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ABSTRACT Transducin, a GTP-binding protein involved
in phototransduction in the vertebrate retina, belongs to a
family of homologous coupling proteins that also includes G,
and G1, the regulatory proteins of adenylate cyclase. Here we
report the cDNA sequence and deduced amino acid sequence
of transducin's a subunit (Ta). The cDNA was isolated, by
screening with an antibody probe, from a bovine retinal cDNA
library in the expression vector Xgtll. The 2.2-kilobase cDNA
insert hybridized to a single 2.6-kilobase poly(A)+ RNA spe-
cies present in extracts of bovine retina but not of bovine
heart, liver, or brain. The nucleotide sequence of the cDNA
revealed an open reading frame long enough to encode the en-
tire 39-kDa T. polypeptide. The polypeptide sequence de-
duced from the cDNA would be composed of 350 amino acids
and have a molecular weight of 39,971. Portions of the se-
quence matched reported amino acid sequences of Ta tryptic
fragments, including sites specificlly ADP-ribosylated by chol-
era and pertussis toxins. The predicted sequence also includes
four segments, ranging from 11 to 19 residues in length, that
exhibit significant homology to sequences of GTP-binding pro-
teins, including the ras proteins of man and yeast and the elon-
gation factors of ribosomal protein synthesis in bacteria, EF-G
and EF-Tu. In combination with previous functional studies of
tryptic fragments of Ta, the deduced amino acid sequence
makes it possible to predict which portions of the polypeptide
interact with other molecules involved in retinal phototrans-
duction.

Transducin, a guanine nucleotide binding protein of retinal
rod cells, mediates the activation of a cyclic GMP phospho-
diesterase (PDEase) in response to photoexcitation of rho-
dopsin (1). Each photolyzed rhodopsin (R*) molecule acti-
vates hundreds of transducin molecules by catalyzing the ex-
change of GTP for GDP at transducin's guanine nucleotide
binding site. The activated transducin-GTP complex in turn
stimulates the hydrolysis of many cGMP molecules by
PDEase. Hydrolysis of bound GTP returns transducin to its
inactive state.
Transducin contains three subunits, a, ,B, and y, whose

sizes are 39, 35, and =8 kDa, respectively. Transducin ex-
hibits striking structural and functional homologies to the
stimulatory (Gs) and inhibitory (Gi) coupling proteins of hor-
mone-sensitive adenylate cyclase. Each protein is a hetero-
trimer in which the respective subunits exhibit similar amino
acid compositions and proteolytic peptide maps (2). In each
case, the protein's interaction with an excited signal detector
(rhodopsin or hormone receptor) triggers dissociation of the
/3y complex from the a subunit, which then alters activity of
the effector molecule (PDEase or adenylate cyclase) (1, 3).

After hydrolysis of GTP bound to the a subunit, the P-y
complex recouples the a subunit to the signal detector (4).
The a subunits serve as substrates for ADP-ribosylation by
cholera toxin (G, and transducin) (5, 6) and pertussis toxin
(Gi and transducin) (7, 8). Each of these toxin-catalyzed co-
valent modifications characteristically alters the coupling
function of the substrate proteins.
Here we report the sequence of a cDNA encoding the en-

tire a subunit of bovine transducin (Ta). The deduced amino
acid sequence of Ta elucidates relations between structure
and function of Ta and of the family of GTP-binding trans-
membrane signaling proteins.

MATERIALS AND METHODS
Materials. A bovine retinal XgtiO cDNA library was pro-

vided by Jeremy Nathans (Stanford Univ.). Rabbit antise-
rum raised against the 39-kDa pertussis toxin substrate of
bovine brain (9) (antiserum NGA-1) was donated by E. Neer
(Harvard Medical School). The expression vector Xgtii and
its host strains were the gifts of R. Young and R. Davis
(Stanford Univ.). Plasmid vector pUC8 was donated by J.
Messing (Univ. of Minnesota).

