




nant baculovirus that displayed eGFP as a fusion protein with
GP64 (similar to Bac-GP64-GFP) but carried a mammalian ex-
pression cassette for the red fluorescent protein (DsRed) con-
trolled under the CMV promoter (Bac-GP64-GFP-CMV-DsRed).

We utilized this recombinant baculovirus in control cells and
cells treated with M�CD for 45 min and measured the expression
of DsRed fluorescent protein 24 h after exposing the cells to Bac-
GP64-GFP-CMV-DsRed. As a control for expression, we trans-
fected cells with the plasmid pCMV-DsRed-Express (see Materials
and Methods).

Figure 5D correlates the percentage of cells containing Bac-
GP64-GFP-CMV-DsRed (as a measurement of baculovirus inter-
nalization into the cell) with the percentage of cells expressing
DsRed driven by the CMV promoter present in the recombinant
baculovirus. Since GP64 is part of the virus coating and is lost
during endosome exit, we conducted additional experiments to
localize the virus capsid using a monoclonal antibody against
VP39, the main capsid protein (see Materials and Methods).
Whether we measured GP64-GFP fluorescence (Fig. 5C) or VP39
fluorescence (using a specific monoclonal antibody) (Fig. 5D), we

observed similar results regarding the percentage of cells contain-
ing Bac-GP64-GFP-CMV-DsRed.

To explore further the role of the clathrin-dynamin pathway
during baculovirus internalization into mammalian cells, we uti-
lized siRNAs to reduce the contents of clathrin and dynamin pro-
teins in the host cells. We also utilized the cell-permeable inhibitor
of dynamin, dynasore, to corroborate the siRNA experiments.

As illustrated in Fig. 5D, none of the treatments described
above significantly altered the amount of recombinant baculo-
virus (Bac-GP64-GFP-CMV-DsRed) inside the host mamma-
lian cells as evaluated by the percentage of VP39-positive cells.
However, baculovirus-driven gene expression (as assessed by
cells expressing DsRed) was strongly inhibited by siRNA(Clath-
rin), siRNA(Dynamin), and dynasore (50 �M) but not by siR-
NA(Scramble), used as a negative control. Likewise, the amount of
expression induced by transfecting the plasmid CMV-DsRed Ex-
press was unaltered by RNAi(clathrin), as expected since plasmid
internalization is controlled not by clathrin but by the lipids used
for transfection (see Materials and Methods).

These results strongly suggest that baculovirus internalization
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FIG 5 Host cell plasma membrane cholesterol content determines the type of vesicle utilized by baculovirus for cell internalization. (A) Representative image
from studies of colocalization of Bac-GP64-GFP and clathrin-DsRed measured with confocal microscopy. The magnified image on the right shows the vesicles
in yellow, indicative of high levels of colocalization between Bac-GP64-GFP and clathrin-DsRed. This observation was confirmed by the high Manders’ overlap
coefficient (R � 0.9). (B) Experiments similar to those for which a representative image is shown in panel A were conducted, but cells were treated for 45 min with
M�CD prior to adding the baculovirus to the bath solution. Notice the reduced colocalization between Bac-GP64-GFP and clathrin-DsRed, as measured by the
low Manders’ overlap coefficient (R � 0.1). (C) Determination of the GFP-DsRed colocalization and the percentages of cells positive for GFP (cells containing
baculoviruses). Notice that the treatment with M�CD reduced the colocalization between the baculovirus and clathrin but did not alter the amount of cells
containing recombinant baculoviruses inside the cytosol. (D) The numbers of cells expressing DsRed were quantified and compared to the numbers of cells
carrying the recombinant baculovirus in their cytosol, as measured by immunocytochemistry using a monoclonal antibody specific for VP39 (see Materials and
Methods). The expression of DsRed was driven by the CMV promoter in the recombinant baculovirus Bac-GP64-GFP-CMV-DsRed. As shown by the data,
altering the clathrin-dynamin pathway results in reduced DsRed expression without affecting the number of viruses inside the cells. Values are the means �
standard deviations from at least 18 independent measurements.
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into mammalian cells is not affected by altering the clathrin-dy-
namin pathway but that baculovirus-driven gene expression is
significantly reduced by alterations in this pathway. This is in
agreement with our observation that cholesterol reduction drives
baculovirus internalization via a clathrin-dynamin-independent
pathway.

