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Kaposi sarcoma-associated herpes virus (KSHV) contains a gene
that has functional and sequence homology to the apoptotic Bcl-2
family of proteins [Sarid, R., Sato, T., Bohenzky, R. A., Russo, J. J. &
Chang, Y. (1997) Nat. Med. 3, 293–298]. The viral Bcl-2 protein
promotes survival of infected cells and may contribute to the
development of Kaposi sarcoma tumors [Boshoff, C. & Chang, Y.
(2001) Annu. Rev. Med. 52, 453–470]. Here we describe the solution
structure of the viral Bcl-2 homolog from KSHV. Comparison of the
KSHV Bcl-2 structure to that of Bcl-2 and Bcl-xL shows that although
the overall fold is the same, there are key differences in the lengths
of the helices and loops. Binding studies on peptides derived from
the Bcl-2 homology region 3 of proapoptotic family members
indicate that the specificity of the viral protein is very different
from what was previously observed for Bcl-xL and Bcl-2, suggesting
that the viral protein has evolved to have a different mechanism of
action than the host proteins.

Kaposi sarcoma-associated herpes virus (KSHV) is directly
involved in the etiology of Kaposi sarcoma tumors (1–4) and

shows a high incidence among immunocompromised individuals
such as patients with HIV and transplant recipients. Like other
gammaherpesviruses, KSHV contains genes that mimic those
that the host uses to regulate cell growth and apoptosis (3).
Dysregulation of these processes helps the virus to survive and
successfully replicate. Recent in vivo work has shown that the
gammaherpesvirus expresses several cellular protein mimics
including a viral-cyclin and a viral-bcl-2 that are critical for viral
reactivation from latency and replication in immunocompro-
mised hosts (5). Furthermore, these viral genes likely increase
the propensity for oncogenic transformation of virus-infected
cells based on their ability to interfere with established tumor-
suppressor pathways (2).

KSHV encodes a protein with both sequence and functional
homology to human Bcl-2 (6). Members of the Bcl-2 family of
proteins play an important role in tissue homeostasis, embryo-
genesis, and the immune response through their actions as either
inhibitors or promoters of apoptosis (7–10). The prosurvival
function of cellular Bcl-2 is a result of heterodimerization with
proapoptotic family members such as Bak, Bax, and Bad. Based
on a sequence alignment (Fig. 1), the KSHV Bcl-2 protein
contains the Bcl-2 homology (BH) motifs BH1 and BH2. In
addition, the BH1 region of KSHV Bcl-2 contains the signature
‘‘NWGR’’ sequence, which is believed to be essential for the
antiapoptotic function of Bcl-2 and for the ability of Bcl-2 to
heterodimerize with other family members (11). However, the
mechanism by which KSHV Bcl-2 protects against apoptosis is
still unclear. Cellular assays suggest that KSHV Bcl-2 does not
heterodimerize with proapoptotic Bcl-2 family members such as
Bax and Bak (12).

KSHV Bcl-2 contains only limited homology to the BH3 and
BH4 motifs (12). Structural and mutagenesis studies have shown
that the BH3 region is important for the antiapoptotic activity of
Bcl-2 family members, and that the BH4 region may be impor-
tant for the regulation of Bcl-2 activity. Caspase cleavage of
human Bcl-2 at Asp-34 separates the BH4 region from the rest
of the protein and produces a truncated protein, which is

proapoptotic vs. antiapoptotic. The viral KSHV homolog of
Bcl-2 does not contain this caspase cleavage site, and therefore,
escapes this extra level of regulation (13, 14).

The viral KSHV homolog of Bcl-2 may also protect virus-
infected cells from apoptosis induced by the expression of KSHV
viral cyclin (v-cyclin) (15, 16). Expression of v-cyclin in cells with
increased levels of CDK6 induces apoptosis by a v-cyclin-CDK6-
mediated inactivating phosphorylation of cellular Bcl-2. As with
caspase cleavage, the phosphorylation of cellular Bcl-2 occurs in
the unstructured loop of the proteins (amino acids 32–80) (15,
16). Because viral Bcl-2 lacks this loop it is able to retain its
antiapoptotic activity even in the presence of v-cyclin-CDK6
(16). The viral protein thus exhibits different antiapoptotic
properties than cellular Bcl-2.

