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Lymphocyte granule serine proteases (granzymes) play a critical role in protecting higher organisms against
intracellular infections and cellular transformation. The proteases have also been implicated in the generation
of tissue damage in a variety of chronic human conditions, including autoimmunity and transplant rejection.
Granzyme B (GrB), one cytotoxic member of this family, achieves its effect through cleavage and activation of
caspases as well as through caspase-independent proteolysis of cellular substrates. The 100,000-molecular-
weight (100K) assembly protein of human adenovirus type 5 (Ad5-100K) was previously defined as a potent and
specific inhibitor of human GrB. We now show that although human, mouse, and rat GrB proteases are well
conserved in terms of structure, substrate specificity, and function, Ad5-100K inhibitory activity is directed
exclusively against the human protease. Biochemical analysis demonstrates that the specificity of the 100K
protein for human GrB resides in two distinct interactions with the protease: (i) a unique sequence within the
reactive site loop (P1)Asp48-(P1�)Pro49 in Ad5-100K which interacts with the active site and (ii) the presence
of an additional inhibitor-enzyme interaction likely outside the enzyme catalytic site (i.e., an exosite). We have
located this extended macromolecular interaction site in Ad5-100K within amino acids 688 to 781, and we have
demonstrated that this region is essential for stable inhibitor-enzyme complex formation as well as efficient
inhibition of human GrB. This novel component of the inhibitory mechanism of the 100K protein identifies a
distinct target for selective inhibitor design, a finding which may be of benefit for diseases in which GrB plays
a pathogenic role.

Cytotoxic lymphocytes, which include cytotoxic T cells and
natural killer cells, represent the primary defense against viral
and intracellular bacterial infections and are involved in organ
transplant rejection and antitumor responses (29, 49). Upon
recognition by the cytotoxic effector cell, apoptosis of the tar-
get cell is induced through pathways initiated by the Fas re-
ceptor or through granule exocytosis (6, 26, 37, 41, 45). Tar-
geted proteolysis of cellular substrates is a central mechanism
underlying both of these pathways (4, 5, 8, 9, 12, 20–22, 65, 66).
Granule-mediated killing utilizes several granule components
with unique activities. The most abundant components present
in cytotoxic granules are perforin (a pore-forming protein) and
a family of serine proteases termed granzymes (26, 30, 41).
Five granzymes (A, B, H, K, and M) in humans, eight gran-
zymes (A to G and M) in mice, and seven granzymes in rats (A,
B, C, I, J, K, and M) have been described to date (30, 40).

While there is significant evidence to implicate granzymes in
target cell cytolysis, the mechanisms involved remain incom-
pletely understood. Granzyme B (GrB), one of the most abun-
dant proteases found in cytotoxic granules (42), catalyzes the
cleavage and activation of several downstream caspases, induc-
ing apoptotic changes in target cells (46). In addition, GrB can
initiate caspase-independent pathways of cell death (31, 47, 54)

through direct proteolysis and activation of molecules such as
DFF45/ICAD (56) as well as cleavage of several substrates
involved in cellular homeostasis (4, 13, 23). GrB is unique
among mammalian serine proteases for its strict requirement
for aspartic acid in the substrate P1 position. By use of com-
binatorial substrate libraries, the amino acid preferences at
additional subsites have been defined for human GrB (58) and
rat GrB (24) and are very similar for the two proteases. Rat
and human GrB proteases are also quite similar at the struc-
tural level, with the major difference residing in the Asp-spe-
cific S1 subsite, which is significantly larger in the human en-
zyme (44, 61).

Adenoviruses are DNA viruses that have adopted several
strategies to prevent the apoptosis of infected target cells (27,
62). These include (i) forced degradation of Fas and TRAIL
receptor 1 by RID (previously named E3-10.4K/14.5K) (59,
60), (ii) direct interaction with and inhibition of members of
the Fas signaling complex (E1B19K and E314.7) (15, 28, 39),
(iii) binding with p53 and inhibition of p53-induced apoptosis
(E1B55K and E4orf6) (19, 35, 48, 55, 63, 64), and (iv) expres-
sion of the antiapoptotic bcl-2 homologue E1B19K (11, 16, 38).
Andrade et al. recently defined the 100,000-molecular-weight
(100K) assembly protein of human adenovirus type 5 (Ad5-
100K) as a potent and specific inhibitor of human GrB. This
inhibitory effect is absolutely dependent on Asp48 in the AD5-
100K protein, which is found within the GrB consensus motif
Ile-Glu-Gln-Asp48 (2). The AD5-100K protein is a nonstruc-
tural protein which has essential functions in the adenovirus
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life cycle, including virus assembly and activation of late viral
protein synthesis (14, 25, 43), and is present and well conserved
in all members of the Adenoviridae family (18).

In these studies, we show that although human, mouse, and
rat GrB proteases are well conserved in terms of structure,
substrate specificity, and function, Ad5-100K has inhibitory
activity exclusively against the human protease. Biochemical
analysis demonstrates that the specificity for human GrB inhi-
bition by Ad5-100K is the result of a unique cleavage prefer-
ence for the site at Asp48 in Ad5-100K by the human but not
the mouse or rat protease, the presence of Pro49 at the P1�
position, and the requirement for an additional inhibitor-en-
zyme interaction outside the enzyme catalytic site (i.e., an
extended macromolecular recognition domain, or exosite).
This additional component of the inhibitory mechanism may
provide a critical target for the development of highly potent
and specific inhibitors of GrB, which may be useful therapeutic
tools for chronic human diseases in which GrB likely plays a
role (e.g., graft rejection and autoimmunity) (3, 13, 36).

MATERIALS AND METHODS

Materials. Human purified GrB from YT cells and recombinant rat GrB from
Pichia pastoris were kindly provided by Nancy A. Thornberry (Merck & Co., Inc.,
Rahway, N.J.). Recombinant mouse GrB from P. pastoris was obtained from
Sigma. Patient sera were used to immunoblot nuclear mitotic apparatus protein
(NuMA), poly(ADP-ribose) polymerase (PARP), and Mi-2 (13). Rabbit poly-
clonal antibodies to the 100K protein were raised against a full-length recombi-
nant His fusion protein (2). Monoclonal antibodies against epitope tag T7 and
GrB were purchased from Novagen (Madison, Wis.) and Kamiya Biomedical
Company (Seattle, Wash.), respectively. Immunoblotted proteins were detected
by using a Supersignal substrate system (Pierce, Rockford, Ill.).

Cell culture, viral infection, and cell transfection. NIH 3T3 and 293T cells
were cultured by standard procedures. Confluent NIH 3T3 cell monolayers were
infected with murine adenovirus type 1 (MAV-1) at 40 PFU/cell, followed by
incubation at 37°C in a 5% CO2 humidified incubator for 48 h. Biochemical
analysis was performed after these procedures. 293T cells were transfected by
using Lipofectamine 2000 (Gibco BRL) as recommended by the manufacturer.

GrB cleavage of endogenous substrates in cell lysates. Cell lysates were pre-
pared as described previously (4). Lysates were incubated with 5 mM iodoacet-
amide for 10 min at 4°C to inactivate endogenous caspases and then incubated
at 37°C for 60 min in the presence or absence of purified GrB. Equimolar
amounts of human, mouse, and rat GrB proteases were confirmed based upon
equal proteolytic activities against macromolecular substrates (i.e., NuMA,
PARP, and Mi-2). The reactions were stopped by boiling in sodium dodecyl
sulfate (SDS) sample buffer, and samples were electrophoresed on SDS–10%
polyacrylamide gels containing 0.058% bisacrylamide. Intact autoantigens and
their specific GrB cleavage fragments were visualized by immunoblotting as
described previously (13).

Expression vectors, 100K protein cloning, and purification. Ad5-100K was
cloned and purified as described previously (2). For cloning of the 100K protein
of MAV-1 (MAV1-100K), total RNA was purified from MAV-1-infected NIH
3T3 cells 48 h postinfection with Trizol (Gibco BRL) as described by the man-
ufacturer. First-strand cDNA synthesis was performed with SuperScript II
(Gibco BRL) according to the manufacturer’s directions. Two microliters of this
cDNA was used as a template in a PCR with Pfu and Taq DNA polymerases (1:1)
and with oligonucleotides containing restriction enzyme adapters. The PCR-
generated cDNA fragment containing the entire MAV1-100K open reading
frame was cloned into pcDNA3.1(�) (Invitrogen). 100K protein hybrids and
deletion mutants were generated by either site-directed mutagenesis (Strat-
agene) or PCR. All of the constructs, as well as green fluorescent protein (GFP)
cDNA from pEGFP-N3, were cloned into prokaryotic expression vector
pET28(�) (Novagen), generating N-terminal His6-T7-tagged fusion proteins
that were further purified as previously described (2). The purity of the prepa-
rations was �70 to 90%, as assessed by SDS-polyacrylamide gel electrophoresis
and Coomassie blue staining (data not shown).

GrB cleavage of substrates generated by coupled IVTT. [35S]methionine-la-
beled substrates were generated by in vitro transcription-translation (IVTT;
Promega), and cleavage reactions were performed with ICE buffer (10 mM

HEPES-KOH, 2 mM EDTA, 1% NP-40 [pH 7.4]). After incubation at 37°C for
30 min, reactions were terminated and samples were electrophoresed on SDS–
10% polyacrylamide gels. Radiolabeled proteins and their fragments were visu-
alized by fluorography. To better resolve the difference between full-length
Ad5-100K and its 95-kDa human GrB cleavage fragment, N-terminal His6-T7-
tagged Ad5-100K (which retards the migration of Ad5-100K to an apparent
molecular mass of 110 kDa) was used as a substrate for the human, mouse, and
rat GrB cleavage reactions.

Analysis of GrB inhibition by purified 100K protein and its mutants. A fixed
amount of purified GrB (25 nM) was preincubated with increasing amounts of
purified recombinant Ad5-100K (rAd5-100K) or its mutants in ICE buffer at
37°C for 10 min. The residual proteolytic activity of GrB was determined by
adding [35S]methionine-labeled human Mi-2 and incubating the mixture for an
additional 15 min at 37°C. As a control, the radiolabeled substrate was incubated
with buffer alone. The reactions were terminated by boiling in SDS sample
buffer. Samples were analyzed by electrophoresis on SDS–8% polyacrylamide
gels, and radiolabeled proteins and their fragments were visualized by fluorog-
raphy.

Calculation of catalytic constant values. Catalytic constant (kcat/Km) values
were determined by using subsaturating substrate concentrations. Substrate and
product bands on autoradiograms were scanned by densitometry to calculate the
percentages of substrate cleavage. To calculate kcat/Km, these values were fitted
to the following first-order rate equation: percent substrate cleaved � 100 �
�1 � ekcat � �E	/Km � time
. In this equation, [E] is the concentration of enzyme.

RESULTS

Ad5-100K inhibits human GrB but not mouse or rat GrB.
Proteolysis of signature death substrates is a characteristic
feature of cytotoxic lymphocyte granule-induced death (4). It
was previously shown that GrB directly and efficiently cleaves
several downstream caspase substrates, generating unique
fragments (4, 13). To compare the effects of Ad5-100K on the
activities of human GrB, mouse GrB, and rat GrB, we studied
the proteolytic activities of these proteases against macromo-
lecular substrates in lysates from cells expressing Ad5-100K
and in which caspases were inactivated by incubation with
iodoacetamide (13). Interestingly, even though all three gran-
zymes directly cleaved NuMA and PARP in lysates from mock-
transfected cells, the cleavage patterns for fragments gener-
ated by the three enzymes were different (Fig. 1A, compare
lanes 2, 3, and 4). When GrB activity was tested in lysates from
cells expressing the 100K protein, the cleavage of NuMA and
PARP by human GrB was abolished (Fig. 1A, lane 6), as
previously described (2). In contrast, Ad5-100K did not signif-
icantly inhibit the cleavage of NuMA or PARP by mouse GrB
and rat GrB (Fig. 1A, lanes 7 and 8, respectively).

The inhibitory activity of the 100K protein against GrB from
different species was further examined by using purified com-
ponents. Increasing amounts of purified rAd5-100K were ti-
trated against a fixed amount of purified GrB, and the residual
proteolytic activity of GrB against [35S]methionine-labeled hu-
man Mi-2 was determined. Mi-2 was cleaved by all three gran-
zymes with a similar second-order rate constant (kcat/Km, �104

M�1 s�1). Interestingly, as previously observed for NuMA and
PARP, the patterns of Mi-2 cleavage by the three granzymes
were different. In the presence of equimolar amounts of rAd5-
100K and human GrB, the cleavage of Mi-2 was decreased by
90% (Fig. 1B, compare lanes 6 and 7). In contrast, rAd5-100K
did not inhibit the mouse (Fig. 1B, compare lanes 2 and 3) and
rat (Fig. 1B, compare lanes 4 and 5) proteases, even when a
20-fold molar excess of the inhibitor was used. These data
therefore demonstrate that even though Ad5-100K is a potent
and specific inhibitor of human GrB, this molecule has no
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effect on the activities of the mouse GrB and rat GrB ortho-
logues. In addition, these data highlight the striking observa-
tion that even though GrB proteases from different species
have similar structures, their cleavage specificities for macro-
molecular substrates appear quite distinct. While structural
differences in GrB proteases (e.g., different glycosylation pat-
terns or free versus complexed with serglycin) that relate to the
different sources of the enzymes used (i.e., native versus re-
combinant from baculovirus or P. pastoris) may influence pro-
tease substrate-inhibitor interactions, the cleavage specificities
of human GrB (native or recombinant) and mouse GrB (native
or recombinant) were determined exclusively by the species of
origin and were independent of the source of purification (data
not shown).

Ad5-100K is differentially cleaved by human GrB, mouse
GrB, and rat GrB. It was previously shown that 100K protein
inhibition of human GrB is dependent on Asp48 in Ad5-
100K, which is found within a classic GrB consensus motif
(IEQD48-P) (2). Ad5-100K cleavage at Asp48 by human GrB is
very efficient and generates a prominent 95-kDa fragment (Fig.
2A, lanes 10 and 11) which is abolished when Asp48 is changed
to Ala (2). Since human GrB, mouse GrB, and rat GrB cleave
the macromolecular substrates NuMA, PARP, and Mi-2 at
different sites (see above), we addressed whether Ad5-100K
was differentially cleaved by the human, mouse, and rat pro-
teases. When [35S]methionine-labeled Ad5-100K was incubat-
ed in the presence of increasing concentrations of GrB, Ad5-
100K was cleaved by the rat protease with an efficiency similar to

that of the human protease (kcat/Km values, 1.5 � 104 and 3 �
104 M�1 s�1, respectively). In contrast, the cleavage of Ad5-
100K by mouse GrB was approximately 1 order of magnitude
less efficient than that by human GrB (kcat/Km value, 3 � 103

M�1 s�1). Interestingly, Ad5-100K cleavage at Asp48 by either
mouse or rat GrB was very inefficient. The most prominent
fragments generated by mouse GrB and rat GrB were �65 and
38kDa (Fig. 2A, lanes 2 to 4 and lanes 6 to 8, respectively); an
additional 30-kDa fragment resulted from rat GrB cleavage
(Fig. 2A, lanes 6 to 8). It is therefore likely that the efficient
recognition of the IEQD48-P motif by different granzymes
plays a role in the species selectivity of inhibition by Ad5-100K.

Importance of the P1� residue in human GrB inhibition by
Ad5-100K. The presence of proline at the P1� position in Ad5-
100K is noteworthy, since proline at this position is disfavored
by almost all proteases. We therefore addressed whether this
proline plays a role in generating the inhibitory activity of
Ad5-100K and whether this site may contribute to the species
selectivity of cleavage or inhibition. When IEQD482P49 (ar-
row, cleavage site) was mutated to IEQD482A49 in Ad5-100K
(i.e., Ad5-100K-P49A), neither its cleavage by mouse GrB and
rat GrB nor its inhibitory activity against these proteases was
changed (data not shown). However, Ad5-100K-P49A lost all
inhibitory activity against the human protease and was very
efficiently cleaved (Fig. 2B, compare lanes 4 and 6). Thus,
these data strongly suggest that proline in the P1� position of
the 100K protein does not play a role in defining the species
selectivity of Ad5-100K but is essential for the inhibition

FIG. 1. Ad5-100K inhibits human but not mouse or rat GrB. (A) Cell lysates from mock-infected (lanes 1 to 4) or Ad5-100K plasmid-
transfected (lanes 5 to 8) 293T cells were incubated in the absence or presence of 100 nM human (Hu), 160 nM mouse (M), or 130 nM rat (R) GrB.
Ad5-100K, NuMA, and PARP were detected by immunoblotting. Filled arrows denote intact proteins, and unfilled arrows denote GrB-specific
fragments. (B) GrB (25 nM) was preincubated in the presence or absence of rAd5-100K (at the indicated enzyme/inhibitor molar ratios) at 37°C
for 10 min, and residual GrB proteolytic activity was determined by cleavage of IVTT-generated radiolabeled Mi-2. As a control, the radiolabeled
substrate was incubated with buffer alone (lane 1). Filled and unfilled arrows denote intact Mi-2 and its fragments, respectively. The experiments
were performed on at least two separate occasions, with similar results. Numbers at left of panels indicate molecular weights.
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of human GrB. Interestingly, this inhibitory cleavage site
(IEQD482P49) alone is not sufficient to inhibit human GrB,
since deletion mutants of Ad5-100K containing this motif but
lacking the C terminus were poor inhibitors of this protease
(see below and Fig. 6); these results suggest that additional
interactions (outside the cleavage site) are critical for the pre-
cise recognition and inhibition of human GrB by Ad5-100K. In
addition, it is likely that these further species-specific enzyme
substrate-inhibitor interactions outside the substrate binding
pockets of the active site influence the cleavage specificity of
each GrB for macromolecular substrates (e.g., NuMA, PARP,
and Mi-2).

The 100K assembly protein from MAV-1 is a substrate for
mouse GrB without inhibitory activity against this protease.
Although the 100K assembly protein is well conserved among
different adenovirus subgenera, no homology is observed at the
amino- and carboxy-terminal extremes of these molecules (Fig.

3A). Therefore, the N-terminal region (NTR) (where the motif
for human GrB inhibition in Ad5-100K is located) is unique for
the 100K protein from different subgenera. The phylogeny of
mastadenoviruses is largely similar to that of their hosts, sup-
porting the view that most of these viruses have evolved exclu-
sively with their hosts or have switched hosts only between
closely related species (18). We therefore addressed whether
MAV1-100K might have evolved specific inhibitory activity
against mouse GrB similar to that for its human counterpart.

Interestingly, [35S]methionine-labeled MAV1-100K gener-
ated in vitro was cleaved by mouse GrB (kcat/Km, 4.8 � 103

M�1 s�1) (Fig. 3B, lanes 2 to 5) and human GrB (kcat/Km,
2.3 � 104 M�1 s�1) (Fig. 3B, lanes 6 to 8), generating similar
patterns of fragments, with prominent bands of �83 and 80
kDa. Since MAV1-100K was expressed at low levels in trans-
fected cells (data not shown), we determined whether mouse
GrB inhibitory activity was present in lysates from MAV-1-

FIG. 2. GrB-mediated cleavage and inhibition of 100K. (A) Human GrB, mouse GrB, and rat GrB cleave Ad5-100K at different sites.
[35S]methionine-labeled His-Ad5-100K generated by IVTT was incubated in the absence (lanes 1, 5, and 9) or presence of mouse (lanes 2 to 4),
rat (lanes 6 to 8), or human (lanes 10 and 11) GrB at the indicated concentrations. Filled and unfilled arrows denote intact Ad5-100K and the
95-kDa fragment generated by human GrB cleavage at Asp48, respectively. (B) P1� Pro49 in Ad5-100K is essential for human GrB inhibition. Cell
lysates from mock-infected (lanes 1 and 2) or Ad5-100K wild-type (wt) plasmid-transfected (lanes 3 and 4) or Ad5-100K-P49A plasmid-transfected
(lanes 5 and 6) 293T cells were incubated in the absence or presence of 100 nM human GrB. Ad5-100K, NuMA, and PARP were detected by
immunoblotting. Filled arrows denote intact proteins, and unfilled arrows denote their GrB-induced fragments. The experiments were repeated
on two to four separate occasions, with similar results. Numbers at left of panels indicate molecular weights.
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infected NIH 3T3 cells by analyzing the cleavage of endoge-
nous mouse NuMA and Mi-2. No inhibitory activity against
human, mouse, or rat GrB was observed in lysates from in-
fected cells (Fig. 4A, lanes 5 to 8) compared to lysates from
mock-infected cells (Fig. 4A, lanes 1 to 4).

Since MAV1-100K levels achieved in infected cells were still
low compared to the levels of 100K protein expressed in hu-
man Ad5-infected cells (data not shown), we further examined
the effect of MAV1-100K on the proteolytic activity of the
different GrB proteases by using purified components. Increas-
ing amounts of purified recombinant MAV1-100K (rMAV1-
100K) were titrated against a fixed amount of purified GrB,
and the residual activity was determined by quantifying the
cleavage of [35S]methionine-labeled Mi-2. No inhibitory activ-
ity of rMAV1-100K was observed against mouse or rat GrB,
even at a 20-fold molar excess of the inhibitor (Fig. 4B, lanes
11 and 14, respectively). Interestingly, at a 20-fold molar ex-

cess, rMAV1-100K inhibited human GrB (see below). MAV1-
100K is thus a substrate for mouse GrB but has no inhibitory
activity against this protease.

Evolution of Ad5-100K as an inhibitor of human GrB. The
100K protein is a multifunctional protein with essential func-
tions in the adenovirus life cycle. Sequence analysis of several
adenovirus subgenera distinguished a major conserved region
of �600 to 700 amino acids located centrally in the protein
(central conserved region [CCR]) and a nonconserved region
located at each terminus of the molecule (Fig. 3A). Interest-
ingly, the NTR (which is unique to each adenovirus subgenus)
contains the human GrB inhibitory motif in Ad5-100K. To
better understand the importance of the Ad5-100K NTR and
CCR in human GrB inhibition, we constructed a chimeric
molecule (Ad5-MAV100K) containing the NTR of Ad5-100K
(amino acids 1 to 93) and both the CCR and the C-terminal
region (CTR) of MAV1-100K (amino acids 42 to 743) (Fig.

FIG. 3. Species effects on 100K cleavage by GrB. (A) Analysis of 100K assembly protein sequences of members of the Adenoviridae family.
Based on sequence homology among several adenovirus subgenera, the 100K protein can be divided into three regions, an NTR of �0 to 170 amino
acids (shown in gray), a CCR of �600 to 700 amino acids (shown in white), and a CTR of �20 to 100 amino acids (shown in black). The percentage
of homology between the various adenovirus CCRs and the Ad5-100K CCR is shown inside each CCR. The adenovirus subgenera analyzed
included the following: Ad5, canine adenovirus type 2 (CAdV-2), porcine adenovirus type 3 (PAdV-3), MAV-1, duck adenovirus type 1 (DAdV-1),
bovine adenovirus type 4 (BAdV-4), frog adenovirus type 1 (FrAdV-1), and fowl adenovirus type 1 (CELO). (B) Cleavage of the 100K assembly
protein from MAV-1 by mouse GrB and human GrB. [35S]methionine-labeled MAV1-100K generated by IVTT was incubated in the absence or
presence of increasing concentrations of mouse or human GrB. The filled arrow denotes intact MAV1-100K, and unfilled arrows denote GrB
cleavage fragments. The experiments were performed twice on separate occasions, with identical results. Numbers at left of panel B indicate
molecular weights.
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5A). Similarly, we also addressed whether the NTR of Ad5-
100K alone can inhibit human GrB by fusing this region to
GFP (Ad5-GFP) (Fig. 5A).

To address whether the chimeric molecules (which con-
tained the human GrB consensus site) were substrates for
human GrB, we initially determined their cleavage patterns in
vitro. Both Ad5-100K and Ad5-MAV100K were cleaved by
human GrB with similar efficiencies (Fig. 5B, lanes 2 and 4,
respectively). In contrast, Ad5-GFP was not cleaved by human
GrB, even at higher enzyme concentrations (Fig. 5B, lane 6).
The presence of the NTR (containing the human GrB cleavage
site) alone is therefore insufficient to render the molecule
efficiently cleaved by GrB.

The human GrB inhibitory activities of the different mole-
cules then were determined by using purified components in
vitro and assaying GrB activity by quantifying Mi-2 cleavage.
Equimolar amounts of rAd5-100K inhibited GrB significantly;
a fivefold molar excess of the inhibitor completely abolished
GrB activity (Fig. 5C, lanes 9 and 10). Interestingly, recombi-
nant Ad5-MAV100K (rAd5-MAV100K) demonstrated a sim-
ilarly potent inhibitory activity against human GrB (Fig. 5C,

lanes 14 to 16). When similar studies were performed with
mouse GrB and rat GrB, no inhibitory activity was observed,
even with a 20-fold molar excess of the inhibitor (data not
shown). Of note, although rMAV1-100K did not show inhibi-
tory activity against the mouse and rat proteases, even when
present at a molar excess (Fig. 4B), inhibitory activity against
human GrB was observed at a 20-fold molar excess of the
inhibitor (Fig. 5C, lane 13). In contrast, recombinant GFP (Fig.
5C, lanes 17 and 18) or recombinant Ad5-GFP (rAd5-GFP)
(Fig. 5C, lanes 19 and 20) had no inhibitory effects on human
GrB. Taken together, these data demonstrate that elements
within both the NTR of Ad5-100K and the CCR and CTR are
required for efficient and potent inhibition of human GrB.

Identification of a C-terminal domain in the 100K protein
that is required for efficient inhibition and stable complex
formation between Ad5-100K and human GrB. To determine
whether an extended macromolecular recognition domain, in
addition to the reactive-site loop (containing IEQD48-P), in
Ad5-100K is required for human GrB inhibition, we generated
a series of Ad5-100K deletion mutants (Fig. 6). Increasing
amounts of wild-type rAd5-100K or deletion mutants were

FIG. 4. Neither MAV-1 nor its assembly protein has inhibitory activity against mouse and rat GrB. (A) MAV-1 does not encode inhibitors for
human, mouse, or rat GrB. Cell lysates from mock-infected (lanes 1 to 4) or MAV-1-infected (lanes 5 to 8) NIH 3T3 cells were incubated in the
absence or presence of 100 nM human (Hu), 160 nM mouse (M), or 130 nM rat (R) GrB. MAV1-100K, NuMA, and Mi-2 were detected by
immunoblotting. Filled arrows denote intact proteins, and unfilled arrows denote prominent GrB-specific fragments. (B) Purified rMAV1-100K
does not inhibit the proteolytic activities of mouse GrB and rat GrB. Mouse or rat GrB (25 nM) was preincubated in the absence or presence of
rMAV1-100K (enzyme/inhibitor molar ratio, 1:20) at 37°C for 10 min, and the residual GrB proteolytic activity was determined by cleavage of
IVTT-generated radiolabeled Mi-2. As a control, the radiolabeled substrate was incubated with buffer alone (lane 9). Filled and unfilled arrows
denote intact Mi-2 and its fragments, respectively. The experiments were performed on two separate occasions, with identical results. Numbers at
left of panels indicate molecular weights.
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titrated against a fixed amount of purified human GrB, and the
residual protease activity was determined by cleavage of
[35S]methionine-labeled Mi-2. All deletion mutants that in-
cluded the NTR of Ad5-100K showed some inhibitory activity
against human GrB, although their potencies varied greatly
(Fig. 6). Interestingly, the most potent inhibitors were those in
which amino acids 688 to 781 at the C terminus (CT688–781)
were included (except for 100K-277-CT, in which the NTR is
absent). Indeed, deletion mutant r100K�5, which contains only
the NTR plus CT688–781, was as efficient as wild-type rAd5-
100K in inhibiting GrB. Thus, equimolar amounts of rAd5-
100K or r100K�5 inhibited GrB significantly, and a fivefold
molar excess of the inhibitor completely abolished GrB activity
(Fig. 7A, lanes 3 and 4 and lanes 7 and 8, respectively).

We next addressed the mechanism by which the CT688–781
domain contributes to GrB inhibition. In initial studies, the

efficiency of cleavage of [35S]methionine-labeled wild-type
Ad5-100K and deletion mutants by human GrB was defined
(Fig. 7B). While the full-length protein and deletion mutants
containing the CT688–781 domain were efficiently cleaved by
GrB (average kcat/Km, 4.4 � 104 M�1 s�1) (Fig. 7B, lanes 1 to
20), mutants lacking the CT688–781 domain (100K-NT-245
and 100K-NT-560) were cleaved approximately 30-fold less
efficiently (average kcat/Km, 1.4 � 103 M� s�1) (Fig. 7B, lanes
21 to 28). Interestingly, the deletion mutant containing only
the NTR fused to CT688–781 (i.e., 100K�5) was cleaved as
efficiently as the full-length protein (Fig. 7B, lanes 17 to 20 and
lanes 1 to 4, respectively) and was equally potent as an inhib-
itor of GrB (Fig. 7A). These data were somewhat surprising, in
light of previous observations demonstrating that IEQD48

within the NTR is the major cleavage site within the inhibitor
and likely interacts with the active site of the protease (2).

FIG. 5. The chimera Ad5-MAV100K is a potent inhibitor of human GrB. (A) Schematic representation of Ad5-100K and the chimeras
containing the NTR from Ad5-100K (Ad5-MAV100K and Ad5-GFP). The Ad5-100K NTR (amino acids 1 to 93) is depicted in gray, the CCR is
depicted in white, the CTR is depicted in black, and full-length GFP is depicted by stippling. (B) Cleavage of Ad5-100K, Ad5-MAV100K, and
Ad5-GFP by human GrB. [35S]methionine-labeled substrates generated by IVTT were incubated in the presence of 0, 30, or 80 nM human GrB.
Filled arrows denote intact molecules. (C) The CCR and the Ad5-100K NTR are important in human GrB inhibition. Increasing amounts of
rAd5-100K, rMAV1-100K, recombinant GFP (rGFP), or the chimeras rAd5-MAV100K and rAd5-GFP were preincubated with 25 nM human GrB
(at the indicated enzyme/inhibitor molar ratios) as described in the legend to Fig. 4, and the residual GrB proteolytic activity was determined by
cleavage of IVTT-generated radiolabeled Mi-2. As a control, the radiolabeled substrate was incubated with buffer alone (lane 7). Filled and unfilled
arrows denote intact Mi-2 and its fragments, respectively. All experiments were performed on at least two separate occasions, with similar results.
Numbers at left of panels B and C indicate molecular weights.
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These results therefore support the idea that the efficiency of
cleavage at IEQD48 is improved by an interaction with the
CT688–781 domain.

Since extended macromolecular interactions outside the
active site (exosite) in serine proteases frequently contribute
significant binding energy and specificity to the interaction,
we used coimmunoprecipitation analysis to address whether
the CT688–781 domain in the 100K protein might be re-
quired for the establishment of a stable inhibitory complex
with GrB. GrB and Ad5-100K or several deletion mutants
were coincubated and immunoprecipitated with a polyclonal
antibody that is directed against the 100K protein and that
recognizes wild-type and mutant proteins. The 100K pro-
teins were visualized by immunoblotting of N-terminal
epitope tag T7, which is present on all of the 100K proteins,
and GrB was visualized by immunoblotting with a monoclo-
nal antibody against GrB. Full-length Ad5-100K formed a
stable complex with human GrB (Fig. 7C, lane 2) but not

mouse GrB (data not shown), as demonstrated by coprecipi-
tation of both the inhibitor and the protease. In contrast,
deletion mutant 100K-NT-245 did not coprecipitate human
GrB (Fig. 7C, lane 3). Mutant 100K�5 did coprecipitate
GrB (Fig. 7C, lane 4), demonstrating that the stable inter-
action of the 100K protein with the protease is species spe-
cific and requires two distinct elements: (i) interaction of the
reactive-site loop with the active site of the protease and (ii)
an additional interaction involving the CT688–781 domain
with an as-yet-unidentified region on GrB. Both interactions
are critical for stable binding of the protease and the inhib-
itor, as well as for efficient cleavage and potent inhibition.

DISCUSSION

The 100K assembly protein of pathogenic human Ad5 is a
potent and specific inhibitor of human GrB. In these studies,
we have demonstrated that this inhibitory activity is uniquely

FIG. 6. Analysis of human GrB inhibition by wild-type Ad5-100K and its deletion mutants. Schematic representation of wild-type Ad5-100K
(100K-wt) and its deletion mutants. The Ad5-100K NTR is depicted in gray, the CCR is depicted in white, and the CTR is depicted in black.
Human GrB inhibition was determined by preincubating increasing amounts of purified recombinant proteins with a fixed amount (25 nM) of
human GrB (enzyme/inhibitor molar ratios of 1:0, 1:1, 1:3, 1:5, 1:10, and 1:20), and the residual GrB activity was determined by cleavage of
IVTT-generated radiolabeled substrate Mi-2 (data not shown). Maximum GrB inhibition was defined as the residual GrB activity obtained at a
1:1 ratio of wild-type Ad5-100K and human GrB. Inhibition is represented as follows: �����, 1:1 ratio; ����, 1:3 ratio; ���, 1:5 ratio; ��,
1:10 ratio; �, 1:20 ratio; �, no inhibition at any ratio (from 1:1 to 1:20). Results are representative of at least two separate experiments.
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directed against the human protease and does not affect the
mouse and rat orthologues. This result was initially unex-
pected, since these enzymes share a high degree of sequence
homology (70% identity and 80% similarity), are structurally
very similar (44, 61), share similar tetrapeptide substrate spec-
ificities (at least the human and rat proteases) (24, 58), and
likely have the same functional roles in different species (1, 17,
23, 24, 30, 32, 40, 53, 58). However, in spite of such similarities,
each GrB has a unique specificity for macromolecular sub-
strates. This unique specificity of these enzymes for different
cleavage sites is exemplified by the cleavage of Ad5-100K, in

which only the human protease and not the murine and rat
proteases can efficiently cleave at Asp48. When the residues
within the GrB recognition motif (IEQD48) in Ad5-100K were
mutated to a more optimal GrB cleavage site preferred by the
rat protease (i.e., IETD48 and IEPD48), the efficiency of cleav-
age at Asp48 by the mouse or rat protease was unchanged; this
result suggests that additional interactions between human
GrB and Ad5-100K which are absent from (or are different in)
the mouse and rat proteases are critical for the precise recog-
nition and inhibition of human GrB (see below).

This species-specific interaction of GrB with its substrate or

FIG. 7. Amino acids 688 to 781 (CT688–781) in Ad5-100K are required for efficient cleavage and/or recognition, inhibition, and stable complex
formation between Ad5-100K and human GrB. (A) Wild-type Ad5-100K (100Kwt) and deletion mutant 100K�5 inhibit human GrB with similar
efficiencies. Increasing amounts of purified recombinant proteins were preincubated with 25 nM human GrB, and the residual GrB activity was
determined by cleavage of IVTT-generated radiolabeled Mi-2. Filled and unfilled arrows denote intact Mi-2 and its fragments, respectively.
(B) The CT688–781 domain is required for efficient cleavage of wild-type 100K protein and its deletion mutants. [35S]methionine-labeled substrates
generated by IVTT were incubated in the presence of 0, 20, 60, or 200 nM human GrB for 30 min at 37°C. After the reactions were terminated,
samples were electrophoresed. The intact polypeptide and the cleavage products were detected by fluorography. WT, wild type. (C) The
CT688–781 domain is required for stable Ad5-100K/human GrB complex formation. Equimolar amounts (300 nM) of human GrB and recom-
binant wild-type protein (r100K-wt) (lane 2), recombinant 100K-NT-245 (r100K-NT-245) (lane 3), or recombinant 100K�5 (r100K�5) (lane 4)
were coincubated for 1 h at 4°C. As a control, GrB was incubated with buffer alone (lane 1). After incubation, an aliquot of each sample was boiled
in SDS sample buffer and analyzed by immunoblotting with a monoclonal antibody against human GrB (bottom panel). The rest of the samples
were immunoprecipitated with a polyclonal antibody against the 100K protein. After electrophoresis, r100K-wt, r100K-NT-245, and r100K�5 were
visualized by immunoblotting with a monoclonal antibody against epitope tag T7 (which is present at the N terminus of all recombinant 100K
proteins), and coimmunoprecipitated GrB was detected with the monoclonal antibody against GrB. The unfilled arrow denotes human GrB before
immunoprecipitation (pre-IP). Filled arrows denote r100K-wt, r100K-NT-245, r100�5, and GrB after immunoprecipitation. Experiments were
performed on two separate occasions, with similar results. Numbers at left of panels indicate molecular weights.
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inhibitor has also been observed for other serpin inhibitors of
GrB. Thus, the murine serpin SPI6 has potent inhibitory ac-
tivity against murine GrB (33, 34) but is a relatively inefficient
inhibitor of human GrB (50). In contrast, the human homo-
logue of SPI6 (PI-9) has potent inhibitory activity against the
human protease (52). Interestingly, GrB cleavage of PARP, as
well as the activation of caspase 3 and Bid, does not appear to
be species specific, since interspecies enzymes and substrates
have been broadly used (i.e., rat, human, and mouse enzymes
all cleave human, mouse, bovine, and monkey substrates) (1,
17, 23, 32, 53), although their cleavage efficiencies have not
been addressed.

Although the 100K protein from mouse adenovirus does not
inhibit mouse or rat GrB (even at a 20-fold molar inhibitor
excess), it has some inhibitory activity against human GrB.
Interestingly, fusion of the NTR of Ad5-100K with MAV1-
100K (but not GFP) increased the inhibitory activity of MAV1-
100K against human GrB by approximately 20-fold, demon-
strating that there are at least two critical regions which define
efficient 100K protein inhibition against human GrB: (i) a
unique sequence within the reactive-site loop [(P1)Asp48-
(P1�)Pro49] in Ad5-100K which interacts with the active site
and (ii) the presence of an additional inhibitor-enzyme inter-
action likely outside the catalytic site. Indeed, by analyzing the
inhibitory effects of different Ad5-100K deletion mutants, we
defined a small region (amino acids 688 to 781) located toward
the end of Ad5-100K which is crucial for the efficient inhibition
of human GrB, likely through stabilizing the protease-inhibitor
interaction (see below). This requirement for an extended in-
teraction outside the GrB catalytic site is not exclusive for the
Ad5-100K inhibitor but is likely required for all efficient GrB
substrate interactions. This notion is supported by prior studies
showing that the hydrolysis of synthetic substrates catalyzed by
GrB is highly dependent on the length and sequence of the
substrates; in addition, even a peptide comprising an optimized
P4-P2� sequence resulted in a molecule that was not cleaved
efficiently by GrB, indicating that substrate recognition in-
volves features beyond this recognition motif (24, 30).

All protein proteinase inhibitors prevent access of substrates
to the proteinase catalytic site through steric hindrance. Mem-
bers of one class of inhibitors (e.g., most serpins) achieve this
goal through binding of a peptide segment directly to the
catalytic site in a substrate- or product-like manner; the selec-
tivity of inhibition is achieved through the utilization of the
substrate recognition sites in the proteinase. Although these
inhibitors make additional contacts with their cognate protein-
ases, these secondary contacts are in most cases not very spe-
cific and apparently not important for the tightness of binding
(10). In contrast, other inhibitors (e.g., hirudin and related
inhibitors) bind mainly through extended macromolecular in-
teraction sites (exosites) adjacent to the catalytic residues of
their cognate proteinases, utilizing substrate binding and other
sites (10). Since Asp48 within the NTR of Ad5-100K is directly
cleaved by GrB and the motif Asp482Pro49 is absolutely re-
quired for protease inhibition, it is likely that the consensus
sequence containing IEQD482P49 is bound to the GrB active
site. Interestingly, deletion mutants containing the N-terminal
reactive-site loop but lacking the CT688–781 region are inef-
ficiently cleaved by human GrB and are poor inhibitors of the
protease. We therefore propose that the CT688–781 region in

Ad5-100K interacts with human GrB through an exosite (likely
specific for human GrB but not mouse or rat GrB). The bind-
ing site on GrB for CT688–781 is not yet known, nor is the
mechanism whereby this additional interaction participates in
the establishment of rapid and potent inhibition of the pro-
tease. Since CT688–781 alone neither has inhibitory activity
against human GrB nor stably binds this protease (data not
shown) but is required for potent inhibition by the NTR and
since both domains are required for stable complex formation
with GrB, these data support the proposal that the function of
CT688–871 is to stabilize the interaction between the protease
and the inhibitor, allowing stable complex formation and pro-
tease inhibition at the active site. Although the proline in the
P1� position likely disfavors GrB cleavage at IEQD through
steric hindrance of the scissile bond by the proline secondary
amide, this proline is essential for human GrB inhibition. In-
terestingly, the domain containing IEQD-P alone is insufficient
for inhibition and requires the presence of CT688–871. It is
therefore possible that this docking site (CT688–871) serves to
enhance the recognition or cleavage of this suboptimal site.
Thus, the optimal tetrapeptide sequence upstream of the
cleavage site allows occlusion of the active site, while the P1�
proline disfavors a conformation which allows for efficient
cleavage, dramatically slowing down the catalytic activity of the
protease (kcat, 5.2 � 10�5/s) (2).

Since exosite interactions define the affinity and binding
specificity within enzyme-substrate complexes (7), different ex-
osite specificities among human GrB, mouse GrB, and rat GrB
could explain the differences in cleavage site recognition for
the same substrate. These differences in specificity of the pro-
teases in different species raise significant obstacles for the use
of GrB-deficient mice as a model from which to infer the role
of GrB in human inflammatory and autoimmune pathology.

Despite their distinct catalytic mechanisms, GrB and the
caspase family members share a novel and stringent specificity
for aspartic acid in the P1 position (24, 57, 58). The GrB
optimal tetrapeptide recognition motif (P4-P1) is also similar
to that of caspases involved in the initiation of apoptosis
(caspases 6, 8, 9, and 10), presumably reflecting their common
role as initiators of the caspase-driven proteolytic cascade (24,
58). Despite these similarities, there are also striking differ-
ences in the substrate recognition properties of the two fami-
lies of apoptotic proteases. For example, caspases cleave tet-
rapeptides and macromolecules with similar, high efficiencies
(58). In contrast, GrB cleaves tetrapeptides and synthetic sub-
strates comprising an optimized P4-P2� sequence poorly rela-
tive to macromolecules, supporting the concept that substrate
recognition involves features beyond the limited cleavage motif
(13, 24, 30, 51). The data presented here define the substrate-
and/or inhibitor-specific component of such extended macro-
molecular recognition. The definition of the corresponding
exosite in GrB will reveal novel methods for selective inhibitor
design, which may be useful for therapy of the inflammatory
and autoimmune processes in which GrB has been implicated.
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