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The ARF1 GTPase-Activating Protein: Zinc Finger
Motif and Golgi Complex Localization

Edna Cuk‘i\erman, Irit Huber, Miriam Rotman, Dan Cassel*

Hydrolysis of guanosine triphosphate (GTP) by the small guanosine triphosphatase
(GTPase) adenosine diphosphate ribosylation factor-1 (ARF1) depends on a GTPase-
activating protein (GAP). A complementary DNA encoding the ARF1 GAP was cloned from
rat liver and predicts a protein with a zinc finger motif near the amino terminus. The GAP
function required an intact zinc finger and additional amino-terminal residues. The ARF1
GAP was localized to the Golgi complex and was redistributed into a cytosolic pattern
when cells were treated with brefeldin A, a drug that prevents ARF1-dependent asso-
ciation of coat proteins with the Golgi. Thus, the GAP is likely to be recruited to the Golgi

by an ARF1-dependent mechanism.

The budding of transport vesicles from the
Golgi compartment requires the association
of cytoplasmic coat proteins with the or-
ganelle membrane. The small GTP-binding
protein ARF1 acts as a key regulator of the
interactions of nonclathrin coat protein
(coatomer) with Golgi stacks (1) and of

clathrin adaptor particles with the trans--

Golgi network (2). Like other GTP-binding
proteins, ARF1 exerts its regulatory effect
by virtue of its GTPase cycle (3). In its
GTP-bound form, ARF1 triggers the asso-
ciation of coat protein with the Golgi mem-
brane. The subsequent hydrolysis of ARF1-
bound GTP is required for the dissociation
of coat protein from Golgi membranes and
vesicles (4). The ARF1 protein also func-
tions as a regulator of the enzyme phospho-
lipase D (5), and a possible relation be-
tween this role of ARFI and its function in

membrane traffic has been proposed (6).
The fact that pure ARF1 is unable to hy-
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drolyze GTP (7) suggests the existence of
an ARF1-directed GAP. Because GTP hy-
drolysis on ARF1 is required for coat pro-
tein dissociation, an ARF1 GAP is likely to
function in the uncoating of Golgi-derived
vesicles that must take place before their
fusion with the target membrane.

We recently purified a 49-kD ARF1
GAP from rat liver cytosol (8). Polymerase
chain reaction (PCR) amplification of com-
plementary DNA (cDNA) with degenerate
primers based on amino acid sequences of
this protein generated a 0.5-kb fragment.
Screening of a rat liver cDNA library with
this fragment as a probe yielded several
positive clones. Alignment of the sequences
of two overlapping clones (Z6 and G11)
revealed an entire open reading frame
flanked by 5’ and 3’ untranslated regions
(Fig. 1A). The coding sequence predicts a
protein of 415 amino acids (45,448 daltons)
that includes all peptides that we have se-
quenced from the tissue-purified protein.
The initiating methionine conforms with
the Kozak rules for the initiation of trans-
lation (9) and is preceded 267 nucleotides
upstream by an in-frame stop codon.
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Analysis of the primary structure of the
GAP revealed a hydrophilic protein with
multiple potential phosphorylation sites of
protein kinase C. Although the ARF1 GAP
does not show similarity to other GAPs, it
shows a high degree of similarity to Saccha-
romyces cerevisiae proteins (10) designated
Geslp, Glo3p, and Spsl8p (48, 46, and
33% identity, and 70, 70, and 60% similar-
ity, including evolutionarily conserved sub-
stitutions, respectively). An even higher
similarity exists between the NH,-terminal
parts of the proteins (Fig. 1B). A common
feature of the GAP and the yeast proteins is
the presence near their NH,-termini of a
conserved CXXCX,; (CXXC motif (where X
is any amino acid), which apparently rep-
resents a zinc finger structure (10). Addi-
tional proteins that contain some of the
conserved sequences shown in Fig. 1B, in-
cluding the zinc finger domain, are present-
ed in databank entries from humans, nem-
atodes, and plants.

