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Abstract

The envelope of human cytomegalovirus (HCMV) consists of a large number of glycoproteins.

The most abundant glycoprotein in the HCMV envelope is the glycoprotein M (UL100) which

together with glycoprotein N (UL73) form the gM/gN protein complex. Using yeast two hybrid

screening, we found that the gM carboxy-terminal cytoplasmic tail (gM-CT) interacts with FIP4, a

Rab11-GTPase effector protein. Depletion of FIP4 expression in HCMV infected cells resulted in

a decrease of infectious virus production that was also associated with an alteration of the HCMV

assembly compartment (AC) phenotype. A similar phenotype was also observed in HCMV

infected cells that expressed dominant negative Rab11(S25N). Recently, it has been shown that

FIP4 interactions with Rab11 and additionally with Arf6/Arf5 are important for the vesicular

transport of proteins in the endosomal recycling compartment (ERC) and during cytokinesis.

Surprisingly, FIP4 interaction with gM-CT limited binding of FIP4 with Arf5/Arf6, however, FIP4

interaction with gM-CT did not prevent recruitment of Rab11 into the ternary complex. These data

argued for a contribution of the ERC during cytoplasmic envelopment of HCMV and revealed a

novel FIP4 function independent of Arf5 or Arf6 activity.

Keywords

HCMV; assembly compartment (AC); gM/gN; endocytic recycling compartment (ERC); FIP4;
Rab11

HCMV is a ubiquitous pathogen which can result in considerable morbidity and mortality in

immunocompromised individuals (transplant recipients, HIV infected individuals) (1).

HCMV is a major cause of the congenital infection of infants, an infection associated with

severe brain damage and progressive hearing lost (2).

HCMV is the largest member of the herpesvirus family, and its structure resembles other

herpesviruses. HCMV contains a dsDNA genome within an icosahedral capsid, which in
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turn is surrounded by a complex layer of tegument proteins. The tegumented capsid is

enclosed in a glycoprotein-rich lipid envelope (3–6). The morphogenesis of the HCMV

particle is a multi-step process which begins in the nucleus of the infected cell and results in

the formation of the nucleocapsid (7). During the nuclear stage of the infection, when

nucleocapsids are produced, tegument and envelope proteins are expressed and accumulate

in the cytoplasm of infected cells. It has been shown that the expression of HCMV proteins

in the cytoplasm is accompanied by the localization of the HCMV-expressed structural

proteins within a cellular compartment, termed the assembly compartment (AC) (8–11). The

structure of the AC is thought to be formed from the cellular secretory system including

Golgi, Trans-Golgi Network (TGN), and possibly endosomes, which undergo morphological

and structural changes upon HCMV infection (12–19). Tegumented nucleocapsids exported

from the nucleus possibly bud into the lipid membranes of the AC enriched with viral

proteins to acquire tegument and envelope that leads to the final step of maturation of the

infectious particles. To date, there have been limited studies focusing on the formation of the

AC, the trafficking of virus proteins within the AC, and finally, the cellular components

contributing to cytoplasmic stages of the HCMV maturation.

Sequence analysis of the AD169 HCMV strain has revealed that approximately 50 open

reading frames (ORFs) can potentially encode glycoproteins (20). The HCMV envelope has

been shown to contain highly conserved glycoproteins that are also present in the envelope

of other herpesviruses, including gB, gH/gL/gO and gM/gN as well as a large number of less

well defined virus-encoded proteins and some proteins of cellular origin (3). The gM/gN

complex is the most abundant component of the HCMV envelope (21). The homologues of

the gM and gN protein are encoded by all herpesviruses, suggesting an important role in the

virus life cycle. Although deletion of the ORF encoding either gM or gN from the genome

of PRV, EHV-1, or VZV results only in the decrease of infectious virus production when

compared to the wild-type virus, HCMV gM and gN are essential for the production of the

infectious virus (22–25).

HCMV gM is a product of the UL100 ORF, and is composed of 372 amino acids (aa) with

an apparent molecular weight of 42 kDa. It is a type III glycoprotein with seven membrane-

spanning domains and a C-terminal cytoplasmic tail. gM forms a protein complex with the

product of the UL73 ORF, gN, that is stabilized by a disulfide bond as well as hydrophobic

interactions of the transmembrane domains. In addition, gM/gN complex formation is

required for the export of gM and gN from the endoplasmic reticulum (ER) during

intracellular trafficking of the complex to the TGN and endosomal compartment (26, 27).

Recently, we demonstrated that replication of HCMV depends on the presence of the gM C-

terminal cytoplasmic tail sequence (gM-CT) and that deletion of this sequence resulted in

the loss of infectious virus production. In addition, we observed that the acidic cluster of

amino acids (aa) present in the gM-CT domain influenced the rate of the gM/gN trafficking

within the AC of the HCMV infected cells (28). Combined, this data suggested that gM-CT

could interact with cellular components that regulate and direct gM/gN complex intracellular

transport. To identify cellular components that interact with gM-CT, we performed a yeast-

two hybrid screening and found that the gM-CT interacted with the Rab11 effector protein

FIP4 (family of interacting protein 4).
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Rab11 is a small GTPase which cycles between GTP-bound active and GDP-bound inactive

states and has been suggested to regulate protein trafficking/sorting in the endosomal

recycling compartment (ERC) (29). Furthermore, Rab11 has been shown to be crucial for

several other membrane transport pathways, including phagocytosis, apical targeting in

epithelial cells, and retrograde protein transport from endosomes to TGN (30–32). It has also

been observed that Rab11 has a major role in membrane sorting during cytokinesis (33–35).

The diversity of Rab11 functions is thought to depend on the fact that Rab11 is recruited to

the different cellular compartments by a variety of specific effector proteins. The family of

the Rab11 family interacting proteins (Rab11-FIPs) is represented by six members. All

Rab11-FIPs share a highly conserved 20 amino acid long motif at the C-terminus of the

protein, known as the Rab11 binding domain (RBD) (36). All Rab11 effectors can be further

classified according to the protein structure and homology. Class II FIPs (eferin/

arfophilin-1/FIP3 and arfophilin-2/FIP4) are characterized by the presence of EF hands at

the N-terminus and by homology with Drosophila nuclear fallout protein (Nuf) which is

required for the cellularization of Drosophila embryos (37–39). Consistent with this finding

is the observation that FIP3 and possibly FIP4 are important for recruitment of Rab11 during

cytokinesis (34, 40). FIP4 has been shown to concentrate in the ERC of HeLa cells; however

expression of FIP4 deletion mutants had no effect on the protein recycling from the cell

surface (37, 41). Finally, FIP3 and FIP4 have been shown to bind simultaneously to Rab11

and Arf6 or Arf5, although both FIP3 and FIP4 proteins exhibit lower affinity for Arf5 than

Arf6 (40, 42, 43). Arfs also belong to the family of small GTPases, which are required for

the recruitment and assembly of numerous coat proteins during vesicular transport (44). The

ability of FIP3 and FIP4 to bind both types of GTPases is a rarely described function which

links multiple trafficking pathways by interactions with two different GTPases families.

In this report, we described interactions between HCMV gM and FIP4. We showed that

FIP4 bound to gM is capable of recruiting Rab11, but failed to bind either Arf5 or Arf6. The

intracellular ternary complex in HCMV infected cells possibly consists of gM/gN-FIP4-

Rab11. In addition, shRNA depletion of FIP4 expression or expression of dominant negative

Rab11(S25N) in virus infected cells led to a significant decrease in the infectious virus

yields. We also observed that the mature AC formation in the HCMV infected cells was

associated with accumulation of the Transferrin-TRITC marker of ERC and exclusion of

EGF-Alexa488 to the cell periphery, presumably in late endosomes/lysosomes. Together

this data suggested that gM/gN localization in the ERC dependent on the Rab11 GTPase

function and that the ERC contributes to the AC formation and plays a significant role

during final steps of HCMV envelopment.

