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Human cytomegalovirus pUL37x1 induces the release
of endoplasmic reticulum calcium stores
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The human CMV UL37x1-encoded protein, also known as the viral
mitochondria-localized inhibitor of apoptosis, traffics to the endo-
plasmic reticulum and mitochondria of infected cells. It induces the
fragmentation of mitochondria and blocks apoptosis. We demon-
strate that UL37x1 protein mobilizes Ca2* from the endoplasmic
reticulum into the cytosol. This release is accompanied by cell
rounding, cell swelling, and reorganization of the actin cytoskel-
eton, and these morphological changes can be substantially
blocked by a Ca2* chelating agent. The UL37x1-mediated release of
Ca?* from the endoplasmic reticulum likely has multiple conse-
quences, including induction of the unfolded protein response,
modulation of mitochondrial function, induction of mitochondrial
fission, and protection against apoptotic stimuli.
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H uman CMV (HCMYV) is a widespread B-herpesvirus that
takes its name from the striking morphological changes that
it induces in infected cells. As infection progresses, cells become
round, increase in volume, and accumulate distinctive inclusion
bodies in the nucleus and cytoplasm. HCMYV infection is gen-
erally asymptomatic in healthy individuals, but the virus is a
life-threatening adventitious pathogen in immunocompromised
individuals and a serious problem during pregnancy, where it can
cause birth defects (1).

Upon infection of a permissive cell, HCMYV expresses its genes
in a regulated cascade, and immediate-early genes are expressed
first. Their products induce subsequent waves of viral gene
expression and prepare the cell for infection in a variety of ways,
such as modulating cell cycle progression, blocking apoptosis,
and interfering with the presentation of viral antigens to the
immune system. The UL37 transcription unit is first expressed
during the immediate-early phase (2, 3). Its primary transcript is
processed to generate at least 10 spliced mRNAs as well as one
unspliced mRNA (4), and three encoded proteins have been
identified. The unspliced RNA ends at a poly(A) site located part
way through the transcription unit, and, as a consequence, it
comprises the first of three coding exons in the unit. Its encoded
protein, pUL37x1, contains an N-terminal, hydrophobic signal
peptide that is not cleaved from the mature protein (5). It traffics
from endoplasmic reticulum (ER) to mitochondria, accumulat-
ing in both locations (6-8).

UL37x1 is highly conserved among HCMYV strains (9, 10), and
mutations within the ORF interfere with efficient replication of
AD169 strains (11, 12) but not the TownevarATCC strain of
HCMV (13). The protein blocks apoptosis and is often referred
to as the viral mitochondria-localized inhibitor of apoptosis (14,
15). Although pUL37x1 shares no sequence homology with
antiapoptotic Bcl-2 family members, it acts similarly by seques-
tering Bax and Bak and preventing release of cytochrome ¢ from
the mitochondria (7, 16—18). Interestingly, pUL37x1 disrupts the
mitochondrial network, suggesting that it modifies the balance of
fission/fusion that normally controls mitochondrial structure
(18-20).
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We demonstrate that pUL37x1 induces the release of Ca?*
from the ER into the cytosol. This release is accompanied by cell
rounding, swelling, and disruption of the actin cytoskeletal
network, and these morphological changes can be substantially
blocked by a calcium chelating agent.

Results

A pUL37x1-Deficient Mutant Fails to Induce Normal HCMV Cytopathic
Effect. An HCMV mutant, BADsubUL37x1, lacking most of the
UL37x1 coding region, and a revertant, BADrevUL37x1, were
generated in the AD169 strain of HCMYV (Fig. 14). As expected,
the mutant virus failed to accumulate pUL37x1 (Fig. 1B Left),
and, because the sequence encoded by the deleted exon is
present in the other known UL37 proteins, the mutation disrupts
their synthesis as well. The mutation did not interfere with
production of the nearby UL36- and UL38-coded proteins (Fig.
1B Right).