Antisera. Rabbit antisera were raised by subcutaneous in-
jection of purified (10) Ta or the 3-'y subunit complex of
transducin (Tpy), emulsified with complete Freund's adju-
vant. The anti-Ta serum (F/A-1) had a titer of 1:25,000
against pure Ta in an ELISA and displayed negligible cross-
reactivity against other proteins on immunoblots of total reti-
nal homogenate or crude rod outer segments. The anti-Tpy
serum (F/B-1) detected both , and y but not a subunits of
transducin on immunoblots. Antibodies that crossreacted
with bacterial or phage proteins were removed from all anti-
sera by adsorption to a lysate of Escherichia coli strain
BNN97 coupled to Sepharose 4B (11).

Construction and Screening of the Xgtll Retinal cDNA Li-
brary. The bovine retinal XgtlO cDNA library, containing 2.5
x 105 recombinants (12), was transferred into the expression
vector Xgtii to permit screening of the library with antibody
probes. The Xgtl0 library was amplified in Y1073, an Hfl
derivative of E. coli strain C600 (11). Purified XgtlO DNA
from this library was digested with EcoRI and size-fraction-
ated by sucrose gradient sedimentation (5-20% sucrose in 10
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mM Tris Cl, pH 7.2/1 mM EDTA, centrifuged for 10 hr at
38,000 rpm in a Beckman SW41 rotor) to separate XgtlO vec-
tor arms from the cDNA inserts. Gradient fractions that con-
tained cDNA inserts ranging in size from 0.1 to 8 kilobases
(kb) were pooled and concentrated by ethanol-precipitation.

Aliquots (0.1 Ag) of the isolated cDNA were ligated for 14
hr at 12'C with 2.2 Aug of Xgt11 vector arms (prepared by
digestion with EcoRI and treatment with calf intestine alka-
line phosphatase), packaged in vitro, and plated for screen-
ing on E. coli strain Y1090 (11). Approximately 90o of the
packaged phage contained inserts, as shown by insertional
inactivation of the phage /3-galactosidase gene, whose activi-
ty was assessed using the chromogenic indicator 5-bromo-4-
chloro-3-indolyl-,-D-galactopyranoside.
The Xgtll library was screened for antigen-producing

clones by sequential incubation with anti-Ta serum (F/A-1)
at a 1:100 dilution and 1251-labeled protein A, as described by
Young and Davis (11).

Subcloning. The insert in the Xgtl1 phage designated Xa2
was inserted into pUC8 to produce the clone designated pa2.
pa2 restriction fragments were inserted into M13 mpl8 and
M13 mp19 for sequencing.

Blot Hybridization Analyses. Analysis of poly(A)+ RNA.
RNA was isolated as described (13) and poly(A)+ RNA was
selected by chromatography on oligo(dT)-cellulose (14). De-
natured poly(A)+ RNA was size-fractionated by electropho-
resis in 0.8% formaldehyde/agarose gels and transferred to
nitrocellulose as described (15). Blots were hybridized with
the pa2 probe (labeled by nick-translation) at 420C in 3 x
standard saline citrate/50%o formamide/5x Denhardt's solu-
tion/salmon sperm DNA (200 pg/ml) for 48 hr and then
washed three times for 5 min at 20'C in 2x standard saline
citrate/0. 1% NaDodSO4 and twice for 30 min at 520C in 0.1 x
standard saline citrate/0.1% NaDodSO4. Standard saline cit-
rate is 0.15 M NaCl/15 mM sodium citrate, pH 7; Denhardt's
solution is 0.02% Ficoll/0.02% bovine serum albumin/0.02%
polyvinylpyrrolidone.

Southern blot analysis. Genomic DNA was isolated (16)
from bovine thymus, digested to completion with restriction
endonucleases, and transferred to nitrocellulose by the
method of Southern (17). Blots were hybridized and washed
as described above for RNA.
DNA Sequencing. Restriction fragments of the cDNA in-

sert were subcloned into M13 vectors and sequenced in both
orientations by the dideoxy chain-termination method (18,
19).

