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Background: There are conflicting reports on the ability of granzyme A (GzmA) to kill cells.
Results: Substrate specificity mapping of human and mouse GzmA was used to identify Serpinb6b as a mouse-specific GzmA

inhibitor.

Conclusion: Mouse but not human GzmaA is controlled by an intracellular inhibitor.
Significance: The GzmA debate is partly explained by species-specific divergence in cytotoxicity.

The granzyme family serine proteases are key effector mole-
cules expressed by cytotoxic lymphocytes. The physiological
role of granzyme (Gzm) A is controversial, with significant
debate over its ability to induce death in target cells. Here, we
investigate the natural inhibitors of GzmA. We employed sub-
strate phage display and positional proteomics to compare sub-
strate specificities of mouse (m) and human (h) GzmA at the
peptide and proteome-wide levels and we used the resulting
substrate specificity profiles to search for potential inhibitors
from the intracellular serpin family. We identified Serpinb6b as
a potent inhibitor of mGzmA. Serpinb6b interacts with
mGzmA, but not hGzmA, with an association constant of 1.9
0.8 x 10° M~ ' s ! and a stoichiometry of inhibition of 1.8. Mouse
GzmA is over five times more cytotoxic than hGzmA when
delivered into P815 target cells with streptolysin O, whereas
transfection of target cells with a Serpinb6b cDNA increases the
EC;, value of mGzmA 13-fold, without affecting hGzmA cyto-
toxicity. Unexpectedly, we also found that Serpinb6b employs
an exosite to specifically inhibit dimeric but not monomeric
mGzmA. The identification of an intracellular inhibitor spe-
cific for mGzmA only indicates that a lineage-specific
increase in GzmA cytotoxic potential has driven cognate
inhibitor evolution.

The killing of target cells by cytotoxic T lymphocytes and
natural killer cells proceeds via two main routes as follows: the
ligation of cell surface death receptors and exocytosis of gran-
ular contents. The granule exocytosis pathway involves delivery
of granzymes (Gzm),> a family of serine proteases, into the cyto-
plasm of the target cell, a process mediated by the pore-forming
protein perforin (1).
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Of the five human granzymes, the cytotoxin GzmB is best
characterized. Its Aspase activity leads primarily to cleavage of
Bid and activation of the mitochondrial death pathway,
although caspases and other death substrates are also directly
activated. GzmB is regulated by the intracellular inhibitor
SERPINBY, which serves to protect cytotoxic lymphocytes
from GzmB-induced suicide (2). Although cytotoxic roles
have been ascribed to all human granzymes, considerable
controversy exists over their exact roles during the immune
response in vivo, and physiologically relevant inhibitors
analogous to SERPINBY have not yet been convincingly
demonstrated (3). Analyses are often complicated by the use
of model systems, particularly mice, and the fact that
orthologous granzymes from different species have distinct
substrate preferences and can activate different pathways to
death (4-7). For instance, although both human and mouse
GzmB are cytotoxic, the mouse protease (in sharp contrast
to human GzmB) cannot activate Bid (5, 8) and is primarily
dependent on caspase activation to exert its function (8).
This difference is reflected in the divergent substrate speci-
ficities of human and mouse granzyme B both N- and C-ter-
minal to the cleavage point (5, 6).

The potential roles of GzmA have been particularly high-
lighted in recent years. Early evidence suggested a cytotoxic role
as an auxiliary to GzmB (9, 10). Indeed, many reports have
shown that cytotoxic cells purified from GzmA null mice are
less effective killers than wild-type cells (10). Two cytotoxic
pathways have been mapped for GzmA. The first is centered on
the cleavage of SET complex proteins and characterized by pro-
duction of reactive oxygen species and single-stranded DNA
damage (11), whereas the second affects the actin cytoskeleton,
without generation of reactive oxygen species or caspase acti-
vation (12). Others report that GzmA is not cytotoxic and
instead is involved in the processing of cytokines, with the
experimentally observed cytotoxicity suggested to arise from
bombarding cells with nonphysiological levels of protease (13,
14). Some of these findings can be reconciled by observations
suggesting a difference in cytotoxic potential between hGzmA
and mGzmA (5, 12, 13).
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We hypothesize that cytotoxicity of GzmA, if physiologically
important, would drive the co-evolution of a specific intracel-
lular inhibitor, as it has for GzmB. The GzmB-specific inhibitor
SERPINBY belongs to the intracellular clade B of the serpin
superfamily, and limited in vitro evidence suggests that GzmH
and -M may also have cognate inhibitors from the same clade
(15, 16). The serpin inhibitory mechanism uses an exposed
region termed the reactive center loop (RCL) that mimics the
substrate specificity of the target protease. Cleavage of the RCL
initiates a conformational change in the serpin fold that traps
the protease in a 1:1 covalent complex (17). Serpin RCL
sequences are thus critical determinants of protease inhibition
and closely resemble the substrate cleavage site of the protease.
This is best illustrated by alterations in the RCL sequence of
orthologous human (SERPINBY) (2) and mouse (Serpinb9a)
GzmB inhibitors (18) to match alterations in the protease spec-
ificity (5, 6). However, RCLs often include suboptimal resi-
dues that would lead to inefficient cleavage by the target
protease. This can be overcome by the presence of exosites
and cofactors that increase association rates by several
orders of magnitude (19). The combination of the RCL
sequence and exosites or cofactors thus imparts specificity
to the serpin-protease interaction.

