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Leukocyte Protease Binding to Nucleic Acids Promotes
Nuclear Localization and Cleavage of Nucleic Acid Binding
Proteins

Marshall P. Thomas,1 Jennifer Whangbo,1 Geoffrey McCrossan, Aaron J. Deutsch,
Kimberly Martinod, Michael Walch,? and Judy Lieberman

Killer lymphocyte granzyme (Gzm) serine proteases induce apoptosis of pathogen-infected cells and tumor cells. Many known Gzm
substrates are nucleic acid binding proteins, and the Gzms accumulate in the target cell nucleus by an unknown mechanism. In this
study, we show that human Gzms bind to DNA and RNA with nanomolar affinity. Gzms cleave their substrates most efficiently when
both are bound to nucleic acids. RNase treatment of cell lysates reduces Gzm cleavage of RNA binding protein targets, whereas
adding RNA to recombinant RNA binding protein substrates increases in vitro cleavage. Binding to nucleic acids also influences
Gzm trafficking within target cells. Preincubation with competitor DNA and DNase treatment both reduce Gzm nuclear locali-
zation. The Gzms are closely related to neutrophil proteases, including neutrophil elastase (NE) and cathepsin G. During neutrophil
activation, NE translocates to the nucleus to initiate DNA extrusion into neutrophil extracellular traps, which bind NE and cathepsin
G. These myeloid cell proteases, but not digestive serine proteases, also bind DNA strongly and localize to nuclei and neutrophil
extracellular traps in a DNA-dependent manner. Thus, high-affinity nucleic acid binding is a conserved and functionally important
property specific to leukocyte serine proteases. Furthermore, nucleic acid binding provides an elegant and simple mechanism to
confer specificity of these proteases for cleavage of nucleic acid binding protein substrates that play essential roles in cellular gene

expression and cell proliferation. The Journal of Immunology, 2014, 192: 5390-5397.

infected cells and tumor cells by releasing the gran-

zyme (Gzm) serine proteases and perforin from cytotoxic
granules into the immunologic synapse formed with the cell
destined for elimination (1). GzmA and GzmB, the most abundant
and best-studied Gzms, are delivered to the target cell cytosol by
perforin, rapidly concentrate in the target cell nucleus by an un-
known mechanism, and induce independent programs of cell death
(2, 3). To orchestrate cell death in diverse types of target cells, the
Gzms cleave multiple substrates, likely numbering in the hun-
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dreds, within the cytosol, nucleus, and mitochondria (1, 4). DNA
and RNA binding proteins are highly represented in the set of
Gzm substrates. All but 1 of the 17 substrates of GzmA that have
been carefully validated bind to DNA, RNA, or chromatin (1, 4).
A recent proteomics study that profiled GzmA substrates in iso-
lated nuclei identified 44 candidate substrates, of which 33 were
RNA binding proteins (RBPs), including 12 heterogeneous nu-
clear ribonucleoproteins (hnRNP) (4). The remaining 11 candidate
substrates were mostly DNA-binding proteins. In some cases, the
nucleic acid appears to play an important role in the Gzm—target
interaction. GzmA cleavage of histone H1 (H1) and binding to
poly [ADP-ribose] polymerase 1 depends on the presence of DNA
(5, 6). All five of the human Gzms cleave hnRNP K in an RNA-
dependent manner (7). Gzm cleavage of viral and host nucleic
acid binding proteins also plays an important role in controlling
viral infection (8, 9). Thus many of the substrates of GzmA and
GzmB are nucleic acid binding proteins that are physiologically
important for cytotoxicity or the control of viral infections.

Although serine proteases have a high degree of sequence sim-
ilarity, the Gzms are most closely related to a group of myeloid cell
granule proteases involved in microbial defense. These immune
proteases include the neutrophil proteases neutrophil elastase (NE)
and cathepsin G (CATG) (10). When neutrophils are activated,
they can ensnare and kill microbes in neutrophil extracellular traps
(NETs), which are formed by nuclear DNA in a unique, non-
apoptotic cell death mechanism called NETosis (11). NE partic-
ipates in NETosis by translocating to the neutrophil nucleus,
where it cleaves histones (12). Histone cleavage promotes chro-
matin decondensation, which precipitates the extrusion of nuclear
DNA through the cell membrane. The extruded DNA is coated
with histones, antimicrobial peptides, NE, and CATG (13).

The aim of this study was to explore further the role of nucleic
acids in mediating Gzm—substrate interactions and trafficking. We
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find that RNA enhances in vitro cleavage of RBP substrates, but
not non-RBP substrates. We show that Gzms directly bind RNA
and DNA with nanomolar affinity. NE and CATG also bind nucleic
acids with high affinity, whereas digestive serine proteases do not.
In the presence of competitor DNA, the leukocyte serine proteases
do not localize to nuclei and NETs. Together, our findings indicate
that nucleic acid binding is a conserved and functionally important
property of leukocyte serine proteases that directs them to and
enhances their cleavage of nucleic acid binding protein targets.

