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The human papillomavirus type 16 (HPV-16) E5 protein is a small, hydrophobic polypeptide that is
expressed in virus-infected keratinocytes and alters receptor signaling pathways, apoptotic responses, and
endosomal pH. Despite its ability to inhibit endosomal acidification, the HPV-16 E5 protein is found predom-
inantly in the endoplasmic reticulum (ER), suggesting that its effect may be indirect and perhaps global. To
determine whether E5 alters the pHs of additional intracellular compartments, we transduced human kera-
tinocytes with a codon-optimized E5 vector and then quantified endosomal and trans-Golgi pHs using sensitive,
compartment-specific, ratiometric pHluorin constructs. E5 protein increased endosomal pH from 5.9 to 6.9 but
did not affect the normal trans-Golgi pH of 6.3. Confirming the lack of alteration in trans-Golgi pH, we observed
no alterations in the acidification-dependent processing of the proH3 protein. C-terminal deletions of E5,
which retained normal expression and localization in the ER, were defective for endosomal alkalization. Thus,
E5 does not uniformly alkalinize intracellular compartments, and its C-terminal 10 amino acids appear to
mediate interactions with critical ER targets that modulate proton pump function and/or localization.

Infection by the high-risk human papillomaviruses (HPVs) is
a critical step in the genesis of cervical cancer, and nearly 99%
of all cervical cancers contain and express HPV genomes (65).
Two of the HPV early genes, E6 and E7, are responsible for
inhibiting host cell differentiation as well as for facilitating
cellular immortalization (reviewed in references 18, 34, 36, 40,
50, and 59). The E5 protein can augment cellular immortal-
ization by E6/E7 via mechanisms that are not clearly defined
(51). E5 expression appears to induce a plethora of cellular
changes, including enhanced growth factor signaling (12, 13,
53, 58, 64), the activation of mitogen-activated protein kinase
pathways (12, 14, 25), and the alkalization of endosomes (52),
which may contribute to alterations in endosomal trafficking
(56). The HPV type 16 (HPV-16) E5 protein can also induce
the anchorage-independent growth of immortalized fibro-
blasts, although this activity in primary keratinocytes is not
observed (32, 41, 53).

Despite the above myriad of activities, the precise role of
HPV E5 protein in the viral life cycle is unclear. Recently, two
reports demonstrated that the E5 gene in the intact genomes
of HPV-16 and HPV-31 could be mutated with only minimal
effects on host cell and viral DNA synthesis or viral late gene
expression (17, 20). These two studies, using a raft culture
system that mimics some of the events during natural infection,
indicate that the effect of E5 is subtle yet potentially necessary
for the in vivo maintenance of the host cells’ undifferentiated
phenotype and ability to synthesize DNA. In vivo, in situ hy-
bridization of numerous low-grade cervical intraepithelial neo-
plasias and premalignant cervical lesions has shown that
mRNA species capable of expressing the E5 open reading

frame are expressed in the basal cells (11, 16, 49, 60) and are
the most abundant transcripts within these cells (19, 49). As
the cells migrate upward from the basement membrane, the
level of E5 transcripts declines but is still detectable, whereas
the level of E6 and E7 transcripts becomes predominant (49).
Using E5-specific antibodies, the E5 protein itself has been
detected in the lower one-third of the epidermis in low-grade
lesions and throughout the epidermis in higher-grade lesions
(7, 31), indicating that the undifferentiated, basal-like cells are
the site of E5 synthesis. Thus, in vitro and in vivo data suggest
that E5 is expressed predominantly in the least differentiated
cells of the stratified squamous epithelium, a finding which is
compatible with experiments demonstrating that it has little
influence on viral DNA amplification which occurs in the more
differentiated layers of the epithelium.

