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Among eukaryotic transcription trans-activators, the human immunodeficiency virus type 1 (HIV-1) Tat 

protein is exceptional in that its target site TAR is an RNA rather than a DNA sequence. Here, we confirm 

that fusion of Tat to the RNA-binding domain of the HIV-1 Rev protein permits the efficient activation of an 

HIV-1 long terminal repeat (LTR) promoter in which critical TAR sequences have been replaced by RNA 

sequences derived from the HIV-1 Rev response element (RRE). An RRE target sequence as small as 13 

nucleotides is shown to form an effective in vivo target for Rev binding. More important, a fusion protein 

consisting of Rev attached to the VP16 transcription activation domain was also observed to efficiently 

activate the HIV-1 LTR from this nascent RNA target. These data demonstrate that trans-activation of 

transcription by acidic activation domains does not require a stable interaction with the promoter DNA and 

suggest that VP16, like Tat, can act on steps subsequent to the formation of the HIV-1 LTR preinitiation 

complex. The finding that the activation domains of VP16 and Tat are functionally interchangeable raises the 

possibility that these apparently disparate viral trans-activators may nevertheless act via similar mechanisms. 

[Key Words: Trans-activator; HIV-1; acidic activation domains; Rev; Tat] 

Received July 14, 1992; revised version accepted August 26, 1992. 

Replication of the human immunodeficiency virus type 
1 (HIV-1) is critically dependent on the functional ex- 
pression of the vitally encoded nuclear regulatory pro- 

teins Tat and Rev (Dayton et al. 1986; Fisher et al. 1986; 
Sodroski et al. 1986). Tat serves to trans-activate the 

expression of genes that are under the control of the 
HIV-1 long terminal repeat (LTR) promoter element and 
can therefore be viewed as functionally comparable to 
the transcriptional trans-activators encoded by other 
complex retroviruses or DNA tumor viruses. Tat, how- 

ever, is unique in that its target site is not a DNA se- 

quence but, rather, a 59-nucleotide RNA stem-loop 
structure, termed TAR, located immediately 3' to the 
viral mRNA cap site (Feng and Holland 1988; Hauber 

and Cullen 1988; Jakobovits et al. 1988; Berkhout and 
Jeang 1989). The direct interaction of Tat with this na- 
scent RNA sequence (Berkhout et al. 1989; Dingwall et 

al. 1990; Roy et al. 1990; Weeks et al. 1990) has been 
shown to result in a marked increase in the rate of tran- 
scription from the HIV-1 LTR (Hauber et al. 1987; Kao et 

al. 1987; Jakobovits et al. 1988). It has been proposed that 
Tat acts primarily by enhancing the elongation effi- 
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ciency of otherwise poorly processive RNA polymerase 
II molecules that have initiated within the HIV-1 LTR 

promoter (Kao et al. 1987; Marciniak et al. 1990; Fein- 
berg et al. 1991; Kato et al. 1992). In contrast, conven- 
tional eukaryotic transcriptional trans-activators inter- 

act with DNA target sites and are believed to act primar- 
ily at the level of initiation (for review, see Roeder 1991). 

The HIV-1 Rev protein acts post-transcriptionally to 
induce the cytoplasmic expression of unspliced and sin- 
gly spliced mRNA species that encode the viral struc- 

tural proteins (Emerman et al. 1989; Hammarskjold et al. 

1989; Malim et al. 1989b). These viral transcripts bear a 
single copy of the cis-acting RNA target sequence for 
Rev, the 234-nucleotide Rev response element (RRE) 

(Rosen et al. 1988; Malim et al. 1989b). Rev, like Tat, has 
been shown to bind its RNA target site with high affinity 

in vitro (Daly et al. 1989; Zapp and Green 1989; Malim 
et al. 1990). Previously, it was reported that a Tat-Rev 
(Tat/Rev) fusion protein could activate transcription 
from an HIV-1 promoter construct in which the TAR 
element had been replaced with the entire 234-nucle- 
otide RRE (Southgate et al. 1990). We have used a more 

refined version of this approach to define amino acid and 

nucleotide sequence requirements for the in vivo inter- 
action of Rev with the RRE. More importantly, we dem- 

onstrate that a fusion protein consisting of Rev attached 
to the acidic transcriptional activation domain of the 
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herpes s implex virus (HSV)-derived VP 16 trans-activator 
(Sadowski et al. 1988; Cress and Triezenberg 1991) can 

efficiently activate transcription from the HIV-1 LTR 

when targeted to an RRE-derived RNA target. These re- 

sults demonstrate that a representative D N A  sequence- 

specific eukaryotic trans-activator can also function 

when  targeted to a promoter proximal RNA target se- 

quence and raise the possibil i ty that despite its unique 

RNA target specificity, Tat may  well  activate transcrip- 
tion by a conventional  mechanism.  

Results 

TAR, the cis-acting RNA target of the HIV-1 Tat trans- 
activator, is a 59-nucleotide RNA stem-loop located at 

the 5' end of all HIV-1 transcripts (Hauber and Cullen 

1988; Jakobovits et al. 1988). Maintenance of the helical  

structure of TAR is critical for the appropriate presenta- 

tion of essential pr imary RNA sequence information lo- 

cated in the terminal  hexanucleotide loop and an adja- 

cent pyrimidine-r ich bulge {Fig. 1) (Feng and Holland 

1988; Berkhout and Jeang 1989; Roy et al. 1990). These 

sequences are believed to act as in vivo-binding sites for 

Tat as well  as for at least one essential cellular cofactor 

(Dingwall et al. 1990; Roy et al. 1990; Weeks et al. 1990; 
for review, see Cullen 1990). 

The s tem-loop IIB (SLIIB) subdomain of the HIV-1 

RRE is necessary and sufficent for Rev binding in vitro 

and is critical for RRE function in vivo (Malim et al. 

1990; Bartel et al. 1991; Heaphy et al. 1991; Tiley et al. 