Materials and Methods
Abs

The following Abs were used at the indicated final concentration or dilution:
mouse mAbs to hnRNP U (3G6; Santa Cruz Biotechnology; 0.2 wg/ml),
hnRNP Al (4B10; Sigma-Aldrich; 2 wg/ml), lamin B1 (101-B7; Calbio-
chem; 1/1,000), a-tubulin (B-5-1-2; Sigma-Aldrich; 1/1000), G3BP1
(23/G3BP; BD Biosciences; 0.25 pg/ml), hnRNP C1/C2 (4F4; Sigma-
Aldrich; 0.4 pg/ml), B-actin (Developmental Studies Hybridoma Bank;
1/1000), HuR (3A2; Santa Cruz Biotechnology; 0.2 wg/ml); rabbit antisera
to HMGB?2 (Abcam; 1/1000), ICAD (Abcam; 0.5 pg/ml), and NE (Abcam;
1 pg/ml); and DDXS (Abcam; 0.5 pg/ml). Secondary Abs were sheep anti-
mouse HRP (GE Healthcare; 1/2500), donkey anti-rabbit HRP (GE;
1/2500), donkey anti-goat HRP (GE Healthcare; 1/2500), goat anti-rabbit
Alexa Fluor 488 (AF488; Invitrogen; 1/200), and donkey anti-mouse Cy3
(715-165-150; Jackson ImmunoResearch Laboratories; 1:200). Normal
rabbit 1gG (2729; Cell Signaling Technology; 1 wg/ml) was used as an
isotype control for immunofluorescence.

Proteins

Human GzmA and GzmB expression plasmids (4) were transfected into
HEK 293T cells by calcium phosphate precipitation. The transfected cells
were grown in serum-free ExCell 293 medium (Sigma-Aldrich) for 4 d.
Recombinant Gzms were purified from the culture supernatants by immo-
bilized metal affinity chromatography using Nickel-NTA (Qiagen) following
the manufacturer’s instructions. Eluted Gzms were treated with enterokinase
(0.05 TU/ml supernatant; Sigma-Aldrich) for 16 h at room temperature (RT).
Active Gzms were finally purified on an S column, concentrated, and quality
tested as previously described (14). GST-tagged HuR, hnRNPC1, and
LMNBI1 were expressed and purified as described (4). H1 (M2501S; New
England Biolabs) and caspase-3 (ALX-201-059-U025; Enzo Life Scien-
ces) were purchased. Other serine proteases were NE (16-14-051200;
Athens Research and Technology, Athens, GA), pancreatic elastase (324682;
Millipore), CATG (16-14-030107; Athens Research and Technology), and
trypsinogen (T1143; Sigma-Aldrich). Proteins were fluorescently labeled
with AF488 according to the manufacturer’s instructions (A30006; Invitrogen).

In vitro cleavage in cell lysates

Whole-cell lysates were made from 10° HeLa cells suspended in 1 ml lysis
buffer (50 mM Tris-HCI [pH 8] and 100 mM NaCl) by alternating freezing
in an ethanol/dry ice bath and thawing at 37°C three times. Cell debris was
pelleted by centrifugation (16,000 X g for 10 min at 4°C). The supernatant
was divided, and half was treated with RNase A/T1 (Thermo Scientific) at a
concentration of 325 U/ml for 30 min at 37°C. RNaseOUT (Invitrogen) was
added at a concentration of 1000 U/ml to the remaining half. The lysates
were then treated with the indicated amounts of Gzms in a volume of 60 pl
for 15 min at 37°C. In some cases, GzmB was incubated with varying
amounts of salmon sperm DNA on ice for 30 min before addition to lysates.
The cleavage reaction was stopped by adding 5X SDS loading buffer and
boiling at 95°C for 5 min. For caspase-3 experiments, lysates were incubated
with or without 1 U recombinant capsase-3 for 1 h before stopping the
reaction. Samples were analyzed by SDS-PAGE and immunoblot.

In vitro cleavage of recombinant proteins

In vitro cleavage was performed in 100 mM NaCl and 50 mM Tris-HC1
(pH 7.5). Each protein was first incubated in the indicated concentration of
HeLa cell total RNA or salmon sperm DNA for 20 min and then incubated
with 50 nM GzmB for 15 min (hnRNP C), 50 nM GzmB for 30 min
(LMNB1), 200 nM GzmA for 20 min (H1), or 5 nM NE for 10 min (H1).
Total HeLa cell RNA was purified with TRIzol (Invitrogen) according to the
manufacturer’s instructions. The final concentrations of hnRNP C, LMNBI,
and H1 were 333, 1, and 400 nM, respectively. For HuR cleavage, RNA
oligonucleotides were diluted to 10 wM, heated at 70°C for 10 min, and
cooled on ice. A total of 400 nM recombinant GST-tagged HuR was
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incubated with or without 200 nM recombinant GzmB. The cleavage reac-
tions were performed in the presence of 3 ng/ul total HeLa RNA, AU RNA,
or BB94 RNA at the indicated molar ratios and incubated in a total volume
of 40 pl at 37°C for 30 min. Cleavage reactions were stopped by adding
5X SDS loading buffer and boiling for 5 min. Cleavage was assayed by
immunoblot or silver staining (Invitrogen SilverQuest kit; Invitrogen).

