -97 - -97 - -66 - -66 - -45 
%- - - -45 - -31 

- .  . 

negative control sample R-2 Negative control 

was obtained from identi- 
cally processed Sf9 cells expressing G-2. Samples were assayed for stimulation of adenylyl cyclase 
activity in S49 cyc- membranes as described (18) with some modifications: The reaction buffer was 
50 mM Na-Hepes (pH 8.0) and MgCI, was at 5 mM. Forskolin (10 pM) was included in all assays, and 
100 FM GTP-y-S and 2.5 pM G-2 were added as indicated. Membranes (30 pg per tube) were 
incubated for 2 min at 30°C with activators and soluble protein samples. Reactions, in a total volume 
of 0.1 ml, were initiated by the addlion of ATP and cAMP and terminated after 10 min with 0.5% SDS. 
Each point is the mean of duplicate determinations. (B) SDS-polyacrylarnide gels of R-2, q, and G-2. 
Proteins were resolved by SDS-polyacrylamide gel electrophoresis (PAGE) (1 2.5% gel for R-2 and q; 
15% gel for G-2), then gels were stained with Coomassie Blue. The positions of R-2, q, G-2, and the 
molecular size standards (std) are noted. The identity of the purified proteins was confirmed by 
protein immunoblotting with monoclonal antibody 12CA5 (for G-2) or affinity-purified rabbit polyclonal 
antisera to residues 27 to 41 of a, (for R-2 and a2 (45). 

Fig. 3. Adenylyl cyclase 
stimulation by R-2, the Am r21  complex of R-2 and G-2, P 
and a,. (A) Dependence of 
effect on concentration. 
Assays were done as de- 2 200 
scribed (Fig. 24. Forskolin 
(10 pM) was included in all > 
samples, and 100 pM 
GTP-y-S and 2.5 pM G-2 .oo1 0 .01 .I 1 10 100 
were added as indicated. R-2 or a, (nM) Time (min) 
Before the assay, q and 
R-2 were incubated with 100 FM GTP-y-S and 5 mM MgCI, in HEB with bovine serum albumin (100 
p.g/ml), then serially diluted in the same buffer and held on ice. Incubation was for 60 min at 20°C 
for a, and for 30 min on ice for R-2. (B) Time courses of CAMP production. Assays were done as in 
Fig. 3A, except that R-2 was not preactivated with GTP-y-S, and portions (50 pl) were withdrawn 
from a large-scale reaction for each time point. Forskolin (10 FM) was included in all samples, and 
100 FM GTP-y-S and 2.5 FM G-2 were added as indicated. 
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Partially purified R-2 with GTP-y-S stim- 
ulated CAMP production in cyc- membranes, 
even in the absence of G-2; stimulation was 
increased by addition of purified G-2, howev- 
er (Fig. 2A). Neither G-2 alone nor a control 
preparation from Sf9 cells showed stimulatory 
activity (Fig. 2A). Because attempts to punfy 
R-2 further were frustrated by low amounts of 
expression and instability of the protein, we 
characterized the partially purified preparation 
(Fig. ZB) (2 1 ). G-2 was abundantly expressed 
in E. coli and was stable during purification 
(Fig. 2) and assay. 

The concentration effect curves for acti- 
vation of adenylyl cyclase in the presence of 
GTP-y-S and forskolin were remarkably 
similar for the complex of R-2 and G-2 and 
for intact a, (Fig. 3A): concentrations of 
R-2 and as required for half-maximal activa- 
tion were -3 nM and -2 nM, respectively; 
both proteins stimulated adenylyl cyclase to 
similar maximal extents (350 to 400 pmoV 
min per milligram of cyc- membrane). The 
concentration effect curve for R-2 and G-2 
was obtained in the presence of a saturating 
concentration of G-2 (2.5 pM). The con- 
centration of G-2 that gave half-maximal 
activation of adenylyl cyclase (K,,,) was 
-25 nM in the presence of 2 nM R-2. 

In the presence of G-2 and GTP-y-S the 
concentration of R-2 required to stimulate 
adenylyl cyclase was 1/20 of that required to 
stimulate adenylyl cyclase in the presence 
of GTP-y-S alone (Fig. 3A). The apparent 
cooperation between R-2 and G-2 in stim- 
ulating adenylyl cyclase in vitro is reminis- 
cent of the results in COS-7 cells, where 
the effect of R-1-Q227L on cAMP synthesis 
required co-expression with G-2. GTPy- 
Mependent CAMP synthesis for R-2 plus 
G-2 was linear with time, but nonlinear 
without G-2; if G-2. was added during the 
reaction, CAMP synthesis increased, but 
not to the rate observed when G-2 was 
present from the start of the reaction (Fig. 
3B). Thus, in the presence of GTP-y-S, 
G-2 apparently protects R-2 from inactiva- 
tion and also stabilizes a conformation that 
efficiently stimulates adenylyl cyclase. If 
R-2 was incubated in the absence of GTP- 
y-S, very little activity was detected upon 
later addition of GTP-y-S and G-2 (Fig. 
3B). Thus, GTP-y-S alone also partially 
stabilizes R-2 against denaturation. 

