kov counts of excised zones, averaged 0.5
percent in four experiments, with a range of
0.16 to 1.0 percent.

STobRV RNA does not have detectable
messenger activity (27). Its nucleotide se-
quence nevertheless has several functions: it
serves as a template for transcription into
RNA; it undergoes autolysis; and it is en-
capsidated. STobRV RNA greatly reduces
the yield of TobRV and the severity of
symptoms that TobRV alone induces. Be-
cause of these multiple functions, probably
less than the entire nucleotide sequence of
dimeric STobRV RNA is necessary for the
autolysis reaction alone.
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HTLV-III gag Protein Is Processed in Yeast
Cells by the Virus pol-Protease

R. A. KRAMER, M. D. SCHABER, A. M. SKALKA, K. GANGULY,

F. WoNnG-St1AAL, E. P. REDDY

The gag-pol gene of HTLV-III (human T-lymphotropic virus), the virus linked to
AIDS (acquired immune deficiency syndrome), was expressed in yeast, and processing
of the gag precursor into proteins of the same size as those in the virion was observed.
Processing of the gag gene in yeast cells mimics the process that naturally occurs in
mammalian cells during maturation of virions. Therefore it was possible to perform
mutational analysis of the virus genome to localize the gene that codes for the protease
function to the amino terminal coding region of the pol gene. Since this region overlaps
the gag gene, it is likely that ribosomal frameshifting occurs from gag to pol.
Antibodies in all of the AIDS patients’ sera tested recognized the yeast synthesized gag
proteins, although the sera showed differences in relative reactivity to the individual
gag proteins and the precursor. This yeast system should be valuable not only for
production of viral proteins for diagnostic or vaccine purposes but also for analysis of
the genetics and biochemistry of viral gene functions—parameters that are difficult to

study otherwise with this virus.

HE RETROVIRUs HTLV-III AND

the closely related variants of this

virus, LAV and ARV, are the caus-
ative agents of the disease acquired immune
deficiency syndrome (AIDS) (1). Molecular
cloning and nucleotide sequence analysis of
HTLV-III and its variants have demonstrat-
ed that this viral genome exhibits many of
the structural features of the avian and mam-
malian retroviruses. Thus, the viral genome
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contains the three genes (gag, pol, and env)
characteristic of all retroviruses (2). In addi-
tion, the HTLV-III genome contains two
short open reading frames whose functions
are unknown (2).

One of the viral genes, gag, encodes a
precursor which is processed into core pro-
teins during virion maturation. From DNA
sequence data and analysis of isolated viral
proteins, the HTLV-III gag precursor is

about 56 kD and is processed into species of
approximately 24, 16, and 14 kD (2) (Fig.
1A). The protease responsible for this pro-
cessing is typically encoded by the retroviral
genome. It is included in the 3’ end of the
Jag gene in avian retroviruses and in the 5’
end of the po/ gene in mammalian viruses
(3). In Moloney murine leukemia virus
(MuLV), the protease is a gag-pol read
through product (4) and, for Rous sarcoma
virus (RSV), a gag-pol fusion protein is
produced by a frameshift between overlap-
ping reading frames (5). A therapeutic agent
that could inhibit this protease might block
virus spread. It is, therefore, important to
identify the region of the HTLV-III
genome that encodes this protease and to
develop in vivo and in vitro systems in
which the proteolysis of the gag gene pre-
cursor can be studied. Our results show that
the processing reaction is carried out very
efficiently in yeast cells and suggest that the
yeast system may be used for the develop-
ment of inhibitors of this process. We have
illustrated the utility of the system by map-
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ping the protease region by functional anal-
ysis in yeast. In addition, the gag proteins
made in yeast react with antibodies in sera
from a number of AIDS patients and, thus,
could also provide useful diagnostic and
perhaps vaccine reagents.