Protease localization in permeabilized HeLa cells

HeLa cells were obtained from American Type Culture Collection and
maintained in DMEM supplemented with 10% heat-inactivated FBS, 100
U/ml penicillin G, 100 pg/ml streptomycin sulfate, 6 mM HEPES, 1.6 mM
L-glutamine, and 50 wM 2-ME. HeLa cells were grown overnight on 12-
mm coverslips, then fixed for 10 min at RT in 2% formaldehyde, and
permeabilized for 10 min in methanol on dry ice. In some experiments, the
cells were treated with DNase I (New England Biolabs) or RNase A/T1
(Thermo Scientific) at a 1:50 dilution for 4 h at RT before blocking. The
cells were blocked with 1% BSA in PBS for 1 h at RT, and coverslips were
incubated with blocking buffer containing salmon sperm DNA or no DNA
for 30 min on ice and then incubated at RT for 1 h with 100 nM AF488-
labeled serine proteases. The coverslips were then washed and stained with
4 png/ml DAPI in PBS and mounted on slides (48311-703; VWR Inter-
national) using polyvinyl alcohol (P-8136; Sigma-Aldrich) aqueous mount-
ing medium. Cells were imaged using an Axiovert 200M microscope (Pan
Apochromat, 1.4 numerical aperture; Carl Zeiss). Images were analyzed
with SlideBook 4.2 (Intelligent Imaging Innovations).

Neutrophil isolation and activation

Human studies were reviewed and approved by the Harvard Committee on
the Use of Human Subjects (IRB-P00005698). Neutrophils were isolated
from the blood of deidentified healthy donors by density-gradient centri-
fugation as described (15). The neutrophil layer was washed with HBSS
and resuspended at 10° cells/ml in RPMI 1640. Neutrophils (2.5 X 10°)
were incubated at 37°C for 15 min on 12-mm coverslips in 24-well flat-
bottom cell-culture plates and then treated in 500 wl RPMI 1640 for 3 h
with 100 nM PMA (P1585; Sigma-Aldrich). In some experiments, 100 nM
AF488-labeled protease and/or salmon sperm DNA (D7656; Sigma-
Aldrich) was added just prior to adding PMA. Treated cells were fixed
in PBS containing 4% formaldehyde. For immunofluorescence staining of
endogenous NE, the fixed cells were incubated with primary Ab or rabbit
antiserum control for 1 h at RT, washed three times in PBS, and then in-
cubated in secondary Ab (AF488-labeled goat anti-rabbit IgG) for 1 h at
RT. The cells were washed, stained with DAPI, and mounted as above.

Gene ontology and phylogenetic analysis of serine proteases

We analyzed the candidate targets of human GzmA (16) and GzmB (17)
identified by proteomics using the FuncAssociate tool (18) on default settings.
Top gene ontology (GO) terms were ranked by the sum of the —log;o(p) values
for enrichment of targets of each enzyme. All human proteins having the GO
term “serine-type peptidase activity” (GO:0008236) were identified with
AmiGO (19). Of these proteins, the manually annotated and reviewed
Swiss-Prot sequences were downloaded using the UniProt retrieve tool
(20). The sequences were trimmed to focus on their protease domains
and exclude spurious alignment of other protein domains in multidomain
proteins. The ClustalW2 (21) multiple sequence alignment and phylogeny
tools were used with default parameters to construct a phylogenetic tree.
Phylogeny was visualized with the EvolView Web tool (22).

Fluorescence polarization oligonucleotides

The following FAM-labeled oligonucleotides were used for fluorescence
polarization (FP) (all from Integrated DNA Technologies): BB94 DNA,
5'-TCTGTGAGTTGAACGCACACATCACAAAGGAG-FAM-3'; dA 3¢,
5'-AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA-FAM-3"; dC o),
5'-CCCCCCCCCCCCCCCCCCCCCCCCCCCCCC-FAM-3'; dT 3), 5'-TT-
TTTTTTTTTTTTTTTTTTTTTTTTTTTT-FAM-3'; rUgq), 5'-UUUUUUU-
UUUUUUUUUUUUUUUUUUUUUUU-FAM-3"; BB94 RNA, 5'-UCU-
GUGAGUUGAACGCACACAUCACAAAGGA-FAM-3'; and AU RNA, 5'-
CCCAAGCUUAUUUAUUUAUUUAUUGCAGGUC-FAM-3'.