Suppression of apoptosis seems to be important to enhance
the survival of KSHV-infected cells so that the virus may
replicate, spread, and persist in its host. A better understanding
of how the virus mimics the host proteins may aid in the
development of therapies for the dysregulated pathway found in
virus-infected cells. Here we describe the solution structure of
the Bcl-2 homolog found in KSHV and compare it to the
previously determined structures of Bcl-2 (17), Bcl-xL (18, 19),
and Bax (20). In addition, we investigated the ability of KSHV
Bcl-2 to form a complex with peptides derived from the BH3
region of the proapoptotic proteins Bak, Bax, and Bad. Finally, the
importance of various residues of the viral protein for binding to the
BH3 peptides was explored through site-directed mutagenesis.

Materials and Methods
Plasmid Construction. Several different KSHV Bcl-2 constructs
were prepared and evaluated for their suitability for NMR
structural studies. A fragment coding amino acids 1–146 of
KSHV Bcl-2 (Fig. 1) was obtained from full-length KSHV Bcl-2.
The fragment was inserted into the NcoI and XhoI sites of the
pET21d(�) plasmid (Novagen) for expression. An additional 12
residues were added at the C terminus (DDDDLEHHHHHH),
and mutations at N67D and V117A were included to optimize
the expression and solubility of the protein in Escherichia coli.
Mutants of KSHV Bcl-2 were prepared by using the Quick-
Change site-directed mutagenesis kit (Stratagene) with the
double mutant KSHV Bcl-2 as the template. Coding sequences
were confirmed by DNA sequencing.

Expression and Purification. In all cases, the KSHV Bcl-2 protein
was prepared by expressing the protein in E. coli BL21(DE3)
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grown on M9 media. Uniformly 15N-labeled, uniformly 15N,13C-
labeled, and uniformly 15N,13C-labeled 75% 2H samples were
prepared with media containing either 15NH4Cl, 15NH4Cl plus
[U-13C]glucose, or 15NH4Cl, [U-13C]glucose and 75% 2H2O,
respectively. In addition, a sample was prepared that was uni-
formly 15N,2H-labeled; 13C-labeled at the methyl groups of
leucine, valine, and the �1 methyl of isoleucine; and protonated
at phenylalanine, tyrosine, and tryptophan with M9 media
containing 15NH4Cl, [3-13C]-�-ketobutyrate, [3,3�-13C]-�-
ketoisovalerate, protonated phenylalanine, protonated tyrosine,
protonated tryptophan, and 100% 2H2O (21). Soluble protein
was purified by Ni2� affinity chromatography. NMR samples
contained 0.5–1.0 mM protein in either 90% H2O�10% 2H2O or
100% 2H2O, 20 mM 2H-Tris (pH 7.8), and 5 mM 2H-DTT.

NMR Spectroscopy. All NMR experiments were acquired at 298 K
on a Bruker (Billerica, MA) DRX500, DRX600, or DRX800
NMR spectrometer. Backbone 1H, 13C, and 15N resonance
assignments were achieved with [15N,13C(75%)2H] KSHV Bcl-2
by using a suite of deuterium-decoupled triple-resonance exper-
iments [HNCA, HN(CO)CA, HN(CA)CB, HN(COCA)CB,
HNCO, and HN(CA)CO] (22). The side-chain 1H and 13C NMR
signals were assigned from HCCH-total correlation spectros-
copy experiments (23), and stereospecific assignments of the
valine and leucine methyl groups were obtained from an analysis
of the 13C-13C coupling patterns observed for biosynthetically
directed, fractionally 13C-labeled KSHV Bcl-2 (24). Nuclear
Overhauser effect (NOE) distance restraints were obtained from
three-dimensional 15N- and 13C-edited NOE spectroscopy spec-
tra (25, 26) acquired with a mixing time of 80 ms. Slowly
exchanging amide protons were identified in an 15N hetero-
nuclear single quantum coherence spectrum recorded immedi-
ately after exchanging the protein into a buffer prepared with
2H2O.