An alternative explanation for Ralph- 
Gail cooperation-that the Gail domain 
contains a contact site for adenylyl cy- 
clase-seems unlikely. R-2 activates ade- 
nylyl cyclase in the absence of G-2, and 
G-2 is an inactive (or very weak) compet- 
itive inhibitor (inhibition constant, K, > 
500 pM) of a,-dependent stimulation (22). 
Furthermore, all the known regions of as in 
which amino acid replacements impair 
stimulation of adenylyl cyclase map to a 
face of the Ras-like domain directly oppo- 

1897 



site to the location of Gail in our G, model 
(10, 12, 23). 

Measurements of adenylyl cyclase activ- 
ity showed that R-2 bound GTP-y-S in the 
absence of G-2. The  postulated position of 
the insert domain (Fig. 1) suggests, howev- 
er, that it may contribute both to G T P  
binding and to G T P  hydrolysis. 

In filtration binding assays (Fig. 4) G-2 
promoted tight binding of GTP-y-S to R-2, 
whereas R-2 alone bound GTP-v-S rela- 
tively weakly. Saturating concentr'ations of 
G-2 increased the amount of GTP-y-S 
bound by R-2 preparations by -12-fold at 
400 nM GTP-y-S (Fig. 4A) (24). G-2 
alone showed n o  detectable binding of 
GTP-y-S. For G-2, the KO., for promoting 
high-affinity binding was 50 nM (Fig. 4A), 
and the concentration of GTP-y-S required 
for half-maximal binding to the complex of 
R-2 and G-2 was 15 nM (Fig. 4B). These 
apparent affinities presumably reflect forma- 
tion of a stable R-2 . G-2 . GTP-y-S . 
MgZ+ complex. Consistent with this inter- 
pretation, GTP-y-S dissociated from R-2 
and G-2 slowly but measurably under these 
conditions (half-time, tl12 = 170 min); 
without glycerol, dissociation was more rap- 
id [tl12 = 10 min (18a)l. By contrast, 
dissociation of Mg2+.GTP-y-S from a, was 
undetectable under both conditions [(Fig. 
4C) (18a)l. GTP-y-S bound much more 
rapidly to the complex of R-2 and G-2 (tllz 
= 0.4 min) than to intact as (tl,, z 45 
min) (Fig. 4D) (25). Because isolated Ga  
subunits contain bound GDP, and the rate 
of GDP dissociation determines the rate of 
GTP-y-S binding (26), we infer that the 
complex of R-2 and G-2 binds GDP much 
less tightly than does a, (27). 

T o  test the proposal that G-2 accelerates 
GTP hydrolysis by R-2, we measured 
steady-state GTPase rates: G-2 stimulated 
the GTPase activity of R-2 preparations 
under conditions where neither R-2 nor 
G-2 alone hydrolyzed G T P  (Fig. 5A). If 
G-2 was added during the R-2 time course, 
the rate of phosphate release equaled the 
initial rate measured for in  the presence of 
R-2 and G-2 (Fig. 5A). Thus, R-2 was 
stable under GTPase assay conditions, and 
G-2 did not stimulate activity simply by 
preventing denaturation of R-2. Under 
these conditions, the initial velocity divid- 
ed by the concentration of R-2 (v,/[R-2)) 
was approximately 2 min-' and was con- 
stant over the range 8 to 30 nM R-2. The 
rate of G T P  hydrolysis by R-2 alone was 
very low, and difficult to measure accurate- 
ly; from assays at  100 nM of R-2, we 
estimate that G-2 stimulates R-2 activity at 
least 100-fold at 1 p,M GTP (24). GTP 
hydrolysis by G-2 alone was undetectable 
even at a saturating concentration of G-2 
(10 p,M). The concentration of G-2 re- 
quired for half-maximal stimulation of G T P  

1898 

hydrolysis was -1 pM; this is severalfold 
higher than the concentrations required for 
GTP-y-S binding or stimulation of adenylyl 
cyclase = 25 to 50 nM). 