Results

gM cytoplasmic tail binds to FIP4

gM (UL100) is a type III integral membrane protein consisting of 7 predicted trans-

membrane domains and a 50 amino acids (aa) C-terminal cytoplasmic tail (gM-CT) (26). In

our previous study, we showed that the gM-CT was essential for the replication of HCMV,

suggesting that the cytoplasmic tail of gM has key role in the functions of gM, potentially

through the protein-protein interactions (28). In order to identify potential protein
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interactions, we performed yeast two hybrid screening. We utilized a human liver cDNA

library and as a bait a gM (UL100) fragment that encoded full-length C-terminal tail of gM

plus the last predicted transmembrane domain (region 300-372 aa) (Fig. 1A). It is important

to note that initially we used the gM construct containing only the predicted gM cytoplasmic

tail sequence as bait (region 323-373 aa). This screening failed to identify any interacting

proteins, possibly due to the misfolding of this protein domain (data not shown). In the

second yeast two hybrid screen using as bait a 300-372 aa region of gM, we isolated a 300

bp long cDNA clone encoding fragment of the Rab11 effector protein-FIP4 corresponding

to aa 454-543 of FIP4 (Fig. 1B).

To further explore gM and FIP4 interactions, we obtained the full-length cDNA clone of

FIP4, amplified the FIP4 gene by PCR, and cloned the PCR product into an expression

plasmid encoding a myc tag. As a first step to confirm the gM and FIP4 interaction, we used

immunofluorescence assay to co-localize the gM/gN complex and FIP4 in transfected and

HCMV-infected cells (Fig. 2). The FIP4-myc construct was used for the cotransfection of

Cos7 cells with gM and gN constructs as well as in the transfection/HCMV-infection

experiment performed in HFF cells. In the transfected Cos7 cells the fluorescent signal

generated by FIP4-myc strongly co-localized in vesicles stained with the anti-gM/gN mab

14-16A (Fig. 2A, top panel). Similarly, in HCMV infected HFF cells, the signal from

gM/gN co-localized with transfected FIP4-myc (Fig. 2A, bottom panel). Additionally, we

used a sheep anti-FIP4 antibody to co-localize endogenous FIP4 with gM/gN complex in the

infected HFF cells (anti-FIP4 antibody kindly provided by Dr. G.W. Gould, Glasgow, UK)

(Fig. 2B). In uninfected HFF cells, FIP4 was localized in a ‘ribbon like’ structure of the

TGN (Fig. 2B top panel). Previously, we have reported that gM/gN also co-localized in the

TGN of transfected cells [28]. Interestingly, in HFF infected cells at early time points post

infection gM/gN and FIP4 co-localized in the similar structure, but at later time points post

infection immunofluorescent signal of both antigens co-localized in the mature assembly

compartment. The antibody that recognized endogenous as well as the myc-tagged form of

FIP4 co-localized with signal of the gM/gN complex in the HCMV assembly compartment

and confirmed that tagging of FIP4 with myc did not alter its intracellular localization and

interaction with gM (Fig. 2).

To provide biochemical evidence of a gM and FIP4 interaction, we performed a GST pull

down assay. We generated a GST fusion protein with the gM C-terminal tail corresponding

to the same fragment that was used as the bait in the yeast two hybrid screening.

Additionally, we generated GST-tagged gM-CT deletion mutants including: a deletion of the

C-terminal 7 aa (gM-ac2), and a deletion of the 13 C-terminal aa (gM-ac1) (Fig. 1A). These

GST-tagged gM constructs were used to verify and map interactions with FIP4 using cell

lysates prepared from human kidney cells (HK293) cells transfected with a plasmid

expressing myc-tagged FIP4 protein. The results of these assays indicated that gM-CT pulled

down FIP4-myc (Fig. 3A, lane 3), confirming the interaction between gM-CT and FIP4.

Furthermore, the gM-CT deletion construct gM-ac2 which lacked only the 7 C-terminal

acidic aa of gM also pulled down FIP4-myc (Fig. 3A, lane 5). However, recombinant GST-

tagged construct of gM-ac1 that lacked the 13 C-terminal aa of gM disrupted the interaction

between gM-CT and FIP4 (Fig. 3A lane 4). These findings indicated that the region of gM-
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CT protein that was required for the FIP4 binding was between aa position 359-365 of the

gM-CT. An irrelevant myc-epitope tagged protein failed to interact with GST-tagged gM-CT

and, FIP4-myc did not interact with the GST-tagged pp28, an acidic cluster containing

protein encoded by HCMV (data not shown).

To investigate if gM-CT interaction was specific to FIP4 we also performed GST-gM-CT

pull down assay with FIP3-myc, the isoform of the FIP family that is most closely related to

FIP4 by sequence alignment (Fig. 3B). As in the previous experiment, FIP3-myc was

expressed in HK293 cells and the cell lysate was incubated with GST-gM-CT or with GST

alone (Fig. 3B lower panel). The results of this experiment provided no evidence of FIP3-

myc binding to gM-CT or GST alone, indicating that gM-CT interaction is specific to FIP4.

Additional experiments utilizing E. coli expressed gM-CT, FIP4 and FIP3 confirmed that

gM-CT specifically interacted with FIP4 and not FIP3 (data not shown). In order to validate

FIP4 and gM interaction in an in vivo experiment we utilized available FIP3 and FIP4 myc-

tagged constructs in static Fluorescence Resonance Energy Transfer (FRET) to investigate

FIP3/4 gM interactions in infected HFF cells. The FRET efficiency in these experiments

demonstrated protein-protein interaction and indicated an interaction between gM and FIP4

in the assembly compartment of infected cells (average FRET efficiency 27%), while only

minimal FRET efficiency was generated with FIP3 and gM indicating the lack of significant

protein-protein interaction (average FRET efficiency less than 2%) (Fig. 3C).

shRNA depletion of the FIP4 reduces infectious virus yield

In order to further explore the relationship between the gM-CT, FIP4 and virus assembly,

we used shRNA depletion to knockdown expression of FIP4. A panel of four shRNA

sequences to reduce expression of FIP4 and one shRNA scrambled sequence control that

were cloned into an EGFP expression vector were used. We chose this system because it

allowed us to monitor cells expressing shRNA by GFP expression. Additionally, we have

chosen to use the mixture of shRNA vectors to deplete FIP4 because this approach proved to

be the most efficient for the long term inhibition of FIP4 expression (data not shown).

Efficiency of shRNA depletion was monitored over time using western blot of HK293 cells

expressing FIP4-myc and shRNA containing vectors. By day 4 after transfection, FIP4

expression was reduced by 80–100% (Fig. 4A).

Because most of our experiments were performed in HFF cells which are known to be

difficult to transfect, we also assessed the efficiency of the shRNA expression in HFF cells.

After electroporation of HFF cells with a total 4ug DNA of the vectors containing shRNA

targeting FIP4 expression or with the construct containing scrambled shRNA sequence, we

allowed cells to recover for 4 or 6 days, at which time the percent of the cells expressing

detectable levels of GFP was calculated vs. the total number of cells. In this experiment we

observed that the number of cells expressing GFP was maintained at 70–80% of total HFF

cells (Fig. 4B). This data was also confirmed by flow cytometery (data not shown).

In addition to test if the HCMV infection of HFF cells altered shRNA depletion of FIP4 we

tested FIP4-myc expression in cells co-electroporated with either with FIP4-shRNA mix or

shRNA scrambled construct (Fig. 4B). Following electroporation, the HFF cells were

infected with HCMV strain AD169, cells lysates collected in lysis buffer at 2, 4 and 6 days
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post infection and analyzed by western blot. As shown in Figure 4B shRNA FIP4 depletion

was very efficient (Fig. 4B top panel). In addition, we did not observe a decrease in the

expression of an endogenous protein of the early secretory pathway, p115 (Fig 4B middle

panel) and no change in the expression of the HCMV encoded minor capsid protein, UL 85

(Fig 4B bottom panel) (45, 46). Since there is high genomic sequence similarity between

FIP4 and FIP3 we also tested an influence of FIP4-shRNA expression on the FIP3-myc

expression. Similarly as in above experiment we tested FIP3-myc expression in virus

infected cells co-electroporated with FIP4-shRNA mix or with shRNA scrambled construct

(Fig. 4C). Western blot analysis of FIP3 expression revealed that FIP4-shRNA depletion had

no effect on the FIP3-myc expression levels in HFF infected cells.