Structure Calculations. KSHV Bcl-2 structures were calculated by
using a simulated annealing protocol (27) with the program CNX
(Molecular Simulations, Waltham, MA). A square-well potential
(FNOE � 50 kcal mol�1) was used to constrain NOE-derived
distances. Based on the cross-peak intensities, NOE-derived
distance restraints were given upper bounds of 3.5, 4.5, or 6.0 Å.

In the refinement stage, additional ambiguous constraints were
added, with an upper bound of 6.0 Å, for unassigned cross peaks
that were consistent with the chemical shift table (i.e., error bars
of 0.07 ppm for protons, 0.7 ppm for hetero atoms) and the
structure. Torsion angle restraints, � and �, were generated from
analysis of N, C�, C�, and H� chemical shifts by using the TALOS
program (28). A force constant of 200 kcal mol�1 rad�2 was
applied to all torsional restraints. Explicit hydrogen bonds were
included in �-helices only for residues observed to have slowly
exchanging amide protons. The program PROCHECK was used
to analyze the geometric quality of the calculated structures in
the ensemble (29).

Peptide Binding. A fluorescence polarization-based competition
assay was used to determine the relative affinity of BH3 peptides
(SynPep, Dublin, CA) to the Bcl-2 proteins. Fluorescence po-
larization measurements were carried out as described (30) by
using an SLM8000 fluorimeter and a fluorescein-labeled Bak
peptide with the sequence GQVGRQLAIIGDK(FITC)INR as
the probe. The dissociation constant of this peptide for KSHV
Bcl-2 and human Bcl-2 was found to be 144 and 350 nM,
respectively. Titrations were carried out in a buffer containing
120 mM sodium phosphate (pH 7.55), 0.01% bovine gamma
globulin, and 0.1% sodium azide. For KSHV BCL-2, the protein
concentration was 290 nM with the probe concentration at 2.9
nM, whereas for cellular Bcl-2, the protein concentration was
550 nM with the probe concentration at 2.9 nM. Dissociation
constants were determined from titration curves with in-
house-written software by using the analytical expressions of
Wang (31).

Results and Discussion
A portion of the KSHV Bcl-2 protein (residues 1–146) lacking
the putative C-terminal transmembrane helix (Fig. 1) was ex-
pressed in E. coli, isotopically labeled, and purified. This protein
was found to aggregate at concentrations above 0.1 mM over a
wide pH range and was therefore unsuitable for NMR structural
studies. To improve the solubility and expression of the protein
in E. coli, a double mutant protein (N67D, V117A) was pre-
pared. The 15N heteronuclear single quantum coherence spec-
trum of this mutant was essentially identical to that of the

Fig. 1. Sequence alignment based on the observed secondary structure of KSHV Bcl-2 and human full-length Bcl-xL and Bcl-2. �-Helices for KSHV Bcl-2 are shown
above the sequence. The BH regions are shown below the sequence. The transmembrane domain (TM) is indicated below the sequence.

Huang et al. PNAS � March 19, 2002 � vol. 99 � no. 6 � 3429

BI
O

CH
EM

IS
TR

Y



wild-type (wt) protein, indicating that the fold of the protein is
preserved. Furthermore, the mutant and wt protein bind with
similar affinities to a fluoresceinated peptide from Bak with
dissociation constants of 144 and 139 nM, respectively.

The backbone and side-chain resonances of the protein were
assigned from standard heteronuclear three-dimensional NMR
experiments (see Materials and Methods) recorded on a protein
sample that was uniformly labeled with 15N and 13C and 75%
deuterated. To rapidly obtain assignments and unambiguous
structural constraints, experiments were also recorded on a
sample labeled uniformly with 15N and 2H and selectively
enriched with 13C at the methyl groups of leucine, valine, and
the �1 methyl group of isoleucine. In addition, the phenylal-
anine, tyrosine, and tryptophan residues of this sample were
protonated (21).