G T P  hydrolysis by the complex of R-2 
and G-2 followed Michaelis-Menten kinet- 
ics with a Michaelis constant, K,, of 150 
nM and Vm,,/[R-21 of 2.3 min-' (Fig. 5B). 
The steady-state GTPase activity of the R-2 
and G-2 complex was much greater than 

that of a, (ul/[a,] = 0.015 min-' and 0.05 
min-', with and without glycerol, respec- 
tively. This disparity reflects the relatively 
slow dissociation of GDP from a subunits, 
which is largely rate limiting for both 
steady-state G T P  hydrolysis (28) and GTP- 
y-S binding (26). By contrast, the rate of 
hydrolysis of GTP bound to a, (kcat,GTP) is 
much faster, at 4 min-' (29). The  maximal 
steady-state GTPase rate of the complex of 

Fig. 4. B~nd~ng of GTP-y-S 
to the complex of R-2 and 
G-2 (A) Dependence of 5 
GTP-y-S b~nd~ng on (3-2 10 

GTP-y-S blnd~ng was a 
quant~tated by n~trocellu- 
lose fllter blndlng assays 
(48) React~ons ~ncluded k g 20 
14 nM R-2 400 nM GTP-y- cr 

S and var~ous concentra- Oo loo 200 300 
t~ons of G-2 R-2 and G-2 G-2 (nM) Time (min) 
were preincubated at 20°C 
in buffer G [50 mM Na- 
Hepes (pH 8.0), 1 mM 
EDTA, 2 mM 2-mercapto- 
ethanol, 10 mM MgSO,, 2 
mM adenosine triphos- 
phate (ATP), 30% glycerol, 
and bovine serum albumin 
(1 mglml)] for 2 min. Reac- 
tions were initiated by ad- 
dition of [35S1GTP-y-S 

: 2 0 p q  P P 0 

rn 10 + 
P 

cr 

O1 10 100 
GTP-yS free (nM) 

0i 160 260 360 
Time (min) 

(-500,000 cpm pkr 50 il). The incubation was continued for 30 min and terminated by addition of 
1 ml of ice-cold stop buffer [20 mM tris-CI (pH 8.0), 25 mM MgCI,, 100 mM NaCI]. Samples were 
immediately filtered thru BA85 filters and washed twice with -6 ml of stop buffer. Filters were 
removed from aspiration within a few minutes, and bound GTP-y-S was quantitated by liquid 
scintillation counting. G-2 alone showed no detectable GTP-y-S-binding activity. Buffer G includes 
glycerol and bovine serum albumin to stabilize R-2 (Fig. 5A), ATP to inhibit non-specific GTPase 
activity present in some samples, and 10 mM MgSO, to promote high-affinity GTP-y-S binding and 
GTPase activity. (B) GTP-y-S concentration curve. Reactions were performed as in (A) except that 
R-2 and G-2 were fixed at 22 nM and 2.5 pM, respectively, and the total concentration of GTP-y-S 
was varied. The concentration of free GTP-y-S was determined by subtraction of bound from total 
ligand. (C) Time courses of GTP-y-S dissociation. [35S]GTP-y-S (400 nM) was incubated at 20°C in 
buffer G with 10 nM R-2 and 5 )LM G-2 for 5 min or with 10 nM as for 200 min. Dissociation 
measurements of bound [35S]GTP-r-S were initiated by adding 200 pM unlabeled GTP-y-S and 
portions (50 ) L I )  were withdrawn from a larger reaction to follow the time course. (D) Time courses 
of GTP-y-S association. Experiments were done as in (A) except that a time course was followed by 
withdrawing portions (50 p1) from a large-scale reaction. Assays included 10 nM R-2 and 5 )LM G-2 
or 10 nM as, as appropriate. 

Fig. 5. GTPase activity of the 
complex of R-2 and G-2. (A) 
Time courses of GTP hydro- 
lysis. GTPase activity was 
measured as the production 
of free [32P]phosphate from 
[y-32P]GTP, as described 
(28) with some modifica- 
tions. Reactions contained 1 
pM GTP and 10 nM R-2, 10 
pM G-2, or 10 )LM G-2- 
R201C, as indicated. Pro- 
teins were Incubated for 2 I nin 

Time (min) GTP (mM) 

at 20°C in G buffer. and reactions were initiated bv the addition of 
[r-32P]GTP (-500,000 cpm per 50-)LI reaction). Reactions were terminated and protein-dependent 
phosphate release was quantitated as  described (28). (B) GTP saturation curve. Reaction conditions 
were as in (A) except that the GTP concentration was varied, and the ATP concentration in buffer G was 
reduced to 200 )LM. Reactions included 10 nM R-2 and 10 )LM G-2. Each data po~nt represents the mean 
of triplicate determinations at a fixed time point where product formation was linear with time (1 to 10 min, 
depending on the substrate concentration). 
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R-2 and G-2 (2.3 min-') places a lower 
limit on both kcat,GTP and the rate of GDP 
dissociation. Thus, kcat,GTP for the complex 
of R-2 and G-2 is comparable to reported 
values for a,, and may even be greater. In 
addition, GDP dissociation from the com- 
plex of R-2 and G-2 must be manyfold 
faster than that from a,, a difference also 
reflected in the relative rates of GTP-y-S 
binding (Fig. 4D), which we also attribute 
to different rates of GDP release. 