1992; Kjems et al. 1992). To test whether  the SLIIB se- 

quence is also sufficient for Rev binding in vivo, we sub- 

stituted a 29-nucleotide SLIIB RNA sequence in place of 

the essential apical region of TAR (Fig. 1). We then com- 

pared the abil i ty of Tat, Rev, and a Tat /Rev fusion pro- 

tein to activate expression from constructs in which ei- 

ther the wild-type HW-1 LTR (pTAR/CAT) or an LTR 

containing the SLIIB subst i tut ion in TAR (pSLIIB/CAT) 

was fused to the chloramphenicol  acetyl transferase (cat) 
indicator gene. In this t ransient  expression assay in HeLa 

cells, Tat and Tat/Rev, but not Rev, were found to effi- 

ciently activate HIV-1 LTR gene expression via the TAR 

element  (Table 1). Nei ther  Tat nor Rev, however, was 

active on the construct in which  the TAR element  had 

been rendered nonfunct ional  by replacement of critical 

TAR nucleotides wi th  the RRE SLIIB sequence. In con- 

trast, the Tat /Rev fusion protein activated expression 

from the pSLIIB/CAT construct by 60- to >100-fold. 

We have described previously (Malim et al. 1989a, b) an 

assay for Rev function in transfected COS cells based on 

the abili ty of Rev to induce the expression of a truncated, 

single-exon form of the viral Tat protein from the geno- 

mic  Tat expression construct pgTat. This  short form of 

the Tat protein is encoded by an unspliced viral m R N A  

whose nucleocytoplasmic export is dependent on Rev 

(Malim et al. 1989b). As shown in Figure 2, the single- 
exon form of Tat is induced on cotransfection of pgTat 

wi th  either Rev (Fig. 2, lane 3) or the Tat /Rev fusion 

protein {Fig. 2, lane 4), al though the latter clearly dis- 

plays reduced Rev activity. This  immunoprecipi ta t ion 
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Figure 1. Predicted structure of wild-type and synthetic RNA 
target sequences. {TAR) The sequence and predicted structure 
of the minimal functional TAR element, which extends from 
+ 18 to + 44 within the full-length 59-nucleotide TAR structure 
(Jakobovits et al. 1988). (RRE SLIIB) The minimal RNA se- 
quence shown to be both necessary and sufficient for Rev bind- 
ing in vitro. This SLIIB sequence extends from nucleotide 45 to 
nucleotide 75 within the 234-nucleotide RRE. Individual nucle- 
otides that have been proposed to make major or minor contri- 
butions to sequence-specific recognition of the RRE by Rev are 
indicated by closed or broken circles, respectively. (TAR/SLIIB) 
In the pSLIIB/CAT construct, the apical region of TAR, includ- 
ing the essential hexanucleotide loop, was replaced by the SLIIB 
sequence. Triangles indicate two deleted nucleotides relative to 
the wild-type sequence. The boxed SLIIB sequence contains all 
nucleotides mapped as critical to SLIIB recognition in vitro and 
has been proposed to form the core Rev recognition site (Heaphy 
et al. 1991). The complete predicted TAR/SLIIB structure is 
81-nucleotides in length. (SLIIB-C) The 16-nucleotide apical re- 
gion of SLIIB was replaced with the indicated 16-nucleotide se- 
quence in the pSLIIB-C/CAT plasmid. This substitution muta- 
tion is designed to maintain the structure of this helical RNA 
element. {ASLIIB) The proposed 13-nucleotide core Rev recog- 
nition site of SLIIB was substituted with the indicated sequence 
to give pASLIIB/CAT. This substitution mutation alters 7 of the 
13 nucleotides in this core sequence without markedly affecting 
the predicted RNA structure of the larger TAR/SLIIB sequence. 

assay in COS cells also facilitated analysis of the level of 

expression and relative mobi l i ty  of the various Tat and 

Rev fusion proteins described below. 

To assess whether  the activation of the HIV-1 LTR 

promoter by the Tat /Rev fusion protein reflected the 

targeting of the Tat activation domain to the SLIIB se- 

quence by the Rev RNA-binding motif, we introduced 

mutat ions  that have been shown previously (Malim and 

Cullen 1991) to inactivate either the arginine-rich RNA- 

binding domain (Tat/M5) or the leucine-rich activation 

domain (Tat/M10) of Rev. As predicted, these muta t ions  
also inactivated Rev function in the context of the Tat /  

Rev fusion protein (Fig. 2, lanes 4---6). Whereas both fu- 

sion proteins fully retained the abil i ty to activate the 

HIV-1 LTR via the TAR element,  only the Tat /M10 con- 
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Table 1. Trans-activation of the HIV-1 LTR by an 

RRE-derived RNA target 

Relat ive trans-activation 

Clones t ransfec ted  exp. 1 exp. 2 exp. 3 

p T A R / C A T  + pcTat  130 114 152 

+ pcRev < 1 < 1 - -  

+ pcTat /Rev  41 62 82 

+ pcTat /M5 119 68 88 

+ pcTa t /M10  - -  69 93 

+ pK41A/Rev < 1 < 1 - -  

pSLIIB/CAT + pcTat  1.8 < 1 1.4 

+ pcRev < 1 < 1 - -  

+ pcTat /Rev  89 61 60 

+ pcTat /M5 2.6 1.3 3.4 

+ pcTa t /M10 - -  35 38 

+ pK41A/Rev <1 <1 - -  

HeLa cell cul tures  (35 m m )  were  t ransfected wi th  equal  

a m o u n t s  (2 ~g) of the  indica ted  expression plasmids using the  

CaPO 4 procedure  (Cullen 1987). At 48 hr  after t ransfect ion,  cells 

were  harves ted  and extracted,  and the  level of CAT e n z y m e  

act iv i ty  was d e t e r m i n e d  by the  diffusion m e t h o d  of N e u m a n n  

et al. (1987). Relat ive trans-activation is presented  as a mul t ip le  

of the  basal ac t iv i ty  of each cons t ruc t  as de t e rmined  by cotrans- 

fect ion w i t h  the  parental  pBC 12/CMV expression plasmid. Val- 

ues were  adjusted for m ino r  variabi l i ty  in the  level of total  pro- 

te in  in each extract ,  as d e t e r m i n e d  by the  m e t h o d  of Bradford 

(1976). Three  representa t ive  exper iments  are shown.  

struct retained significant activity on the SLIIB/CAT in- 

dicator plasmid (Table 1). We therefore conclude that 

trans-activation by Tat /Rev is dependent on an intact 

Rev RNA-binding domain  but does not require Rev func- 

tion per se. 