The structure of the KSHV Bcl-2 protein was determined
from a total of 1,953 unambiguous NMR-derived distance and
torsion angle restraints along with 1,023 ambiguous distance
restraints (Table 1). Fig. 2A depicts a backbone (N,C�,C�)
superposition of 10 low-energy structures that were derived from
the NMR data by using the program CNX. Excluding residues
1–5, 23–31, and 146–152, the atomic rms deviation about the
mean position is 0.39 � 0.05 Å for the backbone atoms and
0.75 � 0.06 Å for all heavy atoms. The structural statistics for the
ensemble and energy minimized structure are given in Table 1.
There are no dihedral-angle violations greater than 5o and no
NOE violations greater than 0.4 Å. Only covalent geometry,
NOE, torsion, and repulsive terms were included in the structure
refinement. Even so, the Lennard–Jones energy is large and
negative, indicating that the structures have favorable non-
bonded contacts. Analysis of the average-minimized structures
with the program PROCHECK (29) showed that 70.4% of the
residues for KSHV Bcl-2 lie in the most favored region of the
Ramachandran plot, whereas an additional 25.2% lie in allowed
regions.

Description of the Structure. KSHV Bcl-2 is an all �-helical protein
(Fig. 2B). A central hydrophobic �-helix (�5) forms the core of
the protein and is sandwiched between the amphipathic helices

�3 and �4 on one side and by amphipathic helices �1, �2, and
�6 on the other side. The N-terminal helix, �1 (residues 10–21),
is connected to �2 (residues 36–46) by a 13-residue loop
(residues 22–35). A prominent bend at Lys-47 separates �2 from
�3 (residues 48–56) and orients these helices in a nearly orthog-
onal fashion. Helices �4 (residues 63–77), �5 (residues 84–100),
and �6 (residues 105–131) are oriented in a nearly antiparallel
fashion with a kink in helix 6 at Gly-124. A turn composed of two
glycine residues (residues 132 and 133) separates �6 from �7
(residues 134–141) and orients �7 nearly perpendicular to
helices 4–6. A hydrophobic groove is formed on the surface of
the protein from residues of �2, �3, �4, and the N-terminal
portion of �5 (Fig. 2C).

Table 1. Structural statistics for KSHV Bcl-2

�SA�* �SA�r

rmsd from experimental distance restraints, Å
Intraresidue (397) 0.023 � 0.002 0.014
Sequential (407) 0.017 � 0.003 0.035
Short range (366) 0.026 � 0.003 0.026
Long range (452) 0.028 � 0.002 0.035
Hydrogen bonds (39) 0.085 � 0.002 0.092
TALOS (204)

CNX potential energies (kcal mol�1)†

Etot 94.6 � 0.8 114.6
Ebond 1.8 � 0.1 3.6
Eang 54.8 � 0.9 68.3
Eimp 5.2 � 0.4 6.7
Erepel 17.7 � 0.8 13.5
Enoe 14.1 � 1.1 21.4
EL-J �724.4 � 12.2 �739.1

Cartesian coordinate rmsd (Å)‡ Backbone All heavy

�SA� vs. �SA� 0.39 � 0.05 0.76 � 0.06

*�SA� is the ensemble of the 10 lowest-energy structures, �SA� is the mean
structure, and �SA�r is the energy-minimized mean structure. rmsd, rms
deviation.

†EL-J was not used in the refinement but is included as an independent
assessment of nonbonded geometry.

‡Excluding residues 1–5, 23–31, and 146–152.

