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Mammalian cells and viruses encode inhibitors of programmed cell death that localize to mitochondria and
suppress apoptosis initiated by a wide variety of inducers. Mutagenesis was used to probe the role of a
predicted a-helical region within the hydrophobic antiapoptotic domain (AAD) of cytomegalovirus vMIA, the
UL37x1 gene product. This region was found to be essential for cell death suppression activity. A screen for
proteins that interacted with the AAD of functional vMIA but that failed to interact with mutants identified
growth arrest and DNA damage 45 (GADD45a), a cell cycle regulatory protein activated by genotoxic stress,
as a candidate cellular binding partner. GADD45« interaction required the AAD «-helical character that also
dictated GADD45a-mediated enhancement of death suppression. vMIA mutants that failed to interact with
GADD45a were completely nonfunctional in cell death suppression, and any of the three GADD45 family
members (GADD45«, GADD453/MyD118, or GADD45vy/O1G37/CR6/GRP17) was able to cooperate with
vMIA; however, none influenced cell death when introduced into cells alone. GADD45« was found to increase
VMIA protein levels comparably to treatment with protease inhibitors MG132 and ALLN. Targeted short
interfering RNA knockdown of all three GADD45 family members maximally reduced vMIA activity, and this
reduction was abrogated by additional GADD45c. Interestingly, GADD45 family members were also able to
bind and enhance cell death suppression by Bcl-x;, a member of the Bcl-2 family of cell death suppressors,
suggesting a direct cooperative link between apoptosis and the proteins that regulate the DNA damage

response.

Programmed cell death, or apoptosis, is an evolutionarily
conserved cellular process that controls the destruction of cells
during tissue development (34) and immune selection (51),
and it is considered to be one of the ancient mechanisms for
eliminating cells infected by obligate intracellular pathogens,
such as viruses (12). Cellular components of apoptosis machin-
ery include tumor necrosis factor family death receptors that
engage soluble or cell-associated ligands to initiate an extrinsic
pathway and intracellular stress sensors that initiate an intrin-
sic pathway of cell death. These share enzymes involved in
common steps, including cytosolic protease zymogen caspases
that initiate and execute essential steps in the pathway as well
as Bcl-2 family proteins that localize to mitochondria and en-
hance or inhibit apoptosis. Many viruses encode proteins that
modulate critical steps in apoptosis, thereby promoting an en-
vironment commensurate with viral replication (6).

DNA viruses, including adenoviruses, poxviruses, and her-
pesviruses, express antiapoptotic proteins that imitate cellular
functions (12, 19, 22) targeting two major apoptosis check-
points. One, carried out by FLICE (an acronym for caspase 8)
inhibitory proteins, prevents autocatalytic activation of pro-
caspase 8 in the extrinsic pathway of apoptosis that follows
activation of death receptors at the plasma membrane. The
other, carried out by antiapoptotic Bcl-2 family proteins,
blocks mitochondrial membrane permeabilization, a common
checkpoint for apoptotic signals originating within or outside
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the cell. By blocking apoptosis at these points, viruses may
prevent cell death occurring as a result of cytokine or cellular
immune surveillance as well as the intracellular antiviral re-
sponse.

Human cytomegalovirus (CMV) encodes a range of func-
tions that modulate interaction with host cells (35). This in-
cludes two potent cell death suppressors that lack sequence
homology with cellular proteins even though they interfere
with commonly targeted steps, inhibitor of caspase 8 activation
(VICA) and mitochondrial-localized inhibitor of apoptosis
(VMIA). Both of these were initially identified through a func-
tional screen of CMV open reading frames in a HeLa cell
death suppression assay (23, 48). VICA homologs are broadly
distributed in all characterized betaherpesviruses infecting pri-
mates as well as rodents (32). Human CMV VICA is dispens-
able for viral replication in cultured cells (23, 48). vMIA se-
quence homologs are found only in chimpanzee CMV, rhesus
macaque CMV, and African green monkey CMV (32). Murine
CMYV encodes a newly annotated gene, m38.5, whose position
is conserved relative to UL37 homologs in primate CMVs (9,
31). This murine CMV gene product localizes to mitochondria
and suppresses apoptosis (31). Although UL37 was initially
reported to be critical for viral growth (15, 43, 58), replication
is minimally disrupted in human CMYV strains that retain a
functional copy of VICA (31).

The mitochondrial checkpoint of apoptosis that connects
external and internal cell death induction signals to down-
stream nuclear and cytoskeletal events is tightly regulated by
the Bcl-2 family of proteins (5). The vMIA family of antiapop-
totic proteins (23, 32) functions at a step that appears analo-
gous to Bcl-x; despite the lack of any sequence homology.
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Human CMV vMIA is a potent suppressor of cell death in-
duced by mitochondrial membrane-permeabilizing agents, re-
active oxygen species, and preapoptotic chromatin condensa-
tion (3, 7, 55), providing insight into apoptotic signaling and
cellular pathways integrating DNA damage with apoptosis
checkpoints. Highly conserved regions within vMIA (26) coin-
cide with an amino-terminal mitochondrial targeting domain
(amino acids [aa] 1 to 34) and a carboxyl-terminal antiapop-
totic domain (AAD) (115 to 147) (32), both of which are
contained within a functional 69-aa deletion mutant (A35-112/
A148-163) of the natural protein (26), a derivative that is
remarkably similar to some natural primate CMV vMIA
homologs (23, 32). The mitochondrial targeting domain is re-
quired for activity, which strongly suggests that vVMIA-medi-
ated cell death suppression requires proper localization; how-
ever, the role of the AAD is not understood.