The mutant virus exhibited a severe growth defect in human
fibroblasts (Fig. 1C), generating a yield that was reduced by a
factor of >1,000, and the revertant grew like wild-type virus,
arguing that the mutant phenotype was a consequence of the
intended alteration and not a spurious mutation at another
location. When virus yields were determined by plaque assay, it
was evident that the pUL37x1-deficient mutant failed to induce
the normal HCMV cytopathic effect (Fig. 1D). Whereas
BADwt-infected cells became rounded, BADsubUL37x1-
infected fibroblasts maintained their normal spindle shape.

To investigate the basis for the altered cell shape, we examined
the structure of the actin cytoskeleton by immunofluorescence.
As expected for the wild-type virus, the cytoskeleton’s organi-
zation was markedly disrupted by 24 h postinfection (hpi) with
loss of filamentous actin (F-actin) and accumulation of cortical
actin at the plasma membrane (Fig. 24). In contrast, the F-actin
network was maintained after infection with the mutant (Fig.
2A), and remained indistinguishable from that in mock-infected
cells (data not shown). The actin reorganization is mediated
entirely by pUL37x1, because cells receiving a plasmid express-
ing a pUL37x1-GFP fusion protein exhibited similar alterations
aswere seen after infection with BADwt (Fig. 2B). Because some
pUL37x1-deficient mutants have been reported to induce apo-
ptosis after infection of fibroblasts, we performed a TUNEL
assay to ask whether BADsubUL37x1-infected cells undergo
apoptosis (Fig. 2C). Although the assay readily detected cell
death after treatment with TNFe, no apoptosis was evident in
cultures infected with wild-type or mutant viruses. It is not clear
why this mutant does not induce apoptosis, because it was
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Fig. 1. Characterization of a UL37x1-deficient HCMV. (A) Diagram of the
genomicregion encoding pUL37x1. The top line represents viral DNA with the
location and relative orientation of UL37 coding exons (shaded) and the UL38
ORFrepresented by boxes and arrows. The nucleotide positions of the firstand
last base pairs encoding UL37x1 are indicated, as is the polyadenylation motif
located within the UL37 unit. The middle line shows the structure of the mRNA
encoding pUL37x1, and the bottom line diagrams the substitution mutation
in BADsubUL37x1 with a solid rectangle marking the deletion and a triangle
depicting the KanLac marker insert. The coordinates of the first and last base
pairs deleted are indicated. (B) Western blot assays at 24 hpi with
BADsubUL37x1 (sub) or BADwt (wt). (Left) Antibodies to pUL37x1 and GAPDH
(loading control). (Right) Antibodies to pUL36 and pUL38. (C) Growth kinetics
of BADwt (4), BADsubUL37x1 (A), and BADrevUL37x1 (O). Fibroblasts were
infected at a multiplicity of 0.1 pfu per cell, and virus yields were determined
by plaque assay. (D) Plaques produced by BADwt and BADsubUL37x1 after
staining with methylene blue.