In addition to clone Z6, which appears
to encode the tissue-purified protein, we
isolated from the rat liver library two clones
that are likely to represent alternative splice
variants (Fig. 2A). One variant (W15) had
a deletion of 110 base pairs (bp) near the 5
end of the coding region, including the
putative zinc finger domain. Although the
initiation codon is not removed by the de-
letion, this codon cannot be used for trans-
lation in clone W15 because of a frame shift
that generates an early stop codon. Howev-
er, the W15 variant may be translated from
a second in-frame methionine.

A second variant (Z5) contained a 0.6-
kb insert within the codon for amino acid
278 (Fig. 2A). Only five insert-derived ami-
no acids are added before a new stop codon
is encountered, predicting a truncated pro-
tein of 31 kD. The presence of the Z5
variant in rat liver cDNA preparations was
demonstrated by PCR amplification with a
set of primers, each derived from the Z5
insert and from flanking sequences (11).

PCR amplification of genomic DNA
with primers flanking the 3’ and 5 junc-
tions of the deletion found in the W15
clone revealed the presence of introns on
both sides of the deletion (Fig. 2B). Thus,
clone W15 was generated by alternative
splicing and the zinc finger domain of the
ARF1 GAP is encoded by a distinct exon.
In addition to four cysteines, two conserved
histidines that are encoded by this exon are
also likely to participate in the formation of
the zinc finger.

Coupled in vitro transcription and trans-
lation of the Z6 clone in a reticulocyte
lysate (Fig. 3A, left panel) resulted in two
33S-labeled bands. The upper band of 49 kD
comigrated with the tissue-purified GAP
(11), whereas the lower band of 43 kD

appears to represent a product of initiation
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CGGGGATCTGAGTGCCTAGTCCAGCTTGGCACCTGGGCCGGACCTC