The antiapoptotic Bcl-2 family members Bcel-2 and Bel-x
bind proapoptotic family members, such as Bax, Bak, and Bid,
through a hydrophobic pocket formed by conserved hydropho-
bic and amphipathic a-helices (36, 40). Viral Bcl-2 homologs
are thought to form similar structures and interactions (40).
vMIA, though not homologous to Bcl-2 or Bcl-x;, contains a
conserved amphipathic a-helical motif within the AAD that we
found to be critical in cell death suppression. We identified
cellular AAD-dependent binding proteins in order to better
characterize the mechanism of cell death suppression and
found a common role for GADD45 family members in cell
death suppression by vMIA and Bcl-x; . This work suggests that
VMIA and Bcl-2 family members share a common cellular
partner.

MATERIALS AND METHODS

Structural predictions. The amino acid sequence of VMIA was analyzed using
DNASTAR Protean 5.03 sequence analysis software. The Garnier-Robson sec-
ondary structure prediction method was applied with calculated decision con-
stants, and the Chou-Fasman secondary structure prediction method was applied
based on the 64-structure parameter set, with standard thresholds for P, and Py
of 103 and 105, respectively.

Cells, cell death suppressi i fluorescence, and siRNA knockdown.
HelLa cells and 293T cells were maintained and transfected by calcium phosphate
transfection as described previously (44), and Polyfect (QIAGEN, Valencia CA)
was used as recommended by the manufacturer. Cell death suppression was
assayed in HeLa cells as reported previously (23). Transfected cells were incu-
bated with 40 ng/ml anti-Fas mouse monoclonal antibody (Ab) (7C11; Immu-
notech Beckman-Coulter, Fullerton CA) and 10 pg/ml cycloheximide (Sigma,
St. Louis, MO) for 18 h (23), washed with phosphate-buffered saline (PBS), fixed
for 10 min in a 3.7% formaldehyde PBS solution, and washed three times with
PBS. By 18 h after starting this treatment, dying cells within the culture detached
from the substratum and disintegrated into fragments, whereas surviving cells
remained attached to the substratum. The degree of cell death in the culture was
determined by counting surviving cells in five representative fields at magnifica-
tion X200 (about 2,000 cells on control wells) and calculating the standard
deviation (SD). Immunofluorescence staining was performed as described pre-
viously (33) using anti-c-Myc mouse monoclonal Ab (9E10; SC-40; Santa Cruz
Biotechnology, Santa Cruz, CA) diluted 1:1,000 and fluorescein isothiocyanate-
conjugated anti-mouse immunoglobulin G horse polyclonal Ab diluted 1:1,000.
Short interfering RNA (siRNA) targeted against GADD45a, GADD45p3,
GADDA45y, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) tran-
scripts was generated by transcribing RNA from both strands of a cDNA prod-
uct, annealing, and cleaving with a dicer enzyme according to kit instructions
(Silencer siRNA cocktail kit [Dicer]; Ambion, Austin, TX). Thirty-nanomolar
concentrations of siRNA were sufficient to reduce specific, transtected GADD45
family protein levels by approximately 90%, as determined by indirect fluores-
cent-antibody assay. Student’s ¢ test was used to determine the statistical signif-
icance of the siRNA-dependent change in VMIA activity.
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Yeast two-hybrid interaction. Saccharomyces cerevisiae strain EGY48 (MATa
his3 trpl ura3 LexAop-LEU2) containing the pSH18-34 lacZ reporter plasmid
was cotransformed with bait and prey fusion plasmids by a high-efficiency lithium
acetate transformation procedure (1). Two-hybrid interaction screening was car-
ried out using the LexA system as described previously (24). The pLexA-vMIA
fusion protein did not show intrinsic activation and did not allow growth on
medium lacking leucine, but fusion protein synthesis and nuclear translocation
were confirmed by repression assays (24). Positive interactions between LexA-
VMIA and prey constructs led to transcriptional activation of the LEU2 gene,
identified by selective growth and activation of the lacZ reporter gene (24).

The two-hybrid screen employed a HeLa cell cDNA library fused to the
carboxyl terminus of the B42 acidic activator domain in the pJG4-5 prey plasmid
(25). Colonies (1.3 X 10°) were screened for interaction. Positively interacting
prey plasmids were isolated from yeast and transformed into new yeast cells to
confirm the specificity of interaction, minimizing false positives by separate
transformations of candidate-interacting prey plasmids with pPRFHM1 bait neg-
ative control (24).