RESULTS
cDNA sequences inserted into the unique EcoRI restriction
site of Xgtll, located within the gene coding f3galactosidase,
can be induced and expressed in high abundance as a hybrid
polypeptide fused to ,B-galactosidase. If the cDNA encoding
Ta is inserted in the proper orientation and in-phase with the
,B-galactosidase translational reading frame, the hybrid pro-
tein should contain antigenic determinants that can be de-
tected by specific antibody to Ta (11).

In the initial screening of 7 x 105 Xgtll recombinants, anti-
Ta serum F/A-1 detected nine positive plaques on replicate
filters. Of these, however, only a single recombinant (desig-
nated Xa2) produced a positive signal when rescreened dur-
ing plaque purification.
We rescreened Xa2 with two additional antisera. Antise-

rum NGA-1, directed against the 39-kDa pertussis toxin sub-
strate of bovine brain (9), detected Ta on immunoblots and
also recognized the protein product of Xa2. Serum F/B-1,
directed against the 8-y complex of transducin, did not.

Detection of a Retinal Specific Poly(A)+ RNA Transcript.
Blot hybridization analysis of electrophoretically fractionat-
ed poly(A)+ RNA isolated from four bovine tissues (Fig. LA)

A
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18S-

B
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.*- 23.1
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FIG. 1. (A) Blot hybridization analysis of poly(A)+ RNA isolated
from bovine heart (lane 1), retina (lane 2), liver (lane 3), and brain
(lane 4). Each lane contained 1.5 pg ofRNA. pa2 cDNA, nick-trans-
lated to a specific activity of 3 x 10' cpm/bg, was used to probe the
blot. Positions of 28S (4718 nucleotides) and 18S (1874 nucleotides)
RNA reference standards are indicated by arrows at left. (B) South-
ern blot hybridization of bovine genomic DNA digested with a 10-
fold excess of EcoRI (lane 5), Pst I (lane 6), and BamHI (lane 7).
Nick-translated pa2 cDNA (3 x 108 cpm/pg) was used to probe the
blot. Each lane contained 10 /g of DNA. Arrows at right indicate
the positions of fragments of HindIII-digested X DNA.

revealed that radiolabeled subclone pa2 hybridized with a
single prominent retinal RNA species -2600 nucleotides
long. No RNA transcripts were detected in similar extracts
of bovine heart, liver, or brain (Fig. 1A).

Hybridization of a2 cDNA to Genomic DNA. Southern blot
analysis of bovine genomic DNA (Fig. 1B) showed that ra-
diolabeled pa2 hybridized to a single EcoRI fragment (=20
kb), two BamHI fragments (4.0 and 3.7 kb), and two Pst I
fragments (5.2 and 3.1 kb). The simplicity of these restriction
patterns suggests that the bovine genome contains a single
copy of the Ta gene. The gene probably has a size of about 8
kb.
Amino Acid Sequence Deduced from Ta cDNA. Fig. 2

shows the nucleotide sequence of the Xa2 cDNA insert. The
insert contained only one open reading frame long enough to
encode the entire 39-kDa Ta polypeptide. The predicted
polypeptide product of the open reading frame contained
amino acid sequences perfectly homologous to previously
reported sequences of Ta fragments, including partial amino-
terminal sequences of tryptic fragments (21) (residues 19-51,
205-226, and 311-350, underlined in Fig. 2) and the tetrapep-
tide containing the arginine (residue 174) ADP-ribosylated
by cholera toxin (22).
The cDNA sequence corresponding to the carboxyl termi-

nus of the Ta polypeptide encodes the amino acid ADP-ribo-
sylated by pertussis toxin (23).
The amino-terminal sequence of Ta has not been deter-