46 GACCCCCTCGGGGCAGCAGGATCCCAGTGTGCGGCGGTCCAGACCCCCCCGCCCCGCCCCGCCCCCGGCCTGTGAGCCTTGCGCCCTTCAGCATAGCGGTTGCGCGGATCTACGTGGCC
165 TTTCAGCGCTCAGGTCCCGAGCACTCTCAGACGCAGACTGGTTTTGCAGAGCCCATTTGGCCGGGAAAGGGCCCCTGCCCTTCACTTCGARAGAAGATTCTGTCCAGAGGTGCCGCACC
1 M A s P R T R K v L K E v R A Q D E N N v [e] F E c a A F N P
284  ATG GCC AGC CCA AGA ACC AGA AAA GTT CTT AAG GAA GTC CGG GCA CAG GAC GAG AAT AAT GTT TGC TTT GAG TGT GGT GCG TTC AAT CCT
31 Q w v S v T Y a I w I [e] L E [e] S a R H R a L a v H L s F v R
374  CAG TGG GTC AGC GTG ACC TAT GGC ATC TGG ATC TGC CTG GAA TGC TCT GGG AGA CAC CGT GGG CTT GGG GTG CAT CTC AGC TTC GTG CGC
61 s v T M D K w K D I E L E K M K A a a N A K F R E F L E A Q
464 TCT GTG ACA ATG GAC AAG TGG AAG GAC ATT GAA CTG GAG AAG ATG AAA GCT GGT GGG AAT GCT AAG TTC CGA GAG TTC CTG GAG GCA CAG
91 D D Y E P S w s L Q D K Y s s R A A A L F R D K v A T L A E
554 GAC GAC TAT GAG CCT AGC TGG TCA CTG CAG GAC AAG TAT AGC AGC AGA GCT GCA GCG CTC TTC AGG GAT AAG GTG GCT ACT TTG GCA GAA
120 @ XK E W S L E S8 S P A Q@ N W T P P Q@ P K T L Q F T A H R P A
644 GGT AAA GAA TGG TCT CTG GAG TCA TCG CCT GCC CAG AAC TGG ACC CCA CCT CAG CCC AAG ACG CTG CAG TTC ACT GCC CAC CGA CCC GCT
151 a Q P Q N v T T S a D K A F E D w L N D D L a S Y Q a A Q E
734 GGC CAG CCA CAG AAT GTA ACT ACC TCT GGG GAC AAG GCC TTT GAG GAT TGG CTG AAT GAT GAT CTG GGT TCC TAT CAG GGT GCT CAG GAG
181 N R Y v a F a N T v P P Q K R E D D F L N s A M s s L Y S a
824 AAT CGC TAT GTG GGG TTT GGG AAC ACA GTG CCA CCT CAG AAG AGA GAA GAT GAC TTC CTC AAC AGC GCC ATG TCA TCT CTG TAC TCG GGC
22 w s 8 F T T @ A S8 K F A S A A K E @ A T K F @ S © A S Q@ K A
914 TGG AGC AGT TTT ACC ACT GGG GCG AGC AAG TTT GCG TCT GCA GCA AAG GAG GGT GCT ACA AAA TTT GGA TCT CAA GCA AGT CAA AAG GCT
241 s E L Q@ H S L N E N V L K P A © E K V K E @ R I F D D V s 8
1004 TCG GAG TTG GGC CAC AGC CTG AAT GAG AAT GTT CTC AAG CCT GCA CAG GAG AAG GTG AAA GAG GGA AGG ATT TTT GAT GAT GTG TCC AGT
271 a v S Q L A S K v Q a v a ) K a w R D v T T F F S a K A E D
1094 GGG GTC TCT CAG TTG GCA TCC AAG GTC CAG GGA GTT GGC AGT AAG GGA TGG CGT GAT GTC ACG ACC TTC TTT TCT GGG AAA GCT GAA GAC
301 T S D R P L E a H s Y Q N s ) a D N S Q N s T I D Q s F w E
1184 ACT TCA GAC AGA CCC TTA GAG GGC CAC AGC TAC CAG AAC AGC AGT GGA GAC AAC TCT CAG AAC AGC ACC ATA GAC CAG AGC TTC TGG GAG
331 T F a s A E P P K A K s P ) s D ) w T c A D A s T a R R ) )
1274 ACC TTC GGG AGT GCT GAG CCC CCC AAG GCC AAG TCC CCA AGC AGT GAC AGC TGG ACC TGC GCA GAT GCC TCA ACG GGA AGG AGG AGC TCG
361 D S al D I w a S a S A S N N K N S N S D a w E s w E a A s a
1364 GAC AGC TGG GAC ATT TGG GGC TCA GGT TCT GCA TCC AAC AAC AAG AAC AGC AAT AGC GAT GGT TGG GAG AGC TGG GAG GGA GCC AGT GGG
391 E a R A K A T K K A A P s T A A D E a w D N Q N w *
1454 GAG GGA AGG GCA AAG GCT ACC AAG AAG GCA GCT CCA TCT ACA GCC GCC GAC GAG GGC TGG GAC AAC CAG AAC TGG TAG GAGCCTTGCTGCACC
1547 CTAACCCAGCCCTGCTGGGAGACCGCTGTGTTTGCACTTTACCCTTGTTCCTCCTTCATTTGACCTCAGTGTGAAGACAGTGGCTCAGGCAGGACTTGAGTTGGTGCTGCCTGCCTGGT
1666 GTGGGGTGGCTTTCTCTTAGACCTCAGGGGACATGTCATCCACCTGCCTCTTGGGTCCTCTGAGCAGCCTTCCTGGATTCTGGGTTCTTGGGACCCAGGCACTGTCTCTGCAGCCCTAG
1785  CATAGCCTGGGACTGCAGCCCTGTGCAATGTCAGCTAAGCCAGACATCTGCTTTCGTTGAAATGTCTTTTTAAACTTG
B
ARF1 GAP M. « .. .AS8 REBSIVERK EVRAQDE 57
Geslp M..sowrkvDEIrERIR Rz ook 1A 61
Sps18p MRLFENSKDMENERIREJL RARKAAG 63
Glo3p MSNDEGETFATEQTTQQVFQKLGS 66
ARF1 GAP v p iEE9E & a A . eaop .Blv. . e WSEQDSERAALFRDEVBTA 119
Geslp 1 r eRY L REYE ervrrhdvwBdr sanz By . .. .o e ok vEREdD NEEREYE 0 v x efdr T cRjc 122
Spsisp i v 19 s B4 EXKDVRRVEE]LS NREGSFLSKNGILQN....GIPPEDNLFKSYKRRLB..N 125
Glo3p 4 s B 1 v NEr r rFEo sfABo rEIx sverkorouNTANVDAR TERYITIEREYXx X YR I BELDKRKV 132