Plasmids and ¢cDNAs. The ¢cDNAs for GADD45a, GADD453, GADDA45y,
ATPIF, EIDI, and Bcl-x; were generated by PCR of an infected cell cDNA
library (28) using primers with 5" EcoRI, Mfel, Xhol, or Sall restriction endo-
nuclease recognition sites (GADD45a primer 1 [gene sequence in lowercase
letters], GCCAATTGatgactttggaggaattctcg; GADD45a primer 2, CGCTCGAG
tcaccgttcaggg; GADD458 primer 1, GCGAATTCatgacgetggaagage; GADD45B
primer 2, CGCTCGAGtcagcgttcctgaagag; GADD45y primer 1, GCGAATTCa
tgactctggaagaagtcc; GADDA45y primer 2, CGCTCGAGtcactcggggagggtgatgc;
ATPIF primer 1, GCGAATTCatggcagtgacggcg; ATPIF primer 2, CGCTCGA
Gttaatcatcatgttttage; EID1 primer 1, GCGAATTCatgtcggaaatggctgagttg; EID1
primer 2, CGGTCGACctactctctatcaataatcte; Bel-xL primer 1, GCGAATTCatg
tetcagagcaacc; Bel-xL primer 2, CGCTCGAGtcatttccgactgaagag) and subcloned
into the pcDNA3 vector or a pcDNA3-Flag vector derived from pcDNA3,
containing in its polylinker section a DNA sequence (atggattacaaggacgatgacgac
aag) encoding one copy of the flag epitope amino terminal to the restriction
cloning site. Mutations in the VMIA AAD were generated through QuikChange
PCR mutagenesis (Stratagene). All constructs were confirmed by nucleotide
sequencing (Stanford PANS facility and Sequetech).

Cellular fractionation, immunoprecipitation, and immunoblotting. Cells were
resuspended in resuspension buffer (10 mM NaCl, 1.5 mM MgCl,, 10 mM
Tris-HCI, pH 7.5, protease inhibitor cocktail [Complete EDTA-free; Roche]) on
ice for 10 min to swell. Cell samples were Dounce homogenized on ice 15 times
each (1-ml glass Dounce homogenizer, tight-fitting pestol) and then diluted in
525 mM mannitol, 175 mM sucrose, 12.5 mM Tris-HCI, pH 7.5, 2.5 mM EDTA,
protease inhibitor cocktail. Samples were subjected to centrifugation at 1,000 X g
for 5 min, 3,000 X g for 10 min, 15,000 X g for 15 min, and sometimes
100,000 X g for 45 min, and the pellet from each step was resuspended in 1X
sodium dodecyl sulfate (SDS) lysis buffer (50 mM Tris-HCI, pH 6.8, 2.5%
sucrose, 2% SDS, 0.1% bromophenol blue, 5% B-mercaptoethanol). Superna-
tant from the 100,000 X g step was combined with concentrated SDS lysis buffer
so that the final concentration was 1X. After resuspension in SDS lysis buffer,
samples were boiled for 5 min and then resolved by SDS-10% polyacrylamide gel
electrophoresis (PAGE) and transferred to nitrocellulose membranes (Immo-
bilon-NC; Millipore) for immunoblot analysis.

For immunoprecipitation, cells were resuspended in lysis buffer (50 mM Tris-
HC], pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, protease inhibitor
cocktail) for 20 min before being centrifuged at 12,000 X g for 10 min. The
supernatant was transferred to a microcentrifuge tube containing 40 pl anti-c-
Myc agarose conjugate (A7470; Sigma) washed three times with PBS. After
gentle agitation overnight at 4°C, the supernatant was removed and the beads
were washed three times. Finally, the beads were boiled in SDS lysis buffer for
10 min, analyzed by SDS-PAGE, and subjected to immunoblotting.

RESULTS

Cellular binding partners and function of the amphipathic
a-helix of the vMIA AAD in cell death suppression. To identify
cellular proteins involved in cell death suppression, we
screened a human HeLa cell cDNA library for vMIA binding
partners through a lexA-based yeast two-hybrid interaction
trap (25). Thirty-two clones were found to bind wild-type (wt)
VMIA (Table 1). In order to identify interactions likely to be
important during VMIA function, we used a bioinformatic
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TABLE 1. Cellular vMIA interacting partners by determined two-hybrid screen

No. of hits” Gene (abbreviation)

Binding of gene product(s) to vMIA with the following
AAD mutation(s):

None E+RRHR RE+RRHR L137P

ATPase inhibitory factor 1 (ATPIF)
BC007384—unknown

Cell division cycle 10 (CDC10)

Creatine kinase, brain type (CKB)

Ela-like inhibitor of differentiation 1 (EID1)
Endothelial-derived gene 1 (EG1)

Ferritin heavy chain 1 (FTH1)
Ferritin light chain (FTL)
Galanin (GAL)

Keratin 17 (KRT17)

Kinesin family member 2C (KIF2C)

Lactate dehydrogenase A (LDHA)
Nonmetastatic cells 2, protein expressed (NME2)
Papillary renal cell carcinoma (PRCC)
Peroxisomal farnesylated protein (PxF)
Rabaptin 5 (RABPTS)

Ras-associated protein 20 (RAB20)
Ribosomal phosphoprotein, large, P1 (RPLP1)
S100 calcium-binding protein A11 (S100A11)
S100 calcium-binding protein (S100P)

e el ° Ea e ® BLUS I N N NS I NS BT (O TN NS I

cAMP response element modulator 23 (CREM2p)

Eukaryotic translation initiation factor 4 gamma, 3 (EIF4G3)

Growth arrest and DNA damage gene 45 (GADD45«)
Heterogeneous nuclear ribonucleoprotein A3 (HNRPA3)

e i ol i e S e i i e St
e i ol i i o S S S S S S S RS A
e i T I I e i S B g A e o

“ Number of clones resulting for each gene.