mined, because it is not susceptible to Edman degradation
and is presumably blocked (21). We assigned the initiation
site for synthesis of Ta to the nucleotide triplet ATG at posi-
tion 65, on the following grounds: (i) The nucleotide se-
quence ACCATG beginning at base 62 conforms with Ko-
zak's observations (24) that the nucleotide triplet AUG
serves as the initiation site in all reported eukaryotic mRNA
sequences and that the nucleotide sequence immediately
preceding the initiation site is usually ACC. (it) The predict-
ed molecular weight of the translated proteinj 39,971, agrees
closely with the apparent molecular weight of Ta determined
by NaDodSO4/PAGE (10). (iii) No methionine codons are
found for at least 21 codons upstream or for 49 codons down-
stream from the proposed initiation site. (iv) An established
site for trypsin cleavage (21) 18 amino acids (Lys-18) down-
stream from the proposed initiator methionine would gener-
ate a 2-kDa peptide fragment; two reports (20, 21) indicate
that a peptide fragment of 1-2 kDa is cleaved from the amino

Proc. Nad Acad Sci. USA 82 (1985)
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1 TGGGAACCCCTCCATCCGGAAGAACCAACTCACGGCCCTCCTCCTTCACCTCCTGCCAGGACC

65 ATG GGG GCT GGG GCC AGC GCT GAG GAG AAG CAC TCA AGG GAG CTG GAA AAG MG CTG AAA GAA GAT GCT GAG AAA
1 Met Gly Ala Gly Ala Ser Ala Glu Glu Lys His Ser Arg Glu Leu Glu Lys Lys Leu Lys Glu Asp Ala Glu Lys

140 GAT GCT CGA ACC GTG AAA CTG CTG CTT CTG GGT GCC GGT GM TCC GGG MG AGT ACC ATT GTC AAG CAG ATG AAG
26 Asp Ala Arg Thr Val Lys Leu Leu Leu Leu Gly Ala Gly Glu Ser Gly Lys Ser Thr Ile Val Lys Gln Met Lys

215 ATT ATC CAC CAG GAC GGG TAC TCA CTG GM GAG TGT CTT GAG TTC ATT GCC ATC ATC TAT GGC AAC ACG CTA CAG
51 Ile Ile His Gln Asp Gly Tyr Ser Leu Glu Glu Cys Leu Glu Phe Ile Ala Ile Ile Tyr Gly Asn Thr Leu Gln

balI bssHII bssHII
290 TCC ATC CTG GCC ATT GTG CGC GCC ATG ACC ACA CTC MC ATC CAG TAC GGA GAC TCT GCG CGC CAG GAC GAC GCC
76 Ser Ile Leu Ala Ile Val Arg Ala Met Thr Thr Leu Asn Ile Gln Tyr Gly Asp Ser Ala Arg Gln Asp Asp Ala

365 CGA MG CTG ATG CAC ATG GCA GAC ACC ATC GAG GAG GGC ACG ATG CCC AAG GAG ATG TCA GAC ATC ATC CAG CGG
101 Arg Lys Leu Met His Met Ala Asp Thr Ile Glu Glu Gly Thr Met Pro Lys Glu Met Ser Asp Ile Ile Gln Arg

stu I
440 CTG TGG MG GAC TCC GGT ATC CAG GCC TGT TTC GAC CGA GCC TCA GAG TAC CAG CTC MC GAC TCT GCT GGC TAC
126 Leu Trp Lys Asp Ser Gly Ile Gln Ala Cys Phe Asp Arg Ala Ser Glu Tyr Gln Leu Asn Asp Ser Ala Gly Tyr

smaI
515 TAT CTC TCA GAC CTG GAG CGC CTG GTA ACC CCG GGC TAC GTG CCC ACT GM CAG GAT GTG CTG CGC TCC CGT GTC
151 Tyr Leu Ser Asp Leu Glu Arg Leu Val Thr Pro Gly Tyr Val Pro Thr Glu Gln Asp Val Leu Arg FSer Arg Val