Fig. 1. (A) Nucleotide and deduced amino acid sequence of ARF1 GAP cDNA
(19). Peptide sequences derived from tissue-purified ARF1 GAP are under-
lined; asterisks mark a stop codon. Nucleotide and amino acid numbers are
shown on the left. The sequence has been deposited in SwissProt (accession
number U35776). (B) Comparison of NH,-terminal sequences of the ARF1
GAP and S. cerevisiae proteins. Sequences were aligned with the Blast

program; only identities are presented. The position of the four conserved
cysteines is marked by arrows. Residue numbers are shown on the right.
Abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D,
Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

from the second in-frame ATG (Met®*).
Translation of clone W15 generated only
the 43-kD band, as expected from the frame
shift in Met!. The translation product of
clone 76, but not that of the control vector,
stimulated GTP hydrolysis on ARF1, dem-
onstrating that we have indeed cloned an
ARF1 GAP (Fig. 3A, center panel, lanes 1
and 3). On the other hand, the translation
product of clone W15 was devoid of GAP
activity (Fig. 3A, center panel, lane 2). In
vitro translation of clone Z5 was inefficient;
however, a protein with the expected size of
32 kD was expressed in Escherichia coli (11)
and was found to possess GAP activity (Fig.
3A, right panel).

The results obtained with the variant
clones suggested that the ‘“catalytic” do-
main of the GAP resides within the NH,-
terminal part of the protein. To localize the

2000

GAP domain further, we carried out sys-
tematic truncations (Fig. 3B). COOH-ter-
minal truncations showed that GAP activ-
ity is essentially retained in a polypeptide
encoded by the first 146 amino acids. A
polypeptide containing the first 121 resi-
dues still retained GAP activity but its ap-
parent affinity was significantly reduced,
whereas polypeptides with 99 residues or
fewer were inactive. Comparison of a series
of proteins that terminate in amino acid
257 (12) showed that the first 16 amino
acids were not essential for activity, whereas
a protein whose translation is initiated at
position 43 was devoid of GAP activity.
These results suggested a possible role of the
zinc finger, whose four cysteines are located
between residues 22 and 45. Such a role was
further supported by the finding that sub-
stitutions of Cys?? or Cys® with alanine,
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which are both expected to prevent the
formation of the zinc finger (10), resulted in
a complete loss of GAP activity (Fig. 3B).

Antibodies raised against recombinant
GAP were used to determine the tissue and
subcellular distribution of the protein. Pro-
tein immunoblot analysis revealed a major
49-kD protein in all rat tissues examined,
being most abundant in brain, then in liver.
In brain, the antigen’ appeared in a cytosolic
as well as a membrane-bound pool, from
which it could be released by treatment
with 0.8 M NaCl (11). Double-label immu-
nofluorescence experiments in NRK cells
(Fig. 4) showed that the GAP was localized
at the Golgi complex and its distribution
closely resembled that of the coatomer
component B-COP. Treatment of cells with
the drug brefeldin A (BFA) is known to
cause the rapid release of coat proteins from