FP assays

FAM-labeled oligonucleotides were used at 10 nM, and binding reactions
were performed in a total volume of 20 pl. Proteins and oligonucleotides
were diluted in 10 mM Tris-HCI (pH 7.5), 100 mM NaCl, and 2.5 mM
MgCl,. For RNA oligonucleotides, RNAseOUT was added to a final
concentration of 1 U/pl. Diluted RNA oligonucleotides were heated to 70°
C for 10 min prior to use. In the salt concentration assay, protein con-
centration was fixed (100 nM), and either NaCl or KCl was added to the
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assay buffer at the indicated final concentrations. Samples were equili-
brated in 384-well black polystyrene assay plates (3575; Corning) for 20
min at RT, and polarization was determined using a Synergy 2 Microplate
Reader and Gen5 Data Analysis Software (BioTek).

FP data analysis

The apparent equilibrium Ky was determined from fitting the data to a
sigmoidal dose-response function using JMP Pro 10 (JMP Statistical
Discovery Software from SAS Institute). The apparent Ky was determined
for each protein—nucleic acid interaction using the equation f = ¢ + {[d — c]/
[1 + 10~ (—a[log;o([P] — b)])]}, where f is the fraction bound or the po-
larization value, [P] is the protein concentration, b is the equilibrium Ky, a is
the Hill coefficient, d is the maximum polarization, and c is the minimum
polarization (23). Each experiment was performed at least in duplicate. The
average and SE of the polarization value for each protein concentration was
calculated from at least 10 independent samples.

Oligo(dT) pulldown

A total of 120 wl Oligo(dT),5s Dynabeads (61002; Invitrogen) and 10 pl
Protein G Dynabeads (10004D; Invitrogen) was washed three times in 50

A

L

GRANZYMES BIND NUCLEIC ACIDS WITH NANOMOLAR AFFINITY

mM Tris-HCI (pH 7.5) and 100 nM NaCl. The beads were blocked for 30
min at RT in the same buffer containing 0.5% BSA (A9647; Sigma-
Aldrich). Following blocking, half of the Oligo(dT),s Dynabeads were
treated at RT for 30 min with 25 U Benzonase Nuclease (E1014; Sigma-
Aldrich), and the other half was left untreated. After this incubation, the
beads were incubated with 120 wl protein (final concentration 1 wM) in
blocking buffer for 30 min at RT. The beads were washed three times, and
protein was eluted by boiling samples for 3 min in 30 wl SDS loading
buffer. Samples were electrophoresed through a 12% polyacrylamide de-
naturing gel and visualized by Coomassie staining.

Results
Predicted targets of GzmA and GzmB are enriched for nucleic
acid binding proteins

Because the Gzms concentrate in the nucleus of target cells, we
hypothesized that proteins that function in the nucleus might be
overrepresented among Gzm substrates. Two proteomics studies
identified candidate GzmA and GzmB substrates without bias by
analyzing Gzm-incubated cell lysates for novel cleavage products
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FIGURE 1.

RBP target cleavage by Gzms is enhanced by RNA. (A) GO analysis of GzmA and GzmB targets. Nucleic acid binding proteins are highly

enriched. (B-E) Cell lysates or recombinant proteins were incubated with RNase or the indicated concentration of total RNA followed by incubation with
Gzms or caspase 3. The reactions were analyzed by immunoblot. RNase treatment of HeLa cell lysates reduced cleavage by GzmA (B) and GzmB (C) of
RBP targets, but not non-RBP targets. Results in (B) and (C) are representative of at least three independent experiments. (D) RNase treatment of HeLa cell
lysates did not affect cleavage of RBP targets by active caspase-3. (E) GzmB cleavage of recombinant hnRNP C1, but not recombinant LMNB1, was
enhanced by exogenous total RNA. Results in (D) and (E) are representative of two independent experiments.
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(16, 17). We analyzed these target lists using the FuncAssociate GO
tool (18) for overrepresented GO terms in both GzmA and GzmB
datasets (Fig. 1A, Supplemental Table I). Proteins with nucleic
acid-related GO terms were the most highly enriched categories,
when analyzed for each Gzm individually or together. The top
seven GO terms for both Gzms (mRNA metabolic process, nucleic
acid metabolic process, gene expression, RNA metabolic process,
nuclear part, nucleotide metabolic process, and RNA binding)
were highly significantly overrepresented (p values of ~10~>° for
each Gzm). This analysis suggested that Gzms might have a special
preference for nucleic acid binding, especially RBP, substrates.