constructed in an AD169 strain that lacks functional pUL36 (10),
which has been proposed to mask pUL37x1 defects (13). Nev-
ertheless, we can conclude that the change in F-actin occurs in
response to pUL37x1 without the induction of apoptosis.
Because the mitochondrial location of UL37-coded proteins
has been implicated in their antiapoptotic function (6-8), we
explored the possibility that the portion of the UL37 proteins
located in the ER might influence F-actin structure. Accord-
ingly, we tested for colocalization of pUL37x1 with several ER
proteins. The viral protein did not colocalize by immunofluo-
rescence with protein disulfide isomerase, which resides in the
ER lumen; but it did partially colocalize with calnexin and the
sarcoendoplasmic reticulum Ca?*-ATPase (SERCA), two ER
membrane proteins (Fig. 34). We also found that pUL37x1-GFP
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Fig. 2.  F-actin is reorganized by pUL37x1. Fibroblasts were infected at a
multiplicity of ~1 pfu per cell. (A) Immunofluorescence at 24 hpi with BADwt
or BADsubUL37x1 using Alexa Fluor 546 phalloidin to detect actin (red),
antibody to HCMV IE1 protein (green), and DAPI to stain DNA (blue). (B)
Immunofluorescence at 24 h after mock treatment or electroporation of
fibroblasts with a plasmid expressing pUL37x1-GFP using Alexa Fluor 546
phalloidin to detect actin (red) and monitoring GFP fluorescence (green). (C)
TUNEL assay for apoptosis after mock infection, after treatment of mock-
infected cells with TNFe, or 3 days after infection at a multiplicity of 3 pfu per
cell with wt or subUL37x1. Actin was detected with Alexa Fluor 633 phalloidin
(white), and IE1 protein (green) was detected by using an antibody. TUNEL-
positive cells and cell fragments are red, and DNA was stained with DAPI
(blue). (Scale bars: ~10 um.)

colocalized with Ca?* stores in the ER of fibroblasts receiving an
expression plasmid (Fig. 3B). In some cells, the ER remained
filamentous at 24 h after electroporation (Fig. 3B) and in other
cells the ER became compacted near the nucleus (data not
shown). The ER was generally collapsed near the nucleus at 24
hpi with BADwt, but not after infection with pUL37x1-deficient
virus (Fig. 3C).

Given its association with the ER membrane and Ca2* stores,
we suspected that pUL37x1 might induce the release of Ca?*
from the ER and this, in turn, might induce the actin reorgani-
zation. To test this idea, we treated fibroblasts with 1,2-bis(2-
aminophenoxy)ethane-N,N,N',N'-tetraacetic acid-acetoxym-
ethyl ester (BAPTA) (10 uM), which enters cells and chelates
Ca?". BAPTA prevented the alteration in F-actin in response to
pUL37x1-GFP (Fig. 3D, compare -pUL37x1 and +pUL37x1
panels, F-actin is white), while allowing the ER to collapse in
response to the viral protein. This experiment argues that Ca2*
is directly responsible for the pUL37x1-mediated change in
F-actin, and it shows that the structure of the ER can be modified
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Fig. 3. pUL37x1 associates with ER membrane constituents. Fibroblast in-
fections were at a multiplicity of ~1 pfu per cell. (A) Immunofluorescent assays
at 24 hpi with BADwt for colocalization of pUL37x1 (green) with protein
disulfide isomerase, SERCA, or calnexin (red). Yellow indicates overlapping
signals. (B) Colocalization of Ca2* detected with calcium orange (Left, red) and
pUL37x1 (Center, green) at 24 h after electroporation with a pUL37x1-GFP
plasma. (Right) The merged images. Yellow indicates overlapping signals. (C)
Immunofluorescent image of ER calnexin (red) at 24 hpi with mutant or
wild-type virus. DNA is stained with DAPI (blue). (D) Immunofluorescentimage
of ER calnexin (red) in cells treated with BAPTA (10 uM) for 1 h. Actin was
visualized (white) by using Alexa Fluor 633 phalloidin. Cells were mock-
treated (Left) or electroporated with an expression plasmid (Right). Overlap-
ping calnexin and pUL37x1 signals are yellow. (Scale bars: ~10 um.)

by pUL37x1 without a visible change in F-actin, provided that
Ca?* is chelated.