To assess the role of the two CRAC domains described above in
baculovirus infectivity in insect cells, we conducted experiments
using Sf9 insect cells with these mutants. Not surprisingly, we
observed no effect on baculovirus internalization or infectivity in
insect Sf9 cells (data not shown). The lack of effect is the result of
the baculovirus carrying a wild-type copy of GP64 in its genome
(in addition to the mutant copy introduced by us).

In order to evaluate the role of the different CRAC domains in
baculovirus infectivity in insect cells, we removed the wild-type
copy of the gp64 gene from the baculovirus genome by recombi-
nation methods (see Materials and Methods). We utilized a bac-
ulovirus genome lacking the wild-type copy of the gp64 gene to
introduce the copies of gp64 carrying the mutations of the CRAC
domains described above, which also displayed GFP (Y253A,
Y311A, and the double mutation Y253A Y311A). These new re-
combinant baculoviruses were named Bac-GP64-null-Y253A-
GFP, Bac-GP64-null-Y311A-GFP, and Bac-GP64-null-Y253A-
GFP-Y311A-GFP.

Mutation of the first CRAC domain (Ch1 Y253A) had no effect
on virus infectivity or multiplicity of infection (data not shown).
However, mutation of the second CRAC domain (Ch2 Y311A)
resulted in viruses that could not be amplified. After many at-
tempts, we could not get a useful viral stock. This result is difficult
to interpret accurately, but since GP64 is essential for baculovirus
infectivity in insect cells, this suggests that mutations in the second
CRAC domain destroy GP64 function, resulting in replication-
incompetent viruses.

To further confirm that the replication-incompetent baculovi-
ruses were the result of the single-point mutation in GP64
(Y311A), we conducted rescue experiments using the VSV G pro-
tein to pseudotype the recombinant baculovirus Bac-GP64-null-
Y311A-GFP. For these experiments, we expressed VSV G under
the baculovirus immediate early promoter (IE1) contained in a
plasmid, as previously described (40). At 24 h after the plasmid
transfection, insect cells were transfected with the bacmid for Bac-
GP64-null-Y311A-GFP.

Pseudotyped Bac-GP64-null-Y311A-GFP baculoviruses could
be amplified similarly to wild-type baculoviruses, resulting in
equivalent viral titers. Flow cytometry experiments using purified
viruses demonstrated that all recombinant baculoviruses (includ-
ing the Bac-GP64-null-Y311A-GFP pseudotyped with VSV G)
displayed similar GFP fluorescence levels (Fig. 6A). Furthermore,
Western blot analysis showed similar levels of GP64-GFP protein
content in all recombinant baculoviruses, and only the VSV G-
pseudotyped Bac-GP64-null-Y311A-GFP showed slightly higher
levels of GP64-Y311A-GFP protein content (Fig. 6B). Notice that
with this recombinant baculovirus, the wild-type copy of GP64
could not be detected in the Western blot, as expected since the
gp64 wild-type copy was deleted from the genome (Fig. 6B).

Adding an extra copy of wild-type gp64 also rescued the GP64-
null-Y311A-GFP baculovirus (data not shown). Similar results
were obtained by adding an extra copy of gp64 containing the
mutation of the first CRAC domain (data not shown). These re-
sults suggest that the Ch2 CRAC domain is required for baculovi-

rus infectivity in insect cells, while destroying the Ch1 CRAC do-
main had no effect on virus infectivity in insect cells.