Fig. 2. (A) Backbone (N,C�,C�) superposition of 10 low-energy NMR-derived
structures for viral KSHV Bcl-2. Helices are numbered with respect to those
observed in the structure of Bcl-xL. (B) Ribbon (36) depiction of the average-
minimized structure for viral KSHV Bcl-2. The central helix, �5, is colored
yellow. (C) Solvent-accessible surface showing hydrophobic groove for viral
KSHV Bcl-2. Leucine, isoleucine, valine, methionine, tyrosine, phenylalanine,
and tryptophan residues are colored yellow. Aspartate and glutamate are
colored red. Lysine, arginine, and histidine are colored blue. All other residue
types are colored gray.
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Structural Comparison of KSHV Bcl-2 to Other Bcl-2 Family Members.
KSHV Bcl-2 shows substantial structural homology to the re-
lated human proteins Bcl-2 (17), Bcl-xL (18, 19), and Bax (20).
They all contain the same number of �-helices and share the
same overall fold. In addition, the hydrophobic groove formed
by the BH1, BH2, and BH3 regions is maintained in the viral
protein. This groove is lined with hydrophobic residues that are
highly conserved among Bcl-2 family members. A backbone
superposition of the average minimized structure of KSHV
Bcl-2, excluding the turns and loops, with Bcl-xL and Bcl-2 gives
an rms deviation of 2.7 and 2.5 Å, respectively.

As in other Bcl-2 family members, the signature NWGR
sequence is conserved. From the structure it is clear that these
residues serve the same purpose in the viral protein as they do
in Bcl-xL. In both Bcl-xL and KSHV Bcl-2, the tryptophan
residue (W84) sits at the N terminus of �5 and contacts
hydrophobic residues on �6 and �7. The structural data
suggests that it is important for maintaining the fold of the
protein. Indeed, no soluble protein was obtained after expres-
sion in E. coli when we mutated this tryptophan to an alanine
or leucine (i.e., W84A or W84L). The glycine and arginine
residues of the signature sequence sit at the top of the
hydrophobic cleft. Mutation of either of these residues (G85A,
and R86Q) produced a soluble, well folded protein, suggesting
that these residues are not critical for maintaining the fold of
KSHV Bcl-2. However, in Bcl-xL these residues were shown to
be important for the binding of a BH3 peptide from the
proapoptotic protein Bak (18).

The sequences of the BH3 and BH4 domains in KSHV Bcl-2
are very poorly conserved (13). However, the structure of the
viral protein in these regions is homologous to other Bcl-2 family
members. The first helix of viral Bcl-2 helps to bury the
hydrophobic residues from �5 and �6 and is thus structurally
similar to the helix contained in the BH4 region of Bcl-2 and
Bcl-xL. When buried residues in the first helix of Bcl-2 are
mutated (e.g., V15E), it effects the antiapoptotic activity of the
protein and its ability to heterodimerize with Bax (32). The
second helix of viral Bcl-2 corresponds to the BH3 regions of
Bcl-2 and Bcl-xL and as in these human proteins, forms part of
the hydrophobic groove of KSHV Bcl-2.

Despite the overall similarity of KSHV Bcl-2 to Bcl-2 and
Bcl-xL, there are key differences in the length of the helices,
turns, and loops between the viral and human proteins (Fig. 3).

The first helix of the viral protein is two turns shorter than the
corresponding helix in Bcl-2 and Bcl-xL. In addition, the loop
connecting �1 to �2 is much shorter in the viral protein than in the
wt human proteins (Fig. 1). In Bcl-xL and Bcl-2, this loop contains
a caspase cleavage site that converts these antiapoptotic proteins to
proapoptotic proteins. The shorter loop of the viral homolog does
not contain this caspase cleavage (13, 14) or the inactivating
phosphorylation sites present in cellular Bcl-2 (16). Additional
differences between the viral protein and its cellular homologs are
the lengths of the loops connecting �3 to �4 and �4 to �5. In KSHV
Bcl-2, the loop between �3 and �4 is four residues shorter than that
in Bcl-2 and Bcl-xL, whereas the loop connecting �4 to �5 is three
residues longer. Because both of these regions are on the periphery
of the binding groove, they would not be expected to make a major
contribution to the binding of KSHV Bcl-2 to other apoptotic
proteins.

A significant structural difference that was observed between
Bcl-xL and Bcl-2 involves the region around �3 (17). In Bcl-2 a
compact bend separates �2 from �3, whereas in Bcl-xL a short
loop separates these two helices. In addition, �3 is translated
toward the core of the protein in Bcl-xL compared with Bcl-2. In
the viral protein, the region around �3 resembles Bcl-2 more
than Bcl-xL (Fig. 3). The residues in the viral protein are,
however, different and this has an effect on the chemical
character of the bottom of the binding groove.