RNA promotes GzmA and GzmB cleavage of RNA-binding
proteins

We first asked whether RNA enhances Gzm RBP cleavage by
comparing Gzm cleavage of RBPs in whole-cell lysates depleted of
RNA. HelLa cell lysates were pretreated or not with a mixture of
RNase A and T1 before a 15-min incubation with varying con-
centrations of recombinant human GzmA or GzmB. The samples
were then immunoblotted for known GzmA and GzmB targets.
All three GzmA RBP targets analyzed (hnRNP U, DDXS, and
hnRNP A1) were cleaved less efficiently in RNase-treated samples
(Fig. 1B). Similarly, cleavage of RBP targets of GzmB (hnRNP U,
G3BP1, and hnRNP C1/C2) was reduced by removing RNA
(Fig. 1C). In contrast, non-RBP targets (LMNB1, HMGB2, TUBA,
and ICAD) were cleaved equally or more efficiently in RNase-
treated lysates, suggesting that Gzm target preference is altered to
favor non-RBPs in the absence of RNA. This effect is not universal
to cytotoxic proteases, as RNase treatment did not affect caspase-3
cleavage of hnRNP C1/C2 and G3BP1 RBP substrates (Fig. 1D).
We next tested whether adding HeLa cell RNA would alter in vitro
GzmB cleavage of recombinant hnRNP C1 and LNMB1. The RBP
hnRNP C1 was more efficiently cleaved in the presence of added
RNA, whereas cleavage of the non-RBP LMNBI1 was unaffected
(Fig. 1E). These results indicate that RNA enhances Gzm cleavage
of RBP targets. Of note, although the highest concentration of RNA
still enhanced cleavage, GzmB cleavage of hnRNP C1 was more
efficient when less RNA was added.

The Gzms bind to RNA with nanomolar affinity

Because RNA enhanced Gzm activity against RBPs, we hypoth-
esized that the Gzms might bind to RNA to direct them to RBP
targets. We tested RNA binding by FP, a technique widely used to
measure protein—nucleic acid interactions (24), using a 3’ FAM-
labeled oligouridylate homopolymer (rUs;(). As a positive control,
we measured RNA binding of human Ag R (HuR), a GzmB sub-
strate that binds to AU-rich RNA sequences (25). GzmA, GzmB,
and HuR all bound to rUs;o with high affinity, whereas the negative
control protein BSA did not bind (Fig. 2A). The apparent equi-
librium Ky of all three purified proteins with the rUszq oligonucle-
otide determined by FP was in the nanomolar range (Table I).

GzmB cleavage of HuR is enhanced by HuR binding to RNA

Because HuR preferentially binds AU-rich sequences, we used its
specificity to assess the effect of substrate binding to RNA on
GzmB cleavage. We compared GzmB cleavage of HuR in the
presence of an AU-rich target sequence (AU RNA) (26) that both
HuR and GzmB bind with similar affinity (Fig. 2B, Table I) and in
the presence of a control sequence (BB94) that binds well only to
GzmB (Fig. 2C, Table I). Formation of the cleavage product was
enhanced by AU RNA, but only minimally increased by BB94
RNA (Fig. 2D). These results suggest that RBP targets are opti-
mally cleaved by Gzms when both the target and Gzm interact
with RNA.
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FIGURE 2. Gzms directly bind RNA. FP assays with purified Gzms and
RNA. (A) GzmA and GzmB bound to a FAM-labeled 30-nt RNA [rUs,].
(B) GzmB and HuR bind a 30-nt RNA containing an AU-rich sequence
(AU RNA). (€) GzmB, but not HuR, binds a length-matched control RNA
(BB94 RNA). The mean polarization values = SEM are plotted, and the
apparent K; with 95% CI in brackets is shown. Results are representative
of at least three independent experiments. (D) GzmB cleaves HuR, an RBP
target, most efficiently when it is bound to RNA. GST-tagged HuR protein
was incubated with indicated molar ratios of AU RNA or BB94 RNA, and
GzmB was then added for 30 min. HuR cleavage was detected by im-
munoblot probed for GST.
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Table I.  Protein—nucleic acid interactions measured by FP in this study

Oligonucleotide Protein Ky (nM)
rUgo) GzmA 232 (194-277)
GzmB 159 (125-202)
HuR 121 (113-129)
AU RNA GzmA 401 (35 nM—4.5 pM)
GzmB 651 (157 nM-2.7 pM)
NE 602 (304 nM-1.2 pM)
CATG 165 (139-197)
HuR 492 (255-952)
BB94 ssRNA GzmA 1.6 uM (188 nM-15.2 pM)
GzmB 480 (337-685)
HuR 4.8 uM (16 nM-1465.9 uM)
BB94 ssDNA GzmA 122 (95-158)
GzmB 35 (31-40)
NE 272 (219-339)
CATG 22 (17-29)
H1 10 (8-12)
BB94 dsDNA GzmA 120 (106-136)
GzmB 161 (112-231)
NE 607 (516-712)
CATG 35 (24-52)
H1 9 (7-13)
dC ) GzmA 91 (65-127)
GzmB 175 (140-219)
dT 30, GzmA 48 (42-55)
GzmB 45 (26-78)

The apparent K4 with 95% CI in parentheses is given for each binding interaction.