Additionally, in order to measure relative levels of FIP2 and FIP3 expression in comparison

to FIP4 in FIP4-shRNA depleted cells we performed quantitative RT-PCR (Fig. S1). This

experiment was performed 24 hours post infection in HFF cells and demonstrated that FIP4

depletion did not alter FIP2 or FIP3 RNA expression but resulted in substantially lower FIP4

RNA expression (Fig S1). Together these experiments indicated that knockdown of FIP4

expression was efficient and little if any cytotoxicity was observed for at least 6 days post

transfection.

To assess the effect of the FIP4 depletion on the HCMV assembly, HFF cells expressing

shRNA targeted to deplete FIP4 or scrambled shRNA sequence were infected with HCMV.

In these cells, we examined the AC phenotype as well as the yield of infectious virus

production over 6 days of infection. In cells in which FIP4 expression was reduced by

shRNA, the AC appeared smaller and less compacted at 4 days post infection as compared

with cells transfected with the scrambled sequence or with GFP alone (Fig. 5A). The AC

phenotype defect was observed when HCMV infected cells were labeled with anti-gM/gN

mab 14-16A (Fig. 5A top panels) as well as with anti-gB mab (Fig. 5A bottom panels). It is

important to note that imaging data was collected using the same laser intensity and gain in

FIP4 depleted and non-depleted cells. Thus, these imaging findings indicated that

concentration of either gM/gN or gB in the AC was decreased following expression of

shRNA which targeted FIP4 expression.

Our previous studies also demonstrated a defect in the maturation of the AC which appeared

in cells infected with the mutant virus that lacked the acidic cluster of gM (28). Interestingly,

this region of gM was also required for the interaction with FIP4. Additionally, this

alternation in the phenotype of AC was accompanied by a reduced yield of infectious virus.

Following electroporation of shRNA to deplete FIP4, cells were infected with HCMV and

cell cultures harvested and quantified the yield of infectious virus. As shown in Figure 5B,

cells depleted of FIP4 expression yielded 1 log less infectious virions when compared to the

cells expressing shRNA scrambled sequence over 6 days of infection. These results were

consistent with the imaging data, suggested that depletion of FIP4 affected the localization

of the gM/gN to the AC, the maturation of the AC, and consequently infectious virus

production.
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FIP4 interacting with gM recruits Rab11 but fails to bind Arf5 or Arf6

In previous reports, it has been shown that FIP4 was an effector of Rab11 and

simultaneously recruited not only Rab11 but also Arf GTPases (Arf5 or Arf6) (40, 42, 43).

This cooperative binding of more than one GTPase was required for the function of Rab11-

FIP4 in vesicular transport and during cytokinesis. The FIP4 domain which binds Arf5/6

overlaps with the domain of the interaction with gM-CT which we identified in the yeast

two hybrid screening (Fig. 1B). To determine if FIP4 was capable of simultaneously binding

to gM-CT and Arf5/6 or Rab11, we performed GST pull down assays. The GST-tagged gM-

CT was purified on glutathione sepharose beads and used in the pull down experiments with

HK293 cell lysates overexpressing FIP4-myc alone, or FIP4-myc co-transfected with HA-

tagged Arf5, HA-tagged Arf6, GFP-tagged Rab11 or HA-tagged Arf1 as controls. Initially,

after lysis of transfected HK293 cells, clarified supernatants were divided into three equal

portions. One of these portions was immunoprecipitated with anti-myc-magnetic beads to

insure that FIP4-myc was binding Arf5/6-HA as well as Rab11-GFP. As is shown in Figure

6 (lane 2), all of these GTPases except Arf1 were efficiently bound by FIP4-myc expressed

in mammalian cells. The remaining two portions of each cell lysate were mixed with

glutathione agarose beads with purified GST-gM-CT or GST alone as a control. As in

previous experiments, GST-tagged gM-CT but not GST alone bound FIP4-myc from the cell

lysate (lane 3). Following GST pull down the western blot was probed with anti-HA

antibody to detect Arf5 or Arf6. Although both proteins efficiently bound to FIP4 (indicated

by the myc-pull down, lane 2) neither produced a strong signal in the presence of GST-gM-

CT or GST alone (Fig. 6, lanes 3 and 4). In the same experiment we demonstrated pull down

of Rab11-GFP with gM-CT in the presence of FIP4 (Fig. 6 lane 3). These results suggested

that the gM-CT binds to FIP4 and FIP4 in turn recruits Rab11 to form ternary complex in

vitro. Interestingly, after long exposure of the film during development of the immunoblots

of Arf6 pull downs with gM-CT we detected very weak binding of Arf6 to FIP4 in the

presence of the gM-CT as indicated by a faint band detected with anti-HA antibody (Fig. 6,

lane 3). The results of these experiments suggested that gM-CT could inhibit the binding of

the Arf5 and Arf6 GTPases to FIP4. In a second study, we performed FIP4 pull down assay

as described above in the presence of constant amounts of transiently expressed Arf5 or

Arf6 and then incubated these cell lysates with increasing amounts of the GST-gM. Results

from this experiment demonstrated that binding of Arf5 and Arf6 to FIP4 both were

inhibited by increasing amounts of GST-gM (Figure S2).

Expression of the dominant negative Arf6(T27N) has no effect on the HCMV assembly and
yield

Our biochemical data indicated that FIP4 failed to recruit Arf5 and possibly only a limited

amount of Arf6 to FIP4 in the presence of the GST tagged gM-CT. This result did not

exclude the possibility of the in vivo functional involvement of Arf6 in HCMV assembly. To

test this possibility, we examined the phenotype of the AC formation and the yield of

infectious HCMV from cells expressing a dominant negative Arf6(T27N). HFF cells were

electroporated with HA-Arf6 or HA-Arf6(T27N), and infected with HCMV. After 4 days of

infection, cells were examined by confocal microscopy for the phenotype of the AC and for

the yield of infectious virus. As shown, a small pool of the HA-Arf6 that accumulated in the
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AC co-localized with gM/gN (Fig. 7A top panel). In cells expressing dominant negative

form of Arf6(T27N), the HA-Arf6(T27N) stained with anti-HA antibody was virtually

excluded from the AC and failed to exhibit co-localization with the gM/gN complex (Fig.

7A bottom panel). Moreover, the expression of HA-Arf6(T27N) had no effect on the

appearance or size of the AC and in these cells, as the AC appeared to be well formed (Fig.

7A bottom panel). HCMV virus titers obtained from the cells expressing HA-Arf6(T27N)

were similar to those obtained from the cells expressing the wild type HA-Arf6 (Fig. 7B).

These results confirmed our biochemical data which suggested that gM binding to FIP4

excluded Arf6 and also argued that the assembly of the HCMV was independent of Arf6

function.

The expression of dominant negative Rab11 Rab11(S25N) alters HCMV assembly and yield

FIP4 is an effector protein of the small GTPase Rab11 which is a GTPase regulating

morphogenesis of the endocytic recycling compartment (ERC). A major role of the Rab11 in

the ERC is thought to be associated with vesicular export from the ERC (29, 44, 47).

Diversity of the intracellular function of the Rab11 depends on its ability to be recruited to

different intracellular compartments by the effector proteins such as FIPs. Our experiments

this far demonstrated that gM-CT binds FIP4 which recruits Rab11, thus we anticipated that

these interactions could influence HCMV envelopment and assembly. To directly

investigate this possibility we expressed a dominant negative of GFP-Rab11(S25N) in virus

infected HFF cells and assayed these cells for the phenotype of the AC by imaging and

infectious virus production. The wild-type GFP-Rab11 signal in the HCMV infected cells

was strongly concentrated around the periphery of the AC and in vesicles that were present

around the AC that were labeled the anti-gM/gN mab or anti-gB mab but less heavily

concentrated in the AC (Fig 8A). In contrast, in cells expressing the dominant negative GFP-

Rab11(S25N), the fluorescent signal of the GFP was more diffusely expressed throughout

the cytoplasm and only a minimal fraction accumulated in the AC. Importantly, we observed

a significant decrease in the localization of the gM/gN complex in the AC in cells expressing

GFP-Rab11(S25N) (Fig. 8A). This result indicated that Rab11 contributed to the formation

and localization of the gM/gN complex in the AC, arguing for a potentially important role of

this GTPase and the ERC in the process of HCMV envelopment.

