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ABSTRACT Cytoplasmic granules of cytolytic T lympho-
cytes contain at least six related serine esterases (granzymes)
that are released together with perforin, a pore-forming protein
related to complement component C9, during target-cell lysis.
Polyclonal antibodies were used to isolate a large number of
cDNA clones from an expression library derived from cytolytic-
T-cell mRNA. Three distinct full-length cDNA clones coding for
granzymes D, E, and F were identified by restriction site
mapping and nucleotide sequencing. The three deduced amino
acid sequences are highly similar to one another (between 72%
and 90% amino acid identities) and to the sequences of
granzymes B and C, cathepsin G, and rat mast-cell proteases I
and II (between 43% and 57% amino acid identities). Cysteine
residues capable of forming intramolecular disulfide bonds are
conserved, as are the catalytic-site residues characteristic of
serine proteases. Comparison of the cDNA-derived protein
sequences with the amino termini of the isolated granzymes
provides evidence that they are stored in a fully processed,
activated form after removal of the signal peptide and two
additional residues (propeptide) at the amino terminus. Immu-
noelectron microscopic studies demonstrated that granzymes D,
E, and F are present in the same morphologically distinct
cytoplasmic granules in which perforin has been found previ-
ously.

The mechanisms by which large granular lymphocytes and
cytolytic T lymphocytes (CTLs) lyse their appropriate target
cells are as yet poorly defined. Several lines of evidence
suggest, however, that proteins contained in cytoplasmic
granules of the effector cells are involved in the cytolytic
process: isolated granules are lytic for a variety of target cells
in a nonrestricted manner (1-3), and the granule proteins are
specifically released upon target-cell recognition (4-7).

The major proteins of the granules have been isolated and
characterized; these include a pore-forming protein, desig-
nated perforin (cytolysin) (8-10), and a family of at least six
serine esterases, called granzymes A, B (G, H), C, D, E, and
F (11-15), which are stored in association with chondroitin
sulfate A (5). Purified perforin is cytolytic and shows ultra-
structural, immunological, and functional similarities to com-
plement component C9 (16-18). In contrast, little is known
about the function of granzymes. Granzyme A is a disulfide-
linked homodimer with trypsin-like activity (12-15). No
substrates have been identified for the other granzymes, and
only granzymes A and D react strongly with the serine
esterase affinity label di[*HJisopropyl fluorophosphate (11).
Three of them, granzyme A (also named H factor or CTLA-
3), granzyme B (CCP I, CTLA-1), and granzyme C (CCP II),
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have been cloned and structurally characterized as serine
proteases (19-22).

In this paper we present cDNA sequences for granzymes
D, E, and F.§ The protein structures deduced from the
full-length cDNA clones show all the sequence characteris-
tics of genuine serine proteases, suggesting that effector T
cells elicit diverse proteolytic events during their interactions
with target cells.

MATERIALS AND METHODS

Antibodies. Rabbit polyclonal antibodies raised against
purified granzyme D (11) were used for the immunological
identification of expressed antigens. This antiserum recog-
nizes crossreacting epitopes of granzymes D, E, and F. Its
affinity for purified granzyme C is low, whereas binding to
other granzymes is not observed (11).

¢DNA Cloning. The cDNA expression library for the
H-2K9-specific CTL line B6.1 of mouse strain C57BL/6 in
the bacterial expression vector pEX1 was kindly provided by
H. Haymerle (23). All methods relating to the screening,
cloning, and sequencing of granzymes D, E, and F have been
described (22, 24-27). ’

Immunoelectron Microscopy. Cells of the interleukin 2-
dependent, cloned murine CTL line HY3-Ag3 were fixed
with 2% glutaraldehyde plus 0.8% paraformaldehyde and
embedded in Epon. Ultrathin sections (=100 nm) were
immunolabeled as described (28). The specimens were incu-
bated first with anti-granzyme D antibody [diluted 1:50 or
1:100 in phosphate buffered saline (0.15 M NaCl/0.01 M
phosphate, pH 7.2)] and then with protein A—-gold complex
(1:50) with a gold-particle size of 10 nm. Subsequently the
sections were stained with uranyl acetate/lead citrate or left
uncontrasted. Controls included replacement of specific
antibody by normal rabbit serum.