590 MG ACC ACG GGT ATC ATT GAG ACG CAG TTC TCC TTC AAG GAC CTC MC TTT CGG ATG TTC GAT GTG GGC GGG CAG
176 ys Thr Thr Gly Ile Ile Glu Thr Gln Phe Ser Phe Lys Asp Leu Asn Phe Arg Met Phe Asp Val Gl) Gly Gln

bamHI
665 CGC TCA GAG CGC AAG AAG TGG ATC CAC TGC TTC GAG GGG GTG ACC TGC ATC ATC TTC ATC GCG GCG CTG AGC GCC
201 Arg Ser Glu Arg Lys Lys Trp Ile His Cys Phe Glu Gly Val Thr Cys Ile Ile Phe Ile Ala Ala Leu Ser Ala

sph I
740 TAC GAC ATG GTG CTG GTG GM GAC GAC GM GTG MC CGC ATG CAC GAG AGC CTG CAC CTG TTC MC AGT ATC TGC
226 Tyr Asp Met Val Leu Val Glu Asp Asp Glu Val Asn Arg Met His Glu Ser Leu His Leu Phe Asn Ser Ile Cys

aatII
815 MC CAC CGC TAC TTC GCC ACC ACG TCC ATC GTG CTC TTT CTC AAC MG MG GAC GTC TTC TCG GAG AAG ATC MA
251 Asn His Arg Tyr Phe Ala Thr Thr Ser Ile Val Leu Phe Leu Asn Lys Lys Asp Val Phe Ser Glu Lys Ile Lys

apaI naeI
890 AAG GCG CAC CTT AGC ATC TGC TTT CCG GAC TAC AAC GGG CCC MC ACG TAT GAG GAC GCC GGC MT TAC ATC AAG
276 Lys Ala His Leu Ser Ile Cys Phe Pro Asp Tyr Asn Gly Pro Asn Thr Tyr Glu Asp Ala Gly Asn Tyr Ile Lys

sad bgIll
965 GTG CAA TTC CTT GAG CTC MC ATG CGA CGC GAC GTG MG GAG ATC TAT TCC CAC ATG ACA TGC GCC ACC GAC ACG
301 Val Gln Phe Leu Glu Leu Asn Met Arg ArgAsp Val Lys Glu Ile Tyr Ser His Met Thr Cys Ala Thr Asp Thr

1040 CAG AAC GTC MG TTT GTC TTC GAC GCT GTC ACC GAC ATC ATC ATC AAG GAG AAC CTC AAA GAC TGC GGG CTC TTC
326 Gln Asn Val Lys Phe Val Phe Asp Ala Val Thr Asp Ile Ile Ile LysGlu Asn Leu Lys Asp Cys Gly Leu Phe

sad pstI
1115 TGA GGTGCCTGAGCTCATGCGTCCCTGAGACCCTGCAGCCCTTGACACCTTGTAGCCCCAATGTGCATGACCCTATCAGTCCCCCAGGACTCCTGGGC
351 stop

FIG. 2. Nucleotide sequence and predicted amino acid sequence of the T. cDNA. Arrows indicate sites at which trypsin cleaves the native
polypeptide (20) and underlined amino acid sequences are those reported for tryptic fragments of the isolated polypeptide (21). Boxes enclose
previously sequenced peptides that include ADP-ribosylation sites for cholera (22) and pertussis (23) toxins. Specific restriction endonuclease
cleavage sites are indicated above the nucleotide sequence.

terminus of Tat upon limited digestion with trypsin. We can-
not exclude the possibility that one or more amino acids are
removed from the amino terminus during posttranslational
Processing of Ta.

DISCUSSION

Three criteria indicate that the Xa2 cDNA insert encodes Ta:
(i) The predicted amino acid sequence matches reported (21)
partial sequences of the isolated polypeptide (Fig. 2). (it) As
expected for a protein specifically expressed in the retina,
the transcript was detected in extracts of retina but not of
heart, liver, or brain (Fig. LA). (iii) The deduced amino acid
sequence includes sites previously shown to be ADP-ribosy-
lated by both cholera and pertussis toxin in Ta (Fig. 2),
whereas the homologous a subunits of G, and G, each serve
as substrates for only one of the toxins.