Two extracellular human GzmA inhibitors have previously
been reported, the Kazal-type pancreatic secretory trypsin
inhibitor (20) and the serpin antithrombin III (SERPINC1) (21).
The identification of a specific and efficient intracellular inhib-
itor would provide strong evidence for cytotoxicity of GzmA in
vivo. Here, we probe the substrate specificity of mouse and
human GzmA using phage display and positional proteomics.
The deduced specificity profiles are then used to identify the
intracellular serpin Serpinb6b as a candidate species-specific
inhibitor of mGzmA but not hGzmA. We confirm a strong
inhibitory interaction and show that Serpinb6b utilizes both the
substrate specificity and an exosite on the mGzmA dimer to
efficiently inhibit mGzmA. Our findings suggest evolutionary
divergence in which mGzmA has increased cytotoxic potential.

EXPERIMENTAL PROCEDURES

Phage Display—Phage display using a random 9-mer library
was performed as described (5).

Positional Proteomics—Culturing and SILAC labeling condi-
tions of Jurkat T cells were performed as described (22). Jurkat
lysates were either incubated with 200 nm hGrA ([**C4]Arg),
mGrA ([**C,]Arg), or left untreated ([**C,,'°N,]Arg) for 1 h at
37 °C. Samples were processed and analyzed according to the
N-terminal COFRADIC protocol described previously (23).

Cloning Serpinb6b—A Serpinb6b EST was obtained from the
IMAGE consortium (clone 2331842) and sequenced on both
strands. The open reading frame was amplified with Pfu
polymerase using the antisense primer 5'-GAATTCTCA-
TGGGGAGGAGAACCG and the sense primers 5'-GGGAA-
TTCATGGACTACAAAGACGATGACGATAAAATGGAT-
CCACTGCTGG (introducing an N-terminal FLAG tag for
expression in cells) or 5'-GAATTCATGCATCACCATCACC-
ATCACAGTGGTAGTGGTATGGATCCACTGCTGGA-
AGCA (introducing an N-terminal hexahistidine tag for
protein purification). Products were ligated to pCR-Blunt,
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sequence-verified, and subcloned using EcoRI into pEEF-
IRES-GFP (for mammalian expression) or pHIL-D2 (for
purification from yeast).

Recombinant Proteins—Recombinant human and mouse
granzyme A were produced in Pichia pastoris as described pre-
viously (12, 24) and assessed by native PAGE as fully dimeric.
Recombinant serpins were also produced in P. pastoris accord-
ing to Ref. 25. Protein concentrations were determined by
absorbance at 280 nm using a NanoDrop 1000 spectrophotom-
eter and extinction coefficients predicted from primary amino
acid sequences. All batches of granzymes and serpins were
assessed as >95% active by gel shift with an appropriate serpin
or protease target. Serpinb6a and Serpinb6b were assayed
against mGzmA, SERPINB6 against hGzmA, mGzmA against
Serpinb6b, and hGzmA against «;-antitrypsin with the RCL
mutated to include a Ser-Val-Ala-Arg motif at P4 —P1.

Kinetics—Quenched fluorescence peptides Abz-VANRSAS(K-
dnp)D and Abz-GLFRSLSS(K-dnp)D at >95% purity were pur-
chased from Mimotopes. Inhibition was measured according to
Ref. 26. Where indicated, GzmA was reduced to a monomer by the
addition of 20 mM B-mercaptoethanol to all buffers.

Culture and Transfection of COS-1—COS-1 cells were main-
tained as subconfluent monolayers in DMEM supplemented
with 10% (v/v) fetal calf serum, 2 mm L-glutamine, 50 units/ml
penicillin, and 50 ug/ml streptomycin. Human serpin cDNAs
cloned into the Nhel site of pEGFP-c2 in-frame with GFP were
purchased from Genscript. 45 g of each plasmid was added
to 5 X 10° COS-1 cells in DMEM supplemented with 2 mm
L-glutamine, 50 units/ml penicillin, 50 wg/ml streptomycin, 400
png/ml DEAE-dextran, and 25 um chloroquine for 3 h at 37 °C.
The medium was replaced with 10% dimethyl sulfoxide in
DMEM for 2 min, and cells then returned to complete DMEM.