RESULTS

Isolation and Characterization of cDNA Clones. Two rabbit
antisera have been prepared that distinguish between two
subsets of CTL-specific serine esterases, one comprising
granzymes A and B (G, H) and the other comprising
granzymes C, D, E, and F (11). cDNA sequences coding for
the former subset of serine esterases (19, 21) and for granzyme
C (22) have been reported. In order to isolate cDNA clones for
the remaining three members of the latter subset, polyclonal
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a) Clone 11.15 = Granzyme D cDNA
Apal Smal Restr. sites

232 Res. No.
N-48 N-63 N-86

b) Clone 1.16 = Granzyme E cDNA

Pstl Apal Smal Hind llI Restr. sites

-13 +1 - - 228 Res. No.
N48  N-82 N-134 N-203

c) Clone 2.4a = Granzyme F cDNA

Apal Smal Bglll Hind Il Restr. sites

20 +1 H-45 228 Res. No.

N-86 N-134 N-203

FiG. 1. Restriction sites and some features of the open reading
frames of clones 11.15, 1.16, and 2.4a. The encoded hydrophobic signal
peptide (light stippling) and the protein sequence of the mature enzyme
(heavy stippling) are represented for each clone. Unique restriction sites
that were used to discriminate the isolated heterogeneous cDNA clones
are shown above each bar. The locations of the active-site residues
histidine (H), aspartic acid (D), and serine (S) and the distribution of
predicted asparagine (N)-linked glycosylation sites are shown below each
bar. See Fig. 2 for the numbering of amino acid residues.

GraD M PP I L I L LTLLLPLARAGASAEE

1.16 20
-3 L TLLLPLGAGA ATEE

Gra E
ATGCCACCAATCCTGATTCTCCTGACCCTTCTTCTGCCTCTCAGAGC TGGAGCAGAGGAGATCATCGGGGGCCATGAGGTCARGCCCCACTCCCGCCCTTACATGGCACGTGTGAGGT TTGTGAAA

R A G A E E

GraF M PP I L I LLTLLLPL
+1

-20
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antibodies that recognize predominantly granzymes D, E, and
F were used to screen a cDNA expression library of a cloned
murine CTL line, B6.1. Upon rescreening of immunepositive
colony areas, 70 expression clones were obtained and purified
to homogeneity. Antibody binding to the expressed hybrid
proteins was further demonstrated by immunoblot experi-
ments using total extracts of bacteria (data not shown). The
size of the open reading frame of the cloned cDNA inserts was
estimated and compared to the length of the inserts. Fifteen
cDNA clones contained inserts of 800 or more base pairs and
expressed a fusion protein 20-30 kDa larger than B-galacto-
sidase. Mapping with three restriction enzymes—Pst I, Smal,
and HindIll—permitted the identification of three groups of
homologous cDNA clones. Group 1 included seven cDNA
clones with a unique Sma I site; group 2 included two clones
with a unique Sma I, HindIIl, and Pst I sites; and group 3
contained six clones with unique Sma I and HindIII sites (Fig.
1). In each group, the clone having the longest extension
toward the 5’ end of the mRNA was selected for sequence
analysis. ‘‘Shotgun’ sequencing of subclones in the M13
bacteriophage vector was performed on both DNA strands in
each case.

Nucleotide Sequences and Identification of cDNA Clones.
The nucleotide sequences and derived amino acid sequences
of the cDNA clones 13.3, 1.16, and 2.4a are shown in Fig. 2.
The three clones are highly homologous to one another and
crosshybridize even under highly stringent conditions (15mM
NaCl/1.5 mM trisodium citrate, pH 7.0, at 65°C; data not

GGCCCCTGAGCCCACATCTCCTTCCTCGCCTTCCAAGGGCTTTGTCTGCTCTGCCCTCCTCCATCCTGAGCAGCCT TCCTGGGARG 86

CCCCTTCCARGGGCAGTGTCTCCTCTGCCCTCCTCCATCCTGAGCAGCCTTCCTGGGARG 60

ATGCCACCAATCCTGATTCTCCTGACCCTACTTCTGCCTCTCAGAGCTGGAGCAGAGGAGATCATCGGCGGCCATGTGGTGARGCCACACTCCCGCCCCTACATGGCATTCGTTATGTCTGTGGAT 212
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ACGGC TARGGAGGAGACACAGCAGATCATCCCTGTGGCARRAGACAT TCCCCATCCAGAT TATARTGCTACTATCTTCTACAGTGACATCATGCTGTTARRGCTGGAGAGTAAGGCCARGAGAACT 464
GraD T AKEETOQQ I I PVAKD I PHPDVYSPW ATI FY SMBI1 MLLKLTETSTZ KGR ATEKTE BT 106