Limited digestion with trypsin cleaves native Ta at three
sites (20). Comparison of the amino-terminal sequences of
three of the four cleavage products (21) with the amino acid
sequence deduced from the cDNA indicates that trypsin cuts
at Lys-18, Arg-204, and Arg-310 (Fig. 2). To facilitate discus-
sion, the four tryptic peptides are designated P-I through P-
IV, in order from the polypeptide's amino terminus (Fig. 3).
Fung and Nash (20) designated these peptides, according to
their apparent sizes on NaDodSO4/PAGE, as follows: P-I, 1

kDa; P-II, 23 kDa; P-III, 9 kDa; and P-IV, 5 kDa. Functional
studies (20) of these four tryptic cleavage products have sug-
gested roles for each in mediating the reversible interactions
of Ta with GTP, Thy, PDEase, and R*. With knowledge of
the amino acid sequence, we can now begin a more precise
exploration of relations between structure and function ofTa
(Fig. 3).
GTP Binding and Hydrolysis. Halliday (25) recently de-

scribed four regions of conserved amino acid sequence, des-
ignated A, C, E, and G, that are common to two families of
GTP-binding proteins, the bacterial elongation factors (EF-G
and EF-Tu) and the mammalian and yeast ras proteins. Ta
contains regions, shaded in Fig. 3, that exhibit significant
sequence homology to the same four regions of the ras pro-
teins and the elongation factors (Fig. 4). Homology between
sequences corresponding to the A region of ras and a peptide
fragment of Ta was reported previously (21). The deduced
amino acid sequence of the entire polypeptide now reveals
homologies to regions C, E, and G as well (Fig. 4). Homolo-
gies in these four regions differ in degree; the homology in
region C is less convincing than the others. Nonetheless, the
four regions appear in the same order in Ta as in the ras
proteins and the elongation factors, strongly suggesting that
these proteins derive from a common precursor in evolution.

All four regions probably interact with GTP. c-Ha-rasl
mutated at amino acid residue 12 (in region A) hydrolyzes

Biochemistry: Medynski et aL
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FIG. 3. Schematic diagram of the Ta polypeptide. Tryptic pep-
tides P-I through P-IV are indicated. Shaded areas (denoted A, C, E,
and G) represent regions of amino acid sequence that are homolo-
gous to regions of the ras proteins and the elongation factors (see
Fig. 4). A site analogous to the region that appears to control
GTPase activity in the ras proteins and sites for ADP-ribosylation
(ADP-R) for cholera and pertussis toxins (CT and PT, respectively)
are indicated. Domains of the polypeptide postulated to interact
with GTP and other components of the phototransduction system
are indicated at the top.

GTP at a decreased rates and biochemical studies of the
elongation factorsh implicate regions C, E, and G as contrib-
uting to GTP binding. Similar biochemical observations sug-
gest that tryptic peptides P-Il and P-III in Ta, which contain
all four regions of homology with the other proteins, contain
the guanine nucleotide binding site. Binding to Ta of the hy-
drolysis-resistant GTP analog guanosine 5'-[,fy-imido]tri-
phosphate (p[NH]ppG) specifically prevents trypsin from
cleaving P-II from P-III (21), at a site closely adjacent to the
E region of homology (Fig. 3). After trypsin has removed P-I
and P-IV, p[NH]ppG remains bound to the remaining P-II-
III polypeptide (20). In addition, binding of p[NH]ppG pro-
tects two otherwise accessible sulfhydryl groups on Ta from
chemical modification (37); one of these is in P-II, the other
in P-III (unpublished results). Finally, an azido derivative of
GTP binds specifically to Ta and can be induced by light to
bind covalently; after tryptic cleavage of the labeled poly-
peptide the GTP derivative is found linked to P-III (unpub-
lished results). By analogy, it is likely that regions C, E, and
G of Ta contribute to GTP binding and that region A some-
how controls hydrolysis of the bound GTP.