Fig. 2. (A) Schematic pre- A
sentation of variant clones. ATG 344 453 118 TAG
In comparison with clone 76
Z6, clone W15 has a dele-

’ ~

~

4
ATG:

tion that encompasses '\ R TAG

nucleotides 344 through W15 " N

453, whereas clone Z5 has a ATG : N TAG
0.6-kb insert (striped box) at Z5 wm
position 1118 (numbering as _ VY ¢ 1. © ¢ *

in Fig. 1A). An open box de- 100 bp GTA GGG CTA CCC TGC TGA

notes the domain defined by

the four zinc finger cysteines B

(encoded by bases 347 to & I, (437 bp) & I, (281 bp) &
418). Nucleotide and de- ...AnT ang| SE9ROF - atocag stcagt  tacsas | & me any....
duced amino acid sequenc- 243 4 423 454

es of the Z5 insert between

the insert junction and the nearest stop codon are shown. (B) Exon-intron structure around the deletion
found in clone W15 (20). Exons (E) and introns (I} are schematically presented, and nucleotides flanking
the junctions are shown (intron sequences in lowercase). Amino acids represent contiguous translation
from the three exons. Exon E, is identical to the deletion found in clone W15.

AT l{2iaa 1 2.3 4.5 1523 B GAP activity
3 € =75 SCqgq (NM)
= 257 1
- — 1 G 1 8
-— — 146 5
-— — 121 400
- — 09 >2000
2 . - 65 >3000
Fig. 3. Expression and activity of proteins encoded by 17 257 50
variant and mutant cDNAs. (A) (Left panel) Products of 43;2_ 257  >1000
coupled transcription and translation in reticulocyte ly- _0“2:'““ 257 >1000
sate (27) of clone Z6 (lane 1), clone W15 (lane 2), the i rr 1000

BlueScript vector (lane 3), and a control without added

DNA (lane 4). (Center panel) GAP activity was assayed by single-round hydrolysis of ARF1-prebound
[-32P]GTP (8) with 1-pl portions from each lysate. Lanes 1 to 4 are as in the left panel; lane 5, 10 ng of
tissue-purified GAP. (Right panel) GAP activity in 10 ng of inclusion body extract from bacterially ex-
pressed (22) clone Z5 (lane 1), 10 ng of tissue-purified GAP (lane 2) (8), and the buffer control (lane 3).
Center and right panels represent results from different experiments, in which the efficiency of preloading
of ARF1 with [e-*?P]JGTP was 20 and 40%, respectively. (B) Polypeptides encoded by a series of
truncated cDNAs (22) are schematically presented. In the last two polypeptides, point mutations were
introduced that converted Cys?? or Cys?® into an alanine. Amino acids are numbered as in Fig. 1A. Open
boxes designate the four zinc finger cysteines (amino acids 22 to 45). GAP activity of the mutant proteins
is expressed as the concentration (SC,,) that was required for half-maximal stimulation of GTP hydrolysis

on ARF1.

the Golgi (3). Treatment with BFA for 5
min caused the redistribution of the GAP as
well as B-COP into an apparently cytosolic
pattern (Fig. 4), whereas the Golgi marker
mannosidase Il remained essentially Golgi-
localized (11). Upon washout of the drug
followed by a 30-min recovery period, both
GAP and B-COP reappeared in a Golgi-
like pattern.

Thus, the ARF1 GAP represents a new
type of GTPase activating protein, with a
distinct zinc finger structure near the NH,-
terminus. Determinants that are segregated
within the NH,-terminal one-third of the
protein, including the zinc finger domain,
are required for GAP activity. The catalytic
activity of previously identified GTPase ac-
tivating proteins is also segregated in dis-
tinct domains, usually near the COOH-
terminus (13). The catalytic domain of the
ARF1 GAP shows similarity to about a
dozen proteins in the databank, which sug-

gests that at least some of these proteins
may have an ARF GAP function. The clos-
est homolog of the protein that we have
cloned, the yeast Gesl protein, was recently
found to possess GAP activity for both bo-
vine and yeast ARF1 (14).