AAGGC TARGGAGGAGACACAGCAGATCATCCCTGTGGCARAAGCCATTCCCCATCCAGAT TATARTGCCACTGCCTTCTTCAGTGACATCATGCTGTTARAGC TGGAGAGTAAGGCCAAGAGAACT 347
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CCCCTTGTGTGTCACARCCARGCATATGGACT TTTCGCCTATGCARARRACGGARCAATCTCTTCAGGRATCTTCACTARGGTTGTGCACTTCCTGCCGTGGATARGCTGGRACATGAAGTTGCTC 842
S S G I FTKUWVUVHFILPWMKI S HUNMNKILL 232

GraD P L V©
CCCCTCGTGTGTGACARCARAGCTTATGGACT TTTAGCCTATGCARRARACAGGACAATCTCTTCAGGAGTCTTCACTARGATTGTGCACTTCCTGCCGTGGATARGCAGGRACATGRAGCTGCTC 725
S $ 6 VF TKII VHFLPMISRBRNMEKTLL 228

GraE P L
CCCCTCGTGTGTARCAACARAGCTTATGGAGT TTTARCCTATGGGC TARRCAGGACAATCGGTCCAGGAGTCTTCACTAAGGTTGTGCACTACCTGCCGTGGATARAAGCAGGAACATGAAGCTGCTC 804

2.4a

GraF P LU©ONNIKA AYGULTYGLPMRT I 6P GUVYVFTIKUYVUHYLPMKISRBRNMEKTLL 228
11.15  TRACAGGAGTTARRCCACCCGTGCCTGACCAGCCTGTCCGACCTCAGGCAAGAACCATGTGGAGTGGGCAGCARAGAATGARARATTCACAATAAATAR 940

1.16 TAACAGGTGT TARACCACCCGTGCCTGACCAGCCTGTCCGACCTCAGGCARGARCCACGTGGAGTGGGCAGCAAAGAATGARAAT TCACARTARATARCCTCCG 829

2.4a TAACAGGAGT TARRCCACCCGTGCCTGACCAGCC TGTCCGACCTCAGGCAAGAACCATGTGGAGTGAGCAGCARRGARTGAARATTCATAATARATARCCC 905

F1G.2. Nucleotide and amino acid sequences of granzymes (Gra) D, E, and F. The nucleotide sequences and deduced amino acid sequences
of clones 11.15, 1.16, and 2.4a are aligned with one gap introduced for granzymes E and F to maximize sequence similarities both at the protein
and at the nucleotide level. Nucleotide sequences are numbered from the first nucleotide of the cloned cDNA inserts. Amino acid sequences
encoded by clones 11.15, 1.16, and 2.4a are shown by standard one-letter symbols below the respective DNA sequences. The numbering of the
amino acid sequences starts with the amino-terminal residue (+ 1) of the mature enzymes as determined by amino acid sequencing. The residues
forming the catalytic site of serine proteases are boxed by squares, and all cysteine residues are circled. The partial protein sequences determined
for the amino termini of granzymes D, E, and F are underlined, and putative N-linked glycosylation sites are marked by filled triangles. The

