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mediated down-regulation of autophagy.
Conclusion: This peptide is a selective M11 inhibitor.

reactivation and oncogenic transformation of host cells.
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(Bacl(ground: Cellular and y-herpesvirus Bcl-2 homologs down-regulate autophagy.
Results: A peptide designed to bind to the y-herpesvirus68 Bcl-2, M11, but not cellular Bcl-2 homologs, abrogates M11-

Significance: Such selective inhibitors are important for understanding the role of y-herpesvirus Bcl-2 homologs in viral
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y-herpesviruses (YHVs) are common human pathogens that
encode homologs of the anti-apoptotic cellular Bcl-2 proteins,
which are critical to viral reactivation and oncogenic transfor-
mation. The murine yHV68 provides a tractable in vivo model
for understanding general features of these important human
pathogens. Bcl-X;, a cellular Bcl-2 homolog, and the murine
yYHV68 Bcl-2 homolog, M11, both bind to a BH3 domain within
the key autophagy effector Beclin 1 with comparable affinities,
resulting in the down-regulation of Beclin 1-mediated autophagy.
Despite this similarity, differences in residues lining the binding
site of M11 and Bcl-X; dictate varying affinities for the different
BH3 domain-containing proteins. Here we delineate Beclin 1
differential specificity determinants for binding to M11 or
Bcl-X; by quantifying autophagy levels in cells expressing dif-
ferent Beclin 1 mutants and either M11 or Bcl-X;, and we show
thata G120E/D121A Beclin 1 mutantselectively prevents down-
regulation of Beclin 1-mediated autophagy by Bcl-X; , but not by
M11. We use isothermal titration calorimetry to identify a
Beclin 1 BH3 domain-derived peptide that selectively binds to
M11, but not to Bcl-X; . The x-ray crystal structure of this pep-
tide bound to M11 reveals the mechanism by which the M11
BH3 domain-binding groove accommodates this M11-specific
peptide. This information was used to develop a cell-permeable
peptide inhibitor that selectively inhibits M11-mediated, but
not Bcl-X; -mediated, down-regulation of autophagy.

v-Herpesviruses (yHVs)> are common human pathogens
that infect ~95% of all adults. Epstein-Barr virus, first isolated
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from Burkitt’s lymphoma, has been detected in several malig-
nant tumors originating in both lymphoid and epithelial tissues
(1). Epstein-Barr virus is also the causative agent for infectious
mononucleosis and may be responsible for chronic fatigue syn-
drome. Kaposi's sarcoma-associated herpesvirus (KSHV) is
associated with Kaposi sarcoma tumors, which show a high
incidence among immunocompromised individuals, such as
patients with HIV infection and transplant recipients. Another
mammalian yHV, murine yHV68 does not infect humans but
provides a tractable model for studying yHV infections in vivo.
A murine model has been developed to study the mechanisms
and pathogenesis of yHV induction of lympho-proliferative
disease (2). All yHVs encode homologs of the anti-apoptotic,
cellular Bcl-2 proteins (3, 4), suggesting that these proteins play
an important role in the pathogenesis of these viruses.

Bcl-2 was the first cellular protein shown to function as an
oncogene by blocking apoptotic cell death rather than by
increasing cellular proliferation (5, 6). Bcl-2 family members
have now been shown to be multifunctional proteins influenc-
ing diverse cellular processes such as autophagy, cell cycle pro-
gression, calcineurin signaling, glucose homeostasis, and tran-
scription regulation (7, 8). Members of the Bcl-2 family are
identified by the presence of different Bcl-2 homology (BH)
domains. This family includes several, pro-apoptotic, BH3-only
proteins, such as BIM and BAD; pro-apoptotic homologs with
three BH domains (BH3, BH1, and BH2), such as BAX and
BAK; and anti-apoptotic homologs with four BH domains
(BH4, BH3, BH1, and BH2), such as Bcl-2 and Bcl-X;. Anti-
apoptotic Bcl-2 homologs down-regulate apoptosis by binding
to the BH3 domain of pro-apoptotic proteins to inhibit their
pro-apoptotic function.

The anti-apoptotic yHV Bcl-2 homologs appear to be critical
for viral reactivation from latency and replication in immuno-
compromised hosts (3,9, 10). Thus, they play important roles in
latent and chronic infection. One mechanism by which yHV

ated herpesvirus; BH, Bcl-2 homology; TAT, transactivating HIV-1 transcrip-
tional activator protein transduction domain.
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Bcl-2 homologs may accomplish these physiological functions
is by the down-regulation of apoptosis. KSHV Bcl-2 blocks apo-
ptosis stimulated by overexpression of Bax or v-cyclin or by
Sindbis virus infection (11, 12); however, in cellular assays, it
does not appear to heterodimerize with pro-apoptotic Bcl-2
family members, such as Bax and Bak (13). Epstein-Barr virus
encodes a Bcl-2 homolog, BHRF1, which is expressed as an
early lytic cycle protein, has anti-apoptotic activity, het-
erodimerizes with Bax and Bak, and also disrupts the differen-
tiation of epithelial cells (14—17). The yHV68 Bcl-2 homolog,
M11, has been shown to down-regulate apoptosis induced by
Fas, TNFq, and Sindbis virus infection (18, 19). More recently it
has been shown that KSHV Bcl-2 and yHV68 M11 also down-
regulate autophagy in cell culture by binding to an essential
autophagy effector, Beclin 1 (20-22). M11 is the only yHV
Bcl-2 that has been demonstrated to play a role during infection
in vivo (3, 19). Thus, the yHV and cellular Bcl-2 homologs are
dual regulators of autophagy and apoptosis and serve as a node
of cross-talk between these pathways (23-27).

Although human cellular Bcl-2 paralogs share less than 50%
sequence identity, known human and murine Bcl-2 ortholog
pairs share >85% sequence identity. All anti-apoptotic Bcl-2
homologs have similar three-dimensional structures, consist-
ing of a central hydrophobic a-helix surrounded by six or seven
amphipathic helices (28). Previous structural and mutagenic
analyses demonstrated that the amphipathic, a-helical BH3
domains of pro-apoptotic proteins bind to a hydrophobic sur-
face groove on Bcl-2 homologs (19, 29 —33), with the hydropho-
bic face of the helix buried in a hydrophobic groove on the
surface of the Bcl-2 homolog. Different Bcl-2 homologs have
widely varying affinities for BH3 domains from different pro-
apoptotic proteins (22, 32-35). The molecular determinants
that enforce these varying specificities are not well understood.