Human GzmA Interactions with Clade B Serpins—Two days
after transfection, cells were lysed in 100 ul of lysis buffer (10
mM Tris-HCl, pH 7.4, 1% (v/v) IGEPAL® CA-630, 1 mM EDTA,
1 pg/ml leupeptin, 1 uM pepstatin) on ice for 5 min, clarified by
centrifugation at 16,000 X g for 5 min at 4 °C, and protein con-
centrations determined using the Bio-Rad protein assay kit. 10
pg of protein was incubated with or without 1 ug of hGzmA in
a total volume of 20 ul of Tris-buffered saline (150 mm NaCl, 20
mM Tris-HCI, pH 7.4) for 15 min at 37 °C after which the reac-
tion was stopped by addition of 10 ul of Laemmli sample buffer
(125 mm Tris-HCI, pH 6.8, 4% (w/v) SDS, 20% (v/v) glycerol,
0.1% (w/v) bromphenol blue, 0.1 M dithiothreitol).

Samples were resolved by 10% reducing SDS-PAGE and
transferred to nitrocellulose membranes. Membranes were
blocked with 1% (w/v) skim milk powder and probed with a
1:1000 dilution of a monoclonal anti-GFP antibody (Roche
Applied Science).

Culture and Transfection of P815—Mouse P815 mastocy-
toma cells were maintained in RPMI 1640 medium supple-
mented with 10% (v/v) heat-inactivated fetal calf serum, 2 mm
L-glutamine, 55 uMm -mercaptoethanol, 50 units/ml penicillin,
and 50 pg/ml streptomycin. 1 X 10® cells were electroporated
as described previously (5) with either a 10:1 mixture of pEF-
IRES-GFP/Serpinb6b:pEF-puro or pEF-puro alone, and trans-
fectants were selected using 1 mg/ml puromycin. Serpinb6b
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transfectants were sorted on the basis of GFP expression and
maintained as an uncloned pool.

Cytotoxicity Assays—Cell death assays were performed with
recombinant streptolysin O and granzyme A as described pre-
viously (5).

Structural Models—A model of the mGzmA-Serpinb6b
Michaelis complex was constructed by overlaying the crystal
structure of dimeric hGzmA (PDB accession 10RF) with the
Michaelis complex between S195A trypsin and M358R anti-
trypsin (PDB accession 10PH). Potential exosites were defined
as regions in which the serpin was in close proximity to the
noninhibited GzmA monomer.

RESULTS

Substrate Specificity of Mouse and Human GzmA Is Different—
Our aim was to search for intracellular serpins targeting either
hGzmA or mGzmA, because their existence would provide evi-
dence of GzmA cytotoxicity in vivo. The serpin inhibitory
mechanism requires the RCL to match the substrate specificity
of the target protease, and therefore our first step was to define
the substrate specificity of both hGzmA and mGzmA using
substrate phage display (5). Sequencing of 62 phage after four
rounds of selection with mGzmA revealed strong selectivity at
the P4 and P2’ positions around a P1 Arg, with further selection
at P3,P2,P1’, and P4’. The data gave a mGzmA substrate spec-
ificity sequence of Gly-Val-Phe-Arg- | -Met-Leu/Phe-Xaa-Val
(Fig. 1A). By contrast, analysis of 79 phage following four
rounds of selection with hGzmA showed strongest selection at
P3, within the pattern Ile-Gly-Xaa-Arg- |, -Xaa-Gly. By includ-
ing weakly selected residues, some overlap between species
could be observed, with Ile and Gly weakly selected by mGzmA
at P4 and P3, and hGzmA weakly selected bulky residues Phe,
Trp, and Tyr at P2 (Fig. 1A4). These findings agree with the P4 to
P1 positional scanning substrate combinatorial library analysis
(PS-SCL) performed by Bell et al. (27) and the proteomic anal-
ysis of van Damme et al. (28) but expand our knowledge to
prime side interactions. No selection for Lys at the P1 position
was observed; however, this is likely due to the very strong pref-
erence of both human and mouse GzmA for Arg (see below),
rather than an inability to accommodate Lys at P1 or under-
representation of P1 Lys in the library.