One of the more reproducible activities of E5 is its ability to
augment epidermal growth factor (EGF) receptor signaling
(13, 41, 53, 64), a pathway that inhibits keratinocyte differen-
tiation (58). One hypothesis for this enhanced EGF receptor
signaling is that E5, which is known to interact with the 16K
subunit of the vacuolar H�-ATPase (V-ATPase) (10), directly
inhibits the proton pump, thereby leading to the alkalinization
of endosomes and consequent recycling of the endosome and
receptor (52, 53). Defining a specific interaction between the
E5 and 16K proteins, however, has been complicated by their
extreme hydrophobicity (and tendency to associate with other
hydrophobic proteins) as well as the need to overexpress these
proteins to observe binding. As a consequence, studies evalu-
ating the functional interaction of these proteins often yield
contradictory information. For example, the HPV-16 E5 pro-
tein has been shown to both bind an epitope-tagged version of
the bovine 16K subunit and functionally inhibit the yeast V-
ATPase (1). However, in another study, E5 was shown to bind
the 16K subunit without altering the function of the yeast
V-ATPase (2). In addition, the 16K binding domain in E5 has
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been shown to reside within amino acid residues 41 to 54 in
one study (1) and within amino acids 54 to 78 in another study
(43). Clearly, the interactions between HPV E5 and 16K pro-
teins are not as well defined as those between the BPV-1 E5
protein and 16K, where a single amino acid change in E5 can
abrogate both 16K binding and effects on the proton pump (21,
22, 46).

In a previous study, we localized the HPV-16 E5 protein to
the endoplasmic reticulum of foreskin keratinocytes (HFK)
(15). Despite previous reports that HPV-16 E5 can alkalinize
endosomes (52, 56), we were unable to find significant amounts
of E5 associated with endosomes, suggesting that its effect on
endosomal pH might be indirect. To address this issue, we first
performed experiments with newer and more quantitative
techniques to validate that HPV-16 E5 protein alkalinized
endosomes. Assuming that we could verify that E5 could alka-
linize a cellular compartment in which we could not detect its
presence, we also examined whether E5 might be acting indi-
rectly and perhaps generically to inhibit the acidification of
other compartments. Specifically, we examined whether E5
could alter trans-Golgi pH, another cellular compartment in
which we could find little E5. Finally, we have also examined
the biological activity of C-terminal deletions of E5 that have
previously been shown to bind the 16K subunit of the V-
ATPase but were unable to augment enhancement of EGF
receptor activation (43). In brief, our experiments verify that
the HPV-16 E5 protein does indeed alkalinize endosomes, but
that this activity is compartment specific since the acidic trans-
Golgi is unaffected. More importantly, the predominant local-
ization of E5 to the endoplasmic reticulum (ER) suggests that
endosome alkalinization by E5 is not due to direct E5/16K
binding within this compartment. We hypothesize that E5, via
its C terminus, alters endosomal pH indirectly, and we discuss
several models which could explain this activity.

Wild-type and mutant HPV-16 E5 proteins are expressed at
similar levels and localize to the endoplasmic reticulum.
Epitope-tagged forms of wild-type and mutant E5 proteins
were generated by PCR using the codon-optimized version of
the HPV-16 E5 gene as a template (15). Two deletion mutants
which lacked the C-terminal 10 and 20 amino acids were con-
structed. Deletion of the hydrophilic, C-terminal amino acids
has already been shown to abrogate the ability of E5 to aug-
ment EGF receptor activation but not to interfere with its
ability to associate with the 16K pore-forming subunit of the
V-ATPase (43). The E5 constructs were subcloned into the
LXSN retroviral vector, and retroviruses were produced as
previously described (15). Primary human foreskin keratino-
cytes were grown in KGM medium (Invitrogen) and infected
with the appropriate retroviruses. Following selection in G418
(100 �g/ml for 10 days), the cells were screened by immuno-
precipitation (IP) and Western blotting (IB) for expression of
the indicated E5 proteins using the AU1 antibody (Covance).
Figure 1A shows that the two E5 mutant proteins, missing 10
or 20 amino acids at the C terminus, are both expressed at
levels similar to the full-length E5 protein. To ensure that the
deletions did not interfere with the targeting of E5 to the ER,
we also examined their localization in HFK cells. Antibodies
against calnexin, an endoplasmic reticulum protein, were used
to determine if the E5 mutant proteins were normally localized
to the ER. As shown in Fig. 1B, both wild-type and mutant E5

proteins (red) colocalize with calnexin (green), producing the
dominant yellow merged image. In some cells, there are small
amounts of E5 and calnexin which are not coincident. Thus,
the deletions made in E5 do not perturb its expression or
localization.