To further evaluate the capacity of GP64 null-pseudotyped
baculoviruses to drive the expression of foreign genes in mamma-
lian cells, we prepared a new recombinant baculovirus carrying a
mammalian expression cassette for DsRed, using as the backbone
the bacmid lacking the wild-type copy of the gp64 gene (Bac-
GP64-null-CMV-DsRed). This baculovirus was pseudotyped
with VSV G as described above.

Most interestingly, Bac-GP64-null-Y311A-GFP pseudotyped
with VSV G could drive high levels of expression of DsRed that
were not affected by M�CD treatment (Fig. 6C and D). The for-
eign-gene expression driven by the recombinant baculovirus car-
rying a wild-type copy of the gp64 gene (Bac-GP64-GFP-CMV-
DsRed) was severely affected by M�CD (Fig. 6C and D), as we
showed above (Fig. 5D).

The fact that the VSV G-pseudotyped recombinant baculovi-
rus (Bac-GP64-null-Y311A-GFP�VSV G) was not altered by
M�CD treatment is the result of baculovirus entry into the cells
being mediated by VSV G, which has been shown to be indepen-
dent of cellular cholesterol (10).

To further explore the clathrin-dynamin-independent path-
way, we performed additional experiments directed at identifying
the key players in this mechanism of internalization. Macropi-
nocytosis is one of the main internalization mechanisms utilized
by many viruses and pathogens (for a review, see reference 41).
Thus, we decided to explore this possibility first.

Macropinocytosis depends on the concerted action of several
kinases (41). The serine/threonine p21-activated kinase 1 (Pak1)
modulates cytoskeleton mobility and is required during all of the
steps of macropinocytosis (41). To assess the role of this kinase in
baculovirus internalization, we conducted experiments using
RNA interference to reduce the Pak1 protein content in cells be-
fore adding the Bac-GP64-GFP-CMV-DsRed.

Since we observed reduced baculovirus-driven gene expression
in cells exposed to M�CD, we conducted experiments to deter-
mine how much of the viral genetic material reached the nucleus
under the different experimental conditions. For this purpose, we
performed fluorescence in situ hybridization (FISH) studies (see
Materials and Methods).

Figure 7A shows the cellular localization of the baculovirus
genetic material in a control cell (in the absence of M�CD). Figure
7B shows a representative cell illustrating the localization of the
baculovirus genetic material. As indicated in the figures, nuclear
colocalization was attained in the absence of M�CD (human his-
tone 2 [H2]-GFP was used to identify the nucleus). Most interest-
ingly, cells exposed to M�CD for 45 min showed most of the
baculovirus DNA labeling around the nucleus but not inside (Fig.
7B). The means � standard deviations from at least 35 indepen-
dent observations are illustrated in Fig. 7C. To determine the
amount of baculovirus entering the cell, we utilized an antibody
directed against VP39 (see Materials and Methods).

Altering the clathrin-dynamin pathway [with RNAi(clathrin),
RNAi(dynamin), or dynasore] prevented the baculovirus genome
from reaching the nucleus, as indicated by diminished H2-GFP–
DNA-Bac colocalization (Fig. 7C). Interfering with macropinocy-
tosis [RNAi(Pak1)] in the absence of M�CD had no effect on the
percentage of cells positive for VP39 or the colocalization of H2-
GFP–DNA-Bac. This is in agreement with our previous observa-
tions indicating that, in the presence of cholesterol, baculovirus
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internalization is via the clathrin-dynamin pathway (Fig. 6). How-
ever, in cells treated with RNAi(Pak1), not only did exposure to
M�CD for 45 min prevent baculovirus internalization (evidenced
by reduced VP39 labeling inside the cells) but the genetic material
did not reach the nucleus (shown by the level of H2-GFP–DNA-
Bac colocalization) (Fig. 7C). As indicated in the figure, this was
the only treatment that reduced baculovirus internalization.