It has now been shown that the pro-autophagic effector
Beclin 1 also contains a BH3 domain that binds to a hydropho-
bic surface groove of cellular and yHV Bcl-2 homologs (21, 22,
36-38). Given the differential affinity of Bcl-2 homologs, it is
not surprising that although Bcl-2 and Bcl-X; bind to Beclin 1,
other cellular Bcl-2 paralogs, Mcl-1, A1, and Bcl-W (20, 39, 40),
bind only weakly or not at all. The Beclin 1 BH3 domain is the
primary determinant of binding to cellular and yHV Bcl-2
homologs (21, 22, 36-38, 41), binding to different Bcl-2
homologs with affinities in the micromolar range, for example
with a K, of ~54 um to KSHV Bcl-2 (22) and ~9 um to Bcl-2
(42).

The hypothesis behind this study was that despite the similar
general mode of binding of the Beclin 1 BH3 domain to viral
M11 and cellular Bcl-X;, the BH3 domain binding grooves of
these two homologs are lined by different residues, which
results in different atomic details of interaction and different
thermodynamic contributions from the interactions of each
residue, that would lead to differential affinities for mutant BH3
domain-derived peptides. Further, based on the promiscuity of
M11 relative to Bcl-X; for different BH3 domains that has been
previously reported (19, 22, 32—35), we expected that a system-
atic mutagenesis approach would enable us to find a peptide
that binds to M11 but does not bind to the cellular Bcl-2
homologs, which have a more stringent binding specificity (22).
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Therefore, we used cellular assays to identify Beclin 1 muta-
tions that selectively abrogate down-regulation of autophagy by
Bcl-X,, but not M11, then used isothermal titration calorimetry
(ITC) to identify a peptide that binds selectively to M11, but not
to Bcl-X; . Further, we determined the x-ray crystal structure of
this selective peptide bound to M11 to elucidate the mechanism
by which it binds to M11. Lastly, we demonstrate that a cell-
permeable version of this selective peptide serves as an M11-
specific inhibitor that abrogates M11-mediated down-regula-
tion of autophagy in cells. These combined results help explain
the atomic bases of the differential specificity of M11 and
Bcl-X; and provide a unique tool to target M11-BH3 domain
interactions in vivo. This study reports the rational design of an
inhibitor that selectively targets M11, which will be valuable in
studying its interactions and roles in cell culture and in vivo.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—cDNA sequences cor-
responding to the YHV68 M11 and Bcl-X; genes lacking the
C-terminal transmembrane helix were cloned and expressed to
enable purification of soluble constructs similar to those used
for previous structural studies (22, 36). YHV68 M11 residues
1-136 were expressed and purified as previously described (22).
The double mutant variant of Bcl-X; (N52D/N66D) was cre-
ated by two rounds of site-directed mutagenesis using the
QuikChange II site-directed mutagenesis kit (Agilent Technol-
ogies) and then cloned, along with a C-terminal His, tag for
purification, into the Ndel and Notl restriction sites of pET 29b.
The Hiss-tagged Bcl-X; (residues 1-208, N52D/N66D) was
expressed in Escherichia coli BL21(DE3)pLysS cells, and soluble
protein in the cell lysate was purified to homogeneity by immo-
bilized metal affinity chromatography using two tandem 5-ml
His-Trap HP columns (GE Healthcare) followed by ion
exchange chromatography using a Mono Q HR 10/10 column
(GE Healthcare) and size exclusion chromatography using a
preparative 16/60 Superdex 200 column (GE Healthcare).

Peptide Synthesis—Various Beclin 1 BH3 domain-derived
peptides were chemically synthesized and HPLC-purified to
>95% purity, with peptide purity confirmed by electrospray
mass spectrometry (RSSynthesis/Protein Chemistry Technol-
ogy Core at the University of Texas Southwestern Medical Cen-
ter, Dallas, TX).

Isothermal Titration Calorimetry—ITC was performed using
a Low Volume Nano ITC (TA Instruments). For all ITC exper-
iments, samples were loaded into separate dialysis cassettes,
and co-dialyzed into ITC buffer. The ITC buffer for all experi-
ments comprised of 25 mm HEPES, pH 7.5, 100 mm NaCl, and 2
mM B-mercaptoethanol. ITC was performed at 25 °C with 25
injections of 2 ul each. The data were analyzed using Nano-
Analyze Software (TA Instruments) with an independent
model. The poor solubility of the D121A peptide in aqueous
buffers necessitated a different solubilization and data analysis
protocol for ITC. The D121A peptide was mixed into ITC
buffer to a concentration of 1 mm and rocked at room temper-
ature overnight. Despite this, a significant fraction of the pep-
tide remained insoluble. This insoluble fraction was pelleted by
centrifugation at 13,000 X g for 10 min. The supernatant was
collected and co-dialyzed with M11 or Bcl-X; as described
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TABLE 1
Summary of crystallographic data statistics
Values in parentheses pertain to the outermost shell of data.

Wavelength (A) 0.97934

Data range (A) 2.1-50.00 (2.1-2.14)
Mosaicity 0.329-0.633

Unique reflections 24082

Average multiplicity 3.8(3.1)
Completeness (%) 99.4 (91.9)

R, (%)° 4.9 (44.7)

1ol 9.2 (2.9)

@ Ryym = S illn; = <I,>/Z il

above and then used for ITC. Stoichiometry was forced to 1
during data analysis, and the concentration of the D121A pep-
tide was estimated from the fit.

Crystallization—The M11-DS peptide complex was crystal-
lized at 20 °C by hanging drop vapor diffusion from a 1:1 mix-
ture of protein stock (5 mg/ml complex in 20 mm HEPES, pH
7.5, 100 mMm NaCl, 1 mm TCEP) and well solution (2.5 M
(NH,),SO, and 8% v/v 2-propanol). Plate-shaped crystals were
harvested and cryoprotected in a cryosolution consisting of
2.5 M (NH,),SO, and 25% (v/v) glycerol and then immediately
flash-frozen in liquid N,,.

