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Abstract

The C-terminal domains of the mouse transporter associated with antigen processing (TAP) were expressed as soluble proteins in Prosophila
melanogaster cells and labeled by [a->?P]8-azido-ATP after UV-irradiation. The relative potencies of the nucleotides in preventing azido-ATP labeling
were in the order of ATP > GTP > CTP > ITP > UTP for both the TAP1 and TAP2 C-terminal domains, suggesting ATP to be the natural substrate
of the transporter. Qur data provide the first evidence that the individual C-terminal domain of either TAP1 or TAP2 can be expressed as a functional

ATP-binding protein.
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1. Introduction

TAPI1 and TAP2 are two subunits of the transporter
associated with antigen processing (TAP). They are
MHC-encoded and essential for the antigen presentation
by class I MHC molecules [1-3]. Specifically, TAP trans-
ports antigenic peptides from the cytoplasm to the lumen
of the endoplasmic reticulum [4,5], where the peptides
assemble with the class I MHC heavy chain and f,-
microglobulin before being transported to the cell sur-
face. The hydropathy profiles of TAP1 and TAP2 are
similar, suggesting an N-terminal hydrophobic domain
with possibly six membrane-spanning segments and a
C-terminal hydrophilic domain. The C-terminal do-
mains of TAPl and TAP2 are highly conserved, with
about 60% of their amino acid sequence identical [3]. In
addition, the TAP C-terminal domains are highly homol-
ogous to the nucleotide-binding domains of traffic ATP-
ase or ATP-binding cassette transporters [6-8]. Walker
A and Walker B motifs [9], which are commonly found
in the nucleotide-binding proteins, are also identified in
the TAP1 and TAP2 C-lerminal domains, suggesting
that they may be able to bind nucleotides.

Experimentally, it has been shown that TAP-mediated
peptide-transport is ATP-dependent [4,5]. However,
questions remain whether ATP molecules interact with
TAP directly. Discovery of the nucleotide-binding prop-
erties of the TAP proteins, localization of the nucleotide-
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Abbreviations: TAP, transporter associated with antigen processing;
MHC, major histocompatibility complex; PCR, polymerase chain reac-
tion; SDS, sodium dodecylsulfate; ER, endoplasmic reticulum.

binding sites along the TAP sequences, and illumination
of the tertiary structures of the nucleotide-binding sites
will certainly provide insight into the mechanism of the
ATP-dependent peptide-transport by TAP. In order to
facilitate the study, we expressed the C-terminal domains
of the mouse TAPI and TAP2 in Drasophila melanogas-
ter Schneider cells. Since Schneider cells had been used
to express various mammalian proteins quantitatively in
their functional forms [10], it seemed likely that the C-
terminal domains of TAP1 and TAP2 expressed in
Schneider cells would be in their native configurations.
The nucleotide-binding functions of the TAP C-terminal
domains were investigated with photo affinity labeling of
[*?P]8-azido-ATP. The experiments indicate that both the
TAP1 and TAP2 C-terminal domains are capable of
binding ATP with high affinities. The structures and
functions of TAP will be discussed.