Ca2* Is Released from the ER in Response to pUL37x1. To directly
assay for release of Ca?>" into the cytosol, we used calcium
orange, a fluorescent indicator that binds Ca?" in living cells
(Fig. 44). In mock-infected fibroblasts or at 24 hpi with
BADsubUL37x1, Ca?" was detected in filamentous structures
indicative of an ER location. In contrast, BADwt-infected cells
exhibited a much more intense signal that was no longer re-
stricted to the filamentous pattern, suggesting that Ca’* was
present in the cytosol. The intense signal could be seen at 6 hpi
at a multiplicity of ~3 pfu per cell, but not at 4 hpi, and the
change in actin structure correlated with detection of the intense
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subUL37xt1

Fig. 4. Altered Ca?" localization correlates with F-actin reorganization.
Infections were at a multiplicity of ~1 pfu per cell, and living fibroblasts were
imaged immediately after adding calcium orange (red signal). (A) Assays were
performed at 24 h after mock, BADwt, or BADsubUL37x1 infection. (B) Cal-
cium orange assays (Left) were performed at 4 h after mock infection or 4 or
6 h after BADwt infection. (Right) In a duplicate sample, DNA (red) and actin
(green) were visualized. (Scale bars: ~10 um.)

Ca?* signal (Fig. 4B). The release of Ca?>* and actin reorgani-
zation were delayed for ~1.5 h when the infection was per-
formed at a multiplicity of ~0.5 pfu per cell (data not shown).
To confirm that Ca?* was released to the cytosol, fibroblasts
were loaded with Fluo-3, a high-affinity Ca?* indicator that
binds free Ca?* in the cytoplasm, but not Ca?* bound by storage
proteins in the ER. The fluorescent signal was considerably more
intense in cells receiving wild-type virus than after mock or
BADsubUL37x1 infection (Fig. 54). Fluorescent signals were
measured in multiple individual cells and the concentration of
free intracellular Ca?*, [Ca?"]i, was calculated (Fig. 5B). Mock-
and BADsubUL37x1-infected cells contained similar amounts of
[Ca?*]i, ranging from 30-100 nM. In contrast, BADwt-infected
fibroblasts contained 150-250 nM [Ca?*]i. Because BADwt is a
laboratory strain of HCMV, we also assayed FIXwt, a clinical
isolate of the virus, and it induced [Ca’*]i to 200-350 nM,
confirming that the release of Ca’* to the cytosol is a general
consequence of infection by different HCMYV strains.

Discussion

It has long been known that HCMV infection rapidly disrupts the
actin cytoskeleton (21) and induces an increase in free [Ca’*]i
(22), and now we can assign these changes to the UL37x1 coding
region. pUL37x1 traffics to the ER (6, 8), colocalizes with
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Fig. 5. pUL37x1 increases [Ca2*];. (A) Fibroblasts were mock-infected or
infected with BADwt, FIXwt, or BADsubUL37x1 at a multiplicity of ~1 pfu per
cell. Twelve hours later, cells were loaded with Fluo-3 and fluorescence was
imaged. (Scale bars: ~10 um.) (B) [Ca2*]; was estimated in 10 individual cells.

proteins and Ca?* stores at the ER membrane (Fig. 3 A4 and B),
and induces the release of Ca?* to the cytosol (Figs. 4 and 5). The
release is detected between 4 and 6 hpi (Fig. 4B), distinguishing
it from the transient Ca®" flux that occurs when many viruses,
including HCMV and herpes simplex virus, first interact with the
cell (23, 24). Treatment of infected cells with thapsigargin or
clotrimazole, which induce the release of Ca%* from the ER,
induces a profound block to viral replication (25). Because
pUL37x1 normally mobilizes ER Ca?" during the HCMV rep-
lication cycle, it must do so in a regulated fashion that does not
simply mimic the action of drugs that disrupt calcium homeosta-
sis in the ER.

pUL37x1 is necessary (Fig. 24) and sufficient (Fig. 2B) to
induce the early aspects of HCMV cytopathology, i.e., cell
rounding and swelling with loss of F-actin and accumulation of
cortical actin. This observation is consistent with a recent report
(26) that an independently derived pUL37x1-deficient mutant
also fails to induce normal HCMV cytopathic effect. The
disruption of F-actin results directly from the release of Ca?*
into the cytosol, because BAPTA, which chelates Ca?*, can
block cell rounding and actin reorganization (Fig. 3D). The
mechanism by which Ca?" release mediates actin reorganization
in infected cells is not known. Ca?>"-dependent actin-severing
proteins, such as gelosin (27), might be activated and contribute
to the process. It also is conceivable that the Rho family of
GTPases, which commonly control actin rearrangements (28),
cooperate with Ca?* to disrupt F-actin.