We constructed a mutant G-2 in which 
the arginine was replaced by cysteine; this 
R201C mutation was the most frequent 
mutation found in the gsp oncogenes of 
pituitary tumors (8). We predicted that R-2 
complexed with the mutant G-2 would 
behave like the corresponding mutant a,: it 
would hydrolyze GTP slowly, bind GTP in 
a stable fashion, and consequently respond 
to activation by GTP as it responds to 
activation by the hydrolysis-resistant GTP 
analog, GTP-y-S. Indeed, G-2-R201C 
stimulated GTP hydrolysis by R-2 very 
weakly (Fig. 5A); in assays performed at a 
10-fold higher R-2 concentration and 1 pM 
GTP, the mutant G-2 increased GTPase 
activity of the R-2 preparation only two- 
fold, in contrast to the 100-fold stimulation 
seen with unmodified G-2. 

Steady-state binding measurements con- 
firmed the GTPase measurements, by show- 
ing that R-2 complexed with G-2-R201C 
stably binds GTP but hydrolyzes it ineffi- 
ciently (Fig. 6A). Under the conditions of 
the GTPase assay, R-2 complexed to G-2- 
R201C bound both [35S]GTP-y-S and 
[y-3ZP]GTP (-85% and -70%, respective- 
ly, of the amount of [35S]GTP-y-S bound 
by R-2 complexed with G-2). In contrast, 
R-2 with G-2 retained a relatively small 
amount of [y-32P]GTP (-15% of the 
amount of bound [35S]GTP-y-S). The dif- 
ferences in [y-32P]GTP binding presumably 
reflect differences in the rates of GTP hy- 
drolysis and release of [32P]phosphate in the 
presence of normal and modified G-2. 

Both GTP-y-S and GTP supported stim- 
ulation of adenylyl cyclase by R-2 complexed 
to G-2-R201C under conditions where acti- 
vation by R-2 complexed to G-2 was much 

Fig. 6. Characterization of 
G-24201 C. (A) Fractional 
saturation with GTP-y-S 
and GTP. Steady-state 
binding of [35S]GTP-y-S 
and [y-32P]GTP was mea- 
sured as described in Fig. 
4A, except that the reaction 
time was 5 min and filters 
were washed only once. 
Nucleotides, 1 FM; R-2, 40 

greater with GTP-y-S than with GTP (Fig. 
6B). R-2 was only slightly active in the 
absence of G-2 because its concentration 
was relatively low in these experiments. 

Thus, for both the complex of R-2 and 
G-2 and intact a,, the R201C mutation 
inhibits GTP hydrolysis and promotes 
GTP-dependent stimulation of the effector. 
Although G-2 clearly increases the affinity 
of R-2 for GTP-y-S and presumably for 
GTP, the biochemical behavior of G-2- 
R201C indicates that G-2 normally accel- 
erates hydrolysis of bound GTP apart from 
increasing affinity for substrate (25). 

Separate expression of R-2 and G-2 and 
the biochemical properties of the resulting 
fragments strongly support a key tenet of our 
G a  model-that Ralph and Gail are separate 
domains, structurally and functionally. The 
ability of R-2 alone to stimulate adenylyl 
cyclase in the presence of GTP-y-S (Fig. 3A) 
indicates that the Ralph domain is the GTP- 
binding core of Ga, although G-2 does in- 
crease the affinity of R-2 for binding GTP-y- 
S. The Gail domain is a stably folded protein 
with appreciable secondary and tertiary struc- 
ture, as judged by circular dichroism (18A) 
and heteronuclear nuclear magnetic reso- 
nance spectroscopy of G-2 (30). Biochemical 
interactions of Ralph and Gail as separate 
Fragments probably represent interactions of 
these domains in the intact G a  protein: G-2 
stabilized R-2 from thermal inactivation (Fig. 
3B), increased its affinity for binding GTP- 
y-S (Fig. 4) and its apparent affinity for 
stimulating adenylyl cyclase (Fig. 3), and also 
stimulated GTP hydrolysis (Fig. 5A). 