These results indicate that baculovirus can enter the mamma-
lian cell via at least two different pathways, one of which is the
clathrin-dynamin pathway, which results in efficient baculovirus-
driven gene expression. The other pathway is clathrin-dynamin
independent and Pak1 dependent and results in poor baculovirus-
driven gene expression and the accumulation of baculoviruses in
the cell cytosol. When the Pak1-dependent pathway is utilized, the
baculovirus genetic material does not reach the host cell nucleus.
Cells containing normal levels of cholesterol at the plasma mem-
brane favor baculovirus internalization via the clathrin-dynamin
pathway, whereas cells treated with M�CD favor the Pak1-depen-
dent pathway (most likely macropinocytosis).

A model for baculovirus internalization and baculovirus-
driven gene expression in mammalian cells. Figure 8 shows a

model summarizing all the findings described in this study. The
model presents the two independent pathways for baculovirus
internalization into mammalian cells. One pathway is clathrin-
dependent endocytosis, which results in baculovirus reaching the
nucleus of the host cells and, thus, efficient foreign-gene expres-
sion. The other pathway is clathrin-dynamin independent and
Pak1 dependent. This internalization pathway prevents the bacu-
lovirus genetic material from reaching the nucleus of the host cell
and, thus, results in reduced baculovirus-driven gene expression.
The results of Pak1 RNAi in this second pathway suggest that this
alternative pathway is most likely macropinocytosis. The amount
of cholesterol on the plasma membrane of the host cell serves as a
checkpoint to determine which pathway will utilize the baculovi-
rus. However, cholesterol reduction does not interfere with bacu-
lovirus internalization, it only determines which pathway will be
used during host cell internalization. The fact that the genetic
material of baculoviruses using the macropinocytosis pathway
does not reach the cell nucleus suggests that baculovirus cannot
escape efficiently from this type of vesicle (although this is only
one feasible explanation). If that is the case, our results suggest
that cholesterol might also be needed for baculovirus escape from
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the endosome, which is an essential step in order for the baculo-
virus genome to reach the nucleus. One could speculate that the
CRAC domain from GP64 might play a role in endosome escape
also. However, more studies are required to explore this hypoth-
esis in depth.

DISCUSSION

AcMNPV are replicative only in insect hosts; however, they can
penetrate a wide variety of cells from different organisms. These
viruses can enter mammalian cells from different origins with di-
verse degrees of efficiency in foreign-gene expression (6, 9, 42).
The differences in baculovirus-driven gene expression observed
with different cell types pose an enigma, especially when the same
strong promoter has been used in many of the studies (9).

Several studies highlight the role of lipids in baculovirus at-
tachment and internalization into insect (11) and mammalian
cells (13); however, the mechanism associating baculovirus inter-
nalization and lipids remained obscure for many years.

In the present study, we have identified 3 putative cholesterol
recognition amino acid consensus (CRAC) domains in GP64, the
main envelope protein of baculoviruses. This protein forms part

of a novel family of fusion proteins sharing structural motifs with
the vesicular stomatitis virus (VSV) G and herpes simplex virus type 1
(HSV-1) gB glycoproteins. All three proteins resemble each other and
belong to the family of proteins known as �-penetrenes (16, 43).

Most interestingly, we have shown in this study that the CRAC
domain located in domain III of GP64 is essential for cholesterol
interactions. Using a novel method of massive peptide screening,
we have shown that this CRAC domain (used as an isolated pep-
tide) binds the blue-fluorescing cholesterol analog DHE. Further-
more, extensive alanine scanning identified tyrosine (Y311) as an
essential amino acid for DHE binding. Additionally, the Y311A
mutation resulted in the elimination of FRET between the recom-
binant baculovirus and the DHE decorating the plasma mem-
brane of living cells.