BAPTA treatment also revealed that the ER can collapse into
a perinuclear position, even when cells do not round and actin
is not reorganized (Fig. 3D). However, in the absence of
BAPTA, the ER was often observed in its normal configuration
for a short time after the release of Ca?* and F-actin loss (data
not shown). Consequently, it appears that the ER often collapses
after F-actin reorganization, even though the collapse can occur
if F-actin does not undergo a visible change.

19120 | www.pnas.org/cgi/doi/10.1073/pnas.0609353103

When cells undergo hypotonic swelling, stretch-activated cal-
cium channels trigger responses that restore osmotic homeosta-
sis and cell shape (29, 30). Actin reorganization accompanies an
elevation in [Ca®*]i in both HCMV-infected cells and cells
undergoing hypoosmotic stimulation (29), but the control of cell
volume appears to be different in the two cases. Normally,
elevated intracellular calcium activates Ca?*-dependent K* and
Cl~ channels that reduce cell volume (31). In HCMV-infected
cells, however, the pUL37x1-dependent increase in [Ca’*]i
triggers cell swelling. It is intriguing that cells expressing
pUL37x1-GFP did not increase significantly in volume (data not
shown), even though Ca?* was released from the ER and F-actin
was rearranged. This observation implies that, although
pUL37x1 is required for changing the shape and volume of
infected cells, one or more additional viral proteins might short
circuit activation of the Ca?*-activated ion channels that nor-
mally maintain proper cell volume.

In addition to impacting signaling processes that regulate cell
shape and volume, the release of Ca?* from the ER would
potentially reduce the activity of Ca>*-dependent ER chaper-
ones, causing the accumulation of unfolded proteins in the ER
and inducing the unfolded protein response (32). HCMV acti-
vates this response (33), and it is likely that pUL37x1 is respon-
sible at least in part for the induction. Even though the unfolded
protein response is activated, many of its consequences are
blocked by HCMV (33), probably by the action of additional viral
gene products.

The release of Ca?>* from the ER generates local high
concentrations of the ion at mitochondria (34), and mitochon-
drial Ca®* uptake then results from an electrochemical potential
gradient (35). Ca?" uptake modulates energy metabolism within
mitochondria. Key mitochondrial processes are mediated by
Ca?*-dependent metabolite carriers (36) and enzymes (37, 38),
and, consequently, Ca>* uptake has the potential to stimulate
aerobic metabolism (39) and enhance ATP production (40).
Given the large demands of viral replication for energy, one can
rationalize why HCMV would modulate the availability of Ca?*
to mitochondria. A failure to generate sufficient energy re-
sources could in part account for the markedly reduced yield of
the pUL37x1-deficient mutant (Fig. 1C). However, the effect on
mitochondrial function is remains uncertain. Constitutive
pUL37x1 expression in HeLa or 3T3 cells reduced the uptake of
phosphate into isolated mitochondria or mitochondria in per-
meabilized cells and caused a reduction in the level of ATP (26).
Perhaps regulated pUL37x1 expression or the presence of
additional viral gene products will prove to distinguish virus-
infected cells from cells expressing the protein outside the
context of infection.