Functional and structural similarities be- 
tween G a  chains and small GTPases (3) 
suggest that these protein families evolved 
from a common ancestor. The covalent 
attachment of a GAP-like domain to the 
GTPase core of G a  may represent an ex- 
ample of exon shuffling in evolution (3 1). 
The human genes for a, and three a, species 
(32) contain a splice site at codon 220 (a, 
numbering), very near the COOH-termi- 
nus of Gail, as defined functionally, but 
within the proposed a /P  fold of Ralph. In 
a,, splice junctions also flank the predicted 
Gail structural domain. 

nM; G-2 or G-2-R201C, 10 )LM. Data are means of duplicate determinations. (B) GTP-dependent 
stimulation of adenylyl cyclase. Adenylyl cyclase actlvity was measured as in Fig. 3A, without 
preactivation by nucleotides. Conditions were 10 )LM forskolln, 1 nM R-2, 10 )LM G-2 or G-24201 C, 
and 100 FM GTP or GTP-y-S. Bars show the mean of duplicate determinations 

The biochemical interactions of R-2 and 
G-2 suggest that their interactions involve 
both interdomain contacts and also direct 
interactions of residues from the two frag- 
ments with bound nucleotide. Clearly, 
GTP-y-S binding and association of R-2 and 
G-2 are functionally linked: G-2 promoted 
tight binding of GTP-y-S in the presence of 
Mg2+ (Fig. 4A), whereas GDP dissociated 
relatively rapidly; similarly, during purifica- 
tion in the presence of GDP, excess G-2 was 
readily separated from R-2 bound to a Niz+ 
column (Fig. 2B), but in the presence of 
GTP-y-S, the column partially retained G-2 
along with R-2 (1 8A). We suspect that G-2 
interacts with bound MgZ+ and the phos- 
phates of GTP-y-S (and GTP) through 
T204 and R201. However, R201 is not 
necessary for GTP-y-Silependent interac- 
tion between R-2 and G-2 (Fig. 6). 

R-2 and G-2 represent an unusual exam- 
ple of complementation between protein 
fragments, in that Gail is an insert within 
Ralph that can be supplied exogenously. 
The finding that deletion of residues 2 11 to 
21 7 from G-2 prevented it from cooperating 
effectively with Ralph was unexpected be- 
cause these residues form the external P2 
strand of the Ras-like domain in our model 
and are also present in both R-1 and R-2 
(see Fig. 1). In other systems, complement- 
ing protein fragments frequently contain 
overlapping sequences whose role is similar- 
ly obscure (33). The redundant residues of 
G-2 could interact with R-2 in several 
ways-by replacing the corresponding ami- 
no acids of R-2 in the alp fold, by forming 
an additional P strand that extends the P 
sheet, or by stabilizing the conformation of 
the COOH-terminus of G-2 itself. 

Despite the absence of covalent links 
between R-2 and G-2, the two polypeptides 
together hydrolyze GTP quite rapidly. Un- 
der steady-state conditions, the complex of 
R-2 and G-2 hydrolyzes GTP much more 
rapidly than does a,, owing to faster disso- 
ciation of GDP from the complex of R-2 
and G-2 than from a,. In this respect, the 
GAP activity of G-2 differs from that of 
other GAPS: GTPase stimulation by G-2 
can be observed at steady-state in the ab- 
sence of the guanine nucleotide exchange 
proteins that catalyze GDP dissociation 
from other GTPases. 

Structural and functional similarities 
support the analogy between the G a  insert 
and Ras-GAP: G-2 is a GAP for R-2; 
GTP-y-S promotes interaction between 
R-2 and G-2, just as GTP binding promotes 
tight binding of GAP to Ras (13); the 
GTP-binding domains of G a  and Ras prob- 
ably share a similar fold, and the topologi- 
cal location of Gail in the G a  model is 
identical to the GAP-binding region of 
Ras. G a  insert domains and Ras-GAPS also 
both contain conserved arginine residues 
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that may participate directly in catalysis. 
Although high-resolution structures 

have been determined for both Ras (34, 35) 
and EF-Tu (36), the mechanism of GTP 
hydrolysis by these proteins remains obscure 
(37). Neither Ras nor EF-Tu hydrolyzes 
GTP very efficiently in the absence of its 
respective GAP. By contrast, G a  subunits 
and the complex of R-2 and G-2 hydrolyze 
GTP more rapidly and may offer a clue to 
the catalytic mechanism of other GAP- 
GTPase complexes. In general, GAPS 
could stimulate GTP hydrolysis by promot- 
ing a conformational change in the GTPase 
core, by providing active site residues, or by 
a combination of these effects. 

Arginine 201 of a,, a residue conserved 
in the Gail region of all known G a  sub- 
units, may participate directly in GTP hy- 
drolysis. Replacements of R201 in a, by 
Ala, Lys, Glu, His, or Cys all greatly reduce 
kcat,GTP (8, 9); similarly, an R201C muta- 
tion in G-2 inhibited hydrolysis of GTP 
bound to the complex of R-2 and G-2 (Fig. 
6A). Of several possible mechanisms for 
catalysis by GAPs (37), one plausible role 
for an active site arginine is to stabilize the 
negative charge developed in a pentavalent 
transition state after nucleophilic attack of 
water at the y-phosphate. 