Gzms bind DNA with nanomolar affinity

Because the Gzms bind to RNA and cleave many DNA binding
proteins, we asked whether they could also bind DNA. We used FP
to measure the binding of GzmA and GzmB to an ssDNA oligo-
nucleotide of the same sequence as BB94 RNA (Fig. 3A). Both
GzmA and GzmB bound ssDNA with nanomolar Ky (Table I).
GzmB {Ky 35 nM [95% confidence interval (CI) 31-40]} bound
ssDNA almost as strongly as H1 (K4 10 nM [95% CI 8-12]),
similar to reported values (27). GzmA binding was somewhat
weaker (K4 122 nM [95% CI 95-158]). Both Gzms also bound to a
dsDNA oligonucleotide containing the same BB94 sequence with
nanomolar affinities (Fig. 3B). To determine if Gzm binding might
have a sequence preference, we performed FP assays with ssDNA
homopolymers (dAsg, dT50, and dC;q). Oligo(dG) was not tested
because it tends to form higher order structures and aggregate.
Both Gzms bound dT;y > dC;¢ with nanomolar affinity, but only
weakly bound to dAjzq (Fig. 3C, 3D). This suggests that the Gzms
bind preferentially to pyrimidines. These assays were performed
in buffer containing 100 mM NaCl. Because many protein—-DNA
complexes are sensitive to salt concentration, we performed FP
assays over a range of NaCl and KCI concentrations, while holding
the GzmB and nucleic acid concentration constant. Although
binding decreased at higher salt concentrations, binding of GzmB to
DNA and RNA remained strong at physiological concentrations
(150 mM NaCl or KCI) (Supplemental Fig. 1).

Mpyeloid granule serine proteases bind nucleic acids

Next we asked whether nucleic acid binding is a general property
of serine proteases or limited to a subset. To visualize the evolutio-
nary relationships between the Gzms and other serine proteases, we
performed a phylogenetic analysis of all annotated human serine
proteases. The Gzms form a monophyletic group with other leu-
kocyte serine proteases (Fig. 4A). This group includes five neu-
trophil proteases (NE, CATG, NSP4, PRTN3, and AZU1) (28) and
the mast cell protease CMA1. The Gzms are more distantly related
to digestive enzymes, such as pancreatic elastase and trypsin. We
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FIGURE 3. GzmA and GzmB bind DNA with nanomolar affinity. The
binding of a FAM-labeled ssDNA (A) or dsDNA (B) oligonucleotide
(BB94) to GzmA, GzmB, H1, and BSA was measured by FP. To determine
whether binding was sequence dependent, interactions of GzmA (C) and
GzmB (D) with 3" FAM-labeled homo-oligomers [dAo), dCgo), and
dT30)] were measured by FP. Both Gzms bound pyrimidine tracts [dT 3,
and dC () more strongly than the purine tract dAsg). The mean polari-
zation values = SEM are plotted, and the apparent Ky with 95% CI in
brackets is shown. Results are representative of at least three independent
experiments.

used FP to assess the affinity of native human CATG and NE,
porcine pancreatic elastase, and bovine trypsinogen (the proen-
zyme of trypsin) for RNA, ssDNA, and dsDNA (Fig. 4B). Both
neutrophil proteases bound these nucleic acids with nanomolar
affinity like the Gzms, but neither digestive protease bound. This
agrees with an earlier study showing that NE binds to DNA (29).
To validate DNA binding with an independent assay, we used
oligo(dT)-conjugated beads to pull down the Gzms, neutrophil
proteases, and pancreatic elastase (Fig. 4C). Consistent with the
FP results, the leukocyte proteases (GzmA, GzmB, NE, and
CATG), but not the digestive protease, bound to oligo(dT) beads.
Binding was specific to DNA because it was decreased by pre-
treating the beads with DNase. The proteases also did not bind to
protein G—conjugated beads. We hypothesized that DNA binding
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FIGURE 4. Leukocyte serine proteases bind to RNA and DNA with nanomolar affinity. (A) Phylogenetic analysis of all human serine proteases shows
that leukocyte serine proteases form a monophyletic group. (B) Interactions of two neutrophil serine proteases (NE and CATG) and digestive serine
proteases (trypsinogen and pancreatic elastase [PE]) with RNA, ssDNA, and dsDNA were measured by FP. NE and CATG bound with nanomolar affinity,
but the digestive proteases did not. The mean polarization values = SEM and the apparent K4 with 95% CI in brackets are shown. (C) Direct binding of
GzmA, GzmB, NE, CATG, and PE to ssDNA was assessed by affinity pulldown with oligo(dT),s-conjugated beads. The leukocyte proteases bound, but the
digestive enzyme did not. Binding was reduced by DNase treatment. None of the proteases bound to protein G beads. (D) Purified HI was not cleaved in the
absence of added DNA. Cleavage of H1 by GzmA and NE was assessed in the presence of increasing amounts of salmon sperm DNA. Addition of small
amounts of DNA enhanced cleavage by both GzmA and NE. At higher concentrations, DNA inhibited GzmA cleavage. Results are representative of at least

three independent experiments.