It has long been established that pUL37x1 blocks apoptosis
(14, 15). Does its ability to release Ca®" stores from the ER relate
to its antiapoptotic activity? Ca?* plays a central role in apo-
ptosis (41). Elevated Ca?" induces opening of the mitochondrial
permeability transition pore complex (42), causing release of
cytochrome ¢ from the mitochondria and activation of caspase
9 in the cytosol in cells exposed to apoptotic stimuli (43).
However, the Ca?* content of the ER determines the cell’s
sensitivity to apoptotic stimuli. Ablation of calreticulin or over-
expression of plasma membrane ATPases decreases ER Ca’*
stores and protects against apoptosis (44, 45). In a similar vein,
overexpression of Bcl2 stimulates the exit of Ca?* from the ER
and inhibits apoptosis (46, 47), and sensitivity to apoptotic
stimuli can be restored by overexpression of SERCA, which
pumps Ca?" into mitochondria (45). Furthermore, cells from
double knockout mice deficient in the proapoptotic Bax and Bak
proteins accumulate reduced Ca?™ levels in their ER, and exhibit
reduced sensitivity to a range of apoptotic stimuli (48). Conse-
quently, the release of Ca?" from the ER by pUL37x1, could be

Sharon-Friling et al.



Lo L

P

1\

=y

expected to protect cells from apoptosis, and we propose that
this is at least an element of the viral protein’s protective action.

Fission of the mitochondrial network is induced by pUL37x1
(19, 20, 26). Mitochondrial morphology is normally in flux with
continual fusion and fission of the population, and the balance
between fragmented and elongated organelles can influence
mitochondrial function (49). The release of Ca?* from the ER
can induce fission of mitochondria (50). More recent work (51)
has led to the proposal that ER Ca’" release coupled to
mitochondrial uptake leads to relocalization of Drpl from the
cytosol to mitochondria, where it functions as a component of
the machinery that induces fission. This model supports the idea
that pUL37x1-mediated release of Ca?* from the ER induces
mitochondrial fission.

Excess mitochondrial fission is often associated with early
stages of apoptosis and inhibition of fission can retard apoptosis
(52), but pUL37x1-mediated fission does not induce apoptosis
(19, 20). Importantly, fission is not required for apoptosis (53).
How then might pUL37x1 induce fission while protecting against
apoptosis? Szabadkai et al. (54) overexpressed Drpl, a compo-
nent of the machinery that normally sponsors fission, to frag-
ment the mitochondria of HeLa cells. They found that, although
the treatment made cells more susceptible to staurosporine-
induced apoptosis, they were relatively resistant to several
agents, including ceramide, that trigger mitochondrial outer
membrane permeabilization and subsequent apoptosis through
the induction of intra-mitochondrial “Ca?* waves.” This exper-
iment was interpreted to indicate that fragmentation reduced the
luminal connectivity of the mitochondrial network, breaking the
wave of Ca* uptake required for optimal proapoptotic signal-
ing. This is consistent with a study showing that Ca?* entering
mitochondria can spread in an explosive wave within a tubular
network, whereas propagation was uncoordinated after frag-
mentation of the network (55). It is possible, then, that pUL37x1-
induced mitochondrial fission contributes to its antiapoptotic
activity.

Materials and Methods

Viruses, Cells, and Plasmids. BADw¢ is derived from a BAC clone
of the HCMV AD169 strain pAD/Cre (56). A pUL37x1-deficient
derivative of BADwt, BADsubUL37x1, was generated from
pAD/Cre by allelic exchange (56). It lacks the AD169 sequence
from 169,144 through 169,631 (10) and includes kanamycin
resistance and LacZ markers. A revertant, BADrevUL37x1, was
prepared from the BAC clone of BADsubUL37x1. The gross
structures of BAC DNAs were monitored by restriction enzyme
analysis, and the boundaries of alterations were confirmed by
sequence analysis. FIXwt is derived from a BAC clone (57) of the
HCMYV VR1814 clinical isolate (58). Virus was propagated and
studied in primary human foreskin fibroblasts maintained in
medium with 10% FBS. Infectious virus was quantified by plaque
assay on fibroblasts. A derivative of pEGFP-N1 expressing
pUL37x1-GFP was a gift of A. Watson (Children’s National
Medical Center).

—_

. Gerna G, Baldanti F, Revello MG (2004) Hum Immunol 65:381-386.