By analogy with G a  subunits, members 
of the Ras-GAP family may stimulate 
GTPase activity through a catalytic argi- 
nine residue corresponding to R903 of 
Ras-GAP (38). The possibility that amino 
acids from Ras-GAP participate directly in 
catalysis is structurally feasible because the 
y-phosphate of GTP bound to Ras is 
accessible to side chains of residues of 
another protein (35). Mutational data are 
consistent with a catalytic role for R903 of 
Ras-GAP: two substitutions, R903K and 
L9021, reduce GTPase stimulation to less 
than 1/30 and 11200 that of the wild-type 
protein, respectively, without large effects 
on affinity for GTP-bound Ras, whereas 
the R903E mutation reduces GAP activity 
to less than 115000 that of the wild-type 
protein, with an affinity for activated Ras 
1/15 that of wild-type GAP (38). Poten- 
tial structural similarities between the 
Gail domain of G a  and GAPS for other 
GTPases are difficult to identify, in view of 
the low sequence similarity between G a  
chains and Ras-GAPS and the diversity in 
primary structure of GAPs for different 
GTPases (39). 

The Gail domain of G a  may interact 
with other signaling proteins. Such proteins 
could include certain effectors that are re- 
ported to accelerate GTP hydrolysis by G a  
(6). We prefer instead to imagine that these 
effectors accelerate GTP hydrolysis via al- 
losteric changes induced in the GTPase 
core of G a ,  because all the available evi- 
dence for Ga-effector interaction regions 

points to residues on a face of the GTPase 
core domain directly opposite to the loca- 
tion of Gail in our G a  model (1 0). 
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Acad. Sci. US.A. 89, 3649 (1992)l. Possible 
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mechanisms of GAP action include stabiliz~ng the 
pentavalent phosphorus trans~tion state, protonat- 
ing the leaving group GDP, lncreaslng the nucleo- 
phil~city of attacking water, bypassing a proposed 
rate-l~miting conformational change [S. E. Neal, J. 
F. Eccleston, M. R. Webb, Proc. Natl. Acad. Sci. 
U.S.A. 87, 3562 (1990)], or chang~ng the chemlcal 
mechanism to include a phosphorylated enzyme 
intermed~ate. 

38. G G. Brownbr~dge, P. N. Lowe, K. J. M. Moore, R. 
H. Skinner, M. R. Webb, J. Biol. Chem. 268, 10914 
(1 993): R. H. Skinner etal., ibid. 266, 141 63 (1 991), 
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Rubinfeld etal., Cell65, 1033 (1991), M. Strom, P. 
Vollmer, T J. Tan, D. Gallwitz, Nature 361, 736 
(1993), T. Yoshihisa, C. Barlowe, R. Schekman, 
Science 259, 1466 (1 993) 

40 N Green et a/., Cell 23, 477 (1 982) 
41 J D Robishaw, M. D Sm~gel, A G. G~lman, J. 

Biol Chem 261, 9587 (1 986) 
42 D. T Jones and R R Reed, !bid. 262, 14241 

(1 987). 
43 All Ralph and Gall der~vat~ves were constructed 

by PCR from rat a, cDNA (42) and conf~rmed by 
DNA sequencing. For Gall constructs, the se- 
quence, MGADVPDYASN-, was Introduced as an 
NH,-terminal extens~on and a stop codon was 
created at the desired pos~t~on, a restrlctlon slte 
for Nco I was created at the ln~ t~a t~ng  meth~onine 
and sltes for Bam HI and Sma I were created after 
the stop codon The plasm~ds pBN-107 and pBN- 
184 encoded G-2 and G-2-R2Ol C, respect~vely, 
as Nco I-Bam HI Inserts ~n pET3d [F W Studier, 
A H Rosenberg, J J Dunn, J. W Dubendorff, 
Methods Enzymol. 185, 60 (1990)l; pBN-180 en- 
coded G-2 as an Xba I-Sma I Insert ~n pCMV4 [S 
Andersson, D L Dav~s, H. Dahlback, H. Jornvall, 
D. W. Russell, J Biol Chem. 264, 8222 (1 989)], 
the Insert also lncluded the -45-bp Xba I-Nco I 
fragment of pET3d as 5' untranslated sequence. 
pCMV4 derivatives encoding other Gall protelns 
were constructed sim~larly For Ralph der~vat~ves, 
Internal delet~ons ~n a, cDNA were created by 
PCR and cloned into pGRS (18). The plasm~d 
pBN-179 encoded R-1 -Q227L as an Xba I-Hln 
dlll insert from pGRS cloned into the polylinker of 
a der~vat~ve of pSM [M H. Brodsky, M Warton, R 
M Myers, D R L~ttman, J Immunol. 144, 3078 
(1990)l. Hexahistidine-tagged R-2 and a, includ- 
ed the NH,-terminal extension MGAHHHHHH-, 
followed by the cod~ng sequence of a, (MGCL ),  
with a restrict~on s~te for Nco I at the in~tiating 
meth~on~ne of the fus~on protein. The plasmids pBN- 
181, pBN-182, and pBN-183 were constructed by 
cloning the cod~ng sequences for HE-R-2, HE-a,, 
and G-2, respectively, into the Nco I and Sma I sites 
of pAcC13-a,, [S. Munem~tsu et a / ,  Mol. Cell Biol. 
10, 5977 (1990); P T. Wilson and H. R. Bourne, 
unpubl~shed data] The plasm~ds pBN-179, pBN- 
181, and pBN-182 all Included -180 bp of 3' 
untranslated sequence up to the 3' Hln dlll site in rat 
a, cDNA (18, 42) 