2. Materials and methods

2.1. Construction of the expression vectors

The cDNA fragments coding [or the mouse TAP1 from GIn** to
Asp™ and the mouse TAP2 from Ser'™ to Ala’ were isolated from
their full-length cDNAs [3] using PCR (Polymerase Chain Reaction)
with 7ag polymerase (Perkin Elmer). Both TAP1 ¢cDNA and TAP2
¢DNA have been previously cloned into pRMHa3 {11], which will be
described elsewhere. These plasmids were used as the templates in
PCRs. For isolating TAPL C-domain DNA, the primers used in the
PCR were 5-AAAGAGCTC ATG (CAC), CAG AAG GCT GTG
GGC TCC T-3', which contains a Sacl site followed with the coding
sequence for Met-(His),-Gln-Lys-Ala-Val-Gly-Ser, and 5-GGA-
GAAGAATGTGAGTGTGCATCGA-3, which 13 the sequence of
pRMHa3 downstream of the TAP1 insert. The primers for the TAP2
C-domain were 5-TTTCC ATG GTG (CAC); AGC AAC GTG GGC
GCT GCT-3', which contains an Neel site and the sequence coding for
Met-Val-(His)6-Ser-Asn-Val-Gly-Ala, and 5-GTGCATCGAATTGC-
ATGCCT-3, the sequence of pPRMHa3 downstream of the TAP2 in-
sert. The TAPI DNA fragment generated from PCR was cut with Sacl
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and Safl, and the TAP2 DNA fragment was cut with Ncol and Safl.
They were then ligated into pRMHa3 downstream of the metal-
lathionein promoter. The complete DNA inserts were sequenced with
dideoxynucleotide chain termination method on an ABI 373A DNA
Sequencer {Applied Biosystems, Inc., Foster City, CA). The recombi-
nant plasmid for TAP1 C-domain expression was named pFHIA, and
the plasmid for TAP2 C-domain was pFH2A.

2.2. Protein expression

22 ug of pFHI1A, or pFH2A, was co-transfected with 2 ig phshsneo,
a selection plasmid [12], into 12 x 10° Schneider cells by calcium phos-
phate method [10]. The transfected cells were cultured in Schneider
medium (GIBCO/BRL) including 5% fetal bovine serum and 500 ug/mt
of Geneticin (G418, GIBCQO/BRL). The stable transfectants were se-
lected and maintained in the presence of G418 at all time. Expression
of the domain proteins was induced by adding CuSO, into the culture
medium to the final concentration of 0.7 mM for 24 h.

2.3, Immuno-blor

After 24-h induction with CuSO,, about 1000 Schneider cells were
collected and lysed by suspending in 2 x SDS Sample buffer [13] fol-
lowed by incubation at 95°C for 5 min. The prestained molecular
weight markers (Bio-Rad) were used to ealibrate the molecular masses
of the proteins of interest. The proteins were separated on a 12.5%
SDS-polyacrylamide gel and transferred electrophoretically to a BA-S
85 nitrocellulose filter (Schleicher and Schuell). The blotted filter was
incubated either with the anti-TAP1 antiserum [3,14] or the anti-TAP2
antiserum [15,16]. The immunopositive proteins were visualized with an
alkaline phosphatase-conjugated goat anti-rabbit Ig G (Calbiochem,
La Jolla, CA).

2.4. Photo affinity labeling

After 24-h induction with CuSQ,, the Schneider cells were collected,
washed twice with Dulbecco’s phosphate-buffered Saline Solution
(Irvine Scientific) and then suspended in the ice cold labeling buffer (100
mM Tris-HCI, pH 7.4, 10 mM MgCl,, 5 mM Na,EDTA, 200 mM
phenylmethylsulfonyl fluoride, 0.5 ug/ml leupeptin). Thereafter, the
process was carried out at below 4°C. The cells were homogenized and
centrifuged at 100,000 X g for 30 min. The supernatant was equally
aliquated, for each set of the labeling reactions, into the wells of a
flat-bottom 24-well plate. Approximately, 5 x 10° cells were used for
each labeling reaction. The final reaction volume was brought to 400
1 with the labeling buffer, including various concentration (0, 50. 200,
500, or 1000 uM) of ATP, GTP, ITP, UTP, or CTP, and 2, or 4 uM
of [x-**P]8-azido-ATP (ICN, specific activity 8.59 Ci/mmo). ATP, GTP,
ITP, UTP and CTP were purchased from Sigma as sedium salts. The
stock solutions of the nucleotides (100 mM) were all adjusted to pH 7.0
with NaOH and then diluted into the labeling mixtures to the desired
concentrations. The reaction plate was kept shaking gently in the dark
for 2 min. The labeling reactions were then started by irradiating the
reaction mixtures with short-wavelength ultraviolet light from a hand-
held UV lamp (254 nm, UVSL-25, Ultra-Violet Products, Inc., San
Diego, CA), which was kept parallel with the plate at 2.5 cm distance.
During the UV-irradiation, the reaction plate was kept gently rotating
horizontally. 20 min later, the reactions were stopped by remove the UY
light and adding 4 ul of 5 mM dithiothreitol into each reaction mixture.
The domain proteins in the reaction mixtures were immuno-precip-
itated with either the anti-TAP1 antiserum or the anti-TAP2 antiscrum.
The precipitated proteins were dissolve in 2 x SDS sample buffer [13],
heated at 95°C for 5 min and electrophoretically separated on 10-15%
SDS-polyacrylamide gradient gels. The gels were fixed, dried and ana-
lyzed by autoradiography. The extent of radicactive labeling to the
TAP C-domain proteins on the gels was also quantified by Phosphor-
Imager Scanner (Molecular Dynamics, Inc. Sunnyvale, CA} and ana-
lyzed with software ImageQuant (Molecular Dynamics, Inc).

