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Abstract

Functional Studies of the Human Granzyme Family of Serine Proteases

Sami Mahrus

The five human granzymes are trypsin-fold serine proteases found in the granules

of cytotoxic lymphocytes. Some of these proteases are effectors of cell-based immunity

that kill tumor cells and cells compromised by infection with intracellular pathogens such

as viruses. Functional studies of three granzymes were carried out in order to gain a

better understanding of their role in cytotoxic lymphocyte biology.

The function of granzyme M and the consequences of its natural killer cell

specific expression were investigated. Substrate specificity studies of granzyme M

revealed its activity to be highly dependent on the length and sequence of substrates,

consistent with a regulatory function for this protease. From a screen for potential

endogenous inhibitors of granzyme M, the serpin proteinase inhibitor 9 was identified not

as an inhibitor, but an effective substrate. This suggests granzyme M functions in natural

killer cells to bypass proteinase inhibitor 9 inhibition of granzyme B during tumor

immunosurveilance.

To deconvolute the roles of granzymes A and B in natural killer cell-mediated

lysis of target cells, biotin-tagged irreversible inhibitors were prepared for both enzymes.

Labeling in natural killer cell lysates and intact natural killer cells revealed both

inhibitors to be extremely selective in the context of effector and target cell proteomes.

In contrast to genetic and biochemical studies, use of both inhibitors in cytotoxicity
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assays revealed granzyme A to be a minor effector and granzyme B to be a major effector

of target cell lysis. These studies indicate granzyme B likely functions as a pro-necrotic

as well as pro-apoptotic effector of target cell death.

Granzyme A is unique among other serine proteases because it exists as a

disulfide-linked dimer. A 24 Å crystal structure of granzyme A was solved to determine

how this unique quaternary structure affects its function. The dimeric structure of

granzyme A revealed that its oligomeric state contributes to substrate specificity by

limiting access to potential macromolecular substrates. Unlike other serine proteases,

tetrapeptide substrate preferences do not correlate well with natural substrate cleavage

sequences. This suggests the quaternary structure of granzyme A is an important

determinant of its substrate specificity and biological function.

Signature of Committee Chai
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Chapter 1:

Introduction to cytotoxic lymphocytes and granzymes



A functional immune system is an essential component of homeostasis. Diseases

resulting in compromised immunity such as severe combined immune deficiency (SCID)

and acquired immune deficiency syndrome (AIDS) highlight the crucial role of all

tissues, cells, and molecules involved in host defense against pathogens. Similarly to a

compromised immune system, imbalanced immunity can also result in disease states.

Complications related to immune imbalances range from simple allergies to more severe

autoimmune conditions such as systemic lupus erythematosus, rheumatoid arthritis, and

insulin-dependent diabetes mellitus (1). A detailed understanding of the components of

the human immune system can thus shed light on both health and disease. The work

described in this thesis deals with functional studies of a family of serine proteases

collectively referred to as granzymes (for granule enzymes) that are found in the granules

of cytotoxic lymphocytes. Some members of this family are known to play an important

role in cell-based immunity, whereas the function of other members is unknown.

Cytotoxic lymphocytes, which include natural killer (NK) cells and cytotoxic T

lymphocytes (CTLs), are central components of cell-based immunity against viruses and

other intracellular pathogens. One of the primary functions of these leukocytes is to

recognize and kill host cells compromised by intracellular infection. Death of target cells

can have hallmarks of both apoptosis and necrosis, including phosphatidylserine

externalization, mitochondrial depolarization, DNA damage, and lysis (2). CTLs are

activated by T cell receptor recognition of antigenic peptides on MHC class I molecules

of dendritic cells. Activated CTLs then kill host cells presenting the same foreign antigen

as a result of infection (1). In contrast, NK cells are activated by several putative ligands

on target cells, and inhibited by recognition of MHC class I molecules. The balance



between engagement of inhibitory and activating receptors on NK cells ultimately

determines the fate of target cells (3). Many viruses downregulate or alter MHC class I

molecules in infected cells to evade CTLs, but such changes make the same cell more

susceptible to attack by NK cells (4). NK cells are active in the absence of immunization

and are thus effectors of innate immunity, whereas CTLs must be activated by foreign

antigen and are thus effectors of adaptive immunity. A typical host response to viral

infection involves an early phase of NK cell-mediated killing of infected cells, followed

by a later phase of CTL-mediated killing of infected cells after clonal expansion of

activated effectors (1).