44. G-2 was expressed In E. coliBL21 (DE3)pLysS w~th 
vectors pBN-107 or pBN-184 (43) Cells were 
grown at 37°C ~n M9 med~um supplemented with 
choloramphenicol (30 ~ g l m l )  and carben~clllln (50 
~ g l m l )  and Induced with ~sopropyl-thiogalactos~de 
for 3 to 4 hours (43) The cells were collected by 
centr~fugation and stored at -70°C. The follow~ng 
procedures were done at 4°C or on Ice Cells (-1 
g per 4 ml buffer) were thawed and lysed by 
resuspenslon ~n Q buffer {50 mM bis-tr~s (bis[2- 
h y d r o x y e t h y l l i m ~ n o - t r ~ s [ h y d r o x y m e t h y l ] -  
methane) (pH 6 O), 1 mM EDTA, 2 mM 2-mercap- 
toethanol, 0 1 mM phenylmethylsulfonyl fluor~de, 
and 1 Kglml pepstatln A}. The extract was clar~fied 
by addition of 5 mM MgCI, and deoxyribonuclease 
I followed by centr~fugation The freeze-thaw lysis 
was repeated and the ly~ates were pooled G-2 
was monitored dur~ng pur~ficat~on as an abundant 
16-kD protein on SDS-polyacrylamlde gels (15%) 
sta~ned w~th Coomass~e blue. G-2 was purlfled on 
a Q Sepharose Fast Flow (Pharmac~a) column 
eluted w~th a llnear gradlent of 0 to 0.5 M NaCl in Q 
buffer, a Sephacryl S200 H ~ g h  Resolution (Pharma- 
sa)  column equil~brated ~n S buffer [50 mM tris-CI 

(pH 7 2), conta~nlng 1 mM EDTA and 2 mM 2-mer- 
captoethanol], and a B~ogel HTP hydroxylapat~te 
(Bio-Rad) column eluted w~th a linear gradient of 0 
to 25 mM potasslum phosphate (pH 7.2) in S 
buffer. Purified G-2 was concentrated ~n a Cen- 
triprep-10 (Am~con) to 2 2  mglml and stored at 
-70" ~n S buffer or HEB [50 mM Na-Hepes (pH 8 0) 
0.1 mM EDTA, and 2 mM 2-mercaptoethanol]. The 
concentration of G-2 was determ~ned from the 
extinction coeff~c~ent at 280 nm (1 .O cm2 mg-') 
(46). Final yields ranged from 3 mg to 15 mg per 
liter of culture with greater than 98% purity as 
judged by SDS-PAGE (Fig. 2%). 