Data Collection, Structure Solution, and Refinement—Dif-
fraction intensities from these crystals were recorded at 100 K
using 1-s exposures over 0.5° crystal rotation per image, on a
4 X 4 tiled MARmosaic CCD detector (Rayonix) at a crystal to
detector distance of 250 mm at Beamline 23ID-D of GMCA@
APS (Argonne National Laboratory, Chicago, IL). The data
used to solve the structure were collected at an x-ray wave-
length of 0.97934 A in a 360° sweep from a single crystal. The
data were processed using HKL2000 (43). The data statistics are
summarized in Table 1.

Crystals belonged to the space group C2;, with unit cell
parameters of a = 70.6 A, b =140.8 A, c = 54.0 A, and B =
127.8°. The crystals contained two copies of the M11-DS pep-
tide complex per asymmetric unit. The positions and orienta-
tions of the two M11 (residues 1-136) molecules, monomer A
and B, were determined by molecular replacement using
HKL3000/MOLREP (44), and a search model extracted from
Protein Data Bank code 3DVU, consisting ofa single M11 mono-
mer with flexible loop residues 52—73 removed. A helix corre-
sponding to the Beclin 1 BH3 domain (from Protein Data Bank
code 3DVU, chain C), with Asp'?* mutated to Ala, was manu-
ally placed into appropriate density next to monomer A using
the program Coot (45) A Glu side chain was built into clear
electron density at position 120 after the first cycle of refine-
ment. This defined the structure of the DS peptide. The NCS
operator required to superimpose M11 monomer A onto B was
used to place a second copy of the DS peptide into appropriate
density next to monomer B. The model was refined in the pro-
gram Refmac5 (46) using imperfect 2-fold NCS restraints
(Table 2). The final model is deposited in the Research Collabo-
ratory for Structural Bioinformatics Protein Data Bank with
accession code 4MI8. Bcl-2-peptide interactions in different
structures were analyzed using PISA (47).

Autophagy Assay—Quantification of fluorescent autophago-
somes in MCF7 cells co-transfected with GFP-LC3 (1.6 ug),
Beclin 1 (1.2 ug), and either Bcl-X; (1.2 pg) or M11 (1.2 pg)
expression plasmids (4 ug of total plasmid) was performed
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TABLE 2
Summary of crystallographic refinement statistics
Model
M11 residues (monomer A) 135
M11 residues (monomer B) 136
Beclin 1 DS peptide (chain C) 20
Beclin 1 DS peptide (chain D) 22
Water molecules 133
Sulfate molecules 4
Data range (A) 50-2.1
Ry (%)° 16.0
R (%) 22.4
Average B-values (A?) 34.7
Main chain 26.7
Side chain 28.7
Water 48.0
All atoms 34.7
B-factor RMSDs between bonded atoms
Main chain 2.332
Side chain 4.026
RMSDs from target values
Bond lengths (A) 0.020
Bond angles (°) 1.985
Dihedral angles (°) 21.33
Improper angles (°) 191
Cross-validated sigma coordinate error (A) 0.24

Ramachandran outliers 0
“ Rfactor = 3y, [Fops = |Featcl/ZnlFopsl- Test set for Ry,.. consisted of 5.5% of data.

bs.

using an inverted Axio Observer (Zeiss). Cells were cultured in
DMEM with 10% fetal calf serum (growth medium) in 8-well
slides (Millipore) and transfected at 80% confluency with Lipo-
fectamine (Invitrogen). After transfection, cells were either
starved overnight in Earle’s balanced salt solution (starvation
medium) or grown in nutrient-rich media with the addition of
2X essential amino acids and 2X nonessential amino acids. The
number of GFP-LC3 puncta per GFP-LC3-positive cell was
assessed by counting a minimum of 50 cells via Image ProPlus
for duplicate samples per condition in three independent
experiments. The significance of alterations in autophagy levels
were determined by a two-tailed, heteroscedastic Student’s ¢
test, wherein p = 0.05 is considered significant. The effect of a
potential inhibitory peptide was investigated by comparing
autophagy levels in the absence or presence of 30 um control or
inhibitory peptides.

Western Blot—Expression levels of FLAG-tagged Beclin 1,
Bcl-X;, and M11 in MCF?7 cells were verified by Western blot
analysis using commercial mouse monoclonal anti-FLAG
M2-peroxidase antibody (Sigma). As a loading control, the lev-
els of actin in MCF?7 cell lysates were detected with mouse anti-
actin (Chemicon).

RESULTS

Selection of Beclin 1 Residues Important for Binding to Both
M11 and Bcl-X;—Both Beclin 1 and Bcl-X; are highly con-
served between human and mice. Human and mouse Beclin 1
orthologs are 99% identical, and their BH3 domains are 100%
identical. Similarly, human and murine Bcl-X; orthologs are
97% identical, whereas residues lining the BH3 domain-binding
groove are 100% identical (Fig. 1). Therefore, there is no differ-
ence in the binding of different BH3 domains, particularly the
Beclin 1 BH3 domain, to mouse or human Bcl-X; orthologs.

In contrast, M11 and Bcl-X; share only 16.2% sequence iden-
tity (Fig. 1), although they also have similar functions, three-
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FIGURE 1. Sequence alignment of yHV Bcl-2 and Bcl-X, homologs. The top sequence is yHV68 M11, and the bottom sequences are human and mouse Bcl-X,
asindicated. The numbers after each alignment block indicate the last residue of each sequence in that block. Green or red backgrounds indicate residues lining
the BH3 binding groove in either M11 or Bcl-X, respectively. Sequence conservation between all three homologs is indicated above the sequence alignment,
whereas that between human and mouse Bcl-X, is indicated below the alignment. Asterisks denote invariant residues, double dots indicate highly conserved
residues, and single dots indicate similar residues.