Mutat ional  analysis of Tat has defined a short amino 

acid sequence, termed the core element,  that is critical 

for Tat funct ion in vivo (Green et al. 1989; Tiley et al. 

1990; Carroll et al. 1991). Fusion of rev to a tat gene 

bearing a point muta t ion  wi th in  this sequence (Lys- 

41 ~ Ala) resulted in a chimeric  protein (K41A/Rev) 

that retained full Rev activity (data not shown) but was 

inactive on both the TAR element  and on the SLIIB RNA 

target (Table 1). We therefore conclude that the func- 

tional interaction of Tat /Rev wi th  SLIIB requires an in- 

tact Tat activation sequence. 

R N A  sequence specificity of Rev in vivo 

The in vitro RNA sequence specificity of Rev has been 

analyzed extensively by mutagenesis,  modification in- 

terference analysis, and in vitro selection (Bartel et al. 

1991; Heaphy et al. 1991; Kjems et al. 1992; Tiley et al. 

1992). These reports have established that the overall 

structure of the SLIIB RNA is critical for Rev binding and 

have also identified several nucleotide residues that are 

critical for, or that contribute toward, RNA binding by 

Rev (Fig. 1). In general, these critical nucleotide residues 

were found to cluster wi th in  a small, 13-nucleotide core 

that is predicted to form a s t em-bu lge - s t em structure. 

The adjacent helical part of SLIIB serves an essential  

structural role and may also contribute to the sequence 

specificity of the Rev-RRE interaction (Fig. 1). To test 

whether  these in vitro observations are relevant to RNA 

binding by Rev in vivo, we constructed two derivatives 

of the pSLIIB/CAT indicator construct. In the pASLIIB/ 

CAT plasmid, we mutated 7 of 13 nucleotides wi th in  the 

core Rev-binding site (Fig. 1). In contrast, in the pSLIIB- 

C / C A T  plasmid, this 13-nucleotide sequence was left 

undisturbed, whereas the 16-nucleotide apical region of 

SLIIB was replaced wi th  an unrelated sequence that was 

predicted to main ta in  a comparable secondary structure 

(Fig. 1). 

Both the pASLIIB/CAT and the pSLIIB-C/CAT plas- 
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Figure 2. Immunoprecipitation of HIV-1 Rev and Tat proteins. 
COS cell cultures were cotransfected with the indicator con- 
struct pgTat and the negative control plasmid pBC12/CMV 
(lane 2), the wild-type Rev expression vector pcRev {lane 31, or 
plasmids expressing the indicated wild-type or mutant Rev fu- 
sion protein. At 48 hr after transfection, cultures were labeled 
with [3%]cysteine and lysed in RIPA buffer. Equal aliquots of 
each cleared lysate were subjected to immunoprecipitation us- 
ing rabbit antisera specific for either Rev (top) or for Tat (bot- 
tom}. Wild-type Rev migrates at -19 kD, whereas the various 
Rev fusion proteins migrate at -27 kDa. In the absence of Rev, 
the pgTat indicator construct expresses exclusively a fully 
spliced mRNA that encodes the -16-kD 2 exon (2ex) form of 
Tat (lane 2). In the presence of Rev, cytoplasmic expression of an 
incompletely spliced mRNA that encodes the -14-kD single 
exon (lex) form of Tat is induced (lane 3). Appearance of this 
truncated Tat protein is therefore diagnostic of Rev function 
{Malim et al. 1989a). (Mock) Mock-transfected culture; (M) ra- 
dioactive protein molecular mass markers. 
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mids were, as expected, refractory to transactivation by 

Tat (Table 2). The response of the pASLIIB/CAT con- 

struct to the Tat /Rev fusion protein was inhibi ted by 

- 9 5 %  when  compared wi th  the wild-type pSLIIB/CAT 

construct. In contrast, pSLIIB-C/CAT, which  retains 

only the predicted 13-nucleotide core RNA-binding site 

of Rev, was vigorously transactivated by Tat/Rev, dis- 

playing I> 70% of the response of the wild-type SLIIB se- 

quence. We therefore conclude that the 13-nucleotide 

sequence e lement  that was predicted to form the core 

RNA-binding site of Rev on the basis of in vitro analysis 

is also both necessary and sufficient for specific Rev 
binding in vivo. 

Targeting of the VP16 activation domain to an 

RNA sequence 

DNA sequence-specific nucleic acid-binding d o m a i n s E  

most  notably that encoded wi th in  the yeast GAL4 pro- 

te in- -have  been used extensively to identify protein se- 

quences that can activate promoter e lements  when teth- 

ered to adjacent D N A  sequences (for review, see Ptashne 

1988; Mitchel l  and Tjian 1989). Among the more active 

of the transcriptional activation domains defined by this 

approach is that encoded wi th in  the carboxy-terminal 

region of the HSV-l-derived VP16 trans-activator (Sad- 

owksi et al. 1988). The data presented in Tables 1 and 2 

demonstrate that the Rev RNA-binding domain can ef- 

f iciently target a heterologous protein sequence-- in  this 

case, Tat - - to  a promoter proximal RRE-derived RNA se- 

quence. We therefore asked whether  the VP 16 activation 

domain (Triezenberg et al. 1988) could exert any effect 

on the HIV-1 promoter when  similar ly targeted to the 

SLIIB sequence. Remarkably, a fusion protein consisting 

of the carboxy-terminal 78 amino acids of VP16 attached 

to the carboxyl te rminus  of Rev was found to activate 

gene expression directed by the pSLIIB/CAT plasmid by 

Table 2. In vivo RNA target specificity of Rev 

Relative trans-activation 

Clones transfected exp. 1 exp. 2 exp. 3 

pSLI1B/CAT + pcTat <1 1.8 1.6 
+ pcTat/Rev 113 108 116 
+ pcRev/VP16 31 38 73 

pSLIIB-C/CAT + pcTat < 1 < 1 1.4 
+ pcTat/Rev 103 75 128 
+ pcRev/VP16 8.3 7.0 13.1 

pASLIIB/CAT + pcTat < 1 < 1 < 1 
+ pcTat/Rev 5.5 5.1 7.2 
+ pcRev/VP16 <1 <1 <1 

The responsiveness of each RNA target to the  indicated trans- 

activators was analyzed in HeLa cells, as described in Table 1. 
However, each of the cultures assayed here was also cotrans- 
fected with a low level (0.4 ~g) of the internal control plasmid 
pSV[3--Gal. Levels of CAT and [3-galactosidase expressed in each 
culture were assayed in parallel, and the observed CAT activi- 
ties were then corrected for any minor variations in transfection 
efficiency revealed by this internal control. 

Table 3. The VP16 activation domain can trans-activate the 

HIV-1 LTR when tethered to an RNA target 

Relative trans-activation 

Clones transfected exp. 1 exp. 2 exp. 3 

pSLIIB/CAT + pcRev 1.1 < 1 1.1 

+ pcTat/Rev 123 169 125 
+ pcRev/VP 16 67 61 39 
+ pcRev/AVP 16 1.5 3.1 2.8 
+ pM4/VP16 40 37 28 
+ pM5/VP16 <1 <1 <1 
+ pM7/VP16 92 88 69 

pTAR/CAT + pcTat/Rev 125 94 92 
+ pcRev/VPl6 <1 <1 <1 

Assays were performed in HeLa cells as described in Table 2. 

30- to 70-fold {Table 3). In contrast, the Rev/VP16 pro- 

tein, which is not predicted to interact wi th  TAR, failed 

to activate the wild-type HIV-1 LTR. The RNA sequence 

specificity of this interaction was demonstrated further 

by the observation that Rev/VP16 displayed a partial ac- 

t ivation phenotype when  tested on the m i n i m a l  RRE 

present in pSLIIB-C/CAT and was inactive when  tested 

on the pASLIIB/CAT plasmid (Table 2). 

Mutational  analysis of the VP16 activation domain  

has identified Phe-442 as important  for in vivo trans- 

activation (Cress and Triezenberg 1991). We therefore 

tested whether  the targeted mutagenesis  of this residue 

(Phe ~ Pro) would affect trans-activation by Rev/VP16. 

Both the wild-type and mutan t  (Rev/AVP16) fusion pro- 

teins were expressed at comparable levels in transfected 

cells, and both displayed readily detectable Rev funct ion 

(Fig. 2, lanes 7,8). However, the abil i ty of the Rev/AVP16 

fusion protein to activate gene expression directed by the 

pSLIIB/CAT indicator construct was inhibi ted by >90% 

(Table 3). We therefore conclude that VP16 residue 442 is 

important  for transcriptional activation via an RNA tar- 

get sequence. 

Previously, we have described two inactive mutan ts  of 

Rev, termed M4 and M7, that lack the abil i ty to mult i -  

merize in vitro yet retain the abil i ty to bind the RRE as 

a monomer  (Malim and Cullen 1991; Tiley et al. 1992). 

To examine whether  Rev mul t imer iza t ion  was impor- 

tant for trans-activation of the HIV-1 LTR by Rev/VP16, 

we assayed the biological activity of fusion proteins con- 

sisting of the VP16 activation domain  attached to the 

carboxyl terminus of either M4 or M7. As a negative 

control, we also tested a fusion of VP16 wi th  the RNA- 

binding domain-defective M5 derivative of Rev. Whereas 

these fusion proteins were expressed at comparable lev- 

els in transfected cells, only the parental Rev/VP16 pro- 

tein displayed detectable Rev activity (Fig. 2, lanes 7-11). 

As expected, the fusion protein lacking a funct ional  

RNA-binding motif  (M5/VP16) had also lost the abil i ty 

to trans-activate the SLIIB/CAT reporter construct {Ta- 

ble 3). In contrast, Rev fusion proteins that were pre- 

dicted to be unable to mult imerize,  that  is, M4/VP16 

and M7/VP16, retained the abil i ty to activate CAT ex- 
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pression from the pSLIIB/CAT indicator construct (Ta- 

ble 3). This observation therefore suggests that activa- 

tion of the HIV-1 LTR by Rev/VP16 can be mediated by 

a single RNA-bound VP16 activation domain. 

The data presented in Tables 1-3 were derived by tran- 

sient expression analysis in transfected HeLa cells. We 

then asked whether these observations could be con- 

firmed in Jurkat, a human CD4 + T-cell line that is per- 

missive for HIV-1 replication. Analysis of CAT activity 

in transfected Jurkat cell cultures confirmed that the 

Tat/Rev fusion protein is as active on the synthetic 

SLIIB RNA target as on the normal TAR element (Fig. 3). 

Similarly, Rev/VP16 efficiently trans-activated (-25 

fold) the HIV-1 LTR present in the pSLIIB/CAT con- 

struct but failed to activate the wild-type HIV-1 LTR. 

The activity of each of these chimeric proteins on the 

SLIIB target was again totally abrogated by introduction 

of the M5 mutation into the Rev RNA-binding motif. 

Comparable results were also obtained by transfection of 

the monkey cell line COS (data not shown). We therefore 

conclude that the ability of Tat/Rev and Rev/VP16 to 

activate the HIV-1 LTR via the introduced SLIIB target is 

not restricted to HeLa cells. 

Both Tat and VP16 require that an R N A  target 

be promoter proximal  

An unusual characteristic of the Tat trans-activator is 

that transcriptional activation of the HIV-1 LTR is lost 

rapidly when the TAR element is moved away from the 

RNA cap site (Selby et al. 1989). To examine the impor- 

tance of promoter proximity for the function of the TAR 

200 "" 
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REV TAT TAT/REV TAT/M5 REV/VP16 MS/VP16 

Figure 3. Trans-activation of the HIV-1 LTR in jurkat T cells. 
Jurkat cells were transfected with either the pTAR/CAT 
(hatched bar) or the pSLIIB/CAT (solid bar) reporter plasmid, 
together with an equal amount of one of the indicated fusion 
protein expression plasmids. Trans-activation of the HIV-1 LTR 
by each of these proteins, as measured by CAT enzyme activity, 
is expressed as a multiple of the basal activity. 

Table 4. RNA target sites for both Tat and VP16 must be 

promoter proximal 

Relative trans-activation 

+ pcTAT + pcTat/Rev + pcRev/VP16 

pTAT/CAT 226 105 -- 
pTAR64/CAT 38 1.4 -- 
pSLIIB/CAT -- 123 27 
pSLIIB64/CAT -- 2.8 1.3 

Assays were performed in HeLa cells as described in Table 1. 
These data represent the average of two separate transfection 
experiments. (--) Not tested. 

or SLIIB RNA targets, we constructed derivatives of 

pTAR/CAT and pSLIIB/CAT bearing a 64-bp insertion 

at a site located 8 bp from the HIV-1 LTR cap site. In 

agreement with earlier reports (Selby et al. 1989), dis- 

placement of TAR 64 nucleotides away from the cap site, 

in pTAR64/CAT, was observed to inhibit trans-activa- 

tion by Tat by -80% (Table 4). Surprisingly, trans-acti- 

vation by the Tat/Rev fusion protein was almost com- 

pletely abrogated by this small displacement of the RNA 

target site when assayed on either the TAR or SLIIB se- 

quence. Similarly, Rev/VP16 also proved unable to acti- 

vate the HIV-1 LTR when the SLIIB RNA target was 

moved away from the transcription start site. 

Rev/VP16 activates transcription from the HIV-1 LTR 

Trans-activation of the HIV-1 LTR by Tat occurs prima- 

rily at the transcriptional level (Hauber et al. 1987; Kao 

et al. 1987). We therefore used quantitative 51 nuclease 

analysis to assess the effect of the Tat/Rev and Rev/ 

VP16 proteins on the level of RNA expression directed 

by the HIV-1 LTR present in the pSLIIB/CAT plasmid 

(Fig. 4). The end-labeled probe used in this assay is able 

to quantitate CAT transcripts encoded by either pTAR/ 

CAT or pSLIIB/CAT and can also detect an internal con- 

trol RNA, transcribed under the control of the Rous sar- 

coma virus (RSV) LTR present in the previously de- 

scribed pBC12&I plasmid (Berger et al. 1988), which does 

not encode CAT. 
As predicted, the Tat/Rev fusion protein strongly ac- 

tivated the expression of the CAT mRNA encoded by the 

pTAR/CAT plasmid (Fig. 4, lanes 3,4). Similarly, both 

Tat/Rev and Rev/VP16, but not Tat or Rev alone, also 
strongly activated RNA expression from the pSLIIB/ 

CAT vector when compared with the nonresponsive in- 

ternal control mRNA (Fig. 4, lanes 5-9). As observed 

previously with both Tat and other transcriptional trans- 

activators (Cullen 1986; Wright et al. 1986; Laspia et al. 

1990), the increase in the steady-state level of CAT 

mRNA does not appear sufficient to fully account for the 

increase in the level of CAT protein expression observed 

in the presence of the TAT/Rev and Rev/VP16 trans- 

activators. It has been proposed (Laspia et al. 1990) that 

this may reflect the more efficient translational utiliza- 

tion of highly expressed mRNA species. In any event, 
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Figure 4. Quantitation of CAT RNA in transfected HeLa cells. 
HeLa ceils were transfected with the indicator constructs 
pTAR/CAT {lanes 3, 4) or pSLIIB/CAT (lanes 5-9), together 
with the indicated expression plasmids. At 48 hr after transfec- 
tion, total RNA was harvested and the levels of CAT-specific 
RNA were quantitated by S 1 nuclease analysis. The probe strat- 
egy used has been described (Berger et al. 1988). In brief, the 
full-length probe is end-labeled at a BamHI {B) site located at the 
3' end of the cat gene and extends through 3' noncoding se- 
quences, including an intron, derived from the rat preproinsulin 
gene. A pBR322-derived tag at the 3' end of the probe permits 
discrimination between the hall-length probe (F) and probe frag- 
ments rescued by either spliced (SP.) or unspliced (UNSP.) cat 
mRNA. Each culture was also cotransfected with the internal 
control plasmid pBC12AI. The mRNA transcribed from the Tat 
nonresponsive RSV LTR present in this vector does not encode 
CAT but does rescue a 156-nucleotide probe fragment (I) trun- 
cated at the indicated FnuDII site (F). {E) EcoRI; {S) SstI; (SD) 
splice donor. (Lane I ) Culture transfected with pcTat/Rev only; 
(lane 2) culture transfected with pcTat/Rev + pBC12AI. 

these data do clearly demonstrate that the phenotypic 

effect of the interaction of Tat with TAR, when mea- 

sured at either the protein or the RNA expression level, 

can be reproduced accurately by the interaction of Tat /  
Rev or Rev/VP16 with the SLIIB RNA target. 

D i s c u s s i o n  

DNA sequence-specific transcription factors can fre- 

quently be dissected into two functional domains (Kee- 

gan et al. 1986; Ptashne 1988; Triezenberg et al. 1988; 
Mitchell and Tjian 1989). Sequence specificity is con- 
ferred by a binding domain that mediates the direct or 
indirect interaction of the transcription factor with the 
appropriate DNA target sites. A second domain, the tran- 

scriptional activation domain, permits the functional in- 

teraction of the factor with components of the cellular 

transcription machinery. The finding that these domains 

are entirely discrete in many transcriptional trans-acti- 

vators has permitted the construction of functional chi- 

meric proteins (Ptashne 1988; Southgate and Green 

1991). This, in turn, has facilitated the identification of 

several protein motifs that mediate either sequence-spe- 

cific DNA binding or transcriptional activation (Mitch- 

ell and Tjian 1989). Among the best characterized of the 

latter is the acidic activation domain first defined in the 

yeast protein GAL4 and found in a particularly potent 

form in the VP16 trans-activator of HSV (Sadowski et al. 

1988). 

The HIV-1 Tat protein is unique in that this transcrip- 

tion factor has been shown to directly interact with an 

RNA, rather than a DNA, target sequence {Dingwall et 

al. 1990; Roy et al. 1990; Weeks et al. 1990). As in the 

case of DNA sequence-specific transcription factors, it 

has proven possible to construct functional chimeric 

proteins by fusing the activation domain of Tat to a het- 

erologous sequence-specific RNA-binding protein (Selby 

and Peterlin 1990; Southgate et al. 19901. Here, we have 

used this approach to distinguish Rev sequences that are 

required for sequence-specific RNA binding in vivo from 

those required, more generally, for Rev function. How- 

ever, the more important finding is that the activation 

domain contributed to the Tat /Rev fusion protein by Tat 

can be effectively substituted by the acidic transcrip- 

tional activation domain of VP16. The observation that 

these distinct transcriptional activation domains are 
functionally interchangeable has significant implica- 

tions not only for the mechanism of action of Tat but 

also for transcriptional trans-activation in general. 

Implications for Rev function 

Analyses of the in vitro interaction of inactive Rev mu- 

tants with the RRE RNA target have suggested t h a t  

these mutants can be divided into three distinct classes. 

Rev mutants, such as M 10, that lack a functional copy of 

the leucine-rich activation motif appear indistinguish- 

able from wild-type Rev in their ability to bind to, and 

multimerize on, the RRE (Olsen et al. 1990; Malim and 
Cullen 1991; Zapp et al. 1991). In contrast, mutants, 

such as M5, that lack a functional copy of the Rev argi- 

nine-rich motif are unable to bind to the RRE in vitro. 

The introduction of mutations either immediately 

amino- (M4) or carboxy-terminal (M7) to the arginine- 

rich motif results in inactive Rev proteins that have lost 
the ability to multimerize in vitro (Malim and Cullen 

1991; Zapp et al. 1991). Although general agreement ex- 
ists that multimerization is critical for Rev function, it 

has remained less clear whether Rev multimerization is 

an essential prerequisite for RRE binding (Olsen et al. 

1990; Zapp et al. 1991) or is, instead, mediated by the 
interaction of Rev with the RRE substrate (Cook et al. 
1991; Malim and Cullen 1991; Kjems et al. 1992; Tiley 
et al. 1992). 

To identify Rev sequences required for specific RNA 
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binding in vivo, we inserted the Rev mutations described 

above into the Tat/Rev or Rev/VP16 fusion protein con- 
text. As expected, introduction of the M5 mutation into 

the RNA-binding motif of Rev precluded the functional 
interaction of these fusion proteins with the SLIIB RNA 

target, although the Tat/M5 protein remained active on 

TAR (Tables 1 and 3). In contrast, mutation of the Rev 
activation motif, in Tat/M10, or inhibition of Rev mul- 
timerization, in M4/VP16 and M7/VP16, had little effect 

on trans-activation of the HIV-1 LTR via the SLIIB RNA 
target (Tables 1 and 31. Although these in vivo data can- 

not address the relative affinity of multimerization de- 
fective Rev proteins for the RRE, they do demonstrate 
that the arginine-rich domain is the only part of Rev that 

is essential for specific RNA binding in vivo (B6hnlein et 
al. 1991; Kjems et al. 1992). 

Analysis of the RNA sequence specificity of Rev in 

vitro has suggested that the SLIIB subdomain of the RRE 
IFig. 1} is both necessary and sufficient for Rev binding 

(Bartel et al. 1991; Heaphy et al. 1991; Tiley et al. 1992; 
Kjems et al. 1992). These in vitro data are confirmed by 
the highly efficient in vivo targeting of Tat/Rev and Rev/ 
VP 16 to the HW-1 LTR by the SLIIB RNA. We have also 
confirmed that the proposed 13-nucleotide core Rev- 

binding site (Heaphy et al. 1991; Tiley et al. 1992) (Fig. 1) 
is not only critical for the in vivo interaction of Rev with 
SLIIB but also sufficient, albeit somewhat less effectively 
than the entire SLIIB RNA sequence (Table 2). The ob- 

servation that the specific interaction of Rev with the 
RRE is mediated by identical small, highly discrete pro- 
tein and nucleic acid sequences both in vitro and in vivo 

indicates that this binding event likely occurs indepen- 
dently of any cellular cofactor. In contrast, considerable 
evidence now suggests that the in vivo interaction of Tat 

with TAR is mediated by, and critically dependent on, a 
cellular RNA sequence-specific cofactor (Sullenger et al. 

1991; Carroll et al. 1992). 

Implications for Tat function 

The functional interaction of Tat with TAR results in 
the transcriptional activation of the HIV-1 LTR (Hauber 

et al. 1987). Although Tat may enhance initiation to 
some extent (Laspia et al. 1990), it appears that the major 

effect of Tat both in vivo and in vitro is to induce effi- 
cient elongation by the otherwise poorly processive tran- 
scription complexes that initiate within the HIV-1 LTR 

(Kao et al. 1987; Marciniak et al. 1990; Feinberg et al. 
1991; Kato et al. 1992). The apparent action of Tat as a 

processivity factor, and the fact that Tat acts via an RNA 
target, has appeared inconsistent with the hypothesis 

that Tat is mechanistically similar to eukaryotic tran- 
scription factors, such as VP 16, that act via DNA target 
sites to primarily affect the level of transcription initia- 

tion (for review, see Cullen 1990). 
In this paper we demonstrate that the acidic activation 

domain of VP16, when targeted to an RNA sequence by 
fusion to Rev, can activate gene expression (Tables 2 and 
3) and transcription (Fig. 4) directed by the HIV-1 LTR 
promoter. The unexpected finding that the VP 16 activa- 

tion domain can function effectively via a promoter 

proximal RNA target, when considered together with 
the recent observation that Tat is active when bound to 
upstream promoter DNA (Southgate and Green 1991), 

suggests that the mechanisms of action of these two 
trans-activators might well be similar. Consistent with 

this hypothesis, when targeted to either TAR or to a 
DNA sequence, Tat has been shown to cooperate effec- 
tively with the cellular transcription factor Sp 1 but only 

poorly with acidic activators (Southgate and Green 1991; 
Kamine et al. 1991). Even more important is the obser- 

vation of Southgate and Green (1991) that Tat is unable 
to activate further a TAR-containing HIV-1 LTR bearing 
multiple upstream GAL4-binding sites when tested in 

the presence of a high level of a GAL4-VP16 fusion pro- 
tein. As noted by these investigators, the finding that the 

HIV-1 LTR can be maximally activated by this acidic 
activator appears inconsistent with the hypothesis that 

VP16 and Tat act at distinct steps in the transcription 

process, that is, initiation and elongation, respectively. 
Rather, this observation is more readily explained by the 
hypothesis that VP16 and Tat, whether bound to an 
RNA or a DNA target, are each acting on the same rate- 

limiting regulatory step. 

Implications for acidic activation domain function 

The mechanism of action of acidic activation domains 

remains unresolved (for review, see Roeder 1991). It has 
been suggested that VP16 might activate transcription 

by directly interacting with either the basal transcription 

factor TFIIB or, perhaps, with TFIID (Stringer et al. 1990; 
Lin and Green 1991). However, other evidence indicates 
that activation domains do not interact directly with the 

basal transcription machinery but, rather, with uniden- 
tified ancillary proteins that have been termed coactiva- 

tots or adaptors (Berger et al. 1990; Hoffmann et al. 1990; 
Pugh and Tjian 1990; Dynlacht et al. 1991; Flanagan et 

al. 1991). Importantly, coactivator proteins appear dis- 
pensable for basal transcription but critical for activated 
transcription (Berger et al. 1990; Flanagan et al. 1991; 
Zhu and Prywes 1992]. Nevertheless, it has generally 
been believed that acidic activators act by regulating the 
assembly of the preinitiation complex rather than by af- 

fecting, for example, the frequency of reinitiation from a 
preformed transcription initiation complex IPtashne and 

Gann 1990; Lin and Green 1991; Roeder 1991). 
In this paper we demonstrate that VP 16 can efficiently 

activate transcription from the HIV-1 LTR when tar- 

geted to a nascent RNA sequence (Berkhout et al. 1989). 
Formation of this target RNA is dependent on transcrip- 

tion from the LTR, and a functional preinitiation com- 
plex must, therefore, have already been formed. As it is 
believed that initiation factors, including TFIID, remain 
associated with the promoter during multiple rounds of 

initiation (Van Dyke et al. 1988; Katagiri et al. 1990), it 

seems probable that VP16, here, must  be acting at a step 
subsequent to preinitiation complex assembly. The ob- 
servation that VP 16 function can be dissociated from any 
requirement for a stable interaction with a DNA target 
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sequence appears incons i s t en t  w i th  scenarios for acidic 

ac t iva t ion  doma in  func t ion  tha t  require the fo rma t ion  

on the  D N A  templa te  of stable, mu l t i p ro t e in  complexes  

involv ing  VP16 and other  cel lular  t ranscr ip t ion  factors 

(Ptashne and G a n n  1990). Instead, it  appears more  l ike ly  

tha t  the RNA-bound  VP16 ac t iva t ion  domain  serves to 

recrui t  cel lular  coact ivator  protein(s) to the v ic in i ty  of a 

preformed t ranscr ip t ion  in i t i a t ion  complex.  These  coac- 

t ivators  may  then  modi fy  the  HIV-1 LTR in i t i a t ion  com- 

plex so tha t  the rate of t ranscr ip t ion  in i t i a t ion  is en- 

hanced  and/or ,  by analogy to Tat, render  in i t ia ted  tran- 

scr ip t ion complexes  res is tant  to p remature  t e rmina t ion .  

Clearly, the observat ion  tha t  the ac t iva t ion  domains  of 

t ranscr ip t ional  trans-activators as apparent ly  d is t inct  as 

VP16 and Tat  are func t iona l ly  in terchangeable  falls well  

short  of demons t r a t ing  tha t  they  act via the  same mech-  

anism. This  finding, however ,  does s t rongly suggest tha t  

the m e c h a n i s m  of ac t ion  of Tat  is un l ike ly  to be to ta l ly  

d is t inc t  f rom those ut i l ized by VP16 and o ther  conven- 

t ional  D N A  sequence-specif ic  trans-activators (South- 

gate and Green 1991). It therefore seems possible tha t  

t ranscr ip t ional  trans-act ivat ion of the HIV-1 LTR by Tat  

may  provide a less specific target for chemothe rapeu t i c  

i n t e rven t ion  in HIV-1-infected individuals  t han  has been 

adduced f rom its un ique  RNA target specif ici ty (Hsu et 

al. 1991). 

M a t e r i a l s  a nd  m e t h o d s  

Construction of molecular clones 

The expression plasmids pcTat and pcRev contain eDNA copies 
of the HIV-1 Tat and Rev genes, respectively, under the control 
of the cytomegalovirus immediate early promoter present in the 
parental pBC12/CMV plasmid. These constructs, and deriva- 
tives expressing mutant forms of Rev (pM4, pMS, pM7, pM10, 
pM14) or Tat (pK41A) have been described elsewhere (Malim et 
al. 1989a,b; Tiley et al. 1990). The pcTat/Rev expression plas- 
mid, as well as mutated derivatives thereof, expresses fusion 

proteins consisting of the entire 86-amino-acid Tat protein 
fused in-frame with the amino terminus of the 116-amino-acid 
Rev protein. 

The expression plasmid pcRev/VP 16 was derived by insertion 
of a BglII-BamHI fragment, encoding the 78-amino-acid car- 
boxy-terminal activation domain of VP16 (Triezenberg et al. 
1988), into a BglII site located at amino acid position 113 in the 
fully active Rev missense mutant M14 (Malim et al. 1989a). 
Derivatives of pcRev/VP16 that express fusion proteins con- 
taining mutant forms of Rev (pM4/VP16, pM5/VP16, pM7/ 
VP16) or VP16 (pcRev/AVPl6) were obtained using standard 
recombinant DNA techniques. The pcRev/AVP16 plasmid 
bears a missense mutation at VP16 amino acid 442 (Phe --~ Pro). 

Previously, we have described an expression plasmid, pBC 12/ 
HIV/CAT, that contains the HIV-1 LTR linked in cis to the 
indicator gene CAT (Berger et al. 1988). The pTAR/CAT vector 
was derived from pBC12/HIV/CAT by insertion, between the 
HIV-1 LTR and the cat gene, of a 735-bp HindlII-EcoRV frag- 
ment derived from the 5' nontranslated leader sequence of the 
Lansing strain of poliovirus type 2. This region has been shown 
to permit cap-independent, internal initiation of translation 
(Pelletier and Sonenberg 1988) and was inserted to minimize 
any post-transcriptional effect of Tat on the expression of the 
CAT mRNAs (Hauber et al. 1987). Cleavage of pTAR/CAT at 

unique BglII (5'-AGATCT-3') and SacI (5'-GAGCTC-3') sites 
located within the DNA encoding the HIV-1 TAR element (Fig. 
1) allowed the deletion of the 10-nucleotide apex of TAR. This 
short sequence was then replaced with a synthetic oligonucle- 
otide (sense strand, 5'-GATCGAGCTGGGCGCAGCGCAAT- 
GCGCTGACGGTAC-3') that introduced the 29-nucleotide 

SLIIB high-affinity Rev-binding site (Tiley et al. 1992), to give 
pSLIIB/CAT. This insert deletes the last pyrimidine residue of 
the TAR bulge but reintroduces the 4-bp stem located above the 
bulge (Fig. 1). An additional construct, termed pSLIIB-C/CAT, 
retained the proposed 13-nucleotide core SLIIB Rev-binding site 
(Heaphy et al. 1991; Tiley et al. 1992) but substituted a different, 
yet structurally similar, sequence for the 16-nucleotide apex of 
SLIIB. The converse construction, retaining the 16-nucleotide 
apical SLIIB sequence but bearing 7 substitution mutations 
within the 13-nucleotide core Rev-binding site (Fig. 1), was 

termed pASLIIB/CAT. 
To examine the effect of promoter proximity on the activity 

of the TAR or SLIIB RNA target, we first introduced a unique 
XhoI site 8 bp 3' to the cap site of the HIV-1 LTR in both 
pTAR/CAT and pSLIIB/CAT, as described previously (Hauber 
and Cullen 1988). A 60-bp synthetic oligonucleotide (sense 
strand, 5'-TCGAACTCTAAGTGACTAGTTACAGTCGAAA- 
ACTATCAGTAAGTAGATCTTTGTTCCAAG-3') was then 
introduced at this site to give pTAR64/CAT and pSLIIB64/ 
CAT. This sequence was designed to lack significant secondary 
structure. Both orientations of the inserted sequence were ob- 
served to exert a similar inhibitory effect on trans-activation 
(Table 4 and data not shown). The pBC12d~I plasmid used as an 
internal control in the S1 nuclease analysis has been described 
(Berger et al. 1988). The pSV-Bgal construct was obtained from 

Promega (Madison, WI). 

Cell culture and transfection 

HeLa, Jurkat, and COS cells were maintained as described pre- 
viously (Malim et al. 1991). HeLa cell cultures (35 mm) were 
transfected with 2 ~g of the CAT reporter construct and 2 ~g of 
the relevant expression plasmid using the calcium phosphate 
procedure (Cullen 1987). COS cell cultures (35 mm) were trans- 
fected with 125 ng of the pgTAT indicator construct and 125 ng 
of the relevant expression plasmid using DEAE-dextran and 

chloroquine (Cullen 1987). Jurkat cells were transfected as de- 
scribed by Grosschedl and Baltimore (1985). Assays for CAT and 
~-galactosidase activity were performed as described (Neumann 
et al. 1987; Rosenthal 1987) using HeLa and Jurkat cell lysates 
harvested at -48 hr post-transfection. 

$1 nuclease protection analysis 

Total RNA was harvested from transfected HeLa cell cultures at 
48 hr post-transfection (Malim et al. 1989b). The 385-nucleotide 
probe utilized in this analysis was uniquely end-labeled at a 
BamHI site, located at the 3' end of the CAT open reading 
frame, and spans 3' noncoding sequences derived from the rat 
preproinsulin II gene that include part of an intron (Fig. 4) 
(Berger et al. 1988). A pBR322-derived 3' tag was attached at an 
intronic EcoRI site to facilitate discrimination between input 
probe and rescued probe fragments. As described in Figure 4, 
CAT mRNAs are predicted to rescue probe fragments of 198 or 
175 nucleotides. A constant level of a previously described 
(Berger et al. 1988) internal control plasmid, termed pBC12AI, 
was also cotransfected into each HeLa cell culture. The mRNA 
derived from pBC12AI does not encode CAT but does rescue a 
probe fragment of 156 nucleotides (Fig. 4). 

2084 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Immunoprecip i ta t ion  analysis 

Transfected COS cell cultures [35 mm) were metabolically la- 
beled at 48 hr post-transfection using [3SS]cysteine (Cullen 

1987). The cultures were then lysed with 1 ml of RIPA buffer, 
and equal portions of each cleared lysate were incubated with 
polyclonal rabbit antisera specific for either HIV-1 Tat or Rev 
(Malim et al. 1989b). The resultant immune complexes were 
precipitated with protein A-agarose, washed, resolved on 12% 
discontinuous SDS-polyacrylamide gels, and visualized by au- 
toradiography. 
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