polyadenylylation signal sequence AATAAA is underlined in the 3’ noncoding region.
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shown). The 5’ noncoding regions of 13.3 and 2.4a are
conserved as well, and the polyadenylylation signal (under-
lined in Fig. 2) is present in all three clones at the same
distance downstream from the translation stop codon TAA.
Clones 1.16 and 2.4a each have one large open reading frame
encoding 248 amino acids, whereas clone 13.3 codes for 252
amino acids. The proposed translation initiation codons are
preceded by an adenine at the — 3 position in agreement with
the most conserved feature of translation start sequences
(29). Translation of the mRNAs starts with a very hydropho-
bic stretch of 20 residues showing all the features of a
cleavable signal peptide. A complete signal peptide cannot be
deduced from clone 1.16, but the high sequence homologies
at the nucleotide level suggests that only seven codons at the
5" end of clone 1.16 are missing. Cleavage by signal peptidase
occurs most likely between alanine at position —3 and
glutamic acid at —2 or, with somewhat lesser probability,
between alanine at — 5 and glycine at —4 (30). The two to four
residues following the signal peptide probably form a short
propeptide that is removed by a second processing enzyme,
a putative dipeptidyl peptidase, since the sequence of all
mature granzymes starts with Ile-Ile. Since residues 1-20 of
the three proteins predicted from the cDNA sequences agree
completely with the amino-terminal sequences determined
for granzymes D, E, and F by amino acid sequencing (11), we
conclude that the clones 13.3, 1.16, and 2.4a code for the
complete covalent structure of granzymes D, E, and F,
respectively.

Granzymes D, E, and F Are Serine Proteases. Although
previous results showed that granzyme F did not react with
di[*Hlisopropyl fluorophosphate, and granzyme E gave only
aborderline signal (11), the cDN A-derived protein sequences
now reveal the structural feature of genuine serine proteases
in each case. The three residues, histidine, aspartic acid, and
serine, that make up the active site of serine proteases are
found at homologous positions flanked by well-conserved
peptide segments in the aligned sequences. Six cysteine
residues occur in the same positions as in rat mast cell
protease II (RMCP II) and in granzymes C and B; presum-
ably, these residues form three internal disulfide bonds as in
RMCP I1, whose tertiary structure is known (31). Granzyme
F has an additional cysteine residue at position 145, close to
a putative glycosylation site. In contrast to granzyme A,
granzyme F does not form disulfide-linked homodimers via
the free cysteine residue.

In agreement with the elution pattern of granzymes from a
Mono S (Pharmacia) cation-exchange column (ref. 11; with
increasing salt concentration, granzyme D is eluted first,
granzyme E thereafter, and granzyme F last), the granzyme
D sequence has the highest number of putative N-linked
glycosylation sites, namely five, followed by granzyme E
with four and granzyme F with three. Glycosylation is highly
heterogeneous for each granzyme and most prominent for
granzyme D (11). The higher the number of N-linked gly-
cosylation sites, the greater is the heterogeneity in molecular
size and overall negative charge of the molecules observed.

Subcellular Localization of Granzymes D, E, and F. Previ-
ously, CTL clone HY3-Ag3 was studied by immunoelectron
microscopy (28) to identify the subcellular localization of
perforin. A peculiar feature of these cells are electron-dense,
lysosome-like granules located predominantly in the cell
periphery (Fig. 34). Inmuno-labeling with antibodies against
granzymes D, E, and F and protein A-gold exclusively stains
these granules (Fig. 3 B and C). Gold particles are deposited
in the fine granular matrix of lysosome-like granules, which
represents a morphologically distinct subcompartment of
granules. The same subcompartment has been found to
contain perforin (28). The vesicular compartment in the
periphery of the granules is free of gold particles.

Proc. Natl. Acad. Sci. USA 85 (1988)

Fi1G. 3. Subcellular localization of granzymes D, E, and F by
immunoelectron microscopy. (A) Ultrathin section of an Epon-
embedded HY3-Ag3 cell stained with anti-granzyme D antibodies at
a dilution of 1:50. A large nucleus (N), a few slightly swollen
mitochondria, and typical large lysosome-like granules are visible
(arrows). (B) Higher magnification shows deposits of gold particles
within the fine granular matrix of granules. The periphery of granules
and all other organelles of the cell are not stained. (C) Similar section
to B before staining with uranyl acetate/lead citrate. The gold
particles are within the granules and only low background staining is
encountered in other areas. u, um.