FIGURE 2. Comparison of the WT Beclin 1 BH3 domain bound to Bcl-X,
(Protein Data Bank code 2PIL, A) and M11 (Protein Data Bank code 3DVU,
B). Each complex is shown in a superimposable view with Bcl-X, and M11
shown as molecular surface colored by atom type: oxygen, red; nitrogen, blue;
sulfur, yellow; and carbon, light gray. In each complex structure, the WT BH3
domain is rendered as teal ribbon, and residues are displayed in stick. The 12
BH3 domain residues involved in binding to both Bcl-X, and M11 are labeled,
with the residues selected for mutagenesis highlighted in red. This and all
other molecular figures were prepared with the program PyMOL.

dimensional structures, and modes of binding. A comparison of
complex structures of the Beclin 1 BH3 domain bound to M11
(21, 22) or Bcl-X; (36, 37) demonstrates that each interaction
involves the same 12 Beclin 1 residues (Fig. 2) and buries 978
and 1052 A? respectively, of surface area from each molecule at
the interface, as calculated using PISA (47). Among these 12
Beclin 1 BH3 domain residues, the six that have the most exten-
sive interactions (Fig. 2) are also highly conserved among other
BH3 domains (38). Therefore these six residues were selected
for mutagenesis. Of these residues, Leu''?, Leu''®, and Gly**°
are completely buried; Phe'*® is partially buried; the aliphatic
part of the Lys''” side chain hydrophobically packs against M11
residues Asp®' and Arg®’, whereas the amino group makes
polar and charged interactions; and Gly"*° and Asp™*" interact
with a Gly-Arg pair conserved in most Bcl-2 homologs, includ-
ing Bcl-X; and M11 (21, 22, 36 -38). This Gly-Arg pair, espe-
cially the Arg, has been shown to contribute significantly to the
interaction of many Bcl-2 homologs with diverse BH3 domains
(19, 48). Gly'*® is packed against the conserved Bcl-2 Gly-Arg
main chain, while the BH3 domain Asp'*' makes a bidentate
salt bridge with the conserved Bcl-2 Arg. Therefore, Leu''?,
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Leu''®, Lys''7, Gly'*°, Asp'?!, and Phe'*® were selected for fur-
ther investigation in this study.

The Beclin 1 BH3 domain binds with a very similar, moderate
binding affinity of ~1.5 um to both M11 and Bcl-X; (see Table
3). Further, for both interactions, the favorable free energy of
association (AG) is due to enthalpic contributions (AH,,,)
rather than due to entropic contributions (AS,,,), which are
negative in each case (see Table 3). We have recently shown that
the Beclin 1 BH3 domain is disordered in solution and that BH3
domain residues 116 —127 appear to serve as an “anchor” that
nucleates concomitant folding and binding of the Beclin 1 BH3
domain to Bcl-2 and includes most of the residues important
for binding to Bcl-2 (42). Therefore, the negative AS,,, likely
reflects BH3 domain desolvation and increased structure upon
binding, which proceeds despite the negative AS,  , because of
enthalpic compensation.

Despite the general overall similarity in the interaction of the
Beclin 1 BH3 domain with M11 and Bcl-X; described above,
the specific interactions of each BH3 domain residue with res-
idues in the two homologs are different, suggesting that each
BH3 domain residue will have a different thermodynamic con-
tribution to the overall binding. Indeed, despite the similar AG
of binding to M11 and Bcl-X,, the magnitudes of the entropic
and enthalpic contributions to binding are different, with
AH,,, for binding to M11 being ~2-fold higher, and TAS,
being ~4-fold lower than that for binding to Bcl-X; (see Table
3). This supports the hypothesis that the different binding
interactions of each BH3 domain residue dictate a different
thermodynamic contribution to the overall similar affinity of
binding in the interaction with M11 and Bcl-X; . Thus, the sim-
ilar interactions of the Beclin 1 BH3 domain with M11 and
Bcl-X; provide a good model system for a detailed mutational
and thermodynamic analysis elucidating how differences in the
binding determinants of M11 and Bcl-X; can translate to dif-
ferential affinities for various BH3 domain-containing proteins,
despite a similar overall mode of binding.

Specific Beclin 1 Mutations Abrogate Autophagy Down-regu-
lation by Bcl-X; but Not by M11—Based on the analysis above,
we created the following single mutant Beclin 1 constructs:
L112A,L116A,K117A, G120E, and F123A. The D121 A mutant
was not investigated using cellular assays because our previ-
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FIGURE 3. Effect of different Beclin 1 mutations on down-regulation of autophagy by Bcl-X, or M11. A, Western blots of MCF7 cell extracts indicating
comparable expression levels of WT and mutant FLAG-tagged Beclin 1 constructs and of Bcl-X, and M11 in starvation and nutrient-rich conditions, with actin
asaloading control. B-D, bar graphs representing light microscopy quantification of the number of discrete GFP-LC3 puncta per cell in GFP-positive MCF7 cells
co-transfected with GFP-LC3, WT, or mutant Beclin 1 as indicated below the x axis and either no Bcl-2 homolog (B), Bcl-X, (C), or M11 (D).

ously published results show that M11 binds to a Beclin 1
G120A/D121A mutant (22). Expression of all Beclin 1 mutants
was comparable to that of WT Beclin 1 in both starvation and
nutrient-rich conditions (Fig. 34). Bcl-X; and M11 also had
comparable expression in both starvation and nutrient-rich
conditions.

Assays to monitor autophagy levels were performed using
MCF7 cells, which express low levels of Beclin 1 and do not
show starvation-induced increases in autophagy unless Beclin 1
is ectopically expressed (20, 49-51) (Fig. 3). This allows the
effect of Beclin 1 mutants to be assayed in the absence of endog-
enous Beclin 1. Earlier studies have utilized multiple diverse
methods to conclusively demonstrate that in starvation condi-
tions cellular and yHV Bcl-2 homologs, including Bcl-X; and
YHV68 M11, reduce autophagic flux by binding to Beclin 1
(20-22, 40, 41, 52-54). Therefore, here we monitored
autophagy levels simply by quantifying the change in cellular
localization of a GFP-tagged, transiently expressed mammalian
autophagy-specific marker, LC3 (GFP-LC3) from a diffuse
cytoplasmic distribution to localized punctae corresponding to
autophagosomal structures (Fig. 3). Transient expression of
Beclin 1 in MCF7 cells led to a marked increase in autophagy
upon starvation (p = 0.00060 for starved versus nutrient-rich
cells; Fig. 3, B-D). Basal autophagy levels in nutrient-rich media
are typically much lower and less consistent than in starvation
conditions; therefore here we focus on the autophagy levels
observed in starvation conditions. The levels of autophagy
mediated by each Beclin 1 mutant tested was comparable to
that mediated by WT Beclin 1 (ranging between p = 0.10915
and 0.93428 for mutants versus WT Beclin 1; Fig. 3B).