To confirm these differences in specificity, we produced an
internally quenched fluorescence peptide substrate for mGzmA
based on a phage sequence that most closely matched the overall
pattern (GLER |, SLSS), as well as a hGzmA substrate based on
a combination of the phage display pattern and the PS-SCL
pattern derived by Bell et al. (27) (VANR | SAS). We then
determined the activity of human and mouse GzmA against
each peptide to determine whether the predicted substrate
specificity could be recapitulated. The reaction rate for
mGzmA cleaving VANRSAS was 3.70 = 0.85 X 10° M ' s~ !
compared with a rate of 2.95 + 0.48 X 10° M~ s~ ! when cleav-
ing GLFRSLSS, and hGzmA rates were 1.27 * 0.23 X 10° M~ !
s~ ! for VANRSAS and 4.69 + 0.12 X 10> m~ ' s™' for the
GLFRSLSS substrate (Fig. 1B and Table 1). This shows that
mGzmA selects Phe residues strongly at P2, but this is not an
absolute requirement as the difference in rate constants
between peptides is not significant. Conversely, hGzmA shows
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a strong 280-fold preference for the VANR substrate, due to a
dramatic decrease in turnover efficiency (Fig. 18 and Table 1).

Comparative Proteomic Analysis Suggests Exosite-driven
Substrate Cleavage by GzmA—We further addressed macro-
molecular differences between human and mouse GzmA sub-
strate specificities by performing a differential N-terminal
combined fractional diagonal chromatography (COFRADIC)
analysis. As such, the proteomes of Jurkat cells were SILAC-
labeled with ["*C4]Arg or ['*C,,'°N,]Arg or left unlabeled.
Freeze-thaw lysates were then treated with 200 nMm hGzmA
(unlabeled), mGzmA (['’C]Arg-labeled), or no protease
([**C,,"°N,]Arg-labeled), and equal proteome quantities were
mixed and processed accordingly, allowing for the isolation and
quantification of neo-N-terminal peptides.

In total, 755 tryptic neo-N termini were identified from 570
unique substrates. Of these, 355 cleavage sites were specific to
mGzmA, and six were uniquely cleaved by hGzmA, and 394
were cleaved by both proteases. IceLogos (29) were generated
from the 749 mGzmA (Fig. 24) and 400 hGzmA (Fig. 2B) cleav-
age sites to define their substrate specificity profiles. Weighting
all cleavage events equally produces almost identical profiles.
The tryptase activity of both is easily apparent, with only Arg or
Lys occupying P1, although ~72.5% of all human and mouse
GzmA cleavage sites carry Arg at this position. As with many
other proteases, the most common residues at P1’ (covering
~30% of cleavage sites) are the small amino acids Ser and Ala;
however, a significant proportion (16-18%) of GzmA sub-
strates had a Lys at this position. Equal preferences for either
small amino acids (Gly, Ala, or Ser) or Leu were found at P2’,
each accounting for ~30% occurrence in cleavage sites of both
granzymes. Of note, proline is strongly under-represented at
P2’ in GzmA cleavage sites. Although proline occurrence in the
human subsection of the Swiss-Prot database is 6.3%, it is only
present in 0.25% (1 cleavage site) and 0.40% (3 cleavage sites) of
all human and mouse GzmA cleavage sites, respectively. No
clear preferences could be identified beyond P3’ or on the
nonprime side except for a general preference for charged res-
idues. The similar specificity profiles between mouse and
human GzmA obtained using this approach, in contrast to
phage display, can be explained by exosite interactions between
the proteases and protein substrates that override the primary
cleavage specificity evident on peptide substrates.

Active site preferences can be deduced from the COFRADIC
data using the cleavage ratios (supplemental Table S1) of shared
substrates as a measure of relative cleavage efficiency between
hGzmA and mGzmA (Fig. 2C). This analysis shows that
mGzmA cleaves P1 Lys positions over 10-fold better than
hGzmA. Similarly, substrates carrying a P1-P2’ Lys-Lys-Leu
motif were cleaved far more efficiently by mGzmA (~87% of
these are unique mGzmA cleavage events). In contrast, cleav-
ages holding an Arg-Ser-Gly P1-P2’ motif tend to be cleaved
more efficiently by hGzmA.

Serpinb6b Inhibits Mouse, but Not Human, GzmA—Cytotox-
icity requires the intracellular delivery and function of gran-
zymes, and therefore any cognate regulator must have an intra-
cellular distribution. The clade B serpins are the only
mammalian serpins found in the cytosol (30, 31), and some
have already been characterized as granzyme inhibitors (2, 15,
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FIGURE 1. Peptide substrate specificity profile of mouse and human granzyme A. A, following four rounds of selection, 62 (mGzmA) or 79 (hGzmA)
phage-displayed nonameric peptides were sequenced, aligned, and analyzed to identify selected residues at each subsite. Shading of bars represents strength
of selection as follows: white, <2o; gray, 2o to 40; black, >4a. B, reaction rates were determined for mGzmA and hGzmaA cleaving both of the optimized peptide
substrates Abz-GLFRSLSS(K-dnp)D (white bars) and Abz-VANRSAS(K-dnp)D (gray bars). Data shown are the means = S.D. of three independent replicates. *, p <

0.05; **, p < 0.01; n.s., p > 0.05 in Student’s t test.