analysis to guide directed mutagenesis of the AAD, identifying
a conserved a-helix motif from the overlap of Garnier-Robson
(21) and Chou-Fasman (11) secondary structure predictions.
We evaluated the functional role of this predicted a-helix (aa
126 to 140) by perturbing its amphipathicity, hydrophobicity,
and hydrophilicity. We expected the vMIA amphipathic a-he-
lix motif might have an important binding partner, because
interactions between pro- and antiapoptotic Bcl-2 family mem-
bers involve amphipathic a-helical domains (45, 56). Substitu-
tion of Pro at aa 137 (L137P) (Fig. 1A), which was predicted to
perturb the AAD «-helix (2), abrogated vMIA antiapoptotic
function in a standard HeLa cell death assay (23) (Fig. 1C and
D). In order to alter AAD amphipathicity without perturbing
this a-helical character, we inserted one or two helix-stable Ala
residues (37) at aa 137 (iA137, iAA137; Fig. 1A; also data not
shown) or deleted one (aa 136) or two (aa 136 to 137) residues
(AA136, AAL136-137; Fig. 1A; also data not shown). These
mutations failed to function (Fig. 1C and D), presumably due
to shifting charge onto the hydrophobic face and hydrophobic-
ity onto the hydrophilic face (Fig. 1B). Hence, amphipathicity
of the AAD appeared critical for vMIA function. Next, we
tested the contribution of the hydrophobic and charged faces
of the AAD. We substituted the helix-stable basic residue Arg
(37) at aa 133 or aa 137 (L133R, L137R) (Fig. 1A) to alter the
hydrophobic face (Fig. 1B) and disrupted vMIA function.
However, when we altered the hydrophilic face by substituting
Ala for charged residues at aa 113, aa 118, aa 120 (E), aa 127
to 128 (RE), aa 131, aa 134 to 135, aa 138 to 141 (RRHR), or
aa 146 to 147 (Fig. 1A; also data not shown), each retained the
ability to inhibit apoptosis (Fig. 1D; also data not shown). Only
when five or six Ala substitutions were combined (E+RRHR
or RE+RRHR) (Fig. 1A) was vMIA rendered nonfunctional

(Fig. 1B and D). The basic nature of the AAD (pI = 10.79) is
conserved in VMIA homologs (32), and any combination of
mutations that destroyed this character reduced function.
Taken together, mutagenesis revealed that vMIA was critically
dependent on an intact a-helical domain or the integrity of its
hydrophobic face, suggesting that this might be a site of contact
with other proteins.

GADD45a-mediated enhancement of vMIA. We next tested
candidate proteins for their ability to bind the specific non-
functional vMIA AAD mutants vMIA-L137P, vMIA-
E+RRHR, and vMIA-RE+RRHR. Only 3 of the 32 candi-
date proteins failed to bind the nonfunctional AAD mutants:
Ela-like inhibitor of differentiation (EID1), growth arrest and
DNA damage 450 (GADD45a), and keratin 17 (KRT17)
(Table 1). A full-length version of KRT17 did not bind vMIA
and so was not pursued. Thus, EID1 and GADD45a each
bound specifically to vMIA but not to nonfunctional vMIA
mutants.

When we investigated whether interaction of these proteins
with the AAD had any impact on vMIA function following
cotransfection, we found that GADD45a enhanced vMIA
suppression of Fas-induced apoptosis by two- to threefold
(Fig. 2A). In contrast, neither EID1 nor ATPase inhibitory
factor 1, another vMIA binding protein that has been impli-
cated in the regulation of mitochondrial ATPase activity in
response to pH stress (46), influenced vMIA function following
cotransfection into cells (Fig. 2A). GADD45« failed to influ-
ence apoptosis when expressed alone (Fig. 2B) but also en-
hanced vMIA function when apoptosis was induced with green
fluorescent protein (GFP)-tagged Bax (Fig. 2C). The ability of
GADD45a to enhance vMIA-mediated cell death suppression
from both external (Fas) and internal (Bax) stimuli was con-
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FIG. 1. Structural analysis and function of vMIA AAD. (A) Predicted structure of AAD. (Top) A vMIA protein schematic is with the positions
of the mitochondrial targeting domain (mito, aa 5 to 34) and AAD (aa 118 TO 147) indicated. In the expanded region, conserved amino acids
(boxed in black when =75% identical or in gray when =75% similar to primate CMV homologs) are depicted. Mutations within the predicted
a-helix (underlined, aa 126 to 140) are indicated below the sequence. These mutations are predicted to disrupt the a-helix’s structure by Pro
substitution (vMIA-L137P), its amphipathicity by Ala insertion (VMIA-iA137) or deletion (VMIA-AA136), its hydrophobic face by Arg substitution
(VMIA-L133R, vMIA-L137R), and its charged face by multiple Ala substitutions (VMIA-E, vMIA-RE, vMIA-RRHR, vMIA-E+RE,
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FIG. 2. vMIA-interacting proteins and cell death suppression.
(A) Screen using VMIA and vMIA-interacting proteins. HeLa cells
were transfected with vMIA-L137P (L137P), or wt vVMIA together with
GFP, ATPase inhibitory factor 1 (ATPIF1), EID1, or GADD45a. Cell
death suppression assay was as described in the legend to Fig. 1.
(B) Effect of GADD45a on vMIA suppression of extrinsic apoptosis.
HeLa cells transfected with GFP or vMIA together with dsRed2 con-
trol (white bars) or GADD45a (gray bars) were subjected to Fas-
mediated cell death. (C) Effect of GADD45a« on vMIA suppression of
Bax-mediated cell death. HeLa cells transfected with GFP-Bax along
with wt VMIA or vMIA-L137P (L137P) and either dsRed2 control
(white bars) or GADD45« (gray bars) were fixed 24 h after transfec-
tion. Counts of five fields of GFP-Bax-positive cells were graphed with
SD as described in Fig. 1.