Based on the observed loss of localization of gM/gN in the AC in cells expressing GFP-

Rab11(S25N), we quantified the yield of infectious particles from these cultures. Cells

expressing dominant negative Rab11(S25N) yielded 2 logs less infectious particles, as

compared to the wild-type GFP-Rab11 or GFP alone, a finding that was consistent with an

important role of Rab11 during HCMV assembly (Fig. 8B).

Formation of the assembly compartment in the HCMV infected cells is associated with
ERC but not late endosomes

To date there have been several studies attempting to elucidate the role of the cellular

secretory pathway in the formation of the HCMV induced AC (8, 12, 13, 16, 22). Most

studies have suggested that the TGN plays a major role in the AC formation (14, 48). There

have been no reports which have investigated the role of the ERC in the formation of the

AC. Our results suggested that the gM/gN complex engages Rab11 GTPase during AC
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morphogenesis through gM-CT interactions with FIP4. In order to examine the role of

different endosomal compartments in the biogenesis of the AC, we used

immunofluorescence assay to study the relationship of different endosomal compartments in

HCMV infected cells. To distinguish between late endosomes/lysosomes and ERC in the

HCMV infected cells we utilized epidermal growth factor (EGF) and transferrin (Tf) to label

specific compartments (49, 50). EGF and Tf are the ligands which bind to cell surface

receptors and are subsequently internalized by endocytosis upon interaction with their

respective ligands. Following internalization, EGF traffics through early/late endosomes to

lysosomes. In contrast, upon internalization, Tf is directed from the early endosomes to the

ERC. Based on this information we used fluorescent conjugates of EGF-Alexa488 and Tf-

TRITC to label late/lysosomes and ERC vesicles respectively. After 6 days of infection,

HFF cells were extensively washed and than incubated for 2 hours in serum free medium

containing EGF-Alexa488, or Tf-TRITC or both. As shown in Figure 9A, EGF stained late

endososmes/lysosomes were excluded from the AC whereas Tf-TRITC labeled ERC was

concentrated in the AC and co-localized with the gM/gN complex.

Previous reports demonstrated colocalization of late endosomal and multivesicular bodies

(MVB) markers within the AC of infected cells (13, 17). To further examine relationship

between the AC and late endosomes/lysosomes in the HFF infected cells we electroporated

HFF cells with RFP tagged cathepsin-D, an endosomal/lysosomal marker, followed by

infection of the cells with HCMV (51, 52). Figure 9B (top panel) indicated that cathepsin-D

containing vesicles were virtually excluded from the assembly compartment labeled with

anti-gM/gN mab 14-16A. In addition HCMV infected cells were co-stained with antibodies

reactive with the MVB marker, CD63, and anti-gM/gN mab 14-16A (13, 17, 18). Imaging of

these cells revealed only partial co-localization of MVB marker CD63 within the AC,

whereas majority of the CD63 containing vesicles were less heavily concentrated within the

center of the AC and more highly represented on the periphery of the AC (Fig. 9B bottom

panel).

Together this data suggested that the core of the AC is likely formed from vesicles of the

ERC origin, but does not exclude the possible contribution of the MVBs during the

maturation of the AC.

Discussion

Studies of the intracellular trafficking of the HCMV envelope glycoproteins have been

instrumental in understanding of final stages of HCMV cytoplasmic assembly and

envelopment. In our pervious study of the HCMV gM/gN glycoprotein complex, we

specifically disrupted expression of the two trafficking motifs in the gM C-terminal

cytoplasmic tail (gM-CT). We generated HCMV mutants: gMΔAC (deletion of the 13 aa C-

terminal acidic cluster) and gMΔYQAL (alanine substitutions in the YXXØ tyrosine-based

motif) both of which exhibited a decrease in infectious virus production secondary to defects

in HCMV envelope assembly (28). In these studies, we also demonstrated that gM

cytoplasmic tail was essential for the assembly of infectious virus presumably secondary to

its role in the transport of the gM/gN complex to the AC of infected cells (28).
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Trafficking of the transmembrane cargo proteins along a secretory pathway is facilitated by

vesicular transport which involves a number of the cellular proteins recruited by trafficking/

sorting motifs such as a cluster of acidic aa, tyrosine-based motifs, and others including di-

leucine signals present in the cytoplasmic domains of these proteins (53, 54). Protein-protein

interactions between cargo proteins and secretory pathway machinery regulate vesicles

formation, transport and fusion in different cellular compartment (53, 54). Several HCMV

expressed glycoproteins contain acidic cluster and/or tyrosine based motifs and the deletion

of these motifs has been associated with defects in virus assembly and replication. As an

example, the acidic cluster in the cytoplasmic tail of HCMV expressed glycoprotein gB has

been shown to interact with phosphofurin acidic cluster sorting protein-1 (PACS-1) and

deletion of the acidic cluster in gB disrupts accumulation of the gB in the TGN resulting in

about a 2 fold decrease of virus production (48). Deletion of the acidic cluster in HCMV

membrane associated tegument protein pp28 has also been shown to have an even more

dramatic phenotype that not only prevented trafficking of this tegument protein to the AC

but also recovery of infectious virus (11, 55).

Based on findings from our previous studies which revealed that trafficking motifs in the

gM-CT were functional, we performed yeast two hybrid screening to identify cellular

proteins interacting with gM-CT. We identified the cellular protein - FIP4 as a protein that

interacted with the cytoplasmic tail of gM. Additionally, using bacterially expressed and

purified, GST-tagged gM-CT in pull down assay, we demonstrated that acidic cluster aa

359-365 (EEEDDD) in the C-terminal cytoplasmic tail of gM was required for the gM and

FIP4 interaction. These findings together with yeast two hybrid screening data indicated that

gM did not require other virus expressed proteins to interact with FIP4. Interestingly, pp28

tegument protein which contains a functional acidic cluster did not interact with FIP4

indicating that length and aa composition of the gM acidic cluster apparently provided

selectivity for the interaction with FIP4. However, it is also possible that the conformation

of the gM-CT dictated by the presence of the acidic cluster and its negative charge provide

the specificity for the interactions of the gM-CT with FIP4.

To confirm the functional importance of the FIP4 and gM interaction we used shRNA to

decrease FIP4 expression in the HCMV infected cells. Depletion of the FIP4 expression led

to an approximate 1 log decrease in the infectious virus production that was also

accompanied by an observable defect in the AC formation. In cells expressing shRNA

targeting FIP4 expression, the AC was not completely developed and appeared less

morphologically mature when compared to the AC in control, scrambled shRNA expressing

cells. Interestingly, a similar defect in the AC formation and virus yield was previously

observed in the cells infected with gMΔAC virus mutant that lacked the acidic cluster (28).

These data argued that a defect in the formation of the AC associated with the disruption of

the gM and FIP4 interaction could be explained by the delay in the gM/gN trafficking and

accumulation of this abundant envelope glycoprotein complex in the AC. In addition, in

cells depleted in FIP4 expression, a defect in the AC phenotype was observed when cells

were labeled with anti-gM/gN as well as with anti-gB mab. These results may also indicate

that lack of FIP4 expression and consequently delayed accumulation of glycoproteins in the

AC disrupts AC formation which leads to the changes in its appearance. Taken together, our
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findings raised the possibility that gM/gN expression and accumulation in the AC plays a

key role in formation and maturation of the AC during HCMV infection.

FIP4 is a member of the family of the Rab11 interacting proteins which is composed of six

members (56). All members of this family contain 20 aa long C-terminal Rab binding

domain (RBD), which is specific for the interactions with Rab11 (36).

Fip4 (arphofilin-2) is closely related to FIP3 (eferine/arphofilin-1) because unlike other

members of this family of proteins, both FIP3 and FIP4 contain an EF-hand, coil-coiled

domain responsible for homo and hetero dimerization (37, 40). FIP3 and FIP4 also have a

Drosophila homolog, nuclear fallout protein (Nuf) (36, 37).

Intriguingly, in previous analysis of the tissue mRNA expression profile it was shown that

high levels of FIP4 expression were present in neuronal tissue including brain, testis and

only minimal FIP4 expression was detected in other tissues (37, 57–59). Our studies

presented in Figure S1B. indicate that HCMV infection of HFF cells leads to significant up

regulation of FIP4 expression and at the same time HCMV infection had no influence on

FIP2 or FIP3 expression levels. This result not only validate the importance of FIP4

expression in virus infected cells but also provides a new perspective of the importance of

cell expressed components during HCMV infection.