Purificat~on of H6-R-2. Sf9 cells were ma~nta~ned 
in shaker cultures at 28°C in Sf-90011 serum-free 
media (Gibco-BRL) w~ th  fungizone, according to 
the manufacturer's instructions Recomb~nant VI- 
ruses were generated by co-transfect~on of the 
transfer vectors and llnear~zed AcNPV baculov~rus 
lnto Sf9 cells by l~pofection (Invitrogen) V~ruses 
were ampl~f~ed and plaque-purif~ed as described 
(47) Prote~n lrnmunoblott~ng was used to detect 
recomb~nant proteln (Fig 2%) Sf9 cells were co- 
Infected w~th vlruses expressing H6-R-2 and G-2 
(multipl~c~tyof lnfect~on = 5) and grown for 30 to 36 
hours ~n 150-ml shaker cultures or 500-ml spinner 
cultures The cells were collected by centr~fugat~on 
and frozen at -70°C Cells (-2 5 x 10' cellslml 
buffer) were lysed by thawing ~n N buffer [PO mM 
tr~s-CI (pH 8 O), 2 mM 2-mercaptoethanol, 1 mM 
MgCI,, 10 FM GDP, 0 1 mM phenylmethylsulfonyl 
fluoride, and 1 ~ g l m l  pepstatln A, 4 ~ g l m l  leupep- 
t~n ,  and 8 Fglml aprotin~n], and cell debris was 
removed by centr~fugat~on The extract was adjust- 
ed to 50 mM tr~s-CI (pH 8.0), 200 mM NaCI, and 10 
mM im~dazole-CI (pH 7 4) and then mixed (1 ml 
resin115 ml extract) as a slurry for 1 hour w~th 
NI-NTA resin (Q~agen) equ~l~brated ~n N buffer 
containing 50 mM tr~s-CI (pH 8.0), 10 mM lm~daz- 
ole-CI (pH 7 4), and 200 mM NaCI. The resln was 
then transferred to a column and washed with 10 
bed volumes of equ~libration buffer. R-2 was eluted 
w~th I buffer [ I50 mM ~m~dazole-CI (pH 7 4), 200 
mM NaCI, 2 mM 2-mercaptoethanol, 1 mM MgCI,, 
10 FM GDP, 0.1 mM phenylmethylsulfonyl fluor~de, 
and 0 1 k g  pepstatln A]. In some cases, the eluate 
from the NI-NTA column was concentrated uslng a 
Centr~prep-10. The sample was desalted into HEB 
w~th a PD-10 column (Pharmac~a) and stored at 
-70°C In HEB w~th  bov~ne serum album~n (4 mgl 
ml) For some experiments, H6-R-2 was further 

purlfled on a second NI-NTA column The concen- 
tratlon of actlve HE-R-2 was determ~ned by GTP- 
y-S b ~ n d ~ n g  at 400 nM GTP-y-S and 2 5 pM G-2 ~n 
G buffer Th~s assay IS spec~f~c and quantltat~ve 
because (I) GTP-y-S b ~ n d ~ n g  was largely depen- 
dent on added G-2 (Fig 4A) and was saturable 
w~th respect to both G-2 and GTP-y-S (Fig 4 A 
and B) and (11) GTP-y-S d~ssoc~at~on was slow 
under the f~ltrat~on cond~t~ons used From 
Coomass~e-sta~ned polyacrylam~de gels w~ th  a, as 
a standard we estlmate that the R 2 preparatlon 
was 210% pure and that 220% of the total R-2 
bound GTP-y-S Samples of H6-R-2 were thawed 
just before use and held on Ice w~th s tab~l~z~ng 
agents (glycerol GTP-y-S or G-2) added as ap- 
proprlate for each assay 

HE-a, was purlfled from Sf9 cells Infected w~th  
recomb~nant vlrus w~th NI-NTA resln as descr~bed 
for H,-R-2 The sample was desalted lnto buffer 
contalnlng 50 mM tr~s-CI (pH 8 0) 1 mM EDTA 
and 2 mM 2-mercaptoethanol and further purlfled 
on a Q Sepharose Fast Flow column eluted w~th a 
hear  gradlent of 0 to 350 mM NaCl ~n the same 
buffer Fract~ons contalnlng H6-a, were located by 
GTP-y-S b ~ n d ~ n g  pooled and frozen as descr~bed 
for H6-R-2 Th~s preparatlon was >90% pure as 
judged by SDS-polyacrylam~de gels sta~ned for 
total proteln (Fig 2%) HE-a, concentratlon was 
determ~ned by GTP-y-S b ~ n d ~ n g  actlvlty at 1 FM 
GTP-y-S ~n G buffer w~thout glycerol (Fig 4) 
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Linearity of Summation of Synaptic Potentials 
Underlying Direction Selectivity in Simple Cells 

of the Cat Visual Cortex 
Bharathi Jagadeesh,* Heidi S. Wheat, David Ferstert 

lntracellular recordings from simple cells of the cat visual cortex were used to test linear 
models for the generation of selectivity for the direction of visual motion. Direction 
selectivity has been thought to arise in part from nonlinear processes, as suggested by 
previous experiments that were based on extracellular recordings of action potentials. 
In intracellular recordings, however, the fluctuations in membrane potential evoked by 
moving stimuli were accurately predicted by the linear summation of responses to 
stationary stimuli. Nonlinear mechanisms were not required. 

Computational processes in the brain de- 
pend critically on the mechanisms by which 
single neurons integrate their synaptic in- 
puts. Cells that use nonlinear synaptic 
mechanisms, such as shunting inhibition or 
synaptic facilitation, are capable of far more 
complex computations than cells that are 
limited to linear mechanisms. In the primary 

visual cortex, it is an important goal to 
delineate those computational mechanisms 
that make neurons selective to visual fea- 
tures such as orientation and direction of 
motion ( 1 4 ) .  

Direction selectivity is a receptive field 
property for which models of linear summa- 
tion of synaptic potentials have been rigor- 
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