Because the ARF1 GAP is associated
with the Golgi complex and because BFA
affects its cellular distribution, it is likely
that this protein plays a role in membrane
traffic. The drug BFA affects the Golgi
system by inhibiting guanosine diphosphate
(GDP) to GTP exchange on ARF1, thereby
preventing the ARFl-dependent recruit-
ment of cytosolic coat proteins (15). The
cytosolic redistribution of the ARF1 GAP
after BFA treatment suggests that the GAP
is recruited to the Golgi by an ARFl-de-
pendent mechanism. A mechanistically
similar process takes place during the as-
sembly of the coat protein COPII onto the
endoplasmic reticulum in S. cerevisiae (16).
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Control

BFA
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Washout

Fig. 4. Golgi association of ARF1 GAP and its
disruption in BFA-treated cells. NRK cells were
treated with 7 wM BFA for 5 min at 37°C. In the
washout experiment, cells were treated with BFA
as above, then allowed to recover for 30 min in the
absence of the drug. Cells were fixed with 2%
formaldehyde, treated with cold methanol for 1
min, rehydrated in phosphate-buffered saline, and
permeabilized with 0.2% saponin. Cells were
stained with affinity-purified GAP antibodies (23)
or with B-COP monoclonal antibody M3A5, fol-
lowed by fluorescein isothiocyanate—conjugated
and rhodamine-conjugated secondary antibod-
ies, respectively. Magnification, X330.

Thus, it appears that recruitment of a GAP
is an early event in the vesicle budding
process. Because GTP hydrolysis is neces-
sary for coat protein dissociation, it is un-
clear how recruitment of a GAP does not
result in the shedding of the coat before the
completion of vesicle budding. If GTP hy-
drolysis is the rate-limiting factor in coat
shedding, it is possible that the GAP is
regulated such that it becomes active only
after vesicle formation is complete or upon
the encounter of the vesicle with the target
membrane. The molecular characterization
of the ARF1 GAP will contribute to the
understanding of mechanisms underlying
the cycling of coat protein in the Golgi
complex.

REFERENCES AND NOTES

1. J.G. Donaldson, D. Cassel, R. A. Kahn, R. D. Klaus-
ner, Proc. Natl. Acad. Sci. U.S.A. 89, 6408 (1992); D.
J. Palmer, J. B. Helms, C. J. Becker, L. Orci, J. E.
Rothman, J. Biol. Chem. 268, 12083 (1993).

2. M. A. Stamnes and J. E. Rothman, Cell 73, 999
(1993); L. M. Traub, J. A. Ostrom, S. Kornfeld, J. Cell
Biol. 123, 561 (1993).

3. J. G. Donaldson and R. D. Klausner, Curr. Opin. Cell
Biol. 6, 527 (1994).

4. G. Tanigawa et al., J. Cell Biol. 123, 1365 (1993); S.
B. Teal, V. W. Hsu, P. J. Peters, R. D. Klausner, J. D.
Donaldson, J. Biol. Chem. 269, 3135 (1994).

5. H. A. Brown, S. Gutowski, C. R. Moomaw, C.
Slaughter, P. C. Sternweis, Cell 75, 1137 (1993); S.
Cockcroft et al., Science 263, 523 (1994).

6. R. A. Kahn, J. K. Yucel, V. Malhotra, Cell 75, 1045
(1993).

7. R. A. Kahn and A. G. Gilman, J. Biol. Chem. 261,

7906 (1986).

2001



8. V. Makler, E. Cukierman, M. Rotman, A. Admon, D.
Cassel, ibid. 270, 5232 (1995).
9. M. Kozak, Nucleic Acids Res. 15, 8125 (1987).