sistent with an effect at the mitochondria where vMIA is
known to localize rather than at a step upstream of the mito-
chondria. As expected for the ability to bind GADD45«, en-
hancement was observed only with wt vMIA and not with the
VMIA-L137P mutant (Fig. 2C). Thus, GADD45« enhanced
the antiapoptotic activity of vMIA in a pattern that reflected its
ability to associate with vMIA.

GADDA45« increases the amount of vMIA in cells. As ex-
pected from the results of the two-hybrid interaction screen,

GADD45a ENHANCES Bcl-x; AND vMIA 14927

GADD45a was found to associate with VMIA in mammalian
cells, demonstrated by coimmunoprecipitation with epitope-
tagged VMIA but not with the AAD mutant vVMIA-L137P
(Fig. 3A). Although there were slightly higher amounts of
GADDA45a in the total lysate of wt vMIA-transfected cells than
in vMIA-L137P-cotransfected cells, this did not account for the
significantly greater amount of GADD45a found to coimmu-
noprecipitate with wt vMIA, suggesting that GADD45a en-
hancement of cell death suppression is mediated by a direct
interaction with the AAD of vMIA. Somewhat surprisingly, the
cellular mitochondrium-localized cell death suppressor Bel-x;
was also found to coimmunoprecipitate with epitope-tagged
GADD45a (Fig. 3A). In addition, Bcl-x; coimmunoprecipi-
tated with wt vMIA but not with vMIA-L137P (Fig. 3A). This
result suggests that the cellular proteins Bel-x; and GADD45«a
may form a complex into which vMIA infiltrates.

GADD45a expression increased the total cellular levels of
vMIA protein relative to those of the mitochondrial heat shock
protein (mtHSP70) control (Fig. 3B). This resulted in in-
creased amounts of VMIA detected in the nuclear (1,000 X g
pellet), heavy mitochondrial (3,000 X g pellet), light mitochon-
drial (15,000 X g pellet), lighter membrane (100,000 X g pellet,
including endoplasmic reticulum, lysosomes, and endosomes),
and cytosolic (100,000 X g supernatant) cellular fractions
(Fig. 3B). This GADD45a-dependent difference was most
striking for vVMIA associated with light mitochondrial and
lighter membrane fractions but did not affect the amount of
mitochondria present in each fraction based on the lack of
change in mtHSP70 staining (Fig. 3B). The alteration of mi-
tochondrial organization from reticular (predominantly heavy
mitochondria) to punctate (predominantly light mitochondria)
is one of the consequences of vVMIA activity in transfected cells
as well as during viral infection (33), although it is not clear
how this relates to cell death suppression activity.

GADD45a stabilizes vMIA from degradation. To determine
whether enhancement of vMIA activity was associated with
protein stabilization, we evaluated the impact of a 4-h treat-
ment with protease inhibitors MG132 (20 pM) and ALLN
(100 wM) on both vMIA and GADD45« protein levels. Treat-
ment with MG132/ALLN increased vMIA protein levels com-
parably to GADD45a coexpression, whereas the combination
of GADD45a coexpression and MG132/ALLN treatment did
not further increase the amount of vMIA found in heavy and
light mitochondrial (3,000 X g and 15,000 X g pellet) fractions
relative to mtHSP70 control (Fig. 3C). Thus, protease inhibi-