Finally, we have shown that cholesterol works as a checkpoint to
determine the mechanism of baculovirus internalization into mam-
malian cells. With cholesterol present at the plasma membrane of the
host cell, recombinant baculoviruses enter the host cell via a clathrin-
dynamin pathway. This internalization pathway facilitates the deliv-
ery of the genetic material from the baculovirus into the host nucleus,
resulting in efficient baculovirus-driven gene transfer.
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FIG 7 M�CD treatment prevents the baculovirus genetic material from reaching the host cell nucleus. Fluorescence in situ hybridization (FISH) studies to
identify the intracellular localization of the baculovirus genome were conducted with HEK293T cells expressing the human histone H2 (H2-GFP), used to
identify the nucleus. (A and B) Representative control cell (not exposed to M�CD) (A) and representative cell exposed to M�CD (B) for 45 min prior to addition
of recombinant baculovirus. Red shows the FISH signal and blue the fluorescence from H2-GFP, used as the nuclear marker. The nucleus in panel A was rendered
using 50% transparency to facilitate the visualization of the FISH signal inside the nucleus. (C) Percentages of colocalization between the FISH signal (DNA-Bac)
and nucleus (H2-GFP) in control cells and cells exposed to M�CD. Note that the percentage of VP39-positive cells illustrates the number of cells with viral capsids
inside, but the DNA-Bac/H2-GFP colocalization shows the number of cells with viral DNA inside their nuclei. Data show also the effects of interfering with the
clathrin-dynamin pathway [RNAi(Clathrin), RNAi(Dynamin), and dynasore] in the absence of M�CD. Finally, to explore the involvement of macropinocytosis,
the effects of RNAi(Pak1) in control and M�CD-treated cells are shown. Bars show means � standard deviations from at least 35 independent observations. The
red horizontal line shows the level of background fluorescence obtained in FISH control studies with HEK293T cells not exposed to baculovirus.
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On the other hand, with reduced cholesterol at the plasma
membrane, baculoviruses enter the host cell via a Pak1-dependent
pathway (most likely macropinocytosis). This alternative inter-
nalization pathway depends on the presence of the serine/threo-
nine kinase Pk1. The result of choosing this internalization path-
way is reduced gene delivery into the host cell nucleus and reduced
baculovirus-driven gene expression.

Cholesterol and lipid rafts play key roles in virus assembly and
budding in a wide variety of animal viruses (44). Semliki forest
virus (SFV) E1 was the first viral fusion protein identified as spe-
cifically binding cholesterol at the moment that the fusion peptide
in E1 interacts with the plasma membrane (45, 46, 47), similar to
what we have found here for baculovirus GP64 with the Ch2
CRAC domain.

Most surprisingly, an in silico analysis from the two other
members of the class III fusion proteins, the vesicular stomatitis
virus (VSV) G and herpes simplex virus type 1 (HSV-1) gB glyco-
proteins (16), revealed the presence of putative CRAC domains in
both proteins.

What was more striking from the analysis was the fact that the
two putative CRAC domains identified in VSV G lay in domain III
at exactly the same location as Ch2 309-317 from GP64. The first
CRAC domain from VSV G is amino acids 318 to 324, and the
second putative CRAC domain is amino acids 339 to 348.

The two putative CRAC domains found in HSV-1 gB glyco-

protein (amino acids 686 to 691 and 699 to 676) lie immediately
after domain III in the coil-arm complex, which has recently been
identified as a domain that contributes to the refolding during the
fusion step of virus internalization (48).

Future studies will be needed to determine whether the puta-
tive CRAC domains from VSV G and HSV-1 gB are indeed func-
tional and required for virus attachment to the host cell mem-
brane via cholesterol interactions. Notably, M�CD appears to
have no effect on the virus internalization mediated by VSV G
(13).

A similar CRAC domain has also been identified in the GP41
protein from human immunodeficiency virus (HIV) (49). This
CRAC domain is found in the ectodomain, preceding the trans-
membrane domain of the protein (35). Other viral proteins copu-
rify with cholesterol, for instance, M2 from the influenza A virus.
Thus, cholesterol plays key roles in virus internalization and mor-
phogenesis in a variety of animal viruses (35).