Interaction with To,. Trypsin treatment of p[NH]ppG-
bound Ta rapidly removes the P-I polypeptide. The remain-
ing 38-kDa peptide exhibits markedly impaired ability to ex-
change bound guanine nucleotide or to hydrolyze GTP when
reconstituted with R* and intact Tar (20). This result implies
impaired interaction of the 38-kDa peptide with either R* or
TAY, Recent studies have shown that Ta,, serves as a substrate
for ADP-ribosylation by pertussis toxin only in the presence
of Thy and that the truncated 38-kDa fragment of Ta cannot
serve as a pertussis toxin substrate even in the presence of
To,, (unpublished work). Taken together, these results
strongly suggest that a portion of P-I is required for interac-
tion with The.

5Substitution of valine (or several other amino acids) for the normal-
ly occurring glycine in position 12 of c-Ha-rasl markedly decreases
the protein's GTPase activity and increases its capacity for onco-
genic transformation (31, 32). Interestingly, Tac contains a glycine at
the corresponding position (residue 38) in region A (Fig. 4).
hCovalent modification of Cys-137 (region G) of elongation factor
Tu (33) or Cys-113 (region E) of elongation factor G (34) impairs
binding of GTP to these proteins. A photoaffinity analog of GTP
binds to a trypsin cleavage product of elongation factor G that in-
cludes region E (35). Substitution of threonine for alanine at posi-
tion 59 in region c of the ras protein leads to GTP-dependent phos-
phorylation of this residue (31, 36).

T

c-Ha-ras 1

RAS1

EF-Tu

EF-G

A (19 residues)

31: K L L L L G A G E S G K S T I V K M

5: K L V V V G A G G V G K S A L T I L

12: . I V V V G G G G V G K S A LIT IQjj

14: N V G H V AG K T T T T A Ai

11: N I G H I D A G K T T TT E R

C (13 residues)

80: I V H A M T TflN I Q Y

55: I L D T A G Q E - - E Y S

62: IL D TA G Q E - - E Y

79:H V D C P G H A D Y

86:11 GHII1DOIDF
E (14 residues)

T 208: I H C F E G V TC F

a-Ha-rasl 72:MR T G E G F LCVFA I

RAS1 79:R T G E G F L V YS V T

EF-Tu 95: A A Q M D G A I LV AA

EF-G 102: V L D GA V MV Y C A V

Td
c-Ha-ras 1

RAS1

EF-Tu

EF-G

G (11 residues)

259: S I V L F L NK K D V

110: P M V L V G N K C D L

117: p V V V V G N K L D L

129: I V L N K C D M

135: p IA K

Homology

15 (9)

15 (7)

10 (4)

10 (3)

7 (2)

7 (2)

4 (2)

8 (1)

7 (4)

7 (2)

5 (1)

5 (1)

8 (5)

8 (4)

8 (5)

7 (4)

FIG. 4. Amino acid sequences from conserved regions A, C, E,
and G of human (c-Ha-rasl) and yeast (RAS1) ras proteins and of
bacterial elongation factors EF-Tu and EF-G (25) are aligned with
corresponding regions of Ta. Regions of exact homology or conserv-
ative Dayhoff substitutions (26) between Ta and any other protein
are boxed. Numbers in the column on the right indicate the number
of conservative substitutions and, in parentheses, the number of
identities, both with respect to Ta. Sequences are taken from the
following references: c-Ha-rasl (27), RAS1 (28), EF-Tu (29), EF-G
(30). Single-letter abbreviations for amino acid residues are as fol-
lows: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F,
phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; M,
methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S,
serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine. The fol-
lowing Dayhoff conservative categories (26) were used: C;
S,T,P,A,G; N,D,E,Q; H,R,K; M,I,L,V; F,Y,W.