The M2 protein of influenza virus is present in the Golgi
apparatus in HFK cells. The M2 protein of influenza virus is
an acid-activated, H�-selective, pore-forming protein (re-
viewed in reference 42) that has previously been shown to
inhibit acidification of the Golgi apparatus in epithelial cells (8,
28–30, 44). We used this protein as a positive control for our
experiments evaluating alterations in Golgi pH. Initial exper-
iments were carried out to ensure that the M2 protein was
localized to the Golgi apparatus in primary human keratino-
cytes. The protein was epitope tagged with AU1 and its ex-
pression evaluated by IP/Western blotting and immunofluores-
cence techniques. HFK (LXSN) cells (106) were plated in
100-mm-diameter tissue culture dishes and transiently trans-
fected 24 h later with empty vector, pJS55 (48), or pJS55-M2
(M2 construct) using Fugene 6 (Roche Biomedical). Twenty-
four hours later, the cells were lysed in radioimmunoprecipi-
tation assay buffer, and equal amounts of protein were immu-
noprecipitated with AU1 antibody. The immunoprecipitated
proteins were then transferred to a polyvinylidene difluoride
membrane (ImmunoBlot), reacted with AU1 monoclonal an-
tibody, and visualized by chemiluminescence. As shown in Fig.
2A, the M2 protein was highly expressed in HFK cells. To
verify that M2 was in the Golgi as previously reported (28), we
evaluated whether it colocalized with the fluorescent Golgi-
specific protein, trans-Golgi network (TGN)-38GFP (39, 45).
HFK cells were plated in two-chamber slides (Labtek) and
transiently cotransfected with the TGN-38GFP vector and the
M2 vector (pJS55-M2). One day later, the cells were fixed and
M2 protein visualized with AU1 antibody and rhodamine-con-
jugated secondary antibody. Figure 2B shows one of several
experiments showing that the M2 protein (red) colocalized
predominantly with TGN-38GFP (green) in the Golgi (see
yellow signal in the merged image). Consistent with previous
studies (30), the merged image in Fig. 2 also indicates that
there is additional M2 protein (red) in membrane compart-
ments other than the trans-Golgi.

Calibration curve for measuring pH with ratiometric pHlu-
orin constructs. In order to measure Golgi and endosomal pH
within the cells, we utilized compartment-specific, ratiometric
pHluorin constructs (39, 45). Three constructs were utilized:
glycosylphosphatidylinositol-green fluorescent protein (GPI-
GFP), which anchors the pHluorin on the outside of the
plasma membrane (6); cellubrevin-GFP, which places the
pHluorin on the lumenal side of early endosomes (37); and
TGN-38GFP, which targets the pHluorin to the lumen of the
trans-Golgi network (33). These constructs have been used to
measure organelle pH in various cells (38, 39, 45, 55) and have
generated results that agree with previously published pH val-
ues for those organelles. Early endosomes exhibit an average
pH of 6.1 and the trans-Golgi apparatus an average pH of 6.3
(reviewed in reference 23). A calibration curve for the pH
dependence of GFP fluorescence was established by transfect-
ing the GPI-anchored pHluorin (GPI-GFP) construct into ker-
atinocytes, where the expressed protein was found on the cell
surface as predicted (Fig. 3A). Due to the surface location of
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the expressed protein, a calibration curve was generated by
simply exposing cells to buffers with different pHs. The images
were captured using a Photometrics Cool Snap HQ camera
mounted on an Axiovert 35 microscope at �100 power outfit-
ted with a dichromatic mirror (500DCXR) and bandpass filter
(HQ535/50), both from Chroma Technologies. Briefly, cells
were transfected with the GPI-GFP construct in two-chamber
slides and analyzed 24 h later. For the calibration curve, the
cells were rinsed in and then analyzed in prewarmed buffers at
the following pHs: 7.5, 7.2, 7.0, 6.7, 6.5, 6.3, 6.0, and 5.5 (39,
46). The images were captured at wavelengths of 410 nm and
470 nm consecutively, and a ratio of 410/470 was determined.
For each pH point, a minimum of 20 cells were analyzed. The
data were imported into Microsoft Excel for further analysis,

and the resulting calibration curve is shown in Fig. 3B. All
experimental results were within this pH range, and values
were determined by interpolation.