3. Results

3.1. Expression of the C-terminal domains of TAP! and
TAP2
The C-terminal domains of TAP1 and TAP2 are de-
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Fig. 1. Linear schemes of the C-terminal domains of mouse TAP]
(C-TAP1) and TAP2 (C-TAP2). The amino acid residues are presented
with the single-letter amino acid codes. The numbering corresponds to
the amino acid residues in the mouse full-length TAP1 and TAP2
sequences [3]. The Walker A and Walker B motifs [9} were indicated
in both C-TAP1 and C-TAP2 by underlining the sequences. The recom-
binant C-TAP! contains the mouse TAP1 sequence from Q445 to D724
and C-TAP2 contains the mouse TAP2 from S434 (o A702. Secondary
siructure prediction with the Chou-Fasman algorithm suggests a typi-
cal nucleotide-binding folding, alternating S-strands and a-helices [18],
located in TAPI (between amino acids 490 and 690) and TAP2 (be-
tween amino acids 480 and 680).

fined based on the hydropathy analyses of the amino
acid sequences [3]. For mouse TAP1, the C-terminal do-
main starts from GIn*¥, and for mouse TAP2, at Ser***
(Fig. 1). These C-terminal domains have high degrees of
sequence homology to the nucleotide-binding domains
of traffic ATPase or ATP-binding casselte transporters
[17] and contain the sequence of about 200 amino acid
residues where the predicted secondary structures arc
typical of a nucleotide-binding fold [18]. In addition,
Walker A and Walker B motifs [9], found in many nu-
cleotide-binding proteins, were also identified in these
demains (Fig. 1). It is, therefore, hypothesized that each
C-terminal domain of TAP forms a nucleotide-binding
domain. In order to test this hypothesis, the DNA frag-
ments coding for the entire mouse TAP1 and TAP2
C-terminal domains (Fig. 1) were inserted into an expres-
sion plasmid, pRMHa3 [11] and transfected into Droso-
phila melanogaster cells. The expression of the TAP
C-terminal domains was under the control of a metal-
lothionein promoter and can be induced by Cu?*.