In spite all the information available about cholesterol and
lipid rafts in virus physiology, very little is known about the mo-
lecular mechanisms associating cholesterol with selective virus in-
ternalization, sorting, and genetic material transfer during virus
infections.

What is the mechanism that drives baculovirus to select a clath-
rin-dynamin internalization pathway when cholesterol is present?
This question poses a complex challenge that we aim to explore in
future studies. However, we can speculate about it.

There is a well-established relationship between the clathrin-
dynamin endocytic pathway and lipid rafts (50). For instance,
dynamin 2, clathrin, and lipid rafts play a key role during the
endocytosis of the Na/K/2Cl cotransporter (51). The internaliza-
tion of human HM1.24 and alpha-adaptin is mediated by clathrin
present in cholesterol-enriched plasma membrane domains (52).

Thus, it is feasible that cholesterol (via GP64-cholesterol inter-
actions) may facilitate the association of baculovirus with clathrin
(at the plasma membrane), resulting in the subsequent internal-
ization of the baculovirus in clathrin-coated vesicles. Baculovirus
can exit the clathrin-coated vesicles via interactions with GP64
(53). Once liberated from the vesicles, the baculovirus genetic
material can reach the host cell nucleus and drive efficient foreign-
gene expression (54).

Our results suggest that baculovirus cannot escape efficiently
from vesicles devoid of clathrin, and thus, its genetic material does
not reach the host cell nucleus. The result is reduced baculovirus-
driven gene expression.

The CRAC domain described here might represent a general
internalization mechanism, since baculovirus with the Y311A
mutation in GP64 cannot replicate in Sf9 cells (Bac-GP64-null-
Y311A-GFP). Only when a wild-type copy of the gp64 gene is
present in the baculovirus genome can we obtain infective viral
particles. Most interestingly, the mutation of the first CRAC do-
main (Ch1 Y253A) had no effect on baculovirus infectivity in Sf9
insect cells, even when the wild-type copy of gp64 was removed
from the baculovirus genome (Bac-GP64-null-Y253A-GFP). Fur-
thermore, the Ch2 Y311A mutant could be rescued by introducing
an extra copy of gp64 carrying the Ch1 Y253A mutation or by
introducing an extra copy of wild-type gp64. Similarly, the Bac-
GP64-null-Y311A-GFP recombinant baculovirus could be res-
cued by pseudotyping the virus with VSV G. All these results point
to the Ch2 CRAC domain as essential for GP64 function during
baculovirus infectivity.

FIG 8 A model for baculovirus internalization and baculovirus-driven gene
expression in mammalian cells, summarizing the results obtained in the pres-
ent study. On the left is the pathway utilized by baculovirus to enter mamma-
lian cells when normal levels of cholesterol are present at the plasma mem-
brane. In this case, one of the first events observed is the intimate association
between GP64 and cholesterol, as observed with FRET and peptide microarray
studies. This intimate association presumably occurs via the Ch2 CRAC do-
main found in GP64. This internalization mechanism depends on clathrin and
dynamin. On the right is the scenario when cholesterol at the plasma mem-
brane is reduced in the host cell. In this case, baculoviruses enter the cell via a
clathrin-dynamin-independent but Pak1-dependent mechanism. This results
in the baculovirus genetic material not reaching the cell nucleus, resulting in
poor baculovirus-driven gene expression. Based on the Pak1 requirement, this
internalization mechanism is most likely macropinocytosis. The triangle be-
low indicates that, with high cholesterol content, baculovirus-driven gene ex-
pression is efficient. On the other hand, with reduced cholesterol content (tip
of the triangle at the right), baculovirus-driven gene expression is significantly
reduced (thus pointing towards the macropinocytosis pathway at the right).
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