would enhance leukocyte protease cleavage of DNA binding pro-
tein substrates, as shown above for RNA and previously shown for
GzmA cleavage of H1 (5). We treated purified H1, a target of both
GzmA and NE with each protease in the presence of increasing
concentrations of salmon sperm DNA. HI1 cleavage by NE was
greatly increased by adding even a small amount of DNA (Fig. 4D).
HI cleavage by GzmA was first promoted, then inhibited, by in-
creasing amounts of salmon sperm DNA. Inhibition by high con-
centrations of exogenous RNA was also seen when we analyzed
GzmB cleavage of hnRNP C1 (Fig. 1E). These results suggest that
an excess of nucleic acids interferes with formation of a substrate—
nucleic acid—protease complex. Collectively, these results demon-
strate that nucleic acid binding is a conserved and functionally
important property of leukocyte serine proteases.

DNA binding mediates localization of Gzms to the nucleus

During killer cell attack, the Gzms rapidly concentrate in the nu-
cleus of target cells by an unknown mechanism. A previous study

suggested that nuclear localization is mediated by affinity of the
Gzms to insoluble NFs (3). We hypothesized that the nuclear ac-
cumulation of Gzms is driven by direct binding to nuclear DNA.
To test this idea, we incubated fixed and permeabilized HeLa cells
with AF488-labeled serine proteases and visualized their locali-
zation with fluorescence microscopy (Fig. SA). As expected, the
Gzms stained the cytosol and nucleus, but concentrated in the
nucleus. To test whether nuclear accumulation was mediated by
DNA binding, we coincubated the Gzms with salmon sperm DNA
before adding them to the fixed cells. Incubation with exogenous
DNA abolished both cytosolic and nuclear staining of the Gzms
(Fig. 5A). We treated fixed cells with DNase and RNase, which
modestly reduced nuclear and cytosolic GzmB staining, respec-
tively (Supplemental Fig. 2). DNase treatment did not remove all
nuclear DNA, so it may be that GzmB binds to residual nucleic
acids after nuclease treatment. Labeled NE also accumulated in
the nuclei of fixed cells, in agreement with the known nuclear
translocation of this enzyme during NETosis (12). Pancreatic
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FIGURE 5. DNA binding regulates nuclear localization of leukocyte
serine proteases and binding to NETs. The effect of DNA on localization
of exogenously added serine proteases to permeabilized cells was assessed
by fluorescence microscopy. (A) Permeabilized HeLa cells were incubated
with AF488-labeled serine proteases (green) that had been preincubated
with buffer or DNA and then stained with DAPI (red). GzmA, GzmB, and
NE were visualized in the cytoplasm, but concentrated in the nucleus.
Preincubation with salmon sperm DNA blocked cellular retention. Pan-
creatic elastase (PE) did not localize to the nucleus, and its staining pattern
was not affected by preincubation with DNA. (B) AF488-labeled NE,
CATG, and PE (green) were added with or without salmon sperm DNA to
neutrophils during NET formation. Cells were fixed and stained for DAPI
(red). NE and CATG localized to NETs, but pancreatic elastase did not.
Salmon sperm DNA blocked binding of NE and CATG to NETs. Images
are representative of three independent experiments. Scale bars, 10 pwm.

elastase did not localize to fixed cell nuclei, and its staining in-
tensity and pattern were not impacted by preincubation with
salmon sperm DNA (Fig. 5SA). Thus, DNA binding by the Gzms

and NE likely mediates their nuclear trafficking during cytotoxic
attack and NETosis, respectively.

Localization of NE and CATG to NETs is mediated by DNA
binding

CATG and NE both concentrate on NETs (13). We asked whether
DNA binding facilitates localization of these enzymes to NETs.
Neutrophils isolated from human peripheral blood were treated
with PMA for 3 h to induce NET formation in the presence of
AF488-labeled NE, CATG, or pancreatic elastase. Competitor
DNA was added to some samples during NET formation. Both
neutrophil enzymes, but not pancreatic elastase, spontaneously
concentrated on the NETs, and binding to the NETs was inhibited
by adding salmon sperm DNA (Fig. 5B). Exogenous DNA added
during NETosis also reduced the association of endogenous NE to
NETs (Supplemental Fig. 3). Thus, CATG and NE specifically
localize to NETs by binding to DNA.