2. Kouzarides T, Bankier AT, Satchwell SC, Preddy E, Barrell BG (1988) Virology
165:151-164.

3. Tenney DJ, Colberg-Poley AM (1991) J Virol 65:6724—6734.

4. Adair R, Liebisch GW, Colberg-Poley AM (2003) J Gen Virol 84:3353-
3358.

5. Mavinakere MS, Williamson CD, Goldmacher VS, Colberg-Poley AM (2006)
J Virol 80:6771-6783.

6. Al-Barazi HO, Colberg-Poley AM (1996) J Virol 70:7198—-7208.

7. Goldmacher VS, Bartle LM, Skaletskaya A, Dionne CA, Kedersha NL, Vater
CA, Han JW, Lutz RJ, Watanabe S, Cahir McFarland ED, et al. (1999) Proc
Natl Acad Sci USA 96:12536-12541.

8. Colberg-Poley AM, Patel MB, Erezo DP, Slater JE (2000) J Gen Virol

81:1779-1789.

Sharon-Friling et al.

Analysis of Proteins. Western blots used murine monoclonal
antibodies to pUL36 (59), pUL38 (M. C. Silva and T.S., unpub-
lished observations), and pUL37x1. A pUL37x1-specific hybrid-
oma (4B6-B) was produced by immunization of mice with a
fusion protein containing amino acids 27-40 of pUL37x1.

Indirect immunofluorescence used murine monoclonal anti-
bodies to pUL37x1, IE1 (60), protein disulfide isomerase
(Nventa, San Diego, CA), SERCA (Affinity BioReagents,
Golden, CO), and calnexin (Abcam, Cambridge, MA), together
with Alexa Fluor 568-conjugated anti-mouse secondary antibody
(Invitrogen, Carlsbad, CA). Actin was detected with Alexa Fluor
phalloidin (Invitrogen). Nuclear DNA was stained with DAPI
(Invitrogen). Fluorescent images were captured with a Zeiss
LSM510 confocal microscope.

Assay for Apoptosis. Apoptosis was assayed by using TUNEL
(Roche, Indianapolis, IN). DNA was stained with DAPI.

Measurement of Free [Ca2+];. The location of total Ca?>* (bound plus
free) in fibroblasts was assayed by fluorescence by using calcium
orange (4 uM), and free intracellular Ca?>" was localized by
fluorescence by using Fluo-3 (4 uM) (Invitrogen).

The concentration of free intracellular Ca?*, [Ca?*];, was
determined according to the method of Grynkiewicz et al. (61).
Briefly, confluent fibroblasts were mock-infected or infected at
a multiplicity of ~1 pfu per cell. After 12 h, cells were washed
with prewarmed HBSS containing 25 mM Hepes (pH 7.45), 2.5
mM probenecid, and 0.5% BSA (HBSS+) and loaded with
Fluo-3 (4 uM) in HBSS+ for 30 min at 37°C. Nine to 20 optical
slices per cell were collected with a 0.75-um Z step interval, by
using a PerkinElmer RS3 Spinning Disk mated to a Nikon
TE200S microscope with a Plan Neofluor x40, 1.3 N.A. objec-
tive. Optical slices were projected along the z axis, and fluores-
cent intensity (F) was plotted versus area. Next, to measure the
minimal fluorescent intensity (Fmin) after Ca>* depletion, iono-
mycin (10 uM), thapsigargin (1 uM), and EGTA (2 mM) were
added to the cultures to release intracellular Ca?* stores and
chelate free Ca®*, and fluorescent intensity was determined as
described above. Finally, to measure the maximal Ca?* fluores-
cent intensity (Fmax), the cells received Ca?* (20 mM) in HBSS +,
and fluorescent intensity was again determined. Fluorescent
intensities were converted to an estimate of [Ca?*]; by using the
following formula: [Ca?"]; = K¢S [(F — Fumin)/(Fmax — F)],
where K03 = 390 nM.
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