16, 32, 33). Therefore, to identify potential serpin regulators of
mouse and human GzmA, we aligned the derived substrate
specificity patterns with clade B serpin RCLs (Fig. 3, A and B).
None of the human serpins appeared to be good hGzmA inhib-
itor candidates. However, Serpinb6b was identified as a poten-
tial interactor for mGzmA. As shown in Fig. 3C, the RCL
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sequence of Serpinb6b (AANIGFR | CMVPY) matches a
mGzmA strongly selected residue at P2 and weakly selected resi-
dues at P4, P3, P1’, and P2’ (hGzmA strongly selected residues
reside at P4 and P3 with weakly selected residues at P2 and P1’).
Furthermore, although the proteomic substrate specificity
profiles of human and mouse GzmA are quite similar, differ-
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TABLE 1
Kinetic parameters for granzyme A cleavage of peptide substrates

Data shown are mean * S.D. of three independent experiments. Substrates included an N-terminal aminobenzoyl fluorophore and a C-terminal dinitrophenyl lysine

quencher and aspartic acid to enhance solubility.

Mouse Granzyme A

Human Granzyme A

GLFRSLSS VANRSAS GLFRSLSS VANRSAS
km s 335 + 2.94 14.2 + 213 251 + 0.0642 X 102 4.88 + 0233
<, (um) 114 + 154 383 * 6.62 535 + 0.382 352 + 3.46
Cat/K M 'sY 2.95 + 0.476 X 10° 3.70 + 0.848 X 10° 4.69 = 0.124 X 107 1.39 + 0.152 X 10°
A A
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FIGURE 2. Proteomic analysis of mouse and human granzyme A cleavage hGzZmA - +- 4 — + — + = 4+ = 4+ — + = + - + - + - + - +

specificity. IceLogo (29) visualization of 749 nonredundant mGzmaA (A) or
400 nonredundant hGzmA (B) cleavage site motifs identified in the Jurkat
proteome. Multiple sequence alignments (29) of peptide substrate motifs
from P10 to P10’ were used to identify statistically significant over- or under-
representation of residues, relative to the human Swiss-Prot database, with a
p value threshold of 0.01. The amino acid heights are indicative of the degree
of conservation at the indicated position (pink coloring represent the com-
plete absence of the amino acid indicated). G, differential IceLogo indicating
active site specificities based on hGzmA/mGzmA cleavage ratios. Residues
cleaved more efficiently by hGzmA are shown above the subsite position, and
residues cleaved more efficiently by mGzmA are shown below.

ences in cleavage efficiencies can readily be observed in sub-
strates holding a cleavage site similar to the Serpinb6b RCL.
Similar efficiencies were observed for mGzmA or hGzmA
cleavage of TPM4 at the sequence Ile-Glu-Asn-Arg (Fig. 44).
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GFP Bl B2 B3 B4 B6 B7 B8 BI10 Bll B12 BI3

FIGURE 3. Identification of Serpinb6b as a potential mouse granzyme A
inhibitor. Alignment of all human (A) or mouse (B) clade B serpins with a
predicted P1 Arg or Lys. Basic residues are shown enlarged in bold. C, peptide
substrate specificity derived from phage display for mGzmA and hGzmA
aligned to the Serpinb6b reactive center loop sequence. Strongly selected
(>40) residues are shown in uppercase, and weakly selected residues (20 to
40) are in lowercase. D, interaction of hGzmA with human clade B serpins.
Serpins were expressed in COS-1 cells as GFP fusions and cell lysates incu-
bated with or without hGzmA. Reactions were resolved by 10% SDS-PAGE
and immunoblotted with a monoclonal GFP antibody.

By contrast, cleavage of SPF45 occurs 20-fold more efficiently
by mGzmaA at the sequence Tyr-Gly-Phe-Arg, which is highly
similar to the Serpinb6b RCL motif Ile-Gly-Phe-Arg (Fig.
4B). Furthermore, MTr1 (P4 to P1 cleavage motif Met-Gly-
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FIGURE 4. Proteome-wide identification of species-specific granzyme A
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Phe-Arg) was cleaved 10 times more efficiently by mGzmA,
and DDX39A (cleavage motif Ser-Gly-Phe-Arg) was a
unique mGzmA substrate (supplemental Table S1). In this
way, phage display data and N-terminal COFRADIC results
are complementary in suggesting Serpinb6b as a physiolog-
ical mGzmA inhibitor.