FIP3 and FIP4 have been shown to bind Arf5/Arf6 and Rab11 simultaneously, and are the

only known human proteins that link the distinct functional activities of Arf and Rab

GTPases families (40, 42, 43). We utilized the cytoplasmic tail of gM expressed in bacteria

to determine if FIP4 bound to the gM-CT tail also recruited Arf5/6 and Rab11 GTPases. In

the presence of the gM-CT, FIP4 binding to Arf5 or Arf6 was inhibited, but FIP4 still

efficiently bound Rab11. This result was consistent with yeast two hybrid data because the

cDNA fragment of FIP4 that interacted with gM-CT overlapped with the sequence encoding

the domain of FIP4 that recruited Arf5 and Arf6. Because, neither Arf5 nor Arf6 contain an

acidic cluster motif in the domains of interaction with FIP4, it is unlikely that gM-CT and

Arf5/6 target similar sequences during their interactions with FIP4. However, the inhibition

of Arf5/6 binding to FIP4 by the gM-CT suggests several possible mechanisms such as

induction of a conformational change in FIP4 following gM-CT binding that could limit

Arf5/6 binding to FIP4 (Fig. S2). Importantly, the gM-CT interaction did not alter

recruitment of Rab11 by FIP4.

To confirm the relevance of these biochemical data in vivo, we decided to specifically target

the function of FIP4 interacting GTPase Arf5, Arf6, and Rab11 in HCMV infected cells.

The intracellular localization of Arf5 is sensitive to the effect of brefeldin A (BFA). In HeLa

cells, the FIP4 has been shown to be BFA sensitive as a consequence of FIP4 interaction

with Arf5 (37, 60). However, the localization of FIP4 and gM/gN in the AC was not

sensitive to BFA treatment, which indicated that the gM/gN and FIP4 interaction and

localization to the AC of virus infected cells are independent of Arf5 function (data not

shown) (37, 60). Arf6 is a GTPase that controls the internalization of vesicles containing

proteins retrieved from the plasma membrane during endocytosis (61–63). In cells

expressing dominant negative Arf6(T27N) we did not observe any perturbation in the AC
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formation nor differences in the production of infectious virus when compared with cells

expressing wild-type Arf6. Our data demonstrated that the dominant negative Arf6 did not

alter infectious virus production. This finding was of interest because it not only confirmed

that FIP4 did not interact with Arf6 in the presence of the gM but also suggested that

endocytosis was not a critical pathway during HCMV assembly in fibroblasts. This was

consistent with previous studies by Jarvis et. al. who noted that following inhibition of

endocytosis by the expression of the dominant negative dynamin-I in virus infected cells,

infectious virus production was not significantly decreased (60). These results suggested that

retrieval of HCMV glycoproteins from cells surface by the clathrin dependent endocytic

machinery was not required for efficient HCMV assembly. It is important also to note that in

HCMV infected cells expressing Arf6, a substantial amount of this GTPase co-localized

within the AC indicating that Arf6 coated vesicles enter the AC. However, inhibition of the

Arf6 function had no influence on the localization of the gM/gN complex within the AC

because the phenotype of the gM/gN complex was not altered in cells expressing dominant

negative Arf6(T27N). This finding further suggested that gM/gN does not require

internalization from the plasma membrane in order to be localized in the assembly

compartment. This possibility is consistent with experiment in which we observed that

expression of Arf6(T27N) in the HCMV infected cells did prevent internalization and

accumulation of fluorescently labeled Tf in the ERC of cells feed with this ligand (data not

shown).

In contrast to these findings, expression of the dominant negative Rab11(S25N) in the

HCMV infected cells, resulted in a defect in the phenotype of the AC formation and a 2 log

decrease in infectious virus production. In addition, in cells expressing dominant negative

Rab11(S25N), the accumulation of the gM/gN complex within the AC appeared delayed and

was associated with a defect in maturation of the AC. The effect of the dominant negative

Rab11(S25N) on infectious virus production was even more dramatic than that observed in

cells with decreased FIP4 expression, suggesting a central role of Rab11 GTPase activity in

the HCMV assembly. This result is consistent with a primary function of the FIP4 acting as

a scaffold protein to facilitate formation of a FIP4-Rab11 ternary complex which then

engages gM/gN containing vesicles through interactions with gM-CT.

There has been limited amount of information describing role of the FIP4 in intracellular

trafficking of proteins. It has been shown that FIP3 and FIP4 are abundantly localized in the

ERC and possibly also in the TGN of HeLa cells (37). In addition, it has been shown that

expression of an N-terminal deletion mutant of FIP4, resulted in the accumulation of FIP4 in

a Rab11 positive endosomal recycling compartment but that the accumulation of FIP4 did

not alter transferrin uptake in these cells, a result suggesting that FIP4 was responsible for

the influx of vesicles into the ERC (37, 64). Nuf, the Drosophila counterpart of FIP4 had a

similar effect when expressed in mammalian cells (37). The presence of Nuf in the

cytoplasm of daughter cells after asymmetric cell division of Drosophila embryos has been

shown to be essential in the morphogenesis of the ERC (39, 65). Following this study it was

also demonstrated that FIP3 was critical for the structural integrity of the ERC in

mammalian cells (64).
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To investigate the role of the ERC in HCMV assembly we utilized transferrin (Tf) labeling

of the ERC compartment in the HCMV infected cells. In our experiments, Tf labeled ERC

strongly co-localized with the AC labeled with anti-gM/gN or anti-gB antibody (data not

shown for gB staning). In contrast, late endososmal/lysosomes vesicles stained with

fluorescently labeled epidermal growth factor (EGF) or cathepsin-D were excluded from the

AC of the infected cells. This data indicated that accumulation the gM/gN protein complex

within the cytoplasmic AC coincided with the site of the Tf accumulation, which has been

shown to be the ERC. This result suggested that gM/gN containing vesicles are transported

from the TGN and accumulated in the ERC, since we observed that internalization of the

glycoproteins from the cell surface had little to no influence on the AC formation and

consequently on HCMV assembly. Moreover, this result indicated that influx of the vesicles

to the ERC was not affected during HCMV assembly. Our results also indicated that Arf6

labeled vesicles localized in the AC during HCMV infection. In addition when virus

infected HFF cells were stained with anti-CD63 mab, MVB marker. CD63 positive vesicles

overlapped with the periphery of the AC. This suggests that AC may also contain some

MVB vesicles. Interestingly in the recent publication it was shown that Rab11 function is

essential for the formation and fusion of MVBs in certain cell lines (19). Lastly, in these

studies we have not been able to explore the precise function of the gM-FIP4-Rab11

complex in the assembly of HCMV; however, it is possible that exclusion Arf5 and Arf6 by

gM bound to FIP4 favored influx of the gM/gN containing vesicles from the TGN to the

ERC (Fig. 10).

From the results provided in these studies, we propose a model in which the gM cytoplasmic

tail interacts with FIP4 at the TGN, this interaction allows for the recruitment of Rab11 and

leads to the formation of a ternary complex (Fig. 10). This gM-FIP4-Rab11 interaction

allows efficient vesicles formation and transport from TGN and accumulation of the gM/gN

containing vesicles in the ERC. Accumulation of the glycoproteins in the ERC is a vectorial

event, because our previous FRAP data indicated that gM/gN which enters the center of the

AC did not traffic back to the periphery of the AC, a pathway that has been demonstrated for

the tegument protein pp28 in HCMV infected cells (66). This accumulation of the gM/gN

glycoproteins and presumably other HCMV glycoproteins in the ERC vesicles provides a

platform for the budding of tegumented capsids into glycoprotein enriched structures to

yield enveloped HCMV particles (Fig. 10).

Materials and methods

Virus and virus titration, cell lines

HCMV strain AD169 was propagated in primary human foreskin fibroblasts (HFF) grown in

Dulbecco’s modified Eagles medium (DMEM) supplemented with 5% fetal calf serum

(FCS) and penicillin/streptomycin. Infectious HCMV virus stocks were prepared from the

supernatant of infected HFF cells which exhibited 100% cytopathic effect and were stored at

−80°C until use. To assay the amount of infectious particles in the samples, HFF cells

monolayer grown in 96 well microtiter plates were infected with the serial dilutions of the

virus sample. After adsorption of virus in room temperature for 1 hour, cells were washed

and fresh medium was added. Virus titers were determined after 24hours of infection by an
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indirect immunfluorescence assay using a monoclonal antibody (mab) reactive with the

immediate early protein 1 (IE1) of HCMV as described previously (67).