To construct plasmids for gag gene
expression in yeast, a 3.8-kb Cla I-Eco RI
fragment of HTLV-III proviral DNA from
A HXB-3 (6) was inserted into a yeast
expression vector PYE72 (7) (Fig. 1). The
yeast promoter and translation initiation site
of this vector are contained in a 560-bp Bam

HI-Aha III restriction fragment derived
from the gene for repressible acid phospha-
tase, PHOS (8, 9). Ligation of the Aha III
end of the PHOS fragment to the Cla I end
of HTLV-III fragment fused the promoter
and first two codons of PHOS to the 15th
codon of gag (Fig. 1). Yeast cells (10)
transformed with the resulting plasmids,
PYE72/gagl were induced by depletion of
phosphate in growth medium (11) and ex-
tracts of the cells were analyzed for the
presence of gag-specific proteins by immu-
noblot analysis with rabbit polyclonal anti-
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Bam HI Aha lll Pst | Eco RI Cla | BgIJlI ?cl ] Eco. RI
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" Aha n: Ao Cla |
ACCA ATG AAA ATG GAT|CGA TGG
TGGT TAC AAA|TTT --CTA GC[r ACC
Met Phe Lys Asp Arg Trp
Bam HI-Aha Il Clal
Isolate 560bp fr Klenow
Eco RI
te 3900bp fr
Ligate
Bam HI-Eco RI
Bam HI Bgl Il Pcl | Eco RI

ACCA ATG TTT CGA TGG
Met Phe Arg Trp

Fig. 1. (A) Map of AHXB-3. The major open reading frames are shown as striped arrows.
Bacteriophage A DNA is indicated by wavy lines, genomic DNA by solid lines, and HTLV-III DNA by
an open line. The gag region is expanded to show the precursor (p56) and the processed products (p24,
pl6, and pl4). (B) Construction of yeast expression plasmids. The construction of the gag expression
plasmid pYE72/gag1 is described in the text. A deletion that removed the COOH-terminal portion of
479 and all of pol was made by digesting pYE7/gag1 with Bam HI and Bgl II and isolating the PH05 gag
fragment. This was converted to a Bam HI to Eco RI fragment by ligation of the 375-bp Bam HI-Eco
RI fragment from pBR322 to the Bgl II site through the identical 5" overhangs of Bgl II and Bam HI
Insertion of this fragment into pYE? yielded PYE72/gag2. Another mutation was introduced at the
Bl I'site in the pol gene just downstream of gag. Since Bcl I does not cut methylated DNA, pYE72/gag1
was introduced into E. coli GM119 (14), and unmethylated DNA was prepared with E. cols GM119 (14)
as host and digested with Bcl I. The 5’ overhang was filled in with Klenow fragment as above and the
plasmid recircularized by blunt-end ligation. The resulting plasmid with a 4-bp insert at the Bcl I site
designated pYE72/gag3.
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serum to disrupted virus (Fig. 2). Several
reacting species were seen in the extract
from induced cells (lane 2), but not unin-
duced cells (lane 1). As would be expected,
the vector with no gag gene showed no
detectable reaction after induction. The ma-
jor immunoreactive protein produced by the
induced pYE72/gag1 seemed to correspond
in size to the HTLV-III p24 gag protein
identified in virions and predicted from the
DNA sequence (Fig. 1A). Less reactive spe-
cies of the sizes expected for the pl4 and
pl6 proteins were also detected as well. A