The transient co-expression of either Bcl-X; or M11 was
used to assay the ability of these homologs to down-regulate
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autophagy upon expression of each Beclin 1 single mutant (Fig.
3). Starvation-induced, Beclin 1-dependent autophagy is signif-
icantly down-regulated by expression of either Bcl-X; (p =
0.00033 for Bcl-X; versus empty vector; Fig. 3C) or M11 (p =
0.00434 for M11 versus empty vector; Fig. 3D), as has been
previously shown (20-22). We find that M11 down-regulates
starvation-induced autophagy at least as potently as Bcl-X;
(Fig. 3, C and D), and in general, Beclin 1 BH3 domain muta-
tions are less deleterious for the M11-mediated down-regula-
tion of Beclin 1-dependent autophagy.

Under starvation conditions, Bcl-X; down-regulates autophagy
mediated by the K117A Beclin 1 mutant as effectively as that
mediated by WT Beclin 1 (p = 0.50430 for mutant versus WT
Beclin 1; Fig. 3C). However, Bcl-X; -mediated down-regulation
of autophagy is less pronounced upon expression of L112A (p =
0.06209 for mutant versus WT Beclin 1) or G120E (p = 0.01190
for mutant versus WT Beclin 1) Beclin 1 mutants (Fig. 3C).
Among the Beclin 1 single mutants, the most substantial abro-
gation of Bcl-X; -mediated down-regulation of autophagy was
observed upon expression of the mutants F123A (p = 0.00246
for mutant versus WT Beclin 1) and L116A (p = 0.00212 for
mutant versus W'T Beclin 1; Fig. 3C).

Similar to Bcl-X;, expression of the Beclin 1 K117A mutant
(p = 0.15725 for mutant versus WT Beclin 1) did not affect
M11-mediated down-regulation of autophagy (Fig. 3D). M11-
mediated autophagy down-regulation is significantly weaker
upon expression of the mutants F123A (p = 0.01070 for mutant
versus WT Beclin 1) and L112A (p = 0.00065 for mutant versus
WT Beclin 1). The most substantial abrogation of M11-medi-
ated autophagy down-regulation is observed when L116A
mutant Beclin 1 was expressed (p = 0.04316 for mutant versus
WT Beclin 1).
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TABLE 3
Thermodynamic parameters for binding of various Beclin 1 BH3 domain-derived peptides to M11 and Bcl-X,
M1 Bdl-X,
Peptide K, AH AG K, AH AG AS
M kJ/mol kJ/mol J/K-mol M kJ/mol kJ/mol J/K-mol
wT 1.38 £ 0.41 —7097 £639 —3351 071 —12572+2253 1.95*0.19 —43.57 £ 144 —32.58 £0.23 —36.89 = 4.53
L112A 4.33 = 0.86 —47.36 = 1.53 —30.63 = 0.53 —56.14 * 4.10 109.71 £ 3.10 —42.36 = 1.07 —22.59 *0.07 —66.34 * 3.84
L116A 177.62 = 1695 —36.40 = 4.64  —21.40*0.24 —50.33*16.36 No binding
K117A 0.66 = 0.17 —69.08 £3.05 —3532*067 —113.29+11.74 1893 =4.15 —37.66 £3.72 —26.99 +0.58 —35.83 =11.52
GI120E 36.49 = 8.10 —52.17 = 5.81 —25.36 =052 —89.97 +2091  No binding
D121A 1.33 = 0.72 —5854 + 1221 —33.74*+1.23 —83.13+45.04 No binding
F123A 5.20 * 1.53 —59.36 £2.72  —3020*0.74 —97.84=*11.61 40756 7568 —30.70 =828 —19.36=0.46 —38.04 = 29.34
GI120E/D121A 6.43 *0.15 —62.34 * 2.72 —29.62+0.06 —109.81 =928  No binding

Surprisingly however, and contrary to expectations from
structural analysis, M11 effectively down-regulates autophagy
upon expression of the G120E single mutant (p = 0.03131 for
mutant versus WT Beclin 1). Despite the previous cellular co-
immunoprecipitation assays showing that a Beclin 1 G120A/
D121A mutant binds to M11 (22), we expected that the muta-
tion of G120 to the large and negatively charged Glu residue
would disrupt binding to both Bcl-X; and M11, consequently
abrogating the down-regulation of autophagy by these Bcl-2
homologs. However, our data indicate that unlike Bcl-X; (Fig.
3C), the M11 binding site accommodates the Glu side chain,
allowing M11 to effectively down-regulate autophagy mediated
by G120E Beclin 1 (Fig. 3D).

Therefore, we further examined the role of Asp'?! in the
context of the G120E mutation by assaying the ability of Bcl-X
and M11 to down-regulate autophagy mediated by a G120E/
D121A Beclin 1 double mutant. As expected, expression of the
G120E/D121A double mutant resulted in abrogation of Bcl-X; -
mediated autophagy down-regulation (p = 0.00079 for double
mutant versus WT Beclin 1), comparable to the effect seen
upon expression of the L116A mutant Beclin 1 (Fig. 3C). How-
ever, in complete contrast to Bcl-X;, M11 effectively down-
regulates autophagy mediated by the G120E/D121A Beclin 1
double mutant (p = 0.22842 for double mutant versus WT
Beclin 1; Fig. 3D). Thus, the G120E mutation enables selective
inhibition of autophagy by M11.

Identification of Peptides That Bind to M1I11, but Not to
Bcel-X,.—We used ITC to quantify and compare binding of a
systematic set of Beclin 1 BH3 domain-derived peptides whose
residues are numbered according to the Beclin 1 sequence. In
general, each residue substitution impacted binding to Bcl-X;
more than to M11, with the different substitutions having very
diverse thermodynamic effects on binding to either M11 or
Bcl-X, (Table 3). All substitutions weakened binding to Bcl-X,
but not to M11, and the binding affinity was generally consis-
tent with results monitoring the effect of these mutations on
down-regulation of autophagy by Bcl-X; and M11. The L112A
substitution weakened binding to Bcl-X; to barely detectable
levels but reduced binding to M11 by only ~3-fold. Similarly,
the F123A substitution weakened binding to Bcl-X; by ~200-
fold and to M11 by ~4-fold, although the equivalent mutation
in Beclin 1 had a more dramatic impact on the down-regulation
of cellular autophagy by M11, suggesting that this mutation is
more deleterious in the context of full-length Beclin 1 interac-
tions in the cell (Fig. 3D). Interestingly, although relative to the
WT BH3 domain, the K117A peptide bound with ~10-fold
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weaker affinity to Bcl-X; , it actually bound with ~2-fold tighter
affinity to M11 (Table 3). Lastly, no single substitution abol-
ished binding to M11, but three single substitutions, L116A,
G120E, and D121A, abrogated binding to Bcl-X; . The L116A
and G120E substitutions were also the most deleterious for
binding to M11, reducing binding affinity for M11 more than
120- and 26-fold, respectively (Table 3), but binding to M11
seems unaffected by the D121A substitution.

Contrary to initial expectations based on the structure of the
WT BH3 domain bound to M11, but consistent with the cellu-
lar autophagy assays, the G120E and D121A peptides are still
able to bind to M11 (Table 3). Therefore, we quantified and
compared the ability of a G120E/D121A double-substituted
peptide (DS peptide) to bind to Bcl-X; and M11. Consistent
with our cellular experiments in the previous section, the DS
peptide does not bind to Bcl-X;, but importantly, it binds to
M11 with ~5.7-fold better affinity compared with the G120E
peptide and only ~4.7-fold weaker affinity compared with the
WT BH3 domain. Thus, in the context of the G120E substitu-
tion, the removal of the carboxylate group at the 121 position
improves binding.

Structure of the DS Peptide Bound to M11—To elucidate the
mechanism by which M11 is able to bind the DS peptide, we
determined the x-ray crystal structure of the M11-DS peptide
complex to 2.1 A resolution. Residues altered in the DS peptide,
Glu'*® and Ala'?!, have very well defined electron density (Fig.
4A). Both the DS peptide (Fig. 4A) and the WT BH3 domain
(Fig. 4B) bind by a similar mode within the M11 hydrophobic
surface groove. The two complexes superimpose with an
RMSD of 0.451 A over 148 Ca atoms, indicating that they are
fairly similar, although the superposition is somewhat worse
than that of the two complexes within the asymmetric units of
structures of either the M11-DS peptide complex (0.162 A) or
the WT BH3 domain complex (0.031 A). Despite this similarity
of interaction, the surface area of each molecule buried in the
interaction interface is significantly reduced in the M11-DS
peptide complex, to 868 A2, compared with 978 A2 in the
M11-WT BH3 domain complex. This reduced buried surface
area likely accounts for the reduced binding affinity of the DS
peptide and is the result of the substantial main chain shifts and
side chain movements in the bound DS peptide relative to the
WT BH3 domain, as well as subtle compensatory side chain
changes in M11 that facilitate binding of the DS peptide.

Separate superpositions of the M11 molecule in each com-
plex indicate that there is limited conformational change in the
MI11 structure (Fig. 54), with RMSDs of 0.38 A over 130 Ca
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FIGURE 4. Stereo view of complexes of M11 bound to DS peptide (A) and WT BH3 domain (B) (Protein Data Bank code 3DVU). Atoms are colored by type
as in Fig. 2, with M11 shown as molecular surface, whereas the DS peptide (magenta carbons) and WT BH3D (teal carbons) are displayed in atomic detail. The
blue mesh represents the electron density contoured at 1 oabove the mean for a 1.6 A radius around the peptide atoms from the 2F_, — F_ map at 2.1 A for the
DS peptide and at 2.5 A for the WT BH3 domain complexes. Labels indicate residues substituted in the DS peptide.

atoms. This superposition is slightly worse than superposition
of two M11 subunits within the asymmetric unit of either the
M11-DS peptide complex (0.17 A) or the WT BH3 domain
complex (0.03 A) but lies within experimental error for these
structures. Maximal M11 conformational change is seen not at
the BH3 domain binding groove but rather at the flexible a1-a2
loop, which is distant from the binding site; however, this
change is similar to conformational variation in this loop
between different copies of the same complex present in the
asymmetric unit of each crystal. Therefore, the conformational
changes in this flexible loop do not relate to the binding of
different peptides to M11.

In contrast to M11, significant changes are seen between the
bound DS peptide and WT BH3 domain conformations (Fig.
5B). The bound WT and DS peptides superimpose with an
RMSD of 0.99 A over 18 Ca atoms, with the comparatively
poorer alignment chiefly attributable to the shifted positions of
residues 117—-125. The identical N-terminal halves of the two
peptides superimpose fairly well between the WT BH3 domain
and DS peptide structures, with an RMSD of 0.38 A over 9 Ca
atoms. However, superposition of the C-terminal half is poorer,
with an RMSD of 1.35 A over 9 Ca atoms. Thus, binding to M11
is enabled by significant shifts of the DS peptide main chain,
especially of its C-terminal half (Fig. 5), relative to WT BH3
domain.

Differences in the Interactions of M11 with the DS Peptide or
the WT BH3 Domain—Peptide amino acids corresponding to
BH3 domain residues Leu''* and Leu''® bind in similar loca-

pCEVON

MARCH 21, 2014 +VOLUME 289+NUMBER 12

tions in the DS peptide and WT BH3 domain complexes, with
pairwise differences in the Ca positions being 0.4 and 0.5 A,
respectively (Fig. 5B). The packing of Leu''? is virtually identi-
cal in each complex, with Leu''? being sandwiched between
Met'* and Leu''®, which are approximately one helical turn
away on each side within the peptide, and surrounded by a
hydrophobic pocket lined by M11 residues Tyr®®, Ala®®, and
Leu’*. Similarly, in each complex Leu''® is packed into a hydro-
phobic pocket lined by M11 residues Phe*®, Tyr®, Leu’®, and
Val®*, although there are some subtle differences in the atomic
details of the interaction (Fig. 6).

Starting at Lys''”, there are incrementally increasing shifts in
the DS peptide residue positions relative to those in the WT
BH3 domain. The pairwise shift at Lys'!” Ca is 1.1 A (Fig. 5B),
which enables additional interactions between Lys''” and M11
in the DS peptide complex. The aliphatic part of Lys''” packs
against the aliphatic parts of M11 Asp®! and Arg®” in both com-
plexes (Fig. 6) but in the DS peptide complex also interacts with
M11 Leu”® and Ser”” (Fig. 6A). Further, although the Lys'!”
amino group does not make any interactions in the WT com-
plex (Fig. 6B), in the DS complex it electrostatically bonds with
the M11 Asp®' carboxylate and hydrogen bonds the Ser””
hydroxyl (Fig. 64). Similarly, the next peptide residue, Val''®, is
solvent-exposed and does not interact with M11 in the WT
BH3 domain complex, but a 1.3 A Ca shift (Fig. 5B) at this
position in the DS peptide complex results in packing against
M11 Tyr®® (Fig. 6A). The following residue, Thr''®, has a
smaller Ca shift between the WT BH3 domain and DS peptide
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FIGURE 5. Superposition of complexes of M11 bound to DS peptide and
WT BH3D. A, M11-DS peptide and M11-WT BH3 domain (Protein Data Bank
code 3DVU) are aligned and colored by RMSD, with colors from blue to red
corresponding to the range of pairwise RMSDs from a minimum of 0.07 to a
maximum of 4.30. The M11 flexible loop located on the M11 face opposite the
BH3 domain-binding groove was not included in these calculations and is
colored black. Besides this loop, the most significant shift between the two
complexes is observed in the C-terminal half of the peptide, as indicated by
the red color. B, pairwise Ca shifts between DS peptide (magenta) and WT BH3
domain (teal). Atoms are color-coded as in Fig. 4. Pairwise shifts between the
WT BH3 domain and DS peptide are displayed in A, with superscript numbers
denoting residue numbers relative to the Beclin 1 BH3 domain.

(Fig. 5), and maintains similar, but slightly different, interac-
tions in both complexes, with the aliphatic parts of the side
chain packed against M11 residues Phe*®, Tyr®?, and the His®'
main chain (Fig. 6).

The next two residues are altered in the DS peptide: Glu
and Ala'?!, compared with Gly'*° and Asp'*' in the WT BH3
domain. The incremental shifts preceding these residues result
in a shift of 1.1 A at the Glu'* Ca from the WT BH3 domain
Gly'?° Ca position, and of a maximal shift of 2.0 A at the Ca of
residue 121. The Ca shift at residue 121 corresponds to approx-
imately half a helical turn relative to the WT BH3 domain-M11
complex (Fig. 5B). In the M11-WT BH3 domain complex (Fig.
6B), the Gly'*°~Asp'>' main chain packs in an anti-parallel

120
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manner against the main chain of two conserved M11 residues:
Gly®® and Arg®. In contrast, in the M11-DS peptide complex
(Fig. 6A), Glu'*® extends across the M11 hydrophobic groove,
with the aliphatic part of the side chain packed against the M11
Gly®® main chain and the aliphatic parts of Arg®” and Phe*5, to
make one salt bridge with M11 Arg®”. Thus, the M11 binding
groove accommodates the larger Glu side chain and stabilizes
the altered Glu'?° by electrostatic interactions with the con-
served M11 Arg®”. Further, although in the WT BH3 domain
complex (Fig. 6B) the Asp'>' side chain is stabilized by packing
against the aliphatic part of Arg®” and a bidentate salt bridge to
M11 Arg®, in the DS peptide complex (Fig. 64) Ala*** makes
no contacts with M11 and is completely solvent-exposed as a
consequence of the main chain shifts.

Leu'??, the peptide residue that follows the two altered resi-
dues, is also significantly shifted and has a completely different
environment in the WT BH3 domain and DS peptide structures
(Fig. 6). In the WT peptide, Leu'** is solvent-exposed and
makes no contacts with M11 (Fig. 6B), whereas in the DS pep-
tide complex, it is shifted to pack against M11 His** and Val®®
(Fig. 6A) with this interaction being accommodated by a rota-
tion of the His>' imidazole.

Pairwise Ca shifts between the M11-bound DS peptide and
WT BH3 domain decrease to 0.7 A at Phe'?* (Fig. 5), which
allows the side chain to bind in equivalent M11 hydrophobic
surface pockets comprised of residues Leu®’, Glu*’, Phe*s,
His!, Gly®, and Val®* in each complex, but with an altered
orientation of the Phe'*® aromatic ring and subtly different
interactions with M11 (Figs. 4 and 6). The relative shifts
between the WT BH3 domain and DS peptide are retained at
the Asp'** Ca position (Fig. 5). This allows the aliphatic part of
the Asp'** side chain to pack against the M11 G86 Ca in both
complexes. In addition, it packs against the aliphatic parts of
M11 Asn®* in the WT BH3 domain complex and against the
peptide Glu'?° in the DS peptide complex. Further, the Asp'**
carboxylate group of the WT BH3 domain (Fig. 6B) hydrogen
bonds to the M11 Gly®*® amide, but a similar interaction is not
seen in the DS peptide complex (Fig. 6A4).

Thus, the main chain shifts of the DS peptide enable the
Glu'*>-M11 Arg® interaction and remove Ala'*' from M11
interactions. It is likely that the improved binding of M11 to the
DS peptide, relative to the G120E peptide, is due to the elimi-
nation of the competition between the G120E and Asp™*! ca
boxylates for the M11 Arg®” interaction and the helix strain
associated with the binding of the latter peptide.

A Cell-permeable DS Peptide Selectively Abrogates Down-reg-
ulation of Autophagy by M11, but Not by Bcl-X, —Lastly, we
investigated whether the DS peptide would specifically prevent
M11-mediated, but not Bcl-X; -mediated, down-regulation of
Beclin 1-dependent autophagy. To make the peptide cell-per-
meable, the transactivating HIV-1 transcriptional activator
protein transduction domain (TAT), which is a cell-penetrating
peptide previously shown to facilitate entry of extended poly-
peptides into mammalian cells under the conditions used here
(55), was attached via a diglycine linker to the N terminus of the
DS peptide (TAT-DS peptide). As a control we also assayed the
effect of a TAT-BH3 domain fused peptide (TAT-WT peptide)
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FIGURE 6. Stereo view showing details of M11 residue interactions with the DS peptide (A) and the WT BH3 domain (B) (Protein Data Bank code 3DVU).
Bond lengths are shown for polar interactions. Atoms are color-coded as in Fig. 5, and residue labels are color-coded by molecule.

on M11-and Bcl-X; -mediated down-regulation of Beclin 1-de-
pendent autophagy.

Treatment of Beclin 1-transfected MCF7 cells with the
TAT-WT peptides did not significantly increase levels of
autophagy in either nutrient-rich or starvation conditions (Fig.
7). As expected, compared with untreated cells, TAT-WT pep-
tide treatment markedly increases autophagy levels in cells that
are transiently transfected with either M11 (p = 0.00194 for
treated versus untreated cells; Fig. 7) or Bcl-X; (p = 0.00007 for
treated versus untreated cells; Fig. 7). This suggests that the
TAT-WT peptide binds to both M11 and Bcl-X;, preventing
both Bcl-2 homologs from down-regulating Beclin 1-mediated
autophagy.

TAT-DS peptide treatment of MCF7 cells that express Beclin
1, but not Bcl-X,; or M11, causes an insignificant elevation in
autophagy levels relative to untreated cells (p = 0.20340 for
treated versus untreated cells; Fig. 7). TAT-DS peptide treat-
ment of cells that transiently express Bcl-X; in addition to
Beclin 1 had an insignificant effect compared with untreated
cells (p = 0.92294 for treated versus untreated cells; Fig. 7),
presumably because the TAT-DS peptide does not bind to
Bcl-X; and so does not prevent Bcl-X; from down-regulating
autophagy. Strikingly, however, TAT-DS peptide treatment of
cells that transiently express M11 in addition to Beclin 1 mark-
edly increases autophagy levels compared with untreated cells
(p = 0.042479 for treated versus untreated cells; Fig. 7), indicat-
ing that the TAT-DS peptide binds to M11, preventing M11
from down-regulating Beclin 1-mediated autophagy. Thus, the
TAT-DS peptide inhibits M11-mediated down-regulation of
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autophagy, but not Bcl-X,-mediated down-regulation of
autophagy.

DISCUSSION

In this study we have shown that despite the similar general
mode of binding of the Beclin 1 BH3 domain to M11 and Bcl-
X, the different residues lining the binding grooves of each
homolog dictate differences in the atomic details and the ther-
modynamics of each interaction and consequently affect bio-
logical function. We detailed the effect of mutations on binding
of the BH3 domain to two different Bcl-2 homologs, which
combined with our structural information, helps illuminate the
atomic bases of the differential specificity of these homologs for
different BH3 domain-containing binding partners. We found
that, consistent with the promiscuity of M11 and specificity of
Bcl-X; for diverse BH3 domains, the M11 binding site accom-
modates more peptide residue substitutions than the binding
sites of Bcl-X; or Bcl-2 (42). These changes are accommodated
chiefly by subtle M11 side chain conformational changes that
allow for more dramatic changes in the bound peptide, which
enable alternate interactions with M11. Either the G120E or
D121A mutation is sufficient for preventing binding to Bcl-X;
or Bcl-2 (42), suggesting that unlike for M11, Bcl-2 and Bcl-X
cannot accommodate a large side chain at the Gly**° position
and that the salt bridge formed with Arg®” of Bcl-X; is critical
for binding to Bcl-X; and Bcl-2, but not to M11. Based on
superpositions of the complexes of M11-DS peptide, M11-WT
BH3 domain, and Bcl-X; -WT BH3 domain, it appears that the
peptide shifts observed in the M11-DS peptide complex, which
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FIGURE 7. Effect of TAT-DS peptide treatment on down-regulation of
autophagy by Bcl-X, and M11. A, light microscopy quantification of the
number of discrete GFP-LC3 puncta per cell in GFP-positive MCF7 cells are
co-transfected with GFP-LC3, WT Beclin 1, and either WT M11 or Bcl-X, and
then treated with either no peptide, TAT-WT, or TAT-DS peptide. B, represen-
tative images of GFP-LC3 staining in these cells corresponding to cells that
were untreated (top row), TAT-WT treated (middle row), and TAT-DS treated
(bottom row).

enable the G120F to interact with Arg®”, would not be easily
accommodated in Bcl-X; . For instance, an obvious steric clash
would occur between the Leu'** main chain of the shifted DS
peptide and the Bcl-X; R100, whose conformation is stabilized
by salt bridge networks (56). This information adds signifi-
cantly to our understanding of interactions between Bcl-2
homologs and BH3 domain-containing proteins, explaining
how mutated or diverse BH3 domains may be bound by one
homolog and not another, thus also adding to our repertoire of
information on protein-protein interactions in general.
Consistent with our expectations, we were able to exploit the
subtle differences in binding by M11 and Bcl-X; to design spe-
cific inhibitors of M11 that abrogate M11 function in cells. Our
results provide a tool to directly target M11-BH3 domain inter-
actions in cellular studies. The selective peptide inhibitor iden-
tified in this study will be useful in studying the role of M11 at
different stages of the yHV68 life-cycle, by treating virus-in-
fected cells with the peptide at different time points and assay-
ing the effects on viral infection. In vivo studies in mice may
require the development of more bio-stable small molecules.
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The structural information presented here will be invaluable
for the future rational design of such small molecules that can
selectively inhibit M11, but do not affect cellular Bcl-2
homologs. Although a general M11-specific inhibitor would
help elucidate the general function of M11, a specific inhibitor
that selectively inhibits only the YHV Bcl-2-Beclin 1 interaction
would remove only the yHV blockade of autophagy and there-
fore would be an extremely useful tool to study the role of
autophagy in regulating yHV infections.

Lastly, this study also elucidates methods that may allow us
to identify determinants specific for binding to other Bcl-2
homologs, especially those from other yHVs such as KSHV and
Epstein-Barr virus. Such studies will provide basic mechanistic
explanations about their ability to bind to diverse BH3 domain-
containing proteins, and consequently their ability to differen-
tially regulate various pathways, and may further enable us to
design inhibitors that specifically target these proteins. Thus,
this research will substantially assist and inform future research
on the pathogenesis of infections caused by yHVs. Ultimately,
such small molecule inhibitors may even form the basis of novel
therapeutics to treat yHV infection, which currently cannot be
cured, by promoting the autophagic degradation of viruses,
apoptotic destruction of infected host cells, and/or restoration
of the tumor suppressor activity of Beclin 1.
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