Endosomal and Golgi pH measurements. Once a calibration
curve had been established, the ratiometric pHluorin con-
structs fused to cellubrevin (for endosomal localization) and
TGN-38 (for Golgi localization) were used to determine the
pHs of these two organelles in control and E5-expressing cells
(Fig. 4).

The first goal was to use this more quantitative technology to
verify that HPV E5 did indeed alkalinize endosomes (Fig. 4A).
HFK cells expressing LXSN (control vector), HPV-16 E5 pro-
tein, or the �10 deletion E5 mutant protein were transfected
with the cellubrevin-GFP pHluorin construct. Control cells

FIG. 1. Expression and localization of full-length E5 protein and two deletion mutants in HFK cells. Panel A shows the expression of E5* and
deletion mutants missing 10 or 20 amino acids from the carboxy terminus. LXSN denotes the empty retrovirus-infected HFK cells. Equal amounts
of proteins were IP and IB with the AU1 antibody. Panel B shows the localization of E5* and the deletion mutants in the same HFK cells. For
colocalization, the cellular endoplasmic reticulum protein calnexin (1:100; Santa Cruz) was used as a marker. E5 was detected in the tetramethyl
rhodamine isocyanate channel with a goat anti-mouse secondary antibody conjugated to Texas Red. Calnexin was detected in the fluorescein
isothiocyanate (FITC) channel with goat anti-rabbit secondary antibodies conjugated to FITC. Images were then merged, and colocalization is
indicated in yellow.
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exhibited an endosomal pH of 5.9 (E0), consistent with previ-
ous reports (39, 55). However, E5-expressing cells had an en-
dosomal pH of 6.9. Cells expressing the �10 E5 deletion mu-
tant exhibited an endosomal pH of 6.0, as did the �20 mutant
(data not shown). Thus, in agreement with previously pub-
lished data (52, 56), HPV E5 elevated endosomal pH. It is also
clear that the C-terminal 10 amino acids of E5 are critical for
its biological activity.

In addition, we evaluated the response of control and E5-
expressing cells to concanamycin and nigericin treatments.
Concanamycin is a potent and specific inhibitor of the H�-
ATPase (46) and it raised endosomal pH to 7.0 to 7.2 in all cell
lines, demonstrating the role of the proton pump in maintain-
ing the acidic environment. Finally, the cells were treated with
5 �M of the proton ionophore nigericin (Molecular Probes),
and then equilibrated in calibration buffer at either pH 6.0 or
pH 7.5. All cell types were altered in their endosomal pH
according to the corresponding buffer, indicating that the
pHluorin responded appropriately in all cell lines. The more
acidic control was added in this case to ensure that E5 was not
directly affecting the response of the pHluorin to an acidic
environment.

Another pHluorin reagent, TGN-38GFP, was used to mea-
sure Golgi pH in control HFK cells or cells expressing HPV-16
E5 protein or M2 protein (Fig. 4B). The Golgi pH (G0) of
E5-expressing cells was calculated to be 6.35 to 6.4, nearly
identical to the Golgi pH of the control cells (6.3 to 6.4). In
contrast, the Golgi pH of M2-transfected cells was elevated to

6.9, consistent with previous studies and the known ability of
M2 to dissipate proton gradients (28, 30, 44). As with the above
endosomal pH measurements, we verified the response of the
various cell lines to concanamycin and nigericin treatments.
Concanamycin raised the Golgi pHs to 7.0 to 7.2 in all cell
lines. Finally, when the cells were treated with 5 �M of the
proton ionophore, nigericin, and then equilibrated in pH 7.5
calibration buffer, we documented that all cells responded by
increasing their Golgi pHs to 7.5.

