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Human immunodeficiency virus-1 (HIV-1) Vpr expression halts the prolifera- 
t ion of human cells a t  or near the G, cell-cycle checkpoint. The transition from 
C, t o  mitosis is normally controlled by changes in  the state o f  phosphorylation 
and subcellular compartmentalization of key cell-cycle regulatory proteins. In 
studies of the intracellular trafficking of these regulators, we unexpectedly 
found that wild-type Vpr, but  no t  Vpr mutants impaired for C, arrest, induced 
transient, localized herniations in the nuclear envelope (NE). These herniations 
were associated with defects in  the nuclear lamina. Intermittently, these her- 
niations ruptured, resulting in  the mixing of nuclear and cytoplasmic compo- 
nents. These Vpr-induced NE changes probably contribute t o  the observed 
cell-cycle arrest. 

HIV-1 Vpr is a highly conserved, virion- 
associated (I), nucleocytoplasmic shuttling 
(2) protein that blocks proliferating CD4+ T 
cells at the G, cell-cycle checkpoint (3, 4). 
This property of Vpr enhances viral replica- 
tion because HIV-1 transcription is more ac- 
tive during G, (5). Vpr also increases HIV-1 
replication in nondividing macrophages, pos- 
sibly by facilitating, with other viral compo- 
nents (6-II), nuclear uptake of the large (56 
nm) viral preintegration complex (PIC) (12- 
14). Although Vpr has been shown to interact 
with various host proteins (15-19), the mo- 
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lecular mechanism underlying Vpr-induced 
cell-cycle arrest remains unknown. 

The transition from G, to mitosis depends 
upon activation of the cyclin Bl-Cdc2 kinase 
complex and its entry into the nucleus during 
prophase (20). The activity of Cdc2 is regu- 
lated in an opposing manner by the Cdc25C 
phosphatase (21, 22) and the Wee1 and 
Myt-1 kinases (23, 24). The functions of 
Cdc25C and Wee1 are regulated not only by 
changes in their overall phosphorylation but 
also by changes in their subcellular localiza- 
tion. During S phase, Cdc25C predominantly 
resides in the cytoplasm, reflecting its assem- 
bly with a 14-3-3 protein (25), whereas Wee1 
is expressed in the nucleus. ~ u r i ~ ~  prophase, 
both of these proteins assume a 
pattern expression. Our initial aim was to 
explore whether HIV-1 Vpr alters the nucle- 
~cy to~lasmictrafficking of Weel, Cdc25C, 
and cyclin B1. We used video fluorescence 

oughly. The cells were then scraped into 500 ~1 of 
water and sonicated with four 10-s pulses. Cell debris 
was removed by centrifugation, and sulfosalicylic 
acid was added to the supernatant to a final concen- 
tration of 2%. The samples were then placed on ice 
for 30 min followed by centrifugation to remove 
precipitated proteins. The extracts were then ana- 
lyzed for amino acid content with a Biochrom 20 plus 
amino acid analyzer (Amersham-Pharmacia Biotech). 
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microscopy to monitor the movement of 
these proteins labeled by fusion to either 
green or red fluorescent protein (GFP, RFP) 
in synchronized HeLa cell cultures cotrans- 
fected with Vpr or control expression plas- 
mids. The dynamic changes are more readily 
apparent in the Web-based videos (26) than 