We then confirmed an interaction between mGzmA and
Serpinb6b by producing recombinant serpin in yeast and show-
ing it forms a SDS-stable complex with mGzmA in vitro (Fig.
5A). Complex formation was increased between 1:1 and 2:1
ratios but was unchanged between 2:1 and 4:1, indicating a stoi-
chiometry of inhibition between 1 and 2. Assays of residual
activity indicated that the stoichiometry of inhibition (SI) is
1.8 = 0.4 based on protein concentration (Fig. 5B); however,
mGzmA is a dimer with two independent active sites (34);
therefore, the SI per active site is 0.9 = 0.2. We next used con-
tinuous kinetics to determine the association constant (k,)
under pseudo-first order conditions. The derived value of 1.9 =
0.8 X 10° M~ s, combined with the low SI, suggests that the
interaction is physiologically relevant (35).

Inhibition of hGzmA by Serpinb6b was extremely poor, and
because Serpinb6b is a mouse-specific serpin (36), we could not
assess a human orthologue with hGzmA. Instead, we tested
human SERPINB6 (RCL sequence AAIMMMR | CARFVPR),
the nearest homologue of Serpinb6b to determine whether it can
interact with hGzmA; however, no inhibition was observed. Like-
wise, Serpinb6a (RCL sequence AGMMTVR |, CMRFTPR), the
mouse orthologue of SERPINB6 from which Serpinb6b evolved,
showed no inhibition of mGzmaA.

Because we were unable to identify an inhibitor of hGzmA
using the substrate specificity profiles, we instead tested the
ability of human clade B serpins to form an inhibitory complex
with hGzmA. Clade B serpins were overexpressed in COS-1
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FIGURE 5. Kinetic analyses of the mouse granzyme A-Serpinb6b interac-
tion. A, formation of a SDS-stable complex between mGzmA and Serpinb6b.
2 g of mGzmA was incubated with the indicated molar excess of Serpinb6b
at 37 °C for 20 min. The reaction was subsequently stopped by addition of
Laemmli sample buffer with B-mercaptoethanol and boiling. Products were
resolved by 12.5% reducing SDS-PAGE and visualized with Coomassie Bril-
liant Blue R-250. Arrowhead indicates complex; arrows indicate complex
breakdown products, and open arrowhead indicates cleaved serpin. S,
Serpinb6b alone; E, mGzmA alone. B, SI. Dimeric mGzmA was incubated with
various concentrations of Serpinb6b at 37 °C for 30 min, and residual activity
was assayed. Linear regression was used to extrapolate the concentration of
Serpinb6b required to fully inhibit mGzmA.

cells fused to GFP at the C terminus (Fig. 3D). Only SERPINB5
and SERPINB9 were excluded as SERPINBY is a well character-
ized GzmB inhibitor (2), whereas SERPINBS5 is noninhibitory
(37). Western blot of lysates incubated with hGzmA showed no
interaction with SERPINBI, -B3, -B4, or -B13. A small propor-
tion of cleavage was seen with SERPINB2, -B7, -B8, and -B10
indicating that they are weak substrates of hGzmA, whereas
SERPINB11 was almost totally degraded. The only complexes
identified were with SERPINB6 or SERPINB12 (Fig. 3D). In the
case of SERPINB12, almost all of the serpin has been cleaved,
with only a very small fraction forming an inhibitory complex,
suggesting that this is a very good substrate but a poor serpin-
type inhibitor of hGzmA. SERPINB6 showed the greatest
degree of complex formation with hGzmA. However, the pro-
portion of serpin that is cleaved is much greater than that form-
ing an inhibitory complex (Fig. 3D). This agrees with the in vitro
inhibition data showing that SERPINB6 is not an efficient
inhibitor of hGzmA, although it is most efficient among the
human clade B serpins.

Serpinb6b Is an Inhibitor of Dimeric, but Not Monomeric,
mGzmA—Previous studies (27, 28) have indicated the presence
of an exosite on dimeric GzmA that drives selection of macro-
molecular substrates. To test whether an exosite drives the
interaction between Serpinb6b and mGzmA, we chemically
reduced the mGzmA dimer and tested inhibition of monomeric
mGzmA by Serpinb6b. As expected, reduction had no effect on
the efficiency of peptide substrate cleavage by mGzmA (data
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not shown) (27); however, the serpin was no longer able to
inhibit, suggesting that an important interaction has been lost.

The loss of inhibition upon chemical reduction of the
mGzmA dimer indicates that the exosite plays an important
role in the inhibition reaction with Serpinb6b, as well as during
standard substrate cleavage interactions. The use of exosites dur-
ing serpin inhibition is well established (19); however, the particu-
lar mechanism employed between mGzmA and Serpinb6b is
somewhat unusual. Most of the well studied exosites in serpins are
glycosaminoglycan-binding domains. The association with gly-
cosaminoglycans accelerates the serpin protease interaction by
promoting a conformational change in the serpin or bringing
the serpin and protease into close proximity (38). Some serpins
use exosites to directly bind their target protease; however,
these exosites are linear extensions of the RCL and form inter-
actions only between the serpin and the protease domain being
targeted for inhibition (39). By contrast, the mGzmA-
Serpinb6b interaction appears to involve an exosite formed by
the protease dimer to guide the serpin interaction, meaning
that the nontargeted protease monomer contributes to inhibi-
tor binding.