DISCUSSION

By immunoelectron microscopy, we have identified antigenic
determinants of granzymes D, E, and F within the charac-
teristic electron-dense granules of the cytoplasm of CTLs.
Since each of the granzymes D, E, and F have been isolated
in similar amounts from granules sedimenting in high-density
fractions of Percoll gradients, it is very likely that all of them
are present within the same granules of T lymphocytes.
Perforin, a CTL protein that forms pores in the membranes
of target cells, has been localized in the fine granular matrix
of granules (28) morphologically indistinguishable from those
now shown to contain granzymes D, E, and F. Therefore,
granzymes and perforin are likely to be released together
through exocytosis of cytoplasmic granules.

The cDNA-derived amino acid sequences of granzymes D,
E, and F are extremely similar to one another as judged by
the percentage of identical residues. Furthermore, gran-
zymes D, E, and F show a high degree of sequence similarity
to the other granzymes of T lymphocytes, granzymes A, B
(G, H), and C, as well as to three serine proteases present in
cytoplasmic granules of cells belonging to other cell lin-
eages—namely RMCP I (32), RMCPII (33, 34), and cathepsin
G from human neutrophils (35) (Fig. 4). While granzyme D
has 90% residues in common with granzyme E and 72%
residues in common with granzyme F, its similarity to
granzyme B (G, H) (57%) and C (55%) is only slightly higher
than its similarity to RMCPI (45%), RMCP 1I (43%), and
cathepsin G (46%). In comparison, the degree of overall
positional identities between granzyme D and A is relatively
low (39%). Therefore, granzymes D, E, and F may form an
evolutionarily highly related subgroup of murine granzymes.
Another member of the granzyme family is human lympho-
cyte protease (HLP), which has been characterized as a
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Gra A |ssl_o_7my_lrusnrvna|.--- LssSN-TI]clafo 3
Gra BGH IGGHEUKPHSRPYNA|LlLI-sI|k|poQPERI|cGG 34
Gra C 1ecMefCSlpusrRPynAalvveEFLIKJuG[GlkknFlcG6 35
Gra D |ssu|ﬂuxrusnpvnnrunsun|x N[R]1 v|c 6 6 35
Gra E 166 HWY[uKPHSRPYNAIFUKS[uD | E[6|N[R|R v|c 6 6 35
Gra F I6G6HEUKPHSRPYNAIRYURFIUK]D N|6|k[R]H s]c 6 6 35
RNCP | 166[U]e[sRlpHshrPynA|R[LJE[[ZT ER[6|y KA T|c 66 35
RHCP 11 IGGES!PHSRPYHHHLDI Tex|6|LBlv i]c 66 35
Cat 6 166[Rle]sBlPHsRPYRARIvILIolIfosPAlcloshr-|ces 34