\	 , 

in-the still pictures presented in the figures. 
When expressed alone, Weel-GFP was ob- 
served in cell nuclei during the S and G, 
phases (Fig. 1A and Web fig. 1A). Coinci- 
dent with the entry of cells into mitosis and 
NE breakdown, Wee 1 -GFP displayed a 
whole-cell pattern of epifluorescence (Fig. 
1B and Web fig. 1A). During re-formation of 
the nuclear membrane in telophase, Weel- 
GFP rapidly entered the daughter cell nuclei 
(Fig. 1, C and D, and Web fig. 1A). In the 
presence of Vpr, the pattem of Weel-GFP 
epifluorescence was markedly different (Fig. 
1, E to L, and Web fig. 1B). Notably, prom- 
inent, transient herniations formed at the api- 
ces of the oblong nuclei (Fig. 1, E to H, and 
Web fig. 1B). Intermittently, these hemia- 
tions ruptured, releasing Weel-GFP into the 
cytoplasm (Fig. 1, I to L, and Web fig. 1B). 
However, within 3 to 4 hours, Weel-GFP 
was reimported into the nucleus (Fig. 1, K 
and L, and Web fig. 1B). Consistent with the 
cell cycle-arresting properties of Vpr, little or 
no mitosis was observed in these Vpr-ex- 
pressing cells. Conversely, nonarresting Vpr 
mutants, L64QQLL/A64QQAA (termed 
AQQAA) and R90K, failed to alter NE mor- 
phology, subcellular Weel-GFP distribution, 
or entry into mitosis (Web fig. 2). Thus Vpr, 
but not nonarresting mutants of Vpr, induced 
dynamic herniations in the NE that intermit- 
tently ruptured. 

Vpr-induced changes in intracellular traf- 
ficking of Cdc25C and cyclin B1 were also 
examined. Both GFP-Cdc25C and cyclin B1- 
GFP principally localized in the cytoplasm 
during the S and G, phases (Fig. 2, A and I, 
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and Web fig. 3, A and C). At the onset of 
mitosis, apparently coincident with NE 
breakdown, Cdc25C and cyclin B1 became 
distributed throughout the cell (Fig. 2, B and 
J to L, and Web fig. 3, A and C). Cdc25C was 
rapidly reexported from the daughter nuclei 
after NE re-formation during telophase (Fig. 
2, C and D, and Web fig. 3A), whereas cyclin 
B 1-GFP fluorescence disappeared (Fig. 2L 
and Web fig. 3C), consistent with the report- 
ed proteasome-mediated degradation of this 
regulator (27). 

In the presence of Vpr, Cdc25C and cyclin 
B1 localization were markedly altered. Cy- 
cles of rapid nuclear entry and exit were 
observed with both GFP-Cdc25C and cyclin 
B1-GFP during S and G, (Fig. 2, E to H and 
M to P, and Web fig. 3, B and D). Prominent 
nuclear herniations were also evident. In con- 
trast to normal cells, cyclin B1-GFP was not 
degraded and mitosis was sharply dimin- 
ished. Thus, it appears that intermittent rup- 
ture of the Vpr-induced NE herniations pro- 

duced transient loss of the subcellular com- 
partmentalization of Cdc25C, cyclin B1, and 
Wee1 and presumably other soluble cellular 
components. 

These Vpr-induced NE defects and ac- 
companying herniations were consistently 
observed in cells moving through S phase, 
indicating that these changes were not due to 
prolonged retention of cells in G,. Addition- 
ally, similar nuclear herniations were not ob- 
served in cells induced to undergo G, arrest 
by exposure to mitomycin C, a DNA-&~~-  
ing agent (28). Although Vpr has been report- 
ed to induce apoptosis, cells treated with 
staurosporine, a strong proapoptotic agent, 
did not display similar nuclear herniations 
(28). 

We next explored whether structural de- 
fects in the organization of the nuclear 
pores or the nuclear lamina underlie the 
observed Vpr-induced nuclear herniations. 
NE herniations have been observed in yeast 
strains containing mutations in various nu- 

clear pore complex (NPC) proteins (termed 
nucleoporins) (29-31). These mutations 
probably cause the misassembly of NPCs 
or defective interactions between each NPC 
and the surrounding "pore membrane" lip- 
ids (30, 31). Nuclear export into the "dead 
end" structure formed by these aberrant 
NPCs likely fills and distends these liernia- 
tions. As expected, these herniated mem- 
branes lack NPCs on their surface and do 
not contain DNA. Staining of Weel-GFP 
and Vpr-cotransfected cells with monoclo- 
nal antibody (mAb) 414 to NPC and DNA- 
specific Hoechst 33342 dye (Fig. 3, D to F, 
and Web fig. 4) revealed that the Vpr- 
induced herniations (Fig. 3D and Web fig. 
4, lower panels) were devoid of NPCs (Fig. 
3E and Web fig. 4B, lower panel) and 
occasionally exhibited clustered NPCs at 
the base (Fig. 3E and Web fig. 4B, lower 
panel). However, DNA was consistently 
detected within these Vpr-induced NE her- 
niations (Fig. 3F and Web fig. 4C, lower 
panel). Thus, although the Vpr-induced 
herniations exhibit certain features reminis- 
cent of malformed NPCs, the presence of 
DNA in the Vpr-induced blebs argues 
strongly against a nucleoporin-based mech- 
anism for the observed herniations. 