vMIA-E+RRHR, vMIA-RE+RRHR). (B) Helical wheel models of AAD a-helix. Basic (blue), acidic (pink), hydrophobic (yellow), and polar
(green) residues are indicated, with the clusters of hydrophobic residues outlined and shaded light yellow. Positions of Arg substitution point
mutations VMIA-L133R and vMIA-L137R (blue ellipses, L133R and L137R) in the hydrophobic face and Ala substitution mutant vVMIA-
RE+RRHR (dashed lines to filled yellow rectangle; RE+RRHR) are shown at left. The position of the Ala insertion point mutation vMIA-iA137
is displayed at right with the inserted Ala (marked “i”) and predicted hydrophobic face disruption outlined (shaded light yellow). (C) Localization
and cell death suppression assay with wt and mutant vMIA expression. HeLa cells transfected with wt vMIA (wt), VMIA-L137P (L137P),
VMIA-iA137 (iA137), vMIA-AA136 (AA136), vMIA-L133R (L133R), or vMIA-L137R (L137R) are shown. Apoptosis was induced 24 h after
transfection with cycloheximide control (top row) or anti-Fas Ab and cycloheximide (bottom row) for 18 h. Surviving cells were fixed and stained
for c-Myc epitope tag expression by immunofluorescence (magnification, X16.5). (D) Cell survival after apoptosis induction. HeLa cells transfected
with wt vVMIA (VMIA), vVMIA-A115-130 (A115-130), vMIA-E (E), vMIA-RE (RE), vMIA-RRHR (RRHR), vVMIA-E+RE (E+RE), vMIA-
E+RRHR (E+RRHR), Y"MIA-RE+RRHR (RE+RRHR), YMIA-L137P (L137P), vYMIA-iA137 (iA137), or yYMIA-AA136 (AA136) were treated
with anti-Fas Ab and cycloheximide as in C. Counts of five fields at X200 (about 2,000 cells on control wells) were graphed with SD indicated
(error bars).
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FIG. 3. Fractionation of vVMIA and GADD45a-transfected cells.
(A) Immunoprecipitation of Myc-tagged vVMIA-L137P, wt vMIA, and
GADD45a from 293T cell lysates with anti-c-Myc-conjugated agarose
beads and immunoblot detection of coimmunoprecipitated Flag-
tagged GADD45a and Bel-x; after SDS-PAGE. (B) GADD45« effect
on VMIA expression and mitochondrial accumulation. Cells trans-
fected with DNA encoding vMIA and GFP or vMIA and GADD45c.
Total cell lysates and 1,000 X g, 3,000 X g, 15,000 X g, 100,000 X g, and
remaining supernatant fractions were subjected to immunoblot analy-
sis for Myc-tagged VMIA (anti-c-Myc Ab) and mtHSP70 (anti-
mtHSP70 Ab). (C) GADD45« effect on mitochondrial accumulation
of VMIA. Cells transfected with vMIA and GFP or vMIA and
GADD45a were treated 20 h posttransfection for 4 h with control
dimethyl sulfoxide (0.1%) or protease inhibitors (20 uM MG132 and
100 pM ALLN). After fractionation, the 3,000 X g and 15,000 X g
pellets and remaining supernatant were immunoblotted for Myc-
tagged vVMIA (anti-c-Myc Ab), Flag-tagged GADD45« (anti-Flag Ab),
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tion abrogated the relative increase in mitochondrial vMIA
associated with GADD45a coexpression, suggesting that
GADD45a may have an impact on proteasome-dependent
degradation of vMIA, but this area requires further investiga-
tion.

In keeping with the coimmunoprecipitation of Bcl-x; with
GADD45a (Fig. 3A), Bel-x, protein levels in heavy and light
mitochondrial (3,000 X g and 15,000 X g pellet) as well as
lighter membrane (15,000 X g supernatant) fractions were
increased by GADD45a coexpression (Fig. 3D). The similarity
in effect of GADD45a on both vMIA and Bcl-x; suggests a
common role of GADD45« in cell death suppression by either
protein and predicts the potential importance of a complex
containing all three.

Although much of GADD45« localized to the nucleus in this
setting (53), association with heavy and light mitochondrial
(3,000 X g and 15,000 X g pellet) and lighter membrane
(15,000 X g supernatant) fractions was clearly demonstrated in
our analysis of cellular fractions (Fig. 3C and E). In contrast to
the increase in vMIA protein levels with GADD45a coexpres-
sion, GADD45a protein levels in heavy and light mitochondrial
fractions were reduced by coexpression of vVMIA (Fig. 3E). This
decrease appears to be dependent on protein turnover, since
GADD45a protein levels in mitochondrial fractions were in-
creased by a brief MG132/ALLN treatment (Fig. 3C).

GADD45 family members enhance Bcl-x; as well as vMIA
activity. To determine whether GADD45« affected steps of
apoptosis upstream of mitochondria, we tested its impact on
vICA, the CMV-encoded procaspase 8 inhibitor, and com-
pared this to a nonfunctional vICA mutant (32, 48). Coexpres-
sion of GADD45a had no impact on the cell death suppression
activity of VICA, although it enhanced the activity of the mi-
tochondrial cell death suppressor Bel-x; (Fig. 4A). Thus,
GADD45a did not broadly alter cell death but appeared
to enhance cell death suppression specifically at the mitochon-
drial checkpoint. GADD45a was able to enhance the activity
of Bcl-x; across a range of doses in a pattern similar to that
with vMIA (Fig. 4B and C). Thus, despite the lack of sequence
homology, VMIA and Bcl-x; were each shown to cooperate
with GADD45« in cell death suppression (Fig. 4), coimmuno-
precipitate with GADD45«a (Fig. 3A), and exhibit increased
association with mitochondria following coexpression with
GADD45a (Fig. 3B and D).

Since GADDA45a has 60% amino acid identity and many
activities in common with GADD453 and GADDA45y, we
tested the other GADDA45 family proteins for their effect on
vMIA and Bcl-x; activity. Remarkably, each manifested a con-
sistent two- to threefold enhancement of cell death suppres-
sion by either vMIA or Bcl-x; (Fig. SA). Endogenous expres-
sion of GADD45 family members depends on a variety of