HLP 166AEA[kPHSsRARPYRAIv[LINDINDOKSLKR-[cGG 3
Gra A TAARHC UG K FiJtenH - N[k E]P EJo o 1L tfu)k[k pledrlclvloe v T r 82
Gra BGH TRAAHC -- - UTLGRAH kleoJelk[T o 0@ PlnujkEiPHPDYN|pkT[E] s
Gra C TAAHC - - UTLGRH KAKEETQQ!I IPURKARIPHPDYNIPDDR 86
Gra D TRAAHC uos UTLGAH MARKEETQQI IPURK IPHPDVNRTI 90
Gra E TAAHC - - UTLGAH KAKEETQQ! IPURK IPHPDVEHTH 86
Gra F TAAHC ---Is VL GAH KAKEETQQ!I IPUAKAIPHP[AlvIDDKODN 86
RHCP | TRAAHC ---E vTLGMEH s K T|e[s]t o ofK]([KJu[E]lk ]! |vjH P N|v N]F v s N 86
RHCP 11 TAAHC ---E vdLGAH Rk RIE|S|T o ofk|1]k|v|elk Q)1 [I[H[E S|y HjsuP N 86
Cat 6 TRAAHC ---N UTLGAH Q RRIEIN|T o o|H[1|[TARAAI[RIH Plo]vy NfoR T I 85
HLP A ---[8 ; xJe olefplr g olFli Pulk R Pl P H plnlv nlp k n[E] 85
Gra A v RfL]k [k N[R]N L ofukPolrrfc]afuAGHGR|-Fo[i]ksnar[s]efT] 136
Gra BGH LK Lik[sk TRA LP NlunukPeouUCclyurcucRhrl-naPpnac[Klvls|n|r] 139
Gra C LKLURN TRA LP N uuxpsn@]cﬂunsusx-urpussnxy 140
Gra D LKLESK T[K]A LP NARJUKPGDUCSURGHG|SRS I or@nsanns
G6ra E LKLESK T|k|a LP NA[RJUKPGDUCSURGHGIPRS I|N[D TIKJA|S|A R 141
Gra F LKLESK T{k|n LP ARk PofHucsuAGcUGRITS IIMRTQRfS|SC 141
RMCP | Lk Lo K]k TiPla LP SOFLIKPGIkNn|c[RR|lAGUG[o-TouTkP Tis{n[T] 140
RNCP 11 L KL EJK|K T{P|A LP s FIHPGRHCEI_QIHGHGK—TGURDPTSVT 140
Cat 6 LfofL[s R R [r[ LP QEGLR|PG|TL|ctfJvAGUGR]-USHARRG T -DfT]| 138
HLP Lol E]n[k TRA LP K ouxpsorcsuasuso~1aPLsE]uElHﬂ139
Gra A UIDBKIJCINDEKHYNFHPUIGLN 3 M D s olsfp LlLfclo 6 191
Gra BGH vlo|k[o]R ES - - -k NR[V]N k[N c R DSGGPLUCIKK 191
Gra C vlo{k|o]o ESQ|F[---0ssS[YNRAN c GJla DSGGPLUCIKR 192
Gra D 1 o|e|pfE K R[F|- - - - Ry|y|T E[T|T ¢ K DSGGPLUYCIH[N 196
Gra E 1 o|epfe K R[F|- - - - RH[Y|T ET|T c K DSGGPLUC|N 192
Gra F 1 olklolx K - - - - v K|Y|F k{Tn c Q DSGGPLUYCING 192
RNCP | 1lnokean|ckInly Fl- - - - - HlY|[N Y NF c R DSGGPLUCI|AG 19
RNCP |11 1/no€xaAfcluply[R----- vIvlEYKF [ R DSG PLcasles
Cat G v ano LRI[FJ----6s|vjppPRR c Dsc66PLiLfcni] 189
HLP vlgJeloJr klcle so L - - - R Hvlvo s c D PLUCINK 191
*
Gra A Rl 1 F[G]J6 EKCGDRR K H[C]N[u 6[s]v 232
Gra BGH Al 1 [7 vx---lzls SF Lis|u s 227
6ra C LY ] v6Jo 1lo]- - -[g]s s F[U sju H 228
6ra D vis[L vkl - - -7 HFLPN LL 232
6ra E vls|L vlakINR---T1 HFLPU LL 228
Gra F vlolv Yo|L[NR---T1 HYLPH Lt 228
RNHCP | Hle 1 v ns---nx PYUPU GKD 227
RHCP |1 Hl6 1 vGHP[Df- - -AK Tyulpu 1(s]s 227
Cat G Hl6 1 v xss---lﬂu SFLPU SFKLLDQRETPL 235
HLP (0] (] v 6JR[A]N - - -|6[n s F[U R RY 227