The expression of the recombinant TAP1 and TAP2
C-terminal domains was detected with immuno-blotting.
As shown in Fig. 2, two proteins from the cells trans-
fected with the TAPI C-terminal domain expression
plasmid were found positive to the anti-TAPI antiserum
and were labeled as C-TAPI (~31 kDa) and sC-TAPI (~27
kDa). These two proteins were not found in the Schnei-
der cells either not transfected or transfected only with
the TAP2 C-terminal domain expression plasmid (data
not shown). When the lysate prepared from the TAPI
C-terminal domain transfectants was applied on to a
Ni-NTA agarose column [19], only the 31-kDa C-TAPI
protein was retained by the column, while the 27-kDa
sC-TAP! protein was washed out of the column without
binding (data not shown). This suggests that the (His),-
tag at the N-terminus of the recombinant TAP! C-de-
main (see section 2) is intact in the 31-kDa C-TAPI
protein, but missed from the 27-kDa sC-TAPI protein.
By examining the TAP1 cDNA sequence, it is concluded
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that both the proteins were derived from the TAP1 C-
terminal domain DNA construct. The C-TAPI protein
was translated from the first initiation codon, while the
sC-TAP1 protein was translated from an internal
methionine codon, cortesponding to Met*”® of mouse
TAPI sequence [3]). Compared to the TAP1 C-terminal
domain transfectants, only one immuno-positive pro-
tein, labeled as C-TAP2 in Fig. 2, was identified in the
TAP2 C-terminal domain transfectants by the anti-
TAP2 antiserum. This protein was not detected in the
untransfected Schneider cells and the TAP1 C-terminal
domain transfectants. The size of the protein is about 30
kDa on the immuno-blot, and comparable to the size
predicted from the amino acid sequence of the recombi-
nant TAP2 C-terminal domain protein. The recombi-
nant C-terminal domain proteins of TAP1 and TAP2
were expressed in the cytoplasm of the Schneider cells,
which was confirmed with immuno-fluorescent staining
{data not shown). In agreement with the physical nature
of their amino acid sequences, the recombinant C-termi-
nal domain proteins were found to be water soluble. The
vields of C-TAP1 and C-TAP2 proteins were estimated
to be around 2 mg per liter.

3.2, Azido-ATP labeling of the proteins

It is very likely that these soluble C-terminal domain
proteins retain their native tertiary structures, because
Blue-sepharose, a resin that binds many nucleotide-bind-
ing proteins [20], retained the C-terminal domain pro-
teins (data not shown), indicating possible nucleotide-
binding functions of the recombinant proteins expressed
in the Schneider cells. To investigate this possibility,
photo affinity labeling with [**P]8-azido-ATP, a method
that has been used widely in studying various ATP-bind-
ing proteins, including many members in the traffic
ATPase transporter superfamily [21-24], was used here.

Proteins in the supernatant fractions prepared from
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Fig. 2. Expression of the Recombinant C-terminal Domains of TAP1
and TAP2. Proteins from Schneider cells transfected with no plasmid
(lane 1 and 3), or with plasmid pFHI1A (lane 2), ar pFH2A (lane 4),
were immuno-blotted with either the anti-TAP] antiserum (lane 1 and
2), or the anti-TAP2 untiserum (lane 3 and 4). The expressed recombi-
nant proteins are indicated on the left side of the figure as C-TAPI,
sC-TAP! and C-TAP2. On the right side, protein standards are local-
ized and expressed in kilodalton (kDa).
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Fig. 3. Photo Affinity Labeling of the TAP C-terminal Domain Proteins
with 8-Azido-ATP. Proteins from the Schneider cells transfected with
pFHIA (A), or pFH2A (B) were labeled with {a-*P]8-azido-ATP as
described in section 2. The labeling reaction was carried out in the
absence (lane 1), or presence of | mM ATP (lane 2), GTP (lane 3), ITP
(lane 4), UTP (lane 5), or CTP (lane 6). The proteins were immuno-
precipitated either with the anti-TAP] antiserum (A) or anti-TAP2
antiserum (B). The radioactive bands corresponding to the recombi-
nant TAP C-domain proteins were marked on the left side of the figure.
It seems that in the presence of 1 mM CTP (lane 6), sC-TAPI and
C-TAP2 were not radioactively labeled. However, prolonged exposure
of the gel revealed some labeling to sC-TAP1 and C-TAP2 in the
presence of 1 mM CTP. A very low density band is visible in the lane
2 (A). It is believed that the radioactivity found in the lane 2 is from
the lane 1, since in other experiments, the labeling to C-TAP| was
completely blocked by ATP at 500 mM, e.g. the experiment described
in Fig. 4.