1 2
68 kD =
i == D56
43 kD =
25 KD ==
R—
— 024
18 kD ==
- D16
14 KD = sepia

Fig. 2. Immunoblot analysis of yeast lysates. Yeast
cells were grown, induced in phosphate-free me-
dium, and lysed as described (11). Samples of the
lysates were fractionated by sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-
PAGE) and electrophoretically transferred to ni-
trocellulose membranes (15). The resulting im-
munoblots were developed by reacting with rab-
bit antibodies to total disrupted HTLV-III virus
and developed (16). Lysates were from- (1) cells
with pYE72/gagl grown in high-phosphate me-
dium and (2) cells with pYE72/gagl grown in
phosphate-free medium. The indicated molecular
markers were used to estimate the sizes of the
reactive bands. A separate comparison with virus-
derived proteins demonstrated that the 24-, 16-,
and 14-kD proteins had the same electrophoretic
mobilities.
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Fig. 3. Processing of the gag polyprotein. Yeast
cells transformed with pYE72/gag1 were induced
in phosphate-free medium for, 6 hours, then la-
beled with either [*S]methionine, or [*2P]phos-
phate. For the [**S]methionine pulse-chase ex-
periment, 500 p.Ci of [**S]methionine was added
to the culture medium. After a 2-minute labeling
period, unlabeled methionine was added. At in-
tervals, the cells were harvested, lysed,-and pro-
cessed by immunoprecipitition with rabbit anti-
body (16), and the lysates were analyzed by SDS-
PAGE and autoradiography. “Chase” times were:
lane A, 0 minutes; lane B, 2 minutes; lane C, 5
minutes; lane D, 10 minutes; lane E, 20 minutes;
lane F, 30 minutes; and lane G, 45 minutes. For
the 3P labeling, 1 mCi of [*P]phosphate was
added to the culture medium. Labeling was con-
tinued for 30 minutes at 30°C; the cells were
harvested and the lysates were processed for
immunoprecipitation as described above. Lysates
were from: lane H, cells containing pYE72/gag1;
lane I, cells containing a similar plasmid with no

g4 gene.

larger protein of about 56 kD, the size
expected for the entire gag precursor, as well
as several species of about 40 kD, that might
represent processing intermediates, were
also seen.

Production of viral-specific proteins was
followed in a “pulse-chase” experiment with
[*°S]methionine. It was not possible to re-
move all the labeled methionine from the
intracellular pool because of the large
amount of label used. However, the results
(Fig. 3) showed that the larger species (56
kD and 40 kD) acquiré radioactivity at the
earliest time measured, and the absolute
amount of label in this fraction remains
constant until the latest time point. With
increased time, proportionately more of the
radioactivity accumulates in smaller “pro-
cessed” molecules. An identical processing
event appears to take place in HTLV-III
infected human cells, since the COOH-
terminal sequence of p24 and the NH,-
terminal sequence of plé determined by
direct analysis of viral proteins are separated
by about 1 kD in the amino acid sequence of
the gag precursor predicted from the DNA
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sequence. A protein of about 25 kD, also
seen in the previous experiment, was detect-
ed before p24 and thus may be its immedi-
ate precursor. A protein migrating as expect-
ed of pl6 was also detected in yeast. The
pl4 region of gag has no methionine; thus
our failure to detect this protein supports its
proposed origin.

Phosphorylation of the gag proteins made
in yeast was examined after growth of cells
in low-phosphate medium containing
[*2P]phosphate. The results of gel analysis
of labeled proteins immunoprecipitated
with rabbit HTLV-III antibodies are shown
in Fig. 3..The 56-kD, the faster migrating of
the 40-kD intermediates, the 25-kD, 24-kD,
and the 16-kD species all were radioactive.
No radioactivity was seen at the position of
the 14-kD band when a higher percentage
gel was run. Thus, the p24 and pl6 gay
proteins appear to be phosphorylated in
yeast.

The presence of a Bgl II site near the
COOH-terminal coding region of the gag
gene provided a way to eliminate about half
of the p16 coding region as well as most of
the pol gene present in the 5.5-kb Eco RI
fragment (see Fig. 1A). The COOH-termi-
nal part of the gag polyprotein or the NH,-
terminal region of pol encodes a processing
protease in many retroviruses (3). The prod-
uct formed by the truncated gag gene is
shown in Fig. 4, A and B (lane 2). The
major immunoreactive protein band migrat-
ed as approximately 48 kD, the size expected
for the unprocessed polyprotein from the
Bgl II deletion (Fig. 1A). As expected from
the location of the deletion, no pl6é was
detected. The absence of p24 indicates that
processing of the polypeptide is defective.
This defect could reflect elimination of the
protease or a change in the conformation of
the precursor which masks potential cleav-
age sites. To distinguish between these two
possibilities and to examine the role of the
pol coding region in the processing of the
Jayg precursor, we introduced a frameshift
mutation in the 5’ end of the pol gene in
PYE72/gag] at a Bc 11 restriction site locat-
ed just downstream of the stop codon of the
g9 gene (Fig. 1). Digestion with Bl I,
followed by filling in the overhang and
again ligating the plasmid, introduced a 4-
bp insert that caused a frameshift in the pol
reading frame (Fig. 5). The products of this
plasmid are shown in Fig. 4, A and B (lane
3). The major immunoreactive protein band
was about 56 kD and comigrated with the
presumptive precursor protein seen in the
cells with induced pYE72/gag1. Thus, this
mutation also appears to prevent processing
of the gag precursor. It has recently been
noted (2) that the amino acid sequence of
the pol region just upstream of the frameshift