and mtHSP70 (anti-mtHSP70 Ab). (D) GADDA45«a effect on mito-
chondrial levels of Bel-x;. Cells transfected with Bel-x; and GFP or
Bcel-x; and GADD45a were fractionated into 3,000 X g, 15,000 X g,
and remaining supernatant for analysis by immunoblotting for Flag-
tagged Bcel-x; (anti-Flag Ab). (E) vMIA effect on mitochondrial accu-
mulation of GADD45a. Cells transfected with vMIA and GADD45q,
vMIA and GFP, or GFP and GADD45a were fractionated into
3000 X g, 15,000 X g, and remaining supernatant for analysis by im-
munoblotting for Flag-tagged GADD45a (anti-Flag Ab).
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FIG. 4. GADDA45« influence on mitochondrial cell death suppres-
sors. (A) HeLa cells were transfected with GADD45« (gray bars) or
GFP (white bars) together with vVICA, vICAmut, vMIA, or Bel-x; A
cell death suppression assay was performed and graphed with SD as in
Fig. 1. (B) HeLa cells were transfected with vYMIA and GADD45«a
(black filled squares), vMIA and GFP (gray filled squares), VMIA-
L137P and GADD45a (open circles), and vMIA-L137P and GFP
(black crosses), varying the input amount of vMIA or vMIA-L137P
plasmid DNA as indicated in the presence of a constant 3.0-pg
GADD45a or GFP plasmid DNA. (C) HeLa cells were transfected
with Bcl-x; and GADD45a (black triangles) or Bel-x; and GFP (gray
triangles), varying the input amount of Bel-x; plasmid DNA as indi-
cated in the presence of a constant 3.0 ug GADD45a or GFP plas-
mid DNA.

overlapping stimuli (54, 57), and all three are expressed in a
wide variety of cell types. Thus, enhancement of mitochondrial
inhibitors of apoptosis is a shared characteristic of all three
GADD45 family members.

Finally, to determine the role of endogenous GADDA45 fam-
ily proteins in VMIA function, we employed a siRNA-medi-
ated expression knockdown approach, evaluating vMIA cell
death suppression activity when GADD45a, GADD458, and
GADD45y were inhibited. vMIA-dependent cell survival
was significantly reduced after cotransfection of increasing
amounts of siRNA directed against the three GADD45 family
members (Fig. 5B). Maximal specific inhibition was observed
with a 30 nM dose of each based on the ability of additional,
exogenous GADD45« to restore cell death suppression activity
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FIG. 5. GADD45 family members cooperate with mitochondrial
cell death suppressors. (A) HeLa cells transfected with plasmids en-
coding VMIA (left) or Bel-x, (right) and either GFP (white bars),

GADD45a (o, gray bars), GADD45B (B, black bars), or GADDA45y

(y, hatched bars) were subjected to the cell death suppression assay

and graphed with SD as in Fig. 1. (B) HeLa cells transfected with

plasmids encoding vVMIA and indicated concentrations of GADD45«
siRNA, GADD458 siRNA, GADD45y siRNA, or control GAPDH
siRNA (light-gray bars) and with plasmid encoding GADD45« (dark-
gray bar) were subjected to a cell death suppression assay and graphed
with SD as in Fig. 1. A single asterisk indicates a P value of <0.05

(¢ test) for surviving cell counts relative to the well that did not receive

siRNA (white bar). A double asterisk indicates a P value of <0.05

(¢ test) for surviving cell counts relative to the well that received 30 nM

(each) GADD45a siRNA, GADD458 siRNA, and GADD45y siRNA.

to GAPDH control siRNA-treated levels (Fig. 5B). Thus, not
only do GADD45 family members enhance vMIA activity
through exogenous expression, but natural GADD45 appears
to be required for vMIA activity. In summary, these data dem-
onstrate that the hydrophobic character of the AAD is critical
for vMIA cell death suppression, GADD45« binding to vMIA
requires an intact AAD, and GADD45 family members both
enhance and are required for cell death suppression activity
of vMIA.

DISCUSSION

We have shown that vMIA and Bcl-x; exhibit a com-
mon interaction with the DNA damage response protein
GADD45a and that GADD45 family members play direct
roles in increasing the levels and activity of vMIA and Bcl-x; .
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Our work has revealed a previously unsuspected common com-
ponent of mitochondrial cell death suppression pathways. This
work raises the possibility that GADD45 family members, ex-
pressed in response to DNA damage, virus infection, or vari-
ous types of cell stress, collaborate with all mitochondrial
inhibitors in protection from apoptosis. Enhancement of
cell death suppression depends on a direct interaction of
GADD45a with VMIA via the AAD. GADD45«a impedes
MG132/ALLN-inhibitable degradation of vMIA. Many of
these characteristics extend to Bcl-x; . Bcl-x; contains five am-
phipathic a-helices centered on two hydrophobic a-helices (36,
45) that may provide an interaction surface with GADD45«a
analogous to the vMIA AAD amphipathic a-helix. Although
structural similarity more than primary sequence homology
may dictate function in these regions, more comparative work
will need to be completed before this becomes clear.