Discussion
This work demonstrates that the Gzms and related leukocyte
proteases are bona fide nucleic acid binding proteins with nano-
molar affinities. The basis for substrate specificity of the Gzms,
which are highly specific proteases, remains largely unknown.
Although each Gzm has a strong preference for specific P1 residues
in its substrates, primary amino acid sequence around the cleavage
site does not predict Gzm cleavage. Structural features likely play
a key role in Gzm substrate recognition. This study suggests that
the high affinity of the Gzms for nucleic acids may be an important
determinant of substrate specificity. Nucleic acid binding is a
simple and elegant mechanism to direct leukocyte serine proteases
to DNA and RNA binding protein targets and probably explains
why nucleic acid binding proteins are highly overrepresented
among Gzm substrates. Gzms and their substrates may be brought
together by binding to nearby sites on the same nucleic acid strand.
The Gzms form a monophyletic group with other leukocyte ser-
ine proteases, which also bind to nucleic acids with high affinity.
Importantly, nucleic acid binding regulates the subcellular local-
ization of Gzms and neutrophil proteases. Leukocyte protease
concentration in cell nuclei was prevented by exogenous DNA. Our
results support the affinity model for Gzm nuclear concentration
posited over a decade ago and identify DNA as the unknown insoluble
factor mediating this phenomenon (3). Similarly, the localization
of NE and CATG to NETs and the antimicrobial activity of NETs
likely depend in part upon the affinity of these proteases for DNA.
The leukocyte serine proteases rank among the most cationic
proteins in the cell, with very high predicted isoelectric points
(pIs): GzmA, 9.22; GzmB, 9.69; CATG, 11.37; and NE, 9.89 (20).
The empirical pls of NE and CATG are ~11 and >11, respectively
(30). This raises the question of whether nucleic acid binding is
specific or simply a consequence of charge-balancing electrostatic
interactions. For several reasons, we believe binding is specific
and physiologically relevant. First, the digestive serine proteases,
which do not bind nucleic acids, are also cationic with similar pls
as the Gzms. Porcine pancreatic elastase has a reported pl of 9.5
to >11, whereas the pl of trypsinogen is ~9.3, but neither binds
nucleic acids (31-33). Secondly, Gzm binding to DNA is sequence
specific, favoring pyrimidine oligomers. Third, these proteases
directly bind DNA under physiologic conditions. Finally, charge
alone does not preclude specificity; RNA and DNA binding pro-
teins are characterized by cationic patches that mediate binding to
nucleic acids by electrostatic interactions (34). The Gzm struc-
tures predict positively charged surfaces that could be nucleic acid
binding sites (35, 36). Further biochemical and structural studies
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that look at the interactions of these leukocyte proteases with
nucleic acids and specific protein substrates are needed.

Negatively charged sugars play a significant role in granule
packaging and target cell uptake of cationic Gzms. In cytotoxic
granules, the Gzms bind serglycin, a small negatively charged
proteoglycan containing chondroitin 4-sulfate (37). Serglycin-null
T cells are defective in packaging GzmB into granules. Upon
degranulation, GzmB is released from serglycin and binds to cell
membrane proteoglycans, most notably heparan sulfate. Purified
GzmB has higher affinity for heparan sulfate than serglycin (38).
Our results suggest that when Gzms enter target cells they bind to
another class of negatively charged molecules, nucleic acids. Gzm
binding to different anionic biomolecules as they move from the
granules to the target cell nucleus may form a physical chain of
custody to ensure proper Gzm trafficking and targeting.

Nucleic acid binding enhances the activity and function of
leukocyte serine proteases, which may be critical to Gzm induction
of cell death and neutrophil protease-mediated NET formation and
function. Exogenous DNA transformed purified H1 from a very
weak substrate to a robust target. However, excess DNA and RNA
inhibited cleavage of H1 and hnRNP Cl1, respectively. A previous
study also found that DNA inhibited NE and CATG proteolysis of
the nonnucleic acid binding protein elastin (39). An excess of
nucleic acid, which has high affinity for both the protease and its
substrate, likely interferes with formation of the ternary protease—
nucleic acid—substrate complex.

Preferential targeting of DNA and RNA binding proteins by
Gzms is an underappreciated property critical for executing cell
death. Nucleic acid binding is a simple mechanism to guide Gzms
to targets that are essential for survival. Cleavage of nucleic acid
binding substrates should enhance Gzm execution of death, in-
dependently of caspase activation. During Gzm-mediated cell
death, targeting of RBPs disrupts pre-mRNA processing and nu-
clear export (4). In the extracellular environment, DNA binding
may sequester leukocyte serine proteases to focus their activity on
pathogens, which get caught in NETSs, and minimize tissue injury.
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