A model of the initial Michaelis complex between mGzmA
and Serpinb6b (Fig. 6) shows that this exosite interaction likely
occurs between a positive charge patch on GzmA encompass-
ing lysine residues 125, 126, and 232 and a corresponding poly-
glutamate stretch on the serpin from residues 265 to 268.
Encouragingly, the positive patch on GzmA corresponds to the
previously identified substrate exosite (27, 40), suggesting a
conservation of selection mechanism between the inhibitor and
substrates. The region identified in the serpin spans the top of
the H-helix and the linker into strand 2C, which corresponds to
the exosite of SERPINA4 (41). Similar to SERPINAA4, the acidic
residues in Serpinb6b constitute a small insertion, relative to
the superfamily archetype, SERPINAL.

Serpinb6b Protects Cells from mGzmA-induced Cell Death—
Clade B serpins are intracellular proteins lacking N-terminal
secretion signals (31, 42), and human SERPINB6 cannot transit
the endoplasmic reticulum even when fused to an efficient
secretion signal (43). As such, Serpinb6b is most likely an intra-
cellular protein, and therefore we next tested its ability to
inhibit the actions of mGzmA in a cellular environment. To
accomplish this, we transfected P815 cells with pIRES-GFP/
Serpinb6b and pEF-puro or pEF-puro alone and confirmed by
immunofluorescence that it was expressed in both the cyto-
plasm and nucleus (data not shown). GzmA was then delivered
into the cytoplasm using streptolysin-O. Cell survival was then
measured 24 h later by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide assay.

Mouse GzmA induced death in pEF-puro-transfected cells
with an EC,, of 0.7 £ 0.5 um, whereas transfection with
Serpinb6b increased this 13-fold to 9.1 £ 3.0 um (Fig. 7).
Human GzmA has been shown to be less cytotoxic than
mGzmA (5). We confirmed this by delivering hGzmA into P815
cellsand derivingan EC,, 0f 3.5 = 1.8 um (Fig. 7). By contrast to
mGzmA, hGzmA was not affected by the presence of Serpinb6b
(EC5o 4.1 = 2.3), in agreement with the kinetic data, and sug-
gesting that Serpinb6b is a biologically relevant species-specific
inhibitor.
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FIGURE 6. Model of the mouse granzyme A and Serpinb6b interaction. A,
crystal structure of dimeric human GzmA (monomers are colored in green and
cyan; PDB accession 10RF) was aligned with the Michaelis complex (PDB
accession 10PH) between S195A trypsin (yellow) and M358R antitrypsin
(aligned to the cyan GzmA monomer, not shown). Helix H is shown in orange.
B, expanded view of the potential exosite interaction between mGzmA and
Serpinb6b.

DISCUSSION

The body of literature on GzmA function is confounding and
often contradictory. We have addressed this controversy start-
ing from the basic assumption that a protease capable of killing
cells drives the evolution of stringent protective mechanisms.
For granzymes, this includes storage within cytotoxic granules
and regulation by cognate serpins (2, 15, 16, 32, 33). Here, we
have identified Serpinb6b as a fast and efficient inhibitor of
mGzmA, and we demonstrated that none of the human clade B
serpins efficiently form complexes with hGzmA. We have
reproduced previous results (5) showing a difference in cytotox-
icity between human and mouse GzmA. Given that Serpinb6b was
originally identified in natural killer cells (18), and it is a nucleocy-

VOLUME 289-NUMBER 13-MARCH 28, 2014



A 120
S
=
2
g
n AN
201 .
0y
0 T v T 1
3 2 -1 0 1
Log;( [mGzmA] (uM)
B *%
151 — 1
=5
12 =
>
=
= 9
9 .
= 6 n=7 1
I
0
mGzmA hGzmA

FIGURE 7. Serpinb6b protects target cells from mouse, but not human,
granzyme A-induced death. A, survival curve of P815 cells transfected with
pEF-puro (open squares) or pEF-puro and pEF-IRES-GFP/Serpinb6b (closed
squares) exposed to a sublytic concentration of streptolysin-O and a serial
dilution series of mGzmA for 1 h at 37 °C, with survival measured by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay 18 h later. EC5,
values were derived by fitting a sigmoidal dose-response equation by non-
linear regression. B, bar graph summarizing all experiments indicating
means £ S.D.**, p < 0.01.

toplasmic protein that protects against mGzmA-induced death in
vitro (Fig. 7), we conclude it is a physiologically relevant granzyme
regulator. Our results therefore support the view that mouse but
not human GzmA has cytotoxic potential i vivo.