Cytotoxic lymphocytes can kill target cells by two distinct pathways. The first is

death receptor-mediated, where apoptosis is induced in targets through engagement of

Fas by Fas ligand. The second is referred to as granule exocytosis, and is mediated by

members of the granzyme family of serine proteases in conjunction with the pore

forming protein perforin (5). In this latter pathway, vesicles containing the granzymes

and perforin are secreted from cytotoxic lymphocytes, and granule contents are taken up

by target cells into endocytic vesicles. Perforin then acts as an endosomolytic agent,

allowing escape of the granzymes into the cytoplasm to carry out a series of proteolytic

events that culminate in death of the compromised host cell (5) (Figure 1-1). Because

mice with structural mutations in Fas and Fas ligand develop lymphoproliferative and

autoimmune disorders, the biological function of the death receptor pathway is thought to

be mainly related to lymphocyte homeostasis (6). In contrast, genetic deletion of perforin

in mice results in an increased susceptibility to viral infection, and in cytotoxic

lymphocytes that exhibit negligible in vitro cytotoxic activity (7). The granule



exocytosis pathway is thus thought to be the dominant pathway in cytotoxic lymphocyte

mediated immunity against pathogens.

The idea that the immune system provides surveillance against cancer, known as

the tumor immunosurveillance hypothesis, has been debated for decades. Because many

viruses have the capacity to induce tumors, it is not surprising that tumors caused by

viruses are targeted for elimination by the immune system. On the other hand, it has been

more difficult to demonstrate whether immunosurveilance against spontaneous and

carcinogen-induced tumors also occurs. But several recent studies using tumor models of

genetically modified mice with molecularly defined immunodeficiencies have provided

new support for the tumor immunosurveilance hypothesis (8). Mice deficient in the

recombinase activating gene 2 (RAG2), which lack B and T lymphocytes, were shown to

be more susceptible to both chemically induced and spontaneous tumor formation,

indicating a role for lymphocytes in prevention of tumor development (9). An increased

incidence of chemically induced tumor formation in mice following immunodepletion of

NK cells also indicates a role for innate immune cells in prevention of tumor

development (10). Finally, a higher incidence of tumors has also been noted in mice

lacking perforin (11). Mounting evidence thus suggests cytotoxic lymphocytes take part

in tumor immunosurveilance in addition to immunity against intracellular pathogens.

Genetic defects in humans have also contributed to a better understanding of

cytotoxic lymphocyte biology. In accordance with the phenotype of perforin deficient

mice, individuals with defective NK cell function are more susceptible to infection,

particularly with herpesviruses (12). A subset of these NK cell defects, which arise from

mutations in proteins involved in the cytotoxic secretory pathway, has also shed new light



on the role of granule exocytosis in lymphocyte homeostasis. Two of these defects are

human familial hematophagocytic lymphohistiocytosis (FLH), in which individuals bear

mutations in perforin (13), and Chediak-Higashi syndrome (CHS), in which individuals

bear mutations in LYST/CHS1, a protein that controls cytotoxic granule trafficking (14).

One severe manifestation of these diseases is a hemophagocytic syndrome, usually

triggered by viral infection that results in massive expansion of activated lymphocytes

(mainly CD8+ T cells) and macrophages, as well as overproduction of inflammatory

cytokines. The granule exocytosis pathway therefore also appears to be involved in

bringing the immune system back to a basal state after an infection has been cleared (15).

It is possible that downregulation of active cytotoxic lymphocytes is accomplished

through fratricide lysis after transfer of membrane fragments from targets to effectors that -

contain MHC class I-antigen complexes (16).

The five members of the human granzyme family are granzyme A, granzyme B,

granzyme H, granzyme K, and granzyme M. The genes encoding these five proteases :
map to three distinct chromosomal loci. Granzymes A and K map to the same locus on

chromosome 5. Granzymes B and H map to the same locus on chromosome 14, along

with neutrophil cathepsin G and mast cell chymase. Granzyme M maps to a locus on

chromosome 19 along with neutrophil elastase, neutrophil proteinase 3, neutrophil

azurocidin, and adipsin/complement factor D (17). Multiple protease genes at each locus

presumably arose through duplication. Therefore, although all human granzymes are

homologous by amino acid sequence, genetic relatives are most highly identical. Highest

amino acid sequence identity exists between granzymes A and K, between granzymes B,

H, cathepsin G, and chymase, and between granzyme M, elastase, proteinase 3,



azurocidin, and adipsin (Table 1-1). Almost all of the human granzymes are expressed

constitutively in NK cells and in an inducible manner in CTLs upon activation (18).