There have been a few candidate interaction partners impli-
cated in vMIA function. When the activity was first described,
the mitochondrial inner membrane protein Ade nucleotide
translocase was suggested to be a binding partner (23), but
when investigated, this interaction was not associated
with vMIA-mediated cell death suppression (4). Bax recently
emerged as a candidate binding partner and provided a link
with mitochondria as well as with Bcl-2 family proteins (42),
but this interaction did not emerge in our studies. The unbi-
ased approach we used relied on assays where specific point
mutations in the hydrophobic face of a predicted AAD «-helix
known to be essential for vMIA function were employed to
qualify binding partners that were identified in a yeast two-
hybrid screen. The nonfunctional E128P substitution mutant of
VMIA previously characterized (4), as well as other mutants
described in Results, all perturb the putative a-helix. E128
itself is not critical for vVMIA function, as evidenced by the
partial death suppression activity of the helix-stabilizing Ala
substitution mutant VMIA-RE: R127A E128A mutations af-
fecting the same region (Fig. 1D). Although a Bcl-2 homology
domain 3-like Bax-binding domain was predicted to exist
within the AAD (aa 122 to 131) (8), the fact that the vMIA-
A131-147 deletion mutant (42) does not disrupt this domain
and yet is nonfunctional argues that this prediction is not
accurate. This prediction is also confounded by the lack of Bax
binding to a VMIA peptide representing aa 114 to 141, al-
though aa 114 to 150 bound to Bax (4). Furthermore, vVMIA
point mutants located outside of the proposed BH3 motif that
disrupt the hydrophobic face (L133R and L137R) or am-
phipathicity (1A137 and AA136) of the AAD a-helix com-
pletely inactivate vVMIA function. Finally, the weak BH do-
main-like characteristics of aa 122 to aa 131 are not conserved
in a fully functional primate CMV vMIA homolog (32), so the
appearance of weak similarity in amino acid sequence of this
region more likely reflects a requirement for hydrophobic
spacing within the o-helix, a structural component shared by
the AAD and BH domains. By establishing that vMIA binds
GADD45« through its AAD, identifying potentially important
interactions by two-hybrid assay, confirming the interaction in
mammalian cells, and demonstrating cofractionation of the
two proteins with mitochondria, we believe our data have re-
vealed a physiologically significant functional partnership.

Connections between the DNA damage response and apo-
ptosis pathways have been suggested from investigations of the
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adenovirus E1b 19-kDa and 55-kDa proteins, two proteins that
block the cellular proapoptotic response to infection and are
believed to act by targeting and binding Bax and p53, respec-
tively (10). The tumor suppressor pS3 upregulates expression
of several genes, including those encoding Bax and GADD45q,
in response to DNA damage (16), and in separate work, p53
has been reported to translocate to mitochondria and activate
Bax and Bak (39). GADD45a, GADD458, and GADD45y are
upregulated as part of the DNA damage response that would
be expected to deliver proapoptotic signals to cells via the
mitochondria and contribute as well to adenovirus-mediated
inhibition of apoptosis. Likewise, the growing number of Bcl-2
homologs identified in gammaherpesviruses (41) may function
in similar ways.

GADD45a was originally identified as a gene transcribed in
response to DNA damage by UV irradiation (20). GADD45
family members are expressed in response to other genotoxic
stress mediators, such as +y-irradiation and methylmethane-
sulphonate treatment (54, 57), and each family member in-
duces cell cycle arrest at G,/M in a p53-dependent fashion
(57). Although initially implicated in growth suppression (61),
DNA repair (49, 50), and G,/M cell cycle arrest (57, 60),
GADDA45 family members have been ascribed seemingly con-
flicting roles in apoptosis (30, 47) depending on the context.
All three GADD45 family members have been reported to
induce apoptosis under some settings (52). GADD458 has also
been ascribed a role in blocking tumor necrosis factor alpha- or
Fas-mediated apoptosis in some cell lines (13, 59). In contrast
to these previous analyses, GADD45 family members neither
induced nor blocked apoptosis induced by Fas or Bax in the
p53-independent HelLa cell assay system used here. We have
not observed a change in apoptosis following introduction of
any GADD45 family member into HeLa cells and have con-
firmed ¢cDNA sequence and expression of our constructs.
GADD45 family members exhibited potent enhancement of
cell death suppression only when coexpressed with vMIA or
Bcl-x; . Control cells into which GADD45 family siRNA was
introduced did not apoptose but were much less responsive to
vMIA-mediated cell death suppression. Thus, the GADD45
family of proteins influences apoptosis in association with mi-
tochondrial cell death suppressors.

The role of GADD45« in vMIA or Bel-x; function was accom-
panied by increased association with mitochondrial membranes
and stability that could be paralleled by a short treatment with
protease inhibitors. Thus, our work is most consistent with a
GADD45 family-mediated inhibition of proteasome-depen-
dent degradation of vMIA or Bcl-x;_ that is itself dependent on
GADD45 family turnover (27). Turnover of GADD45«a (29)
appeared to increase upon association with vMIA. It is possible
that mitogen-activated protein kinase signaling pathways may
also control proteasome-dependent turnover (14). GADD45
family members have been reported to bind and modulate
mitogen-activated protein kinase signaling constituents
MEKKH4 (52) and MKK?7 (38). Thus, GADD45 family mem-
bers may control additional activities beyond vMIA or Bcl-x;
interaction.

GADD45 family and Bcl-2 family members play important
roles for many herpesviruses, suggesting a relationship be-
tween DNA damage response pathways and intrinsic apoptosis
induced by viral infection. Consistent with a role for GADD45
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family members in increasing the efficacy of cell death suppres-
sors, cells lacking GADD45« show increased sensitivity to pro-
apoptotic stimuli (49, 50). In addition, GADD458 is one of a
few host mRNAs that is not degraded but becomes upregu-
lated specifically during herpes simplex virus 1 infection (17,
18) and may be expected to enhance Bcl-x; through the mech-
anism we have identified here. CMV and herpes simplex virus
1 may both exploit this common property to delay cell death
and facilitate increased viral replication. Given that bona fide
Bcl-2 homologs are found in all gammaherpesviruses (41), the
relationship between DNA damage response pathways and
Bcl-2 family members may well be exploited very broadly
across the herpesvirus family.
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