the transfectant homogenates were UV irradiated in the
presence of 2 uM [*?P]8-azido-ATP and immuno-precip-
itated with either the anti-TAP] antiserum or the anti-
TAP2 antiserum. The immuno-precipitates were ana-
lyzed by SDS-polyacrylamide gel electrophoresis and the
labeling to the proteins was visualized by autoradiogra-
phy. Two radioactive bands with the expected molecular
masses for C-TAP1 and sC-TAP1 were detected in the
C-TAPI transfectants (Fig. 3, panel A, lane 1), and one
with the size of C-TAP2 was detected in the C-TAP2
transfectants (Fig. 3, panel B, lane 1). These three bands
were only found in the transfectants that had been in-
duced with CuSO,, but not in the non-induced transfec-
tants (data not shown). The labeled proteins were further
eluted from the dried gel slices and analyzed with im-
muno-blotting to confirm their identities. The two la-
beled proteins from the C-TAP1 transfectants were rec-
ognized by the anti-TAP1 antiserum, and the labeled
30-kDa protein from the C-TAP2 transfectants was rec-



340

100%

50% -

0 100 200 300 400 500

100%

50%

0%
0 100 200 300 400 500

TS |

Fig. 4. Inhibition of the 8-Azido-ATP labeling to the C-TAP1 Protein
(A) and the C-TAP2 Protein (B) by Nucleotides. Proteins were labeled
with [o-**P]8-azido-ATP (4 4M) in the presence of a various concentra-
tion (0, 50, 200, or 500 uM) of ATP (diamonds), GTP (squares), or ITP
(triangles) as described in section 2. The radioactivity associated with
the C-TAPI and C-TAF2 on SDS-polyacrylamide gels was gquantified
by Phosphor-lmager Scanner and presented here on the Y-axes as the
percentage labeling.

ognized by the anti-TAP2 antiserum (data not shown),
which support that these three labeled proteins are in-
deed the recombinant TAP C-terminal domain proteins.
Under the same experimental conditions, the intact
TAPI and TAP2 [rom RMA cells were also labeled by
[**P]8-azido-ATP (data not shown).

When 1 mM ATP, or GTP, was included in the label-
ing reaction mixtures, the labeling to the recombinant
C-TAPI1, sC-TAP1 and C-TAP2 proteins was almost
completely blocked (Fig. 3, lunes 2 and 3), whereas in the
presence of | mM ITP, UTP, or CTP, the labeling to the
proteins was only partially inhibited (lanes 4, 5 and 6 of
Fig. 3). The findings that the labeling to the domain
proleins occurred at a micromolar concentration of 8-
azido-ATP (2 ¢gM), and ATP and GTP can efficiently
inhibit the labeling suggest that 8-azido-ATP was tar-
geted to the nucleotide-binding sites of the protcins. It
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was concluded that the recombinant TAP1 and TAP2
C-terminal domain proteins expressed in Drosaphila cells
retain the nucleotide-binding sites and these sites have
higher affinitics for ATP and GGTP than for ITP, CTP,
and UTP.