Fi1G.4. The granzyme serine-protease family. Amino acid sequences of all granzymes (Gra A-F), RMCP I and I1, human neutrophil cathepsin
G (Cat G), and human lymphocyte protease (HLP) have been aligned. Residue numbers are given at the end of each line. Identical amino acids
are boxed, where residues are conserved among at least 4 of the 10 proteins. The histidine, aspartic, and serine residues that form the catalytic
site in serine proteases are indicated by asterisks. Residues lining the substrate-binding pocket are found in positions —6, +15 to 17, and +28
relative to the active serine in the aligned sequences (36) and are marked by filled diamonds. Sources for the amino acid sequences: Gra A, ref.
19; Gra BGH, ref. 21; Gra C, ref. 22; RMCP I, ref. 32; RMCP II, refs. 33 and 34; Cat G, ref. 35; HLP, ref. 37.

T-lymphocyte-specific mRNA transcript (37). HLP shows
the highest degree of relatedness to granzyme B (68%), and
the two are probably species homologues.

Three structural features are characteristic for the gran-
zyme family. The amino-terminal sequence of the isolated
granzymes starts with the conserved sequence Ile-Ile-Gly-
Gly, followed by four variable residues in positions 5-8.
Residues 9-16 are strictly conserved among all known
granzymes. The commonly found acidic propeptide at the
amino terminus consists of only two residues, either Gly-Glu
or Glu-Glu. The prepropeptide sequence of granzyme A,
which has not been completely determined, appears to be an
exception in that it ends with an arginine residue.

Unlike tryspin and chymotrypsin, two serine proteases of
the exocrine pancreas, granzymes of T lymphocytes are not
secreted as zymogens. They are stored as fully processed and
activated enzymes in the cytoplasmic granules of CTL lines
and are presumably bound electrostatically to chondroitin
sulfate molecules due to the basic nature of their polypeptide

chains (11). The enzyme activities of granzyme D and
granzyme A, for which synthetic substrates are known, are
not enhanced in the presence of other granzymes (D. Masson
and J.T., unpublished data). Therefore, we suggest that
conversion of granzyme precursors to mature, enzymatically
active forms takes place during or just before packaging into
cytoplasmic granules. The short prodipeptide at the amino
terminus of granzymes may protect other constitutively
secreted proteins against proteolysis by granzymes during
traversal of their common intracellular pathway.

Alignment of the amino acid sequences of granzymes D, E,
and F with those of other members of the granzyme family
also permits comparison of the structural features of the
substrate-binding pocket in the various granzymes. The
residues at positions —6, +15 to +17, and + 28 relative to
the active-site serine (indicated by filled diamonds in Fig. 4)
are thought to determine the specificity of the substrate-
binding pocket (36). When the corresponding residues of
granzymes D, E, and F in these positions are compared to
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those of the remaining granzymes and to those of RMCP I and
II, HLP, and cathepsin G, amino acid replacements are
observed, suggesting distinct substrate specifities due to the
altered shape and size of the substrate-binding pocket.
However, the corresponding residues are highly similar
among granzymes D, E, and F, and in the case of granzymes
D and E, identical, suggesting a very similar or identical
substrate specificity. One striking structural difference be-
tween granzymes D and E is an insertion of four residues in
aregion that is likely to be surface-exposed, since introns are
found at this position in the closely related RMCP II (34) and
adipsin (38, 39) genes. Granzyme D may therefore exert a
distinct biological function due to a unique surface structure
despite a highly conserved substrate binding pocket.

Granzymes D, E, and F are highly glycosylated (up to 50%
carbohydrate by weight) in accordance with the three to five
putative N-linked glycosylation sites, whereas granzyme C
appears to be devoid of carbohydrate. Its calculated molec-
ular mass of 27 kDa agrees with the value determined by
NaDodSO,/PAGE and with the molecular mass after degly-
cosylation. These data thus suggest that structures other than
carbohydrates are involved in the targeting of granzymes to
lysosome-like cytoplasmic granules (40). One of the putative
glycosylation sites of granzymes D and E, which is located
three amino acid residues from the catalytic histidine residue,
toward the amino terminus (Figs. 1 and 2), resembles a
glycosylation site of granzyme B (G, H), cathepsin G, and
HLP that is found seven residues away from the catalytic
histidine (Fig. 4). Glycosylation at this position may influence
the specificity of substrate binding (35) and may result in
functional heterogeneity when this site is not constantly used
for glycosylation. Since the amount of negatively charged,
N-linked carbohydrates influences the net charge of gran-
zymes, differences in the extent of glycosylation among
granzymes A-F may determine their affinities for the nega-
tively charged proteoglycans and thus affect their dissocia-
tion rates after secretion. Granzyme C, which is the most
positively charged of all granzymes, would be expected to be
tightly associated with the granule matrix and to act at a short
distance.

The role of granzymes A-F in cell-mediated cytotoxicity is
not clear. They do not appear to form a proteolytic activation
cascade together with pore-forming proteins, analogous to
proteins of the complement system. Rather, granzymes may
fulfill diverse functions during CTL~target-cell interaction by
causing a localized and time-limited proteolysis of suitable
substrates after their secretion by the CTLs. The lack of
measurable proteolytic activity of granzymes B, C, E, and F
toward a variety of synthetic substrates (11) suggests that
these granzymes bind to and cleave highly specific substrates
in a very restricted fashion.
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from the Swiss National Science Foundation.
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