Rid oiais BEgriiaras
68 kb -
dvy‘.
43 kD= —
g
s
- 25 kD -
e s
= 18.KD/. =
— 14 kD -

Fig. 4. Immunoblot analysis of gag mutations.
Samples were prepared as for Fig. 2. The immu-
noblots were developed with rabbit antibodies to
disrupted HTLV-III (A) or with serum from an
AIDS patient (B). Lysates were from induced
cells with (lane 1) pYE72/gagl; (lane 2) pYE72/
g452; and (lane 3) pYE72/gag3.

mutation (Fig. 5) is homologous with other
retroviral gag proteases and other pepsin-
related proteases (12). Thus, it appears likely
that the gag protease of HTLV-III is en-
coded in this region. The overlap of the gag
and pol genes in differerit reading frames
suggests that a frameshift gives rise to a gag-
pol fusion with protease activity. Such a
fusion product is expected to be 170 kD in
size (2). Although a splicing event leading to
translation of the pol gene. carinot be ruled
out, this seems likely in light of the failure of
most splices from higher eukaryotic messen-
ger RNA’s to take place in yeast. A small
amount of an approximately 68-kD protein
was observed. It seems probable that this
represeénts a frameshift-readthrough into pol
that is terminated near the filled ini Bcl I site.
Our failure to detect this precursor previ-
ously may have resulted from rapid self-
cleavage of the frameshift product when it
included an active protease domain. Fur-
thermore, studies with other retroviruses (5)
have demonstrated that the ratio of gag-pol
fusion protein to gag protein is 1:20 and
such a quantity would not be detectable by
our assay.

Immunoblots of lysates of yeast cells ex-
pressing the gag proteins developed with
serum of individual AIDS patients are
shown in Fig. 6. A sample of normal human
serum showed no reactivity. All sera con-
tained some antibodies to gag proteins al-
though there were significant qualitative
and quantitative variations between pa-
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tients. Interestingly, the sera from patients
on the East Coast generally reacted more
strongly with the mature species, p24, p16,
and pl4, whereas the sera from patients on
the West Coast seemed to recognize the
precursor preferentially.

A few sera contained antibodies to several
proteins not detected by the rabbit antise-

BgllIl

1 GAGAGACAGGCTAATTTTTTAGGGAAGATCTGGCCTTCCTACAAGGGAAGGCCAGGGAATTTTCTTCAG

rum to HTLV-III, most noticeably at about
60 kD and 35 kD. Since the same proteins

‘were detected in an extract from yeast cells

without the gag gene, it could be that they
are yeast proteins recognized by antibodies
in AIDS patient sera. However, most of the
bands, including some larger than 56 kD,
are only seen in extracts from cells with the

&9

gag - GluArgGlnAl aAsnPheleuBGlylLysIleTrpProSer TyrLysGl yArgProGl yARsnPhelLeuGln

pol -

70

AGCAGACCAGAGCCAACAGCCCCACCATTTCTTCAGAGCAGACCAGAGCCAACAGCCCCACCAGAAGAG

PhePheArgGluAspleuAl aPheleuGlnGl yLysAl aArgGluPheSerSerG

138

Ser ArgProGluProThrAl aProProPheleuGlnSer ArgProGluProThrAl aProProGluGlu
1uGlnThrArgAl aAsnSerProThrIleSerSerGluGl nThrArgAl aAsnSerProThrArgArgG

139

AGCTTCAGGTCTGGGGTAGAGACAACAACTCCCCCTCAGAAGCAGGAGCCGATAGACAAGGAACTGTAT

207

SerPheArgSerGlyValGluThr Thr ThrProProGlnlLysGlnGluProlleAsplLysGluleuTyr
lulLeuBlnVal TrpGl yArgAspAsnAsnSerProSerGluAl aGl yAl aAspArgGlnGlyThrvals

208

CCTTTAACTTCCCTCAGATCACTCTTTGGCAACGACCCCTCGTCACAATAAAGATAGGGGGGCAACTAA 276

ProLeuThrSerlLeuArgSerlLeuPheGl yAsnAspProSerSerGln .
erPheAsnPheProGlnlIleThrLeuTrpGlnArgProLeuVal ThrIlelysIleGlyGlyGlnLeul

277

AGGAAGCTCTATTAGATACAGGAGCAGATGATACAGTATTAGAAGAAATGAGT TTGCCAGGAAGATGGA

345

ysGluAl al eul euAspThrGl yAl aAspAspThrVallLeuGluGl uMETSerLeuProGl yArgTrplL

346

Bcll

AACCAAAAATGATAGGGGGAATTGGAGGTTTTATCAAAGTAAGACAGTATGATCAGATACTCATAGAAA 414

ysProLysMETI1eGlyGlyIleGlyGlyPhelleLysValArgGlnTyrAspGlnllelLeulleGlul

415

ArgéerAspThrHisArgAs

TCTGTGGACATAAAGCTATAGGTACAGTATTAGTAGGACCTACACCTGTCAACATAATTGGAA 477

leCysGlyHislysAlalleGlyThrVallLeuValGlyProThrProValAsnIlelleGly

nLeuTrpThr .
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g% gene. Since this vector also carries part
of the pol gene, some of these products could
be related to pol as well as gag.

We and others have recently demonstrat-
ed that sera from AIDS patients also recog-
nize the env gene product made in Escherich-
ta coli very efficiendy (13). It, therefore,
appears that a mixture of gag and env gene
derived proteins might constitute appropri-
ate diagnostic reagents for the detection of
these antibodies, and that further explora-
tion of the differences in reactivity to various
components could provide clues to the
epidemiology or progression of the disease.

The rapid synthesis and processing of gag
products in yeast provides a promising sys-
tem for the development of therapeutic
agents that can block this step in the forma-
tion of mature virion particles. Since our
studies suggest that an HTLV-III—coded
protein made in yeast is the proteolytic
enzyme that mediates this process, it should
be possible to purify this protein from yeast
and study its biochemical properties. Other
genetic and biochemical studies on HTLV-
IIT genes should also be possible in yeast.
This is of practical importance since the
virus is difficult to grow and dangerous to
handle. Furthermore, human T cells, the
normal host for this virus, are not amenable
to easy manipulation as are yeast cells.

Fig. 5. Gag-pol overlap region. The carboxyl
terminal coding region of gag and the amino
terminal coding region of pol are shown. The
region that is homologous to other gag proteases
(11) is underlined. The reading frame to which
the pol gene is shifted by the Bcl I fill in is shown
by the arrow. A indicates a translation termina-
tion site.
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Fig. 6. Detection of gag antibodies in sera from AIDS patients. Extracts of induced cells carrying pYE72/gag1 were placed across the entire width of an SDS-
polyacrylamide gel, fractionated by electrophoresis, and transferred to nitrocellulose. The resulting blot was cut into strips that were reacted with serum from
individual patients with AIDS. The strips in the top panel show sera from patients on the East Coast of the United States. The lower panel represents patients
from the West Coast. Serum from a normal patient showed no significant reactivity with the yeast lysate. The approximate positions of the gag-related
proteins made in yeast are indicated. Because the reactions were done on individual strips, bands do not always line up precisely from strip to strip.
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Human B-Adrenoceptors: Relation of Myocardial and
Lymphocyte B-Adrenoceptor Density

Otro-ERICH BRODDE, ROLAND KRETSCH, KATSUMI IKEZONO,
HANS-REINHARD ZERKOWSKI, JURGEN CHRISTOPH REIDEMEISTER

In human right atria obtained from 21 patients during open-heart surgery, B-
adrenoceptor density [assessed by iodine-125—labeled (—)-cyanopindolol binding] and
responsiveness (positive inotropic responses to isoprenaline) were linearly related to
the B-adrenoceptor density in the corresponding circulating lymphocytes. This direct
relation of human myocardial and lymphocyte B-adrenoceptor alterations, therefore,
makes it possible to monitor drug- or disease-induced B-adrenoceptor changes in

tissues not easily accessible in humans,

HE DEVELOPMENT OF RADIOLI-

gand binding techniques for direct

identification of receptors has ad-
vanced our knowledge of the molecular
pharmacology of B-adrenoceptors (1, 2).
The number of B-adrenoceprors on cells is
dynamically regulated by a variety of drugs,
hormones, and physiological and pathologi-
cal conditions (3). Circulating lymphocytes
containing a homogeneous population of
B,-adrenoceptors (4) excitatorily coupled to
adenylate cyclase (5) are used to study such

200+
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Fig. 1. Relation of B-adrenoceptor density (deter-
mined by Scatchard analysis of specific ICYP
binding at six to eight concentrations ranging
from 10 to 150 pAM) on membranes from human
right atria and on intact cells of the corresponding
lymphocytes.
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alterations of B-adrenoceptor function (6) in
humans. However, despite similar in vitro
properties of B-adrenoceptors (as deter-
mined by radioligand binding studies) in
blood cells and various tissues, the relation
of B-adrenoceptor changes measured in cir-
culating lymphocytes to changes potentially

" occurring in solid tissues has not been estab-

lished. We report here that, in human sub-
jects, the density of B-adrenoceptors in cir-
culating lymphocytes is significantly related
to the density and responsiveness of B-
adrenoceptors in right atrial appendages
from the same subjects.

Human right atrial appendages were ob-
tained from 21 patients [18 males and 3
females 54.6 + 1.3 years old (mean = stan-
dard error; range, 41 to 64 years)] undergo-
ing elective coronary artery bypass grafting.
No patient suffered from acute myocardial
failure and none had been treated with
catecholamines for at least 3 weeks before
surgery. However, the patients had received
nitrates (n = 19),
(n = 16), and occasionally B-blockers (me-
toprolol, 50 mg twice daily, two patients
and 100 mg twice daily, one patient; and
atenolol, 50 mg once daily, one patient and
100 mg once daily, one patient). Preoper-
ative medication consisted of flunitrazepam
and atropine; the operation was done under
balanced anesthesia with fentanyl, isoflur-

calcium antagonists

ane, etomidate, and flunitrazepam. In some
cases N,O was added. Pancuronium was
used as a muscle relaxant.

In all patients the right atrial appendages
were removed under normothermic condi-
tions before cardiopulmonary bypass. Im-
mediately after removal, all specimens were
placed in a sealed vial with Krebs-Henseleit
solution (119 mAM NaCl, 2.5 mM CaCl,,
4.8 mM KCl, 1.2 mM MgSO,, 1.2 mM
KH,POy, 24.9 mM NaHCO;, 10.0 mM
glucose, and 0.057 mAf ascorbic acid) aerat-
ed by “carbogen” (95 percent O, and 5
percent CO,) at room temperature and
transported immediately to the laboratory.
The preparation of the tissues was begun
within 5 to 15 minutes of surgical removal.
The atrial appendages were first divided in
two parts: one was used to determine (-
adrenoceptor density; the other was dissect-
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Fig. 2. Positive inotropic effect of isoprenaline on
the isolated electrically driven muscle ‘strip of
human right atria. The concentration of isoprena-
line was increased in steps of 0.5 log units.

ed to yield trabecular strips (diameter, 1 mm
or less) 4 to 5 mm long without endocardial
damage for determination of mechanical
responses to isoprenaline.

The preparations were mounted in a 50-
ml organ bath containing Krebs-Henseleit
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