3.3. The nucleotide binding specificity of the TAP
C-terminal domains

A similar pattern of the labeling inhibition by the nu-
cleotides was observed for the TAP1 and TAP2 C-termi-
nal domains. It seems that ATP and GTP are the most
potent inhibitors, CTP and I'TP the second, and UTP the
least potent inhibitor. However, it was not clear whether
both the TAP1 and TAP2 nucleotide-binding sites prefer
ATP over GTP, or GTP over ATP, or one site prefers
ATP while the other prefers GTP. To further delineate
the nuclectide specificity of the nucleotide-binding site
within each TAP C-terminal domain, the labeling reac-
tion was carried out in the presence of a various concen-
tration (0, 30, 200, or 500 uM) of ATP, GTP, or ITP. The
extent of the labeling to each domain protein was quan-
tified and compared with the labeling of the same protein
without any inhibitory nucleotide added to the reaction.
The data were summarized in Fig. 4. For both TAP1 and
TAP2 C-terminal domain proteins, ATP is the most po-
tent inhibitor of the labeling among the nucleotides
tested, with the 50% inhibition of the labeling at about
40 to 50 uM of ATP, whereas, the 50% inhibition was
achieved by GTP at about 200 uM. In comparison with
ATP and GTP, ITP is not efficient in preventing the
domain proteins {rom labeling by 8-azido-ATP. In sum-
mary, the relative potencies of the nucleotides in block-
ing azido-ATP labeling to the recombinant TAPI and
TAP2 C-terminal domain proteins were in the order of
ATP > GTP > CTP > ITP > UTP. Assuming that the
mhibitory nucleotides compete with 8-azido-ATP at the
same nucleotide-binding site within each domain pro-
tein, the potency of the nucleotides in preventing the
labeling should correlate with their affinity for the nucle-
otide-binding site of the protein. The data indicate that
ATP binds to both TAP1 and TAP2 nucleotide-binding
sites with the highest affinity, suggesting that ATP is the
natural ligand, or the substrate for TAP1 and TAP2.

4. Discussion

It is concluded from this study that both TAP1 and
TAP2 contain an ATP-binding site within their C-termi-
nal domains. Although their sequences are not identical,
the two C-terminal domains were found to have a same
nucleotide-binding specificity. This nucleotide specificity
was also observed in other traffic ATPase transporters,
such as MalK protein [21,23] and P glycoprotein [22],
suggesting similarities in their tertiary structures. How-
ever, the TAPl and TAP2 C-terminal domains might
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have functional differences. They might alternately bind
and hydrolyze ATP molecules in the catalytic cycle of the
functional TAP1 and TAP2 heterodimer. Alternatively,
the two C-terminal domains might regulate the peptide-
transport function of TAP differently through their con-
formational changes during the ATP-binding and hy-
drolysis, the phosphorylation of their residues by protein
kinases or by interacting with other ER membrane pro-
teins and the proteins from the cytosol, such as chaper-
one proteins (Y.Y. and P.A P., unpublished data).

A common tertiary structural model has been pro-
posed for the ATP-binding domains in the traffic ATP-
ase transporter superfamily [25]. However, crystal struc-
tural information has not been obtained for any of the
ATP-binding domains of the traffic ATPase trans-
porters. The intact TAP proteins expressed in Schneider
cells were found to transport peptides in an ATP-de-
pendent manner (data not shown), indicating the TAP1
and TAP2 are functional, but their expression levels were
very low comparing to that of the C-terminal domain
proteins. The low expression levels of intact TAP pro-
teins are likely due to their ER membrane localization as
indicated by immuno-fluorescent staining (data not
shown). We have attempted to purify the intact TAP
proteins from Schneider cells, but it has been difficult to
purify the intact TAP proteins. In contrast, the TAP
C-terminal domains were expressed as soluble proteins
quantitatively (about 2 mg per liter) in Schneider cells
and their purification would be much easier. Recently,
the TAP C-terminal proteins have been purified by
chromatography (data not shown) to the quantities suffi-
cient for the X-ray crystallography and NMR study.

Acknowledgements: We thank James Chambers for oligonucleotide
synthesizing and DNA sequencing.