I Nuclear herniations have been detected 
in Drosophila (32), Caenorhabditis elegans 

k (33), and mice (34) lacking expression of 
9 L various lamin genes. In higher eukaryotes, 
t c  the intermediate filament proteins lamin A, 
3 + B, and C combine to form the major com- 

ponent of the nuclear lamina located at the 
inner surface of the NE. To investigate k potential Vpr-induced changes in the orga- g L. nization of the nuclear lamina, we cotrans- 

8P fected HeLa cells with Weel-RFP and 
%+--- GFP-lamin C in the presence or absence of 

Vpr. In cells lacking Vpr, lamin C accumu- 
Fig. 1. HIV-1 Vpr disrupted NE architecture and integrity. (A to D) HeLa cells were cotransfected lated at the inner surface of the nuclear with Weel-CFP and control expression plasmids and synchronized in the cell cycle by introduction 
of a double thymidine block. After removal of this block, the cells were photographed every 10 min perimeter, whereas Weel was distributed 
for 20 to 24 hours. (E to H) Results of transfection of Weel-GFP and Vpr, including NE herniations. throughout the nucleus (Fig- 4.4 and Web 
(I to 1) Rupture of a nuclear herniation. Images from various sequential time points are presented. fig. 5A). As cells progressed into mitosis, 

Fig. 2. HIV-1 Vpr-induced NE herniation and transient nuclear uptake of min later by a cytoplasmic pattern of expression (G). Prominent nuclear 
CFP-Cdc25C and cyclin B1-GFP during interphase. (A to H) Results obtained herniations are also evident in (G) and (H). (I to P) The pattern of cyclin 
with CFP-Cdc25C in the presence (A to D) and absence of V r (E to H). The B1-GFP expression in the presence (I to L) and absence of Vpr (M to P). (M) 
whole-cell pattern of GFP-Cdc25C expression is apparent in I), followed 20 to (0) show images acquired over a 30-min period during 5 phase. 
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indentations in the NE appeared, followed 
by lamin fragmentation (Fig. 4B and Web 
fig. 5A). In contrast, cells expressing Vpr 
exhibited highly localized defects in the 
lamin C structure at the sites of NE herni- 
ation (Fig. 4, E to H, and Web fig. 5B). 
These defects in lamin C appeared as a gap 
in lamin C epifluorescence at the base of 
the nuclear herniations. In some cases, a dis- 
continuous "flap" of lamin C was observed 
that moved as the herniations projected and 
retracted (Web fig. 5B). Vpr also induced a 
less uniform pattern of lamin A and B ex- 

Fig. 3. Vpr-induced NE hernia- 
tions are devoid of NPCs, fre- 
quently display clustered NPCs 
at their bases, and consistently 
contain DNA. HeLa cells were 
transfected with Weel-CFP 
alone (A to C) or with Weel-CFP 
and Vpr (D to  F). The herniations 
were visualized by the presence 
of Weel-CFP (D), NPCs were 
stained with mAb 414 to nuclear 
pore (B and E), and DNA was 
detected by staining with 
Hoechst 33342 dye (C and F). 
Arrows in (D) to  (F) indicate the 
location of the NE herniation. 

pression, producing an overall more "wrin- 
kled" appearance (Web fig. 6, A and B, 
control vector versus Vpr+). Thus, Vpr ap- 
pears to induce localized disruptions in the 
normal nuclear lamin architecture, contribut- 
ing to the formation of NE herniations. 