Granzyme M is unique in that its expression is highly restricted to NK cells (19). It has

also recently been demonstrated that granzyme H is more highly expressed in NK cells

than in CTLs (20). Interestingly, although orthologs of granzymes A, B, K, and M are

found in mice and rats, granzyme H is only found in humans. The gene for granzyme H

is substituted in mice for seven other protease genes, coding for murine granzymes C, D,

E, F, G, L, and N, and substituted in rats for nine other protease genes, coding for rat

granzymes C, D, E, F, G, I, J, L, and N (17).

Granzymes A and B are the most prominent members of the granzyme family as

numerous experiments have implicated them in induction of target cell death. In

particular, these are the only two members of the granzyme family for which gene

deletions in mice have been reported. Mice lacking either granzyme A or B are more

susceptible to viral infection, and mice lacking both granzymes A and B are as

susceptible to viral infection as mice lacking perforin (21). Cytotoxic lymphocytes from

granzyme B-deficient mice exhibit severely impaired ability to induce rapid DNA

damage in target cells (22, 23). This reflects the role of granzyme B as an initiator of the

apoptotic cascade, which culminates in oligonucleosomal DNA fragmentation (24).

Cytotoxic lymphocytes from mice lacking both granzymes A and B also exhibit impaired

ability to induce rapid DNA damage, but in contrast, do not induce a slower form of

DNA damage that still occurs with lymphocytes from granzyme B-deficient mice (25).

This reflects the role of granzyme A as an activator of the DNAse NM23-H1, which

catalyzes single-stranded nicking of DNA. Because the resulting DNA fragments remain



annealed, they do not diffuse out of dying cells as rapidly, and are thus not as readily

detected, as the oligonucleosomal fragments from granzyme B-initiated apoptosis (26).

The roles of granzymes A and B as effectors of DNA damage in target cells were

first indicated by genetic experiments. The molecular modes of action leading to DNA

damage in both cases have been, for the most part, determined using reconstituted

systems in which target cells are treated with exogenous granzymes and perforin.

Adenovirus has also been used in place of perforin as the endosomolytic agent necessary

for delivery of exogenously added granzymes. Such experiments laid the foundation for

the discovery that granzyme A inactivates SET, the inhibitor of the DNAse NM23-H1

(26), and that granzyme B functions as an apical caspase-like protease that initiates |

apoptosis by activation of caspase-3 (24). In addition to helping define molecular

pathways for target cell DNA damage induced by granzymes A and B, experiments using

reconstituted systems have implicated these granzymes as effectors of other hallmarks of

death including target cell lysis (27, 28), and mitochondrial depolarization (24, 29).

-
In contrast to granzymes A and B, far less is known about granzymes H, K, and

M, which are often referred to as the “orphan granzymes” (17). Genetic deletions of

these enzymes in mice has not been reported. Macromolecular substrates for any of them

have also not been identified. The only genetic study that potentially sheds light on the

function of the orphan granzymes in vivo is one where mice lacking both granzymes A

and B were found to reject tumors with the same efficiency as wild-type mice (30). This

result was taken to indicate that, in contrast to perforin (11), granzymes A and B are not

essential for cytotoxic lymphocyte-mediated tumor rejection. It is possible that the

orphan granzymes play a role in the tumor immunosurveilance observed in the absence of



granzymes A and B. The type of reconstituted system used for study of granzymes A and

B as described above has also been used for study of some of the orphan granzymes.

Delivery of granzyme K into target cells using sublytic levels of perforin results in target

cell lysis and mitochondrial depolarization (31). It has also very recently been

demonstrated that delivery of granzyme M into target cells in the same manner results in

target cell lysis (32). No direct evidence for a role of granzyme H in target cell death has

been presented to date.

The work described in this thesis was carried out with the goal of achieving a

better understanding of the function of human granzymes. While the questions that

motivated this work are, for the most part, biological in nature, the studies that are

introduced in more detail below were rooted in a mixture of biochemistry and chemistry.

In particular, study of protease substrate specificity played a prominent role in each case.

Although proteases were initially characterized as mediators of nonspecific protein

degradation, it is now accepted that many of these enzymes are highly selective and play

pivotal roles in regulatory processes. These regulatory proteases function through limited

and specific proteolysis to process, activate, or inactivate other proteins in various

biochemical pathways. Study of protease substrate specificity can shed light on whether

an uncharacterized protease is nonspecific or regulatory in nature, facilitate identification

of unknown physiological protein substrates, and guide prediction of cleavage sites in

known protein substrates, the position of which often determines whether the processed

protein is activated or inactivated. Finally, substrate specificity provides a solid

foundation for the design of effective synthetic substrates and inhibitors. The starting

point for all of the work described in this thesis was recombinant expression of human

º
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granzymes in the yeast Pichia pastoris, followed by characterization of their substrate

specificity using several positional scanning