In this context, it should be noted that the mammalian and
yeast ras proteins lack the amino-terminal 19-26 residues
that precede the A region of homology in Ta. Because this
amino-terminal portion of Ta (peptide P-I) is implicated in
the interaction with To,,, the absence of a corresponding re-
gion in the ras proteins suggests that these proteins will not
be found to interact with components that correspond to
Tpy.

Interaction with PDEase. Prolonged trypsin treatment of
p[NH]ppG-bound Ta produces a polypeptide that has lost
both P-I and P-IV but that is still capable of stimulating reti-
nal PDEase (20). Present information does not allow us to
localize the PDEase-interaction site more precisely. Perhaps
this site resides somewhere between regions C and E (see
Fig. 3), an intervening segment of 116 residues in Ta, as com-
pared to only 7 intervening residues in c-Ha-rasl, a protein

Proc. NatL Acad ScL USA 82 (1985)
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that does not interact with PDEase (Fig. 4).
Interaction with R*. In the pivotal reaction of phototrans-

duction, R* binds the a--o3y complex of transducin and cata-
lyzes replacement of bound GDP by GTP. Binding of GTP
leads to dissociation of transducin from R* and of the GTP-
bound a subunit from (3-'y (1). Pertussis toxin-catalyzed
ADP-ribosylation of an amino acid near the carboxyl termi-
nus (23) of Ta prevents this pivotal interaction. The cova-
lently modified transducin exhibits markedly reduced light-
dependent GTPase activity and affinity for R*, with a result-
ing reduction in ability to mediate light stimulation of
PDEase (8). These results imply that the carboxyl terminus
of Ta plays a critical role in interaction with R*.
The amino acid residue that is ADP-ribosylated by pertus-

sis toxin has not been definitively identified. One report (23)
indicated that it was an asparagine residue corresponding to
position 346 (Fig. 2). In agreement with a subsequent study
(21), we have assigned an aspartate residue to this position.
It appears unlikely that posttranslational processing con-
verts Asp-346 to an asparagine residue in preparation for
subsequent ADP-ribosylation. Of the other amino acids near
the carboxyl terminus, Cys-347 seems most likely to be the
residue modified by pertussis toxin.
a Subunits of G Proteins. Recent investigations (21, 38, 39)

have begun to discern some of the structural features that
may underlie functional homologies among the a subunits of
transducin and the G proteins. Trypsin cleaves the native
form of a 39-kDa pertussis toxin substrate (Go) from bovine
brain into fragments whose sizes (38) and partial amino acid
sequences (21) closely resemble those of tryptic fragments of
Ta. In addition, the amino-terminal P-I tryptic fragment of
Ta may have a counterpart in the a subunit of G.: When the
a subunit of G, is occupied by p[NH]ppG in pigeon erythro-
cyte membranes, treatment with trypsin reduces its size
from 42 kDa to 41 kDa, and the 41-kDa fragment is then re-

leased from the membrane (39). It is reasonable to speculate
that the 1-kDa fragment removed by trypsin from the a sub-
unit of G, is situated at the amino terminus and that its re-

moval prevents association of the remaining 41-kDa protein
with the f-y complex of Gs, by analogy with the postulated
role of peptide P-I in T.

It should also be noted that all ras genes so far reported-
including those of yeast (40), Drosophila (41), and mammals
(summarized in ref. 42)-encode a cysteine at the position
four residues from the carboxyl terminus. In vitro mutagene-
sis of a viral ras gene showed that replacement of the cyste-
ine at this position by a serine residue prevents oncogenic
transformation by the mutant ras gene (42). The curious con-

servation of this residue in both ras and transducin, as well

as the covalent modification catalyzed by pertussis toxin,
may point to a critical role of these cysteines in the pivotal
interaction of transducin and its homologs with R* and other
receptors.
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