Although Vpr is present within the hernia- 
tions, this protein both accumulated at the 
NE, consistent with previous studies (19), 
and was more broadly distributed throughout 
the nucleus. We observed no evidence of 
increased Vpr concentration at the site of NE 
herniation (28). Thus far, a direct interaction 

Weel-GFP mAb414 Hoechst 
(Pores) (DNA) 

Fig. 4. HIV-1 Vpr induces localized disruptions in the nuclear lamin structure that coincide with 
sites of NE herniation. Synchronized HeLa cells were cotransfected with Weel-RFP and lamin 
C-CFP in the absence (A to  D) or presence of Vpr (E to H). The expected fragmentation of lamin 
C in (B) and (C) and defect in lamin C-CFP epifluorescence coincident with the site of NE herniation 
in (E) to (H) are indicated (arrows). 

Fig. 5. (A to C) HIV in- 
fection induces nuclear 
herniations. HIV virions 
were harvested from 
293T cell cultures 48 
hours after cotransfec- 

coding expression vec- 
tors. These pseudotyped virions were used to infect GHOST cells that contained an integrated HIV-1 
LTR-CFP reporter plasmid. The images presented were acquired 17 hours after infection. NE herniation 
is highlighted by arrows in (B). One of these cells is productively infected by HIV, as evidenced by 
Tat-mediated activation of the integrated HIV-1 LTR-CFP reporter (green epifluorescence), whereas the 
second cell displays NE herniation at an earlier stage of infection. (C) Images acquired 20 min later, 
illustrating the dynamic nature of these NE abnormalities. 

of Vpr with the nuclear lamins A, B, or C has 
not been detected, raising the possibility that 
these effects may occur in an indirect manner. 
Further, we found no evidence that the Vpr- 
induced nuclear herniations occurred in the 
regions of the microtubule-organizing centers 
(Web fig. 7), where the NE lamina may 
undergo thinning and breakage as cells enter 
mitosis (35-37). 

How could localized disruptions in the 
nuclear lamina lead to cell-cycle arrest? De- 
fects in lamin structure are known to interfere 
with DNA synthesis, which in turn hinders 
the entry of cells into mitosis (38). Alterna- 
tively, the rupture of the nuclear herniations 
and the attendant loss of compartmentaliza- 
tion of key cell-cycle regulators or other cel- 
lular components may induce an intracellular 
injury signal that causes arrest of cells at the 
G, checkpoint. 

Finally, we assessed whether HIV-1 in- 
fection produced similar morphological 
changes in the NE. When GHOST cells 
(39), containing an integrated HIV-1 long- 
terminal repeat (LTR)-GFP reporter plas- 
mid, were infected at a high multiplicity 
with vesicular stomatitis virus protein G 
pseudotyped HIV- 1, transient NE hernia- 
tions were detected in both productively 
infected (GFP-positive) and newly infected 
(GFP-negative) cells (Fig. 5, A to C, and 
Web fig. 8). Thns, the quantities of Vpr 
expressed during the course of HIV infec- 
tion and the levels of Vpr present in the 
incoming virions were sufficient to induce 
the observed changes in NE architecture. 

Although Vpr-induced G, arrest in- 
creases HIV transcription, the most pro- 
nounced effects of Vpr on viral replication 
are observed in terminally differentiated, 
nondividing macrophages (14, 40-43). In 
these macrophages, Vpr may facilitate the 
nuclear import of viral PICs. Notably, the 
56-nm Stokes diameter (43) of the HIV PIC 
considerably exceeds the maximal 25-nm 
diameter of the nuclear pore channel (44). 
How the PIC successfully negotiates the 
NPC is unclear. It is intriguing to consider 
that the localized Vpr-induced NE defects 
may provide a portal for PIC entry into the 
nucleus. If Vpr facilitates nuclear uptake of 
the PIC through such NE defects, the quan- 
tities of Vpr present in incoming virions 
must be sufficient to induce these NE ef- 
fects. As noted above, our studies suggest 
that NE herniation is evident in infected 
cell cultures before establishment of the 
HIV provirus and the production of Tat. In 
further support of this possibility, Vpr con- 
tained within virions has been shown to 
induce cell-cycle arrest (45, 46). However, 
this potential mechanism of nuclear uptake 
of the PIC cannot be solely responsible for 
infection of nondividing cells because HIV 
vectors lacking Vpr can introduce genes 
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into various nondividing cells. Neverthe
less, these effects of Vpr on nuclear lamin 
and NE architecture merit further evalua
tion in terms of their potential to facilitate 
HIV infection of terminally differentiated 
macrophages. 
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Interaction of the Response 
Regulator ARR4 with 

