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FIG. 8. Purification of chymotryptic phosphopeptides by 
Cle reversed-phase HPLC. 32P-Labeled Rex was prepared by im- 
munoprecipitation and SDS-PAGE, then digested with TLCK-chy- 
motrypsin as described under  “Experimental  Procedures.” The re- 
sulting peptides were applied onto  a Cls column (0.46 x 15 cm).  The 
phosphopeptides were separated at  a flow rate of 1.0 ml/min  with  a 
linear gradient of 0-65% acetonitrile in 0.1% trifluoroacetic acid as 
shown by the dashed line. The radioactivity in each fraction was 
monitored by Cerenkov counting. 
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FIG. 9. Radiosequence analysis. Each chymotryptic  phospho- 

peptide from reversed-phase HPLC was subjected to  automated  Ed- 
man degradation as described under  “Experimental Procedures.” The 
amounts of ’lP radioactivity released during  each cycle are shown. A ,  
peak I in Fig. 8; €3, peak 2 in the same figure. 

this study were to explore the possibility of phosphorylation 
in a highly basic N-terminal sequence, MPKTRRRPRRSQ- 
RKRPPTPWP, which is the nucleolar targeting  signal of Rex 
(24), and  to  estimate  the  TPA-dependent phosphorylation 
site(s), roughly. For this purpose, we constructed  the expres- 
sion vectors pKCR27+40X (for full-size Rex) and pKCR21X 
(for pp21, by deletion of the 78 N-terminal amino acid residues 
of Rex) (Fig. 6). After DNA transfection of these expression 
vectors into COS-7 cells, the cells were metabolically labeled 
with 32Pi in the absence or presence of TPA  and analyzed by 
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FIG. 10. In vivo phosphorylation sites of HTLV-I Rex. Ar- 
rows mark the sites of efficient chymotryptic cleavage. Brackets 
indicate  chymotryptic  phosphopeptides, identified by the numbering 
system of Fig. 8. Circled residues are  phosphorylated in uiuo. The 
consensus sequence of the  site phosphorylated by protein kinase C  is 
marked with a wavy underline. The antigenic sequence of the antibody 
used in this study  is underlined. 

immunoprecipitation followed  by SDS-PAGE  and autoradi- 
ography. As shown in Fig. 7, the Rex protein expressed by 
pKCR27+40X was phosphorylated in  vivo, and TPA-depend- 
ent phosphorylation was also observed in COS-7 cells. The 
deletion of the  first 78 amino acid residues of Rex caused a 
significant  disappearance of TPA-dependent phosphoryla- 
tion. However, phosphorylation of pp21, which corresponds 
to  the basal level of TPA-independent phosphorylation was 
still observed. Hence, TPA-dependent  site(s)  are located in 
the 78 N-terminal amino acid residues, and  another  site(s) is 
located in residues 79-189  of Rex. 

Identification of in Vivo  Phosphorylation  Sites of Rex-In 
order to determine the precise location of the phosphorylated 
serine(s)  and  threonine(s), we prepared  32P-labeled Rex by 
metabolic labeling followed  by immunoprecipitation. After 
extensive digestion with  TLCK-chymotrypsin, the resulting 
peptides were separated by HPLC (Fig. 8). Two 32P-labeled 
phosphopeptides were isolated. Since the phosphopeptide  in 
peak  2 was immunoreactive  with  antibody  against  a synthetic 
peptide that represented the 14 C-terminal amino acid resi- 
dues of Rex (data  not shown), it was identified as  the C- 
terminal chymotryptic  peptide, SACTSTSFPPPSPGPSCPT 
(residues 171-189). This  and  the results  obtained  with the N- 
terminally truncated Rex (Fig. 7) permitted us to postulate 
that peak 1 should be the chymotryptic  peptide  containing 
TPA-dependent phosphorylation site(s) within the 78 N- 
terminal residues. Each  32P-labeled  chymotryptic  phospho- 
peptide was mixed with myoglobin as carrier  protein and 
subjected to  automated  Edman degradation in a spinning cup 
sequenator. Successive degradation and  the sequence cycle 
number were monitored by analysis of phenylthiohydantoin 
amino acids of carrier  protein released at cycles 2 and 11. The 
amount of radioactivity released during each cycle was mon- 
itored by scintillation  counting to determine the position(s) 
of phosphorylated  amino  acids relative to  the amino end of 
the peptides (Fig. 9). 32P radioactivity was released during the 
sixth cycle of peak 1 (Fig. 9A). Only one predicted chymo- 
tryptic peptide  (residues 65-82) contains a  serine in  this 
position. Moreover, Ser-70 coincides with the consensus  se- 
quence of phosphorylation sites of protein  kinase  C (Fig. 10). 
A  similar  analysis was used to identify the phosphorylation 
site(s) of the  C-terminal chymotryptic  peptide (peak 2  in Fig. 
8). In  this case, 32P radioactivity was released at  the  fourth 
and seventh cycles (Fig. 9B). These positions of the chymo- 
tryptic peptide  (residues 171-189) (Fig. 10) corresponded to 
Thr-174  and Ser-177, respectively. 
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DISCUSSION 