Recognition of Proapoptotic BH3 Peptides. The binding interac-
tions between Bcl-2 family members show a defined selectivity
(17, 18). To investigate the selectivity of KSHV Bcl-2, we used
a f luorescence polarization-based assay to measure the affinity
of a series of BH3-containing peptides from the proapoptotic
proteins Bak, Bax, and Bad (Table 2). Earlier studies on Bcl-xL
have shown a good correlation between BH3 peptide binding
and binding to full-length protein (33, 34). In the present study
we found that the Bak peptide binds tightly (Kd � 50 nM) to
viral KSHV Bcl-2. These results are inconsistent with an
earlier report that indicated that KSHV Bcl-2 does not bind to
full-length Bak in cellular assays (12). The Bax peptide also
binds to KSHV Bcl-2, although with reduced affinity com-
pared with Bak, and binding of the Bad 25-mer to viral Bcl-2
is weaker still.

The observed specificity of the viral protein for the Bak, Bax,
and Bad peptide is very different from what is observed for

Fig. 3. Comparison of KSHV Bcl-2 (A) to Bcl-xL (B) and to Bcl-2 (C). Residues of the hydrophobic groove that are homologous to those that contact the Bak and
Bad peptides when complexed to Bcl-xL are shown along with the tryptophan residue of the NWGR sequence. To emphasize the differences in the structured
regions of the proteins, we have made our comparisons to truncated forms of Bcl-2 and Bcl-xL (17, 18).
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either Bcl-2 or Bcl-xL (17, 18). As shown in Table 2, Bcl-xL
binds tightly to both the Bak and Bad peptides but only weakly
to the Bax peptide, whereas Bcl-2 binds tightly to the Bad
peptide but only weakly to the Bak and Bax peptides. The
greater affinity of the viral protein for the Bak and Bax
peptides vs. the Bad peptide is interesting based on their
postulated mechanism for promoting apoptosis. Bak and Bax
are directly involved in the mitochondrial dysfunction required
for cell death whereas Bad and other BH3-only family mem-
bers are tissue-specific triggers for the homooligomerization of
Bak and Bax (35).

Mutation of the Bak peptide to alanine at V74, L78, and I85
causes a large decrease in the affinity of the peptide for KSHV
Bcl-2 (Table 3). In the structure of the Bcl-xL�Bak peptide
complex, these residues were observed to make hydrophobic
contacts to residues in the groove of Bcl-xL (18) and in fact, these
mutations have a similar affect on the affinity of the Bak peptide
for Bcl-xL. In addition, mutation of Asp-83 to alanine decreases
the affinity of the Bak peptide for KSHV Bcl-2, although not to
as great an extent as observed for Bcl-xL.

To investigate where the Bak and Bax BH3 peptide binds to
KSHV Bcl-2, we monitored spectral changes for both amide and
methyl resonances after titration with the peptides. Amide- and
methyl-group resonances that shift significantly in the titration
are plotted on the surface of the protein in Fig. 4. As expected,
residues that are significantly affected are in the groove formed
by the BH1, BH2, and BH3 regions of KSHV Bcl-2. The amino
acid side chains of Bcl-xL, which make intimate contact with the
bound Bak and Bad peptides, are shown in Fig. 3. Some of these
residues are identical in KSHV Bcl-2 (F105, F146, R138, and
A142), some are conservatively substituted (L108M, V130I, and
V141L), whereas the rest differ greatly in character between the
two proteins (A93Y, F97L, A104L, and L130G). Thus, although
the binding groove of KSHV Bcl-2 is clearly hydrophobic as it is
in Bcl-xL and Bcl-2, the contact surface between the viral protein
and the peptides is likely quite different.