Phytochrome B in Modulating 
Red Light Signaling 
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The Arabidopsis thaliana response regulator 4, expressed in response to phy
tochrome B action, specifically interacts with the extreme amino-terminus of 
the photoreceptor. The response regulator 4 stabilizes the active Pfr form of 
phytochrome B in yeast and in planta, thus elevates the level of the active 
photoreceptor in vivo. Accordingly, transgenic Arabidopsis plants overexpress-
ing the response regulator 4 display hypersensitivity to red light but not to light 
of other wavelengths. We propose that the response regulator 4 acts as an 
output element of a two-component system that modulates red light signaling 
on the level of the phytochrome B photoreceptor. 

Phytochromes (phy) are red/far-red revers
ible photoreceptors that regulate many as
pects of plant development (1). They are 
synthesized in the dark in the inactive Pr form 
and converted by red light into their active 
far-red light-absorbing Pfr form. In Arabi
dopsis the phy family is encoded by five 
genes {PHYA to PHYE), whose products for
ward the light signal to downstream transduc
tion components by separate signaling mech
anisms (7, 2). Light signal transduction is 
mediated by proteins that interact with phy
tochromes in the cytoplasm and the nucleus 
(7, 3). The cyanobacterial phytochrome, 
Cphl, is a light-regulated histidine kinase 
(4), therefore it appeared conceivable that 
eukaryotic phytochromes may also function 
as sensor kinases (5), yet no eukaryotic phy
tochromes displaying histidine kinase activity 
have been described (6). 

The Arabidopsis EST and genome data
bases contain several genes for plant response 
regulators with similarity to the Escherichia 
coli response regulator CheY (7, 8). One of 
the identified clones was identical with the 
recently published Arabidopsis response reg
ulator 4 (ARR4, Fig. 1A) (9, 10). We gener-
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ated an ARR4-specific antiserum to analyze 
the expression of this protein in planta. This 
antiserum detected the ARR4 protein in 
stems, leaves, and flowers but not in roots 
(Fig. IB). Thus, the expression pattern of 
ARR4 overlaps in great part with that of 
phyB. The amount of ARR4 remained below 
detection level in seedlings grown in dark
ness, whereas in light, the accumulation of 
the protein was detectable 1 day after germi
nation (Fig. 1C). Accumulation of ARR4 was 
induced by white or red light in dark-grown 
seedlings, whereas far-red light was ineffec
tive (Fig. ID). Hourly pulses of 5 min of red 
light given over a period of 24 hours also 
induced accumulation of ARR4 protein (Fig. 
ID). The inductive effect of red light was 
reversed by a subsequent far-red light pulse 
(Fig. ID). Accumulation of ARR4 was also 
analyzed in Arabidopsis phy A and phyB mu
tants. It was reduced in red light-irradiated 
phyB-mvX&vA seedlings, but was unaffected in 
phy A -mutant (Fig. IE). These data suggest 
that phyB dominates the photoregulation of 
ARR4 expression, although participation of 
other photoreceptors, especially in white 
light, should not be excluded. 

To investigate a physical interaction of 
ARR4 with phyB, copurification experiments 
were performed. Wild-type phyB, a mutated 
phyB resulting in a reduced red light-sensi
tive phenotype [phyB-101 (11)], and phy A 
were expressed in yeast (12). Functional pho
toreceptors were obtained by self-assembly 
with chromophore in crude extracts and far-
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