E5 does not affect pH-sensitive processing of cellular pro-
teins in the Golgi. We also employed a biological assay to
verify the above fluorescence analysis of Golgi pH. The cellular
protein proH3 undergoes autocatalytic cleavage in the Golgi at
an acidic pH (57), and this cleavage can be used to evaluate the
acid environment of the Golgi. ProH3 is synthesized as a 105-
kDa proprotein, which is cleaved in acidic environments near
the C terminus to yield the H3 protein (75 kDa) and a 30-kDa
fragment. Both the full-length (ProH3) and cleaved (H3)
forms are secreted from the cell. However, if the Golgi is
alkalinized, the cleavage does not occur and only the 105-kDa
form is secreted. HFK cells expressing LXSN (control vector)
or HPV-16 E5 vector were transfected with the proH3 con-
struct, and 24 h later they were labeled with 35S-labeled mix
(Amersham) for 3 h. Some cultures were supplemented with
100 �M concanamycin for the duration of the labeling. The
supernatant was harvested and immunoprecipitated with
proH3 antiserum, and the products were separated electro-
phoretically on polyacrylamide gels and detected by autora-
diography. Figure 5 shows that control and E5-expressing cells
secreted both the 105-kDa ProH3 protein and the 75-kDa H3
protein, indicating that the Golgi was acidic and that the nor-
mal cleavage of ProH3 was occurring. When the Golgi proton
pump was inactivated with concanamycin, both control cells
and E5 cells secreted only the proH3 protein, confirming that
acidification was essential for proper protein processing. Thus,
both fluorometric and biological data indicate that the HPV-16
E5 protein does not inhibit Golgi acidification.

The data presented in this study verify that the HPV-16 E5
protein alkalinizes early endosomes, an effect that can have
profound effects on cellular physiology. For example, endo-
some alkalinization can alter growth factor receptor downregu-
lation, receptor recycling, and receptor/ligand interactions (3;
reviewed in references 4, 5, 9, 54, 61, and 62), thereby poten-
tially contributing to the observed effects of E5 on EGF recep-
tor (EGFR) signaling (12, 13, 43, 53, 64). In addition, the
alkalinization of endosomes can interfere with viral antigen
presentation (47, 63), and such effects might contribute signif-
icantly to the ability of HPV-infected cells to escape immune
surveillance.

While we and others have speculated that the effects of E5
are due primarily to altered endosomal pH, a recent study
using LysoTracker Red and pH probes delivered by endocyto-
sis has suggested that E5 blocks early-to-late endosome traf-
ficking and that late endosome/lysosome pH is unaltered in
E5-expressing cells (56). In the current study, we have demon-
strated that HPV E5 can raise the pH of the early endosome
compartment and that this alkalinization displays site specific-
ity since the trans-Golgi was not affected. By using the pHlu-
orin methodology to measure the pH of early endosomes and
the trans-Golgi, we have avoided artifacts associated with the

FIG. 2. Expression and localization of M2 in LXSN-infected HFK
cells. Panel A shows and IP/IB using the AU1 antibody. pJS55 is the
empty vector, and the M2 lane is pJS55-M2 when transiently trans-
fected into HFK (LXSN) cells. Panel B shows the localization of M2
using TGN-38GFP as the marker protein. TGN-38GFP images were
captured in the FITC channel and the M2 images were captured in the
tetramethyl rhodamine isocyanate channel with the use of a goat anti-
mouse secondary conjugated to Texas Red. The images were then
merged, and colocalization is shown in yellow.
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endosome-mediated uptake of pH probes. In addition, the
pHluorin constructs have provided us with a more sensitive
and site-specific analysis of compartment pH than can be ob-
tained with LysoTracker Red. Our results do not necessarily
conflict with those of Thomsen et al. Our study demonstrated
that the pH of early endosomes was perturbed, and it is pos-
sible that the pHs of late endosomes/lysosomes might be un-
altered, as reported. The conclusion by Thomsen et al. that
early-to-late endosome trafficking is affected by E5 is also com-
patible with our results. An acidic lumenal pH is essential for
directing endosome trafficking as well the recruitment of ac-
cessory signaling/trafficking molecules, such as ARNO and
Arf1, from the cytoplasm to the endosomal compartment (24,
35) Thus, it is possible that alterations in early endosomal pH
alter trafficking along the endocytic pathway, preventing fusion
with late endosomes and, ultimately, lysosomes.