Human embryonic kidney HK293 cells were cultured in DMEM media supplemented with

10% FCS, 0.1% non-essential amino acids and 50 mg/l G418. Cos-7 cells were passage in

DMEM supplemented with 10% FCS, and penicillin/streptomycin.

Plasmids

pEGFP-Rab11A, and its dominant negative form pEGFP-Rab11(S25N), were kindly

donated to Addgene (Cambridge, MA) by Dr. R. Pagano (Mayo Clinic, Rochester, MN). We

obtained these constructs from Addgene. Similarly, pcDNA3-HA-Arf6 and dominant

negative pcDNA3-HA-Arf6(T27N) were purchased from Addgene (Cambridge, MA). The

original clones were generated by Dr. T. Roberts (Florida State University, Tallahassee, FL).

pcDNA3-HA-Arf5, pc-DNA3-HA-Arf1 construct was a kind gift of Dr. E. Sztul (University

of Alabama at Birmingham, Birmingham, AL). The RFP-cathepsin-D construct was kindly

provided by Dr. M. Ballestas (University of Alabama at Birmingham, Birmingham, AL).

FIP4 cDNA clone (NIH_MGC_287) was purchased from OpenBiosystems (Huntsville, AL),

and used as a template to amplify by PCR full length FIP4 gene with BamHI and EcoRI

overhangs what allowed for direct cloning of FIP4 into pEF1A-myc/his expression vector

(Invitrogen, Carlsbad, CA). pcDNA-gM (UL100) and pcDNA-gN (UL73) have been

described previously (26).

Yeast two hybrid system

To identify proteins interacting with gM (UL100) C-terminal cytoplasmic tail (gM-CT aa

300-372), we used the ProQuest yeast two-hybrid system with Gateway technology

(Invitrogen, Carlsbad, CA). The gM C-terminal 216 bp fragment was amplified by PCR

with primers containing attB1 and attB2 recombination sites that allowed cloning of a PCR

product into “bait” vector pDEST32. To search for potential interactions, we used the

ProQuest cDNA human liver library, cloned into the “prey” vector pDEST22 (Invitrogen,

Carlsbad, CA). Finally, we transformed the pDEST22-cDNA library along with pDEST32-

gM-CT into MaV203 yeast strain. Positive clones containing gM-CT interactors were

identified by growth of transformants on histidine-and uracil-deficient medium and by assay

with X-gal for the induction of the lacZ gene. Transformants that responded positively to the

selective conditions were amplified by colony PCR using primers complementary to the

pDEST22 vector outside of the multiple cloning sites (MCS). PCR products were sequenced

and then analyzed using the NCBI BLAST software.

shRNA depletion of FIP4

To deplete FIP4 expression we used SureSilencing shRNA plasmids (SuperArray,

Frederick, MD). This system consists of 5 shRNA sequences (4 shRNA sequences to deplete

FIP4 and shRNA scrambled sequence) cloned into hMGFP vector that allows identification

of shRNA expressing cells by a immunofluorescence assay. In experiments with HFF cells,

4 ug of vector DNA were electroporated using Amaxa and basic nucleofector kit according

to the manufacture guidelines (Amaxa Bioscience, Gaithersburg, MD). The efficiency of
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electroporation was evaluated by an immunofluorescence assay. In brief, after

electroporation HFF cells were plated on 13 mm coverslips. Two and four days post

electroporation cells were washed in Dulbecco’s Phosphate-Buffered Saline (DPBS) and

fixed in 4% para-formaldehyde (PFA). Cells were additionally stained with 4′,6-

diamidino-2-phenylindole (DAPI) (Invitrogen, Carlsbad, CA) to visualize total number of

the cells on the coverslips. We counted the number of cells expressing GFP per 100 cells

stained with DAPI to determine the efficiency of electroporation.

FIP4 depletion efficiency was assessed by western blot analysis of cells lysates from

transfected HK293 cells. HK293 cells were co-transfected using Trans-LT1 (Invitrogen,

Carlsbad, CA), with pEF-FIP4-myc and shRNA depleting FIP4 expression or control

shRNA scrambled sequence. As a control we used HK293 cells transfected only with pEF-

FIP4-myc. 2, 4, and 6 days post transfection, cell pellets were harvested and stored in −80°C

until use. Cell pellets were lysed in the SDS-PAGE loading buffer (20% SDS, 500mM Tris,

pH 7.6, 1% Bromophenol Blue, 50% Glycerol, 1M DTT), boiled and resolved on the SDS-

PAGE. After transfer to the nitrocellulose membrane (Pierce Rockford, IL), immunoblots

were blocked in 5% BSA and probed with anti-myc (9E10) (Iowa Developmental Biology

Core, Iowa City, IA). Western blots were then probed with anti-mouse horseradish

conjugated antibody, followed by incubation with ECL reagents (Pierce, Rockford, IL).

Additionally, membranes were striped with Restore PlusStripping buffer (Pierce, Rockford,

IL) and reprobed with anti-actin antibody (Chemicon International, Temecula, CA). To

asses FIP4 depletion in the infected cells, HFF cells were transfected with pEF-myc-FIP4 or

pEF-myc-FIP3 as well as with shRNA to deplete FIP4 or shRNA scrambled sequence

control. After 24 hours of recovery cells were infected with AD169 strain of HCMV and

harvested 2, 4 and 6 days post infection in the SDS-page loading buffer. Cell lysates were

subjected to SDS-PAGE, western blot transfer and followed with the membrane antibody

labeling anti-myc (9E10), anti-p115 kindly provided by Dr. E. Sztul (University of Alabama

at Birmingham, Birmingham, AL), anti-UL85. Western blots were developed using HRP

conjugated secondary antibody and ECL reagents (Pierce, Rockford, IL).

GST pull down assay

A series of N-terminal glutathione S-transferase tagged gM-CT (GST-gM) constructs were

generated using PCR and cloning into pGEX-4T vector (GE Healthcare, Piscataway, NJ).

All gM GST tagged constructs were transformed into E. coli BL-21 bacterial strain and

expression of the GST-recombinant protein was induced with 1mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) for 4 hours in 30 ml cultures at 30°C. After centrifugation, the

bacterial pellet was lysed in STE buffer (10mM tris, 1mM EDTA, 150mM NaCL)

containing lysozyme, DTT, 0.7% sarcosyl and 2% TritonX-100. After sonication and

centrifugation supernatant was incubated for 30 minutes with glutathione-sepharose beads

(GE Healthcare, Piscataway, NJ). Sepharose beads with bound recombinant protein were

washed extensively with DPBS. Quality and quantity of the recombinant protein was

evaluated following SDS-PAGE analysis of beads and Coomassie blue staining. For pull

down assays, HK293 cells were transfected in 10 cm cell culture dishes with pEF1A-FIP4-

myc tagged construct. After 48 hours, cells were lysed in 1ml of lysis buffer (150mM NaCl,

1% Triton X-100, 50 mM Tris-HCl, pH8.0) for 1 hour and the lysate cleared by
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centrifugation. This supernatant was mixed with equivalent amounts of the purified GST

fusion protein bound to the sepharose beads, and incubated for 1 hour in 4°C. The beads

were pelleted and washed with lysis buffer, followed by 2 washes with DPBS. Finally, the

beads were resuspended in the SDS-PAGE loading buffer (20% SDS, 500mM Tris, pH 7.6,

1% Bromophenol Blue, 50% Glycerol, 1M DTT), boiled for 5 minutes. Samples were then

subjected to SDS-PAGE. The gels were than either stained with Coomassie blue or

visualized by western blotting with anti-myc (9E10) followed by HRP conjugated goat anti-

mouse antibody and ECL (Pierce, Rockford, IL).

FIP4 binding assay

For the FIP4 binding assay HK293 cells were co-transfected with pEF-FIP4-myc and

pcDNA3-HA-Arf-5, pcDNA3-HA-Arf6, pcDNA3-HA-Arf1 or pEGFP-Rab11 using Trans-

LT1 reagent (Invitrogen, Carlsbad, CA) according to the manufacturer directions. 48 hours

post transfection cells were lysed in lysis buffer (150mM NaCl, 1% Triton X-100, 50 mM

Tris-HCl, pH8.0), centrifuged and the supernatant of each sample was divided into three

equal samples. One of the samples was subjected to immunoprecipitation with myc-tagged

magnetic beads (Miltenyi Biotec, Auburn, CA) according the manufactures protocol. The

remaining samples were mixed with GST alone or GST purified gM-CT recombinant

protein, and GST pull down was completed as described above. All protein samples were

resolved on SDS-PAGE and transferred to nitrocellulose membranes. Membranes were

blocked in 5% BSA and probed with anti-myc (9E10) (Iowa Developmental Biology Core,

University of Iowa), or anti-HA (Covance, Richmond, CA) or anti-GFP (Invitrogen,

Carlsbad, CA). The membranes were then probed with anti-mouse or anti-rabbit horseradish

conjugated antibody, followed by incubation with ECL reagents (Pierce, Rockford, IL).

Immunofluorescence

Cos-7 cells were grown on 13 mm glass cover slips in 24 well plates and transfected at 60%

of confluence with 0.5μg of each plasmid DNA using Trans-LT1 reagent (Invitrogen,

Carlsbad, CA) according to the manufactures directions. Cells were fixed and

immunostained 24 hours post transfection. The HFF cells were electoporated with 4ug of

plasmid DNA using Amaxa and basic nucleofector kit (Amaxa Bioscience, Gaithersburg,

MD) and seeded on 13 mm glass cover slips in 24 well plates. After recovery 24 hours post

electroporation HFF cells were infected with HCMV AD169 strain and immunostaining was

carried on day 4 or 6 post infection. To assay protein expression by static

immunofluorescence, coverslips were washed with PBS and fixed in 4% PFA. The cells

were permeabilized with 0.1% Triton X-100 and blocked with 10–50% goat serum

(Invitrogen, Carlsbad, CA). The coverslips were then incubated with primary antibodies,

including a anti-myc (9E10) (Iowa Developmental Biology Core, University of Iowa), anti-

gM/gN (14-16A), anti-IE1 (p63-27), anti-gB (7-17), anti-FIP4 (provided by Dr. G. Gould),

anti-HA (Covance, Richmond, CA). Following incubation with primary antibody and

washing with PBS buffer containing 0.1% Tween20, antibody binding was detected with the

appropriate secondary antibody conjugated with either FITC, or TRITC (Southern Biotech,

Birmingham, AL). For the labeling of HCMV infected cells with TRITC-transferrin or

FITC-EGF (Invitrogen, Carlsbad, CA), cells were washed three times in DPBS and

incubated for an hour in serum free media. Then cells were labeled for two hours with media
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containing transferring-TRITC (100ug/ml) or EGF-FITC (10ug/ml). After incubation cells

were washed and fixed in 4% PFA, and followed with the immunostaining as described

above. All images were collected using an Olympus Fluoview confocal microscope.

Fluorescence recovery after photobleaching (FRET) assay

For FRET assays, HFF cells were electroporated with FIP4 or FIP3 myc-tagged construct

and plated on the coverslips and 24 hours later infected with AD169 HCMV strain. The cells

were then fixed in 4% PFA and stained with IMP anti-gM (anti -gM mab which recognizes

C-terminal tail of gM) or anti-myc antibody followed by labeling with secondary antibody

conjugated with FITC (donor) or TxRed (acceptor). FRET was obtained using a donor

dequenching and acceptor photobleaching protocol on a confocal laser scanning microscope

(Leica SP2; Leica, Bannockburn, IL). An image of FITC fluorescence and TxRed

fluorescence before and after photobleaching was obtained by using the respective filter sets.

Such data were collected from at least 10 different cells. Three to five regions of interest

(ROI) in the photobleached area were selected per cell and the mean FITC fluorescence

before and after photobleaching was obtained by using Leica software. FRET efficiency was

calculated by using the following relationship: FRET efficiency (%) = [(Dpost−Dpre)/

Dpost]·100. Here, Dpost is the fluorescence intensity of the FITC (donor [D]) after

photobleaching, and Dpre is the fluorescence intensity of the FITC before photobleaching. A

non-bleaching region was selected as an internal control on FRET analysis.
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Figure 1. The gM cytoplasmic tail (gM-CT) interacts with FIP4
(A) Diagram representing gM protein fragment (300–372aa) which was cloned and used as a

bait during yeast two hybrid screening and N-terminal GST tagged constructs of gM-CT:

gM-ac1 and gM-ac2 which were used for the pull down assays of FIP4-myc.

(B) Diagram of the FIP4 protein with depicted domains: N-terminal EF-hand, CC coil-coiled

domain responsible for the FIP4 homo- and heterodimerization with FIP3, Rab Binding

Domain (RBD) which interacts with Rab11, 454-543 aa region which is essential for the

interaction with Arf5/Arf6 and was recovered as a cDNA clone of gM-CT interactions

during yeast two hybrid screening.
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Figure 2. Immunofluorescence co-localization of FIP4 and gM/gN complex in transfected and
HCMV infected cells
(A) Cos7 cells were co-transfected with constructs expressing FIP4-myc, gM and gN, 48

hours post transfection cells were fixed and reacted with anti-myc and anti-gM/gN mab

followed with FITC and TRTC labeled secondary antibody as described in Material and

Methods (top panel). HFF cells were electroporated with FIP4-myc construct and then

infected with HCMV, 6 dpi cells were fixed and reacted with anti-myc, anti-gM/gN and

anti-IE1 mab (detecting immediate early antigen-1 expressed in the nucleus of the infected

cells) antibody and appropriate secondary antibody (bottom panel).
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(B) To detect co-localization of endogenous FIP4 in HCMV infected cells with gM/gN

complex. HFF cells were infected with HCMV, 24 and 48 hpi cells were fixed and reacted

with a polyclonal anti-FIP4 sheep antibodies and anti-gM/gN mab and appropriate

secondary antibody. Note that before staining cells were reacted with anti-FC receptor

antibody to block non-specific FC receptor staining (data not shown). In addition, non-

immune goat antibodies did not stain infected cells (data not shown). Bar in all merged

images indicates 20 μm.
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Figure 3. FIP4 interact with the gM-CT
(A) Pull down assay in which glutathione sepharose beads containing gM-CT constructs

(GST-gM-CT, GST-gM-ac1, GST-gM-ac2) or purified GST alone were incubated with the

HK293 cell lysate expressing FIP4-myc. After extensive washing protein samples were

boiled in sample buffer, resolved by SDS-PAGE and assayed by western analysis. Western

blots were probed with anti-myc (9E10) mab and detected with the HRP (top panel). The

lower panel shows the Coomassie blue stained gels of the GST purified input of proteins

used in pull down assay.

(B) Pull down assay of FIP3 or FIP4 by cytoplasmic tail of gM. Glutathione sepharose beads

containing gM-CT constructs or GST alone were incubated with HK293 cell lysates

expressing FIP3-myc or FIP4-myc. After extensive washing, beads were boiled and eluted

proteins resolved by SDS-PAGE followed by western blot analysis. Western blots were

probed with anti-myc mab and detected with the HRP.

(C) Fluorescence Resonance Energy Transfer (FRET) indicating strong FIP4 and gM

interaction in HCMV infected cells. For FRET assays, HFF cells were electroporated with

FIP4 or FIP3 myc-tagged constructs and plated on the coverslips. 24 hours later, the cells

were infected with HCMV. The cells were fixed in 4% PFA and stained with IMP anti-gM

monoclonal antibodies (specific for the C-terminal tail of gM) or anti-myc antibody followed
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by labeling with secondary antibody conjugated with FITC or TxRed. A non-bleaching

region was selected as an internal control of FRET analysis detail description of the assay is

provided in Materials and Methods.
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Figure 4. shRNA depletion of the FIP4 expression
(A) HK293 cells were co-transfected with FIP4-myc together with either shRNA to deplete

FIP4 expression or with scrambled control shRNA. The protein samples were collected 2, 3,

and 4 days post transfection and frozen in −80°C. The control cell sample transfected only

with FIP4-myc was harvested on the day 4 post transfection. All cell pellets were lysed in

equal amounts of sample buffer and then resolved by SDS-PAGE, followed by analysis by

western blotting. Western blots were probed with anti-myc to detect expression of the FIP4-

myc (top panel). Additionally, the membranes were probed with anti-actin antibody as a

loading control (bottom panel). The histogram represents efficiency of shRNA transfection

in HK293 cells. The percentage of transfected cells was calculated as number of GFP

expressing cells, 2 and 4 days post transfection per 100 cells counted stained with DAPI as

described in Materials and Methods.

(B) HFF cells were electroporated using Amaxa with shRNA to deplete FIP4 expression or

with scrambled control shRNA and the cells were plated on 13 mm coverslips. On day 4 and

6 post electroporation cells were fixed and stained with DAPI to visualized total number of

cells on the cover slips. The efficiency of shRNA expression was estimated by calculating

number of GFP expressing cells per 100 cells stained nuclei as described in the Materials

and Methods.

HFF cells were electroporated with FIP4-myc and either with shRNA mix to deplete FIP4 or

a control scrambled shRNA. One day post electroporation, cells were infected with AD169

HCMV. On 2, 4, and 6 days post infection HFF cells were harvested in lysis buffer,

subjected to SDS-PAGE and analyzed by western blotting. FIP-4 expression was detected
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with anti-myc mab (top panel). The membrane was stripped and than probed with anti-p115

(middle panel) and anti-UL85 mab (bottom panel) as an off target control for the shRNA.

(C) HFF cells were electroporated with FIP3-myc and the FIP4 shRNA mix or control

scrambled shRNA. One day post electroporation cells were infected with AD169 HCMV.

On 2, 4, and 6 days post infection HFF cells were harvested in lysis buffer, resolved by

SDS-PAGE gel, and analyzed by western blotting. FIP3 was detected with anti-myc mab.
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Figure 5. Depletion of the FIP4 expression alters the assembly compartment formation and leads
to decrease in HCMV virus production
(A-B) HFF cells were electroporated with shRNA to deplete FIP4 or with control scrambled

shRNA sequence and plated on 13 mm glass coverslips. On the following day, the cells were

infected with HCMV at the multiplicity of infection (moi) of 1.0 and 4 days later cells were

fixed and stained with anti-gM/gN mab (A) or anti-gB mab (B) as described in Materials

and Methods. Note that all images were collected with the identical laser intensity and gain

settings, thus allowing for comparison of signal intensity. The assembly compartment is not
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well formed in cells depleted FIP4 expression by shRNA. Bar in all merged images indicates

20 μm.

(C) HFF expressing shRNA vectors to deplete FIP4 or control scrambled shRNA were

infected with AD169 at an moi of 0.1 and total cultures (supernatant and cells) in 1.5 ml

media were harvested at the indicated time points post infection. Cell supernatant and

disrupted cells were combined and assayed for the amount of the infectious particles using a

fluorescence based infectivity assay as described in Materials and Methods. Results are

expressed as a log10 infectious units/ml of sample.
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Figure 6.
FIP4 bound to the gM-CT recruits Rab11 but fails to bind Arf5 or Arf6. HK293 cells were

transfected with FIP4-myc alone or co-transfected with FIP4-myc and either with HA-Arf5,

HA-Arf6, GFP-Rab11, and Arf1-HA as a control. Two days post transfection cells were

lysed and analyzed by immunoprecipitation with myc antibody-tagged magnetic beads as

described in the Materials and Methods or incubated with sepharose beads containing

purified GST-gM-CT or GST alone. After immunoprecipitation and extensive washing,

precipitated protein were resolved by SDS-PAGE, transferred to membranes and probed

with appropriate antibody. The asterisk indicates HA-Arf6 band which was visualized only

after prolonged exposure of the membrane that had been probed with anti-HA and

developed with HRP.
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Figure 7. Expression of the dominant negative HA-Arf6(T27N) does not limit HCMV virus
assembly and production
(A) Analysis of gM/gN localization in the HCMV infected cells expressing HA-Arf6 or

dominant negative HA-Arf6 (T27N). HFF cells were electroporated with plasmids encoding

HA-Arf6 or HA-Arf6 (T27N) and plated on 13 mm glass coverslips. Twenty-four hours

later cells were infected with HCMV at an moi of 1.0 then 4 days post infection (dpi) cells

were fixed and stained with anti-gM/gN and with anti-HA antibody, as described in the

Methods. Bar in all merged images indicates 20 μm.

(B) HCMV growth kinetics in HFF cells expressing HA-Arf6 or dominant negative HA-

Arf6 (T27N). HFF expressing HA-Arf6 or HA-Arf6 (T27N) were infected with HCMV at a

moi of 0.1 and total cultures (supernatant and cells) in 1.5 ml media were harvested at the

indicated time points post infection. Cell supernatant and disrupted cells were combined and

assayed for the amount of the infectious particles using a fluorescence based infectivity

assay described in the Materials and Methods. Results were expressed as a log10 infectious

units/ml of sample.
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Figure 8. Expression of the dominant negative GFP-Rab11(S25N) alters formation of the
assembly compartment and leads to a decrease in HCMV virus yield
(A–B) HFF cells were electroporated with GFP-Rab11 or dominant negative GFP-

Rab11(S25N) and plated on 13 mm glass coverslips. On the following day, cells were

infected with HCMV at an moi of 1.0 and 4 dpi cells were fixed and stained with anti-

gM/gN (14-16A) (A) or anti-gB mab (B), as described in the Material and Methods. Note

that all images were collected with the identical laser intensity and gain. In cells expressing

dominant negative GFP-Rab11(S25N) visualized by the GFP expression there was a

decrease in the signal from the gM/gN complex as well as gB within the AC as compared to

Krzyzaniak et al. Page 33

Traffic. Author manuscript; available in PMC 2014 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



the cells that did not express the dominant negative Rab11(S25N). Bar in all merged images

indicates 20 μm.

(C) HCMV growth kinetics in HFF cells expressing Rab11 or GFP-Rab11(S25N). HFF

expressing GFP constructs of Rab11 and Rab11(S25N) were infected with HCMV at an moi

of 0.1 and total cultures (supernatant and cells) in 1.5 ml media were harvested at the

indicated time points post infection. Cell supernatant and disrupted cells were combined and

assayed for the amount of the infectious particles using a fluorescence based infectivity

assay described in the Materials and Methods. Results were expressed as a log10 infectious

units/ml of sample.
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Figure 9. Assembly compartment formation in HFF cells is associated with ERC markers and
does not contain markers of the late endocytic pathway
(A) HFF cells were infected with HCMV and on day 6 post infection, cells were washed

extensively in serum free media and incubated for two hours with the EGF-Alexa488 or

transferrin (Tf)-TRITC in serum free media. After washing cells were fixed and stained with

anti-gM/gN mab followed with anti-IgM FITC or TRITC respectively. Cells were imaged

by confocal microscopy. Bar in all merged images indicates 20 μm.

(B) HFF were electroporated with RFP-tagged cathepsin-D, infected with HCMV, and on

day 6 post infection, cells were stained with anti-gM/gN mab (top panel). Alternatively, on
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day 6 following infection with HCMV, HFF cells were stained with anti-CD63 and anti-

gM/gN and developed with TRTC goat-anti-mouse IgG1 or FITC goat anti-mouse IgM

respectively (bottom panel). All images were collected at 100× magnification.
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Figure 10. Model of FIP4 function and gM/gN trafficking to the AC of HCMV infected HFF cells
(A) gM/gN complex transits through secretory pathway after reaching TGN, the gM

cytoplasmic tail interacts with FIP4.

(B) Fip4 interacting with gM recruits Rab11-GTP and facilitates export from TGN to ERC.

(C) Vesicles exported from TGN induces Rab11 GTP-GDP hydrolysis on gM/gN-FIP4

coated vesicles and Rab11-GDP dissociation from the vesicles.

(D) gM-FIP4 containing vesicles reach ERC. Progressive accumulation of the gM/gN in the

ERC and possibly other glycoproteins leads to the formation of the AC a cellular

compartment containing host cell proteins of the ERC.
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