References

[1] Attaya, M., Jameson, J., Martinez, C K., Hermel, E., Aldrich, C.,
Forman, J., Lindahl, K.F., Bevan, M.J. and Monaco, J.1. (1992)
Nature 355, 647-649

[2] Spies, T., Cerundalo, V., Colonna, M., Cresswell, P., Townsend,
A. and DeMars, R_ (1992) Nature 355, 644 646

341

[3] Yang, Y., Frih, K., Chambers, J., Waters, .M., Wu, L., Spies,
T. and Peterson, P.A. (1992) J, Biol. Chem. 267, 11669-
11672

[4] Shepherd, 1.C., Schumacher, T.N.M., Ashton-Richardt, P.G,,
Imaeda, S., Ploegh, H.L., Janeway Jr., C.A. and Tonegawa, S.
(1993) Cell 74, 577-584

[5] Neefjes, J.J., Momburg, F. and Himmerling, G.J. (1993) Science
261, 769-771

[6] Chen, C.J., Chin, J., Ueda, K., Clark, D.P. Pastan, I., Gottesman,
M.M. and Roninson, L.B. (1986) Cell 47, 381-389

{71 Riordan, J.R., Rommens, J.M., Kerem, B.-S., Alon, N., Roz-
mahel, R., Grzelezak, Z., Ziclenski, 1., Lok, S., Plavsic, N., Chou,
J.-L., Drumm, M.L_, lannuzzi, M.C, Collins, F.S. and Tsui, L.-C.
(1989) Science 245, 1066-1073

{8] McGrath, J.P. and Varshavsky, A. (1989) Nature 340, 400404

[9] Walker, J.E., Saraste, M., Runswick, M.J. and Gay, N.J. {1982)
EMBO J. 8, 945-951

[10] Jackson, M.R., Song, E.S., Yang, Y. and Peterson, P.A. (1992)
Proc. Natl. Acad. Sci. USA 89, 12117-12121

[11] Bunch, T.A., Grinblat, Y. and Goldstein, L.S.B. (1988) Nucleic
Acids Res. 3, 1043-1061

[12] Steller, H. and Pirrotta, V. (1985) EMBO J. 4, 167-171

[13] Laemmli, U K. (1970) Nature 227, 680-685

[14] Friih, K., Yang, Y., Arnold, D., Chambers, J., Wu, L., Waters,
J.B., Spies, T. and Peterson, P.A. (1992) J. Biol. Chem. 267, 22131
22140

[15] Schumacher, T.N.M., Kantesaria, D.V., Heemels, M.-T., Ashton-
Rickardt, P.G., Shepherd, J.C., Fruh, K., Yang, Y., Peterson,
P.A., Tonegawa, S. and Ploegh, H.L. (1994) J. Exp. Med. 179,
533-540

[16] Sub, W.-K., Cohen-Doyle, M.F., Fruh, K., Wang, K., Peterson,
P.A. and Williams, D.B. (1994) Science 264, 1322-1326

[171 Higgins, C.F. (1992) Annu. Rev. Cell Biol. 8, 67-113

[18] Rossman, M.G. and Argos, P. {1981) Annu, Rev. Biochem. 50,
497-532,

[19] Janknecht, R., de Martynoff, G., Lou, J., Hipskind, R. A., Nord-
heim, A. and Stunnenberg, H.G. (1991) Proc. Natl. Acad. Sci.
USA 88, 8972-8976

[20] Stcllwagen, E., Cass, R., Thompson, S.T. and Woody, M. (1975)
Nature 257, 716-717

[21] Hobson, A.C., Weatherwax, R. and Ames, G.F.-L. (1984) Proc.
Natl. Acad. Sci. USA 81, 7333-7337

[22] Cornwell, M. M., Tsuruo, T., Gottesman, M.M. and Pastan, 1.
(1987) FASEB J. 1, 51-34

[23] Walter, C., zu Bentrup, K.H. and Schneider, E. (1992) J. Biol.
Chem. 267, 8863 8869

[24] Kuchler, K., Dohlman, H.G. and Thomer, J. (1993) J. Cell Biol.
120, 1203-1215

[25] Hyde, S.C., Emsley, P., Hartshorn, M.J., Mimmack, M.M., Gi-
leadi, U., Pearce, S.R., Gallagher, M.P.. Gill, D.R ., Hubbard, R.E.
and Higgins, C.F. (1990) Nature 346, 362-369