Since E5 is found predominantly in the ER, it is perplexing
how it mediates pH changes specifically in endosomes. Our
data suggest that this is not a direct effect of E5 on endosomal
proton pumps, since very little E5 is found in this compart-
ment. However, we cannot rule out the possibility that the level
of E5 observed in endosomes by immunofluorescence is arti-
factually low. That is, the amount of E5 in endosomes might be
underestimated due to antigen masking by endosomal proteins
or lipids. While this is possible, the immunofluorescence signal
for E5 in ER membranes is very strong, suggesting that the

simple embedding of E5 into membranes does not interfere
with antibody reactivity. The use of an AU1 epitope on E5
would also be anticipated to help identify E5 immunologically.
Lastly, if E5 levels in endosomes are truly higher than antici-
pated from the immunofluorescence data, then we should also
observe pH changes in the trans-Golgi, where there is similar,
minimal expression of E5.

Another explanation for the alkalinizing activity of E5 is
that, rather than directly inactivating the V-ATPase in endo-
somes, it functions in the ER to sequester a critical component/
regulator of the V-ATPase. For example, studies in yeast in-
dicate that V-ATPase assembly occurs in the ER. If E5
complexed with 16K in the ER, it could potentially interfere
with the transfer of the proton pump into endosomes. It is also
possible that there are additional E5 targets in the ER which
participate in the transfer of the proton pump to endosomes.
However, either of these models would require that the activity
in the ER would preferentially inactivate proton pumps in
endosomes rather than the trans-Golgi. Some insight into this
site specificity has been observed with the influenza M2 protein
which, under very high levels of expression, can selectively
inhibit the acidification of early endosomes but not affect the
lysosomal pH (30).

Finally, although the activation of EGFR signaling by E5 can
be explained by interference with the vacuolar proton pump, it
cannot be ruled out that pH changes and receptor signaling are

FIG. 3. Calibration curve for pH measurements using the ratiometric pHluorins. Panel A shows the expression and localization of the GPI-GFP
ratiometric pHluorin transfected into LXSN-infected HFK cells at a wavelength of 410 nm. Panel B shows the results of the calibration curve when
the images were captured at 410 and 470 nm consecutively and then a ratio was determined. The error bars indicate the standard deviations for
at least 20 samples for each point.
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independent activities of E5. Recent studies have shown that
activated receptors, which are internalized via the endosomal
pathway, transit to the endoplasmic reticulum (ER), where
they are desensitized by the protein tyrosine phosphatase 1B

(PTP1B) before fusion with lysosomal bodies (27). Interest-
ingly, PTP1B knockout cells exhibit enhancements in EGF
receptor phosphorylation without a corresponding significant
increase in mitogen-activated protein kinase phosphorylation

FIG. 4. Endosomal and trans-Golgi pH measurements using the ratiometric pHluorins. Panel A shows the results of the endosomal pH measure-
ments in LXSN, E5*, and the �10 deletion mutant of E5-expressing cells transfected with the cellubrevin-GFP pHluorin. E0 stands for the initial
measurements of endosomal pH in the various cells with no treatments. The second set of bars shows the resulting pH when the cells were sequentially
treated with 100 �M concanamycin. Finally, the last two sets of bars show the resulting pH when the cells were treated with 5 �M nigericin and a buffered
solution with pH 7.5 and 6.0. The cells were treated sequentially while on the heated stage. The error bars indicate standard deviations for at least 20
cells for each line. Panel B shows the results of the Golgi pH measurements in LXSN-, E5*-, and M2-expressing cells transfected with the TGN-38GFP
pHluorin. The procedure followed was the same as for panel A. G0 represents the initial Golgi pH measurements before the cells were treated. The
additional bar sets represent measurements after the listed chemical treatments. Error bars are the same as for panel A.
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(26), a phenotype which closely mimics that observed for E5-
expressing cells (13, 64).

In brief, the HPV-16 E5 protein specifically alkalinizes early
endosomes, and the C terminus of E5 appears to play a critical
role in this activity. It is anticipated that the E5 C-terminal
deletion mutant will be helpful in identifying targets for full-
length E5, which may explain alterations in the endosomal pH.

We thank James Rothman for the kind gift of the ratiometric pHlu-
orin constructs and Maria Thuveson for the proH3 construct and
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