In  this study, we examined the in  vivo phosphorylation of 
the  HTLV-I  posttranscriptional regulator, Rex. Phosphoryl- 
ation of Rex was observed in all human  T-cell  lines  bearing 
HTLV-I proviruses  (HUT-102, MT-2,  TL-Su,  and TART-1; 
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Fig. 2) tested and in COS-7 cells transfected by the Rex 
expression vector (Fig. 7, lanes 1 and 2). In every case, the 
major phosphoamino acids of phosphorylated Rex were phos- 
phoserine with a trace  amount of phosphothreonine.  Tyrosine 
kinase was not involved, since phosphotyrosine was not de- 
tected in  any of the HTLV-I-infected cells with or without 
drug  treatment.  The level of Rex phosphorylation was en- 
hanced by the  treatment of cells with TPA alone, a specific 
activator of cellular protein kinase C (1, 33). Moreover, the 
pretreatment of cells with TPA caused down-regulation of 
cellular  protein kinase C,  resulting in no  augmentation of 
TPA-dependent Rex phosphorylation after  retreatment with 
TPA. These  results closely mirror the previously reported 
effect of TPA on  protein  kinase  C  activation  in  cultured cells 

The i n  vivo phosphorylation  sites of Rex were identified as 
Ser-70, Ser-177, and Thr-174 by radiosequencing. As the 
deletion of the first 78 amino acid residues of Rex caused a 
significant disappearance of TPA-dependent phosphoryla- 
tion, Ser-70 was identified as a  TPA-dependent phosphoryl- 
ation site. This is supported by inspection of its surrounding 
sequences. Ser-70 fits  an  apparent consensus sequence of the 
phosphorylation site by protein  kinase C, Ser'/Thr*-X-Arg/ 
Lys (37). A wide range of i n  uiuo protein  kinase C substrate 
proteins  has been reported. However, very few  of these pro- 
teins are localized predominantly  in the nuclei, especially in 
the nucleolus (1, 38). Indeed, it  has been reported that only 
low  levels of protein kinase C activity are associated with the 
nuclei (1, 39). Therefore, TPA-dependent phosphorylation of 
Rex may (i) be directly mediated by protein  kinase  C  in the 
cytoplasm and  the phosphorylated Rex is translocated into 
the nucleolus, or  (ii) reflect an additional step of signal 
transduction, resulting in activation of a nuclear kinase, such 
as the human immunodeficiency virus type 1 (HIV-1) Rev 
kinase (39). 

Recent  studies have revealed that  (i)  the  first 77 N-terminal 
amino acids of Rex constitutes  a domain with RNA-binding 
activity  (40),  (ii)  a region between residues 55 and 132 is 
required for Rex-mediated trans activation  (41), and (iii) an 
effector domain (residues 66-118) is essential for Rex function 
(42). In  this study, we identified that  the  TPA-dependent 
phosphorylation  site,  Ser-70 is located within  these  functional 
regions. Protein phosphorylation has been recognized as a 
major posttranslational regulatory mechanism and is thought 
to play an  important role in the control of cell growth, 
differentiation, and tumorigenicity (1,2). Hence, it is possible 
that phosphorylation at Ser-70 is necessary for the activation 
of Rex function. We have demonstrated that  the protein 
kinase  inhibitor H-7 blocks accumulation of viral unspliced 
gag-pol mRNA corresponding with the decreased i n  uiuo phos- 
phorylation of Rex (4). It  has been reported that  TPA is an 
inducer of viral gene expression and replication of HTLV-I 
or HIV-1 in infected human  T-cells (43, 44) and enhances 
Rev phosphorylation in vivo (45). Thus, retroviruses such as 
HTLV-I  and HIV-1 that encode their own trans-regulator 
proteins would  be able to adapt if they could also respond to 
regulatory signals by extracellular stimuli. One way  by which 
this effect could be accomplished would be having the function 
of  Rex be dependent  on phosphorylation. 

(1, 33-36). 
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