10. L. S. Ireland et al., EMBO J. 13, 3812 (1995).

11. E. Cukierman, |. Huber, M. Rotman, D. Cassel, un-
published results.

12. Attempts to express in E. coli GAP proteins con-
taining the entire COOH-terminal part were unsuc-
cessful. However, a large amount of expression
was obtained from all constructs that encoded the
first 257 amino acids or less. We therefore studied
the effect of variations in the NH,-terminal region
using constructs that ended in amino acid 257. The
activity of GAP(1-257) (Fig. 3B) was similar to that
of the tissue-purified protein (8). In view of the seg-
regation of the GAP domain in the first 146 resi-
dues, the absence of residues 258 to 415 is unlikely
to affect the-results.

13. M. S. Boguski and F. McCormick, Nature 366, 643
(1993).

14. P. Poon, X. Wang, M. Rotman, |. Huber, D. Cassel,
R. A. Singer, G. C. Johnston, unpublished results.

15. J. G. Donaldson, D. Finazzi, R. D. Klausner, Nature
360, 350 (1992); J. B. Helms and J. E. Rothman,
ibid., p. 352.

16. C. Barlowe et al., Cell 77, 895 (1994).

17. R.H. Don, P. T. Cox, B. J. Wainwright, K. Baker, J.
S. Martick, Nucleic Acids Res. 19, 4008 (1991).

18. F. W. Studier, A. H. Rosenberg, J. J. Dunn, J. W.
Dubendorff, Methods Enzymol. 185, 60 (1990).

19. Fully degenerate oligonucleotide primers were pre-
pared on the basis of the amino acid sequences
KFREFL (sense orientation) and NENVLKP (anti-
sense orientation). “.Touchdown” PCR (77) was car-
ried out using rat liver cDNA, and the 0.5-kb product
was radiolabeled and used as a probe to screen arat
liver Uni-Zap cDNA library (Stratagene). The Blue-
Script vector from positive clones was prepared after
in vivo excision, and inserts were sequenced by the
dideoxy chain termination method with an Applied
Biosystems automated sequencer and “‘walking”
primers.

20. PCR was carried out with rat genomic DNA using the
following sense-antisense primer combinations: (i)
288 to 305 and 397 to 418 and (i) 398 to 419 and
486 to 509 (numbering as in Fig. 1A). The exon-
intron structure was determined by comparing the
sequences of the products with that found in cDNA
clone Z6.

21, Coupled in vitro transcription and translation was
carried out with the TNT system (Promega) accord-
ing to the manufacturer’s instructions.

22. Truncated proteins (as well as clone Z5) were ex-
pressed in E. coli under the control of the T7 pro-
moter (78). Different fragments from the coding
region of clone Z6 were generated by PCR cata-
lyzed by the Vent DNA polymerase (New England
Biolabs) with primers containing sites for Nco |
(sense orientation) or Bam HI (antisense orienta-
tion). The fragments were cloned into the pKM260
vector. Proteins were expressed in ADES3 lysogens
of strain BL21 harboring pLysS by induction for 2.5
hours at 37°C in the presence of 0.4 mM isopropyl-
B-D-thiogalactopyranoside. Recombinant proteins
were exclusively localized in inclusion bodies,
which were purified by washing with 1% each of
sodium cholate and NP-40 and were extracted
with 5 M guanidine hydrochloride in 0.1 M phos-
phate buffer (pH 8). The guanidine extracts were
diluted 15-fold with 25 mM MOPS (pH 7.5), which
contained 0.1% hydrogenated Triton X-100. Insol-
uble material was removed by centrifugation, and
2-ul portions of the supernatant and serial dilutions
thereof were assayed for protein concentration and
GAP activity. Similar results were obtained when
inclusion bodies were extracted with the detergent
laurylsarcosine in place of guanidine.

23. Antibodies were raised by injecting rabbits with re-
combinant GAP (residues 1 to 257) in the form of
purified inclusion bodies in complete Freund’s adju-
vant. For booster injections, the inclusion bodies
were solubilized at a concentration of 12 mg/mlin 4
M guanidine-HCI, which contained 0.6% hydroge-
nated Triton X-100, and dialyzed overnight against
phosphate-buffered saline. Serum was prepared af-
ter four injections in incomplete Freund’s adjuvant at
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3-week intervals. Antibodies were affinity-purified by
adsorption to recombinant protein that had been
resolved by SDS-polyacrylamide gel electrophoresis
and blotted onto nitrocellulose paper, and by elution
with 0.1 M triethylamine (pH 11.4).
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Gene Transfer into the Medfly, Ceratitis capitata,
with a Drosophila hydei Transposable Element

Thanasis G. Loukeris, loannis Livadaras, Bruno Arca,
Sophia Zabalou, Charalambos Savakis*

Exogenous functional DNA was introduced into the germline chromosomes of the Med-
iterranean fruit fly (medfly) Ceratitis capitata with a germline transformation system based
on the transposable element Minos from Drosophila hydei. Transformants were identified
as phenotypic revertants of a white-eyed mutation carried by the recipient strain. Clusters
of transformants were detected among the progeny of 390 individuals screened for
germline transformation. Five independent and phenotypically active integration events
were identified, in each of which a single copy of the transposon was inserted into a
different site of the medfly genome. Molecular analysis indicates that they represent
transposase-mediated insertions of the transposon into medfly chromosomes.

The absence of methodology for introduc-
tion of exogenous DNA into the genome of
insects other than Drosophila has been a
serious obstacle to progress in the study of
the molecular genetics of multiple insect
species. In Drosophila melanogaster and relat-
ed species, the P element has been used as
the basis of a transformation system (I).
This system does not, however, function in
non-Drosophila species. Attempts to intro-
duce P in Anopheles and Aedes mosquitoes
have yielded only rare germline transforma-
tion events that represent random integra-
tions of DNA segments including plasmid
sequences, instead of transposase-mediated
insertions of the transposable element alone
(2).

Three transposable elements, unrelated
to P, have been used for germline transfor-
mation of D. melanogaster: hobo from D.
melanogaster, Mariner from D. mauritiana,
and Minos from D. hydei (3, 4). Moreover,
mobilization of hobo transposons from plas-
mids injected into preblastoderm embryos
has been documented in non-Drosophila
species (5). These results, in combination
with evidence that horizontal transmission
of mobile elements across insect orders may
be widespread (6), suggest that transposons
other than P may be useful for germline
transformation of non-Drosophila species.
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Minos, a member of the Tcl family of
transposable elements, was isolated from D.
hydei and is absent from D. melanogaster (7)
and, Ceratitis capitata (8). Like P, hobo, and
Mariner, it belongs to a phylogenetically
heterogeneous class of mobile elements that
have terminal inverted repeats and trans-
pose by means of a DNA intermediate (9).
The transposase encoded by Minos has been
expressed in D. melanogaster (10) and can
catalyze precise insertion of a Minos trans-
poson into D. melanogaster chromosomes in
a manner that can be used for germline
transformation (11).

The Mediterranean fruit fly C. capitata
(Diptera: Tephritidae) is a widespread agri-
cultural pest of many fruit species. The
medfly has been introduced recently into
the New World and is spreading rapidly,
threatening fruit production in North
America (12). The sterile insect technique

(SIT) has been used successfully for medfly
“eradication or control. This method relies

on the decrease in or collapse of fly popu-
lations caused by the release of large num-
bers of sterile insects (13). The ability to
produce transgenic medflies is needed to
improve the SIT (14) and also to advance
knowledge about the molecular genetics of
this insect pest.

In addition to a vector, a second require-
ment for transforming the medfly is an ef-
fective genetic marker for transformation.
Transformation of the medfly with Minos
and other transposable element vectors by
means of a neomycin resistance marker was
unsuccessful (15). In D. melanogaster, dom-
inant eye color genetic markers have been
effective in monitoring transformation. The
medfly homolog of the white gene of Dro-