The importance of the conserved glycine and arginine residues
of the signature NWGR sequence was investigated by site-
directed mutagenesis. Mutation of these residues (G85A, G85V,
and R86Q) greatly reduces the affinity of viral Bcl-2 for the
fluorescein-labeled Bak peptide, with dissociation constants of

4,800, 	10,000, and 1,900 nM, respectively. The wt protein shows
a dissociation constant for the peptide of 144 nM. Because the
15N heteronuclear single quantum coherence spectra of these
mutated proteins are essentially identical to that of the wt
protein, the observed changes in affinity are most likely because
of changes in the contacts that the mutated proteins make with
the peptide. For the glycine mutants, the reduced affinity is
consistent with what would be expected based on the structure
of the complex of Bcl-xL with the Bak and Bad peptides (18, 30).
In both complexes, the peptide packs tightly against this glycine,
suggesting that a larger residue, like alanine or valine, would lead
to an unfavorable steric contact.

In the Bcl-xL�Bak complex, the side chain of the signature
arginine residue is positioned to make favorable electrostatic
contact with Asp-83 of the Bak peptide and in fact, mutation of
this arginine to glutamine in Bcl-xL inhibits its binding to the Bax
protein. Similarly, the same mutation in the KSHV Bcl-2 protein,
R86Q, decreases its affinity for the Bak peptide, although the
effect is not as dramatic as observed for Bcl-xL. These data,
although surprising, are consistent with the observation that the
D83A Bak peptide mutant reduces, but does not abolish, peptide
binding (Table 3). These data, therefore, suggest that the
interaction between D83 of the peptide and R86 of the protein
is not as important in KSHV Bcl-2 as it is for Bcl-xL.

Conclusions
The solution structure of the KSHV Bcl-2 reveals how the virus
mimics the host’s own antiapoptotic proteins. Although the viral
protein has the same overall fold as the larger human homologs,
the lengths of certain helices and loops are different. The
structural homology that we have found between the viral and
human proteins is not surprising based on their functional
similarities. We have also shown that the KSHV Bcl-2 has its own
distinct selectivity for binding BH3 peptides from the proapo-
ptotic proteins Bak, Bax, and Bad. The functional significance of
this observation needs to be studied further. The importance of
the antiapoptotic proteins in the life cycle of gammaherpesvi-
ruses suggests that they could be intriguing targets for drug
discovery. Recent data have shown the importance of viral Bcl-2
in maintaining the persistence of the virus (5). The role of viral
Bcl-2 in latent and persistent infection, the stages of infection
associated with human disease, makes the viral Bcl-2 a partic-
ularly attractive target for pharmacologic manipulation. The
structural data provided here point to subtle differences between
the viral and human proteins that may make it possible to
specifically target these proteins for antiviral therapy.

We thank Dr. Rob Meadows for help with the structure calculations and
for useful discussions.

Table 2. BH3 peptide binding to Bcl family members

BH3 peptide

Kd, nM

KHSV Bcl-2 Bcl-xL Bcl-2

GQVGRQLAIIGDDINR (wt Bak) �50* 480† 12,710§

KKLSECLKRIGDELDS (wt Bax) 980 13,000‡ 5,200
NLWAAQRYGRELRRMSDEFVDSFKK (wt Bad) 3,900 0.6† 15§

*Represents lower limit of assay.
†Data obtained from ref. 30.
‡Data obtained from ref. 17.
§Data obtained from ref. 18.

Table 3. Binding of Bak peptide mutants to KSHV Bcl-2
and Bcl-xL

Peptide KSHV Bcl-2 Kd, nM Bcl-xL Kd, nM

GQVGRQLAIIGDDINR �50 480*
GQAGRQLAIIGDDINR 	10,000 	10,000†

GQVGRQAAIIGDDINR 	10,000 	10,000†

GQVGRQLAIIGDDANR 	10,000 	10,000†

GQVGRQLAIIGADINR 149 	10,000†

*Data obtained from ref. 30.
†Data obtained from ref. 18.

Fig. 4. Solvent-accessible surface showing the hydrophobic groove of KSHV
Bcl-2. The orientation of A is the same as in Fig. 2C whereas B is the opposite
face. Residues that shift significantly when the BH3 peptide of Bak is titrated
into a solution of the protein are colored magenta.
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