We used phage display and positional proteomics to probe
and compare the substrate specificities of human and mouse
GzmA. The phage display results agree with those determined
by PS-SCL (27, 44) and the hGzmA pattern derived by van
Damme et al. (28) by proteomics, while extending these cleav-
age motifs to the prime side (C-terminal to the cleavage point).
These profiles show significant differences between human and
mouse GzmA and were confirmed by assessing cleavage effi-
ciencies of synthetic peptide substrates.

By contrast, the proteomic data show little difference in the
overall specificity profiles of human and mouse GzmA. This
contrasts to experiments with GzmB in which species-specific
substrate patterns observed by phage display (5) were recapit-
ulated in proteomic analyses (6) and PS-SCL (44). The discrep-
ancy between methods for profiling GzmA substrate specificity
can be explained by the presence of exosites formed by the
dimer (27, 40). In both phage display and PS-SCL, the use of
short peptides, which are not capable of extended surface inter-
actions, precludes the assessment of exosite effects. However,
the gentle lysis procedure utilized for proteomics presents fully
folded proteins able to interact with these exosites and effec-
tively overrides all but the strongest active site preferences. As
such, we would predict that a proteomic analysis using mono-
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meric GzmA would yield a pattern similar to that derived by
phage display, and it would be interesting to note whether sub-
strates are conserved between monomeric and dimeric GzmA.

Our data indicate that both the exosite interaction and a
favorable RCL sequence are required for efficient inhibition of
mGzmA by Serpinb6b. Serpinb6b cannot inhibit monomeric
mGzmA, in which the exosite interaction is lost, and Serpinb6a,
which is 82% identical to Serpinb6b and retains the exosite but
has a different RCL sequence (4/14 residues conserved between
Serpinb6a and Serpinb6b RCLs at P7, P1,P1’, and P2’), does not
inhibit monomeric or dimeric mGzmA. The latter point differs
from many other serpin exosites in which the exosite interac-
tion itself is sufficient to drive reactions when the RCL
sequence is not efficiently cleavable. The inability of
Serpinb6b to inhibit hGzmA is curious as phage display sug-
gests that the RCL should be cleaved by hGzmA, and the
exosite interaction should also be present. However, the
observation that k_,, is dramatically reduced although K, is
less affected for the GLFR substrate compared with the
VANR substrate suggests that the extended incubation time
used in phage display (overnight) may allow selection of
kinetically unfavorable sequences. By contrast, serpin inhi-
bition requires efficient cleavage of the RCL.

Previous studies have identified inhibitors of hGzmA in
human plasma (21). Antithrombin III (SERPINC1) inhibits
hGzmA in plasma with a k, of 4 X 10° M~ ' s, similar to that
we observed for Serpinb6b and mGzmA. Inhibition of both
active sites of dimeric hGzmA proceeds independent of each
other, allowing the formation of inhibitory complexes with
either one or two SERPINCI1 molecules; however, the SI was
not determined (21). The RCL sequences of mouse (TSVVIT-
GR | SLNPNRVT) and human (TAVVIAGR | SLNPNRVT)
SERPINCI are almost identical, and as such we would expect
mGzmA to be inhibited by mouse SERPINCI1 in vivo. This leads
to a situation in which hGzmA has an efficient extracellular
inhibitor and no intracellular inhibitor, whereas mGzmA has
evolved both an extracellular and intracellular inhibitor, point-
ing to a gain of function in mGzmaA, relative to hGzmA.

We have demonstrated a 5-fold increase of cytotoxicity of
mGzmA compared with hGzmA (Fig. 7), yet the EC, (680 nm)
is still an order of magnitude higher than that of mGzmB and 2
orders of magnitude higher than that of hGzmB (5). With these
figures, it is difficult to see how GzmA could function in its own
right as a dedicated cytotoxin or as a backup if targets express a
GzmB inhibitor. Given earlier studies implicating GzmA in
extracellular processes (45) and that both human and mouse
produce an effective extracellular GzmA inhibitor, a more
likely scenario is that GzmA has a conserved extracellular role,
perhaps in the regulation of inflammation (13). During evolu-
tion, the mGzmA active site has co-evolved with its natural
extracellular substrates (and inhibitors), but this has coinciden-
tally increased its cytotoxicity if inadvertently released into the
cytoplasm of the host cell by stress. This relatively small
increase in mGzmA cytotoxicity has been enough to drive the
evolution of a specific intracellular inhibitor.

In closing, we have identified Serpinb6b as a specific intra-
cellular inhibitor of mGzmA, but not hGzmA. Serpinb6b uti-
lizes an unusual exosite interaction dependent on the dimeric
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nature of GzmaA in its inhibitory pathway. The identification of
Serpinb6b indicates a divergence in cytotoxic potential, and
perhaps physiological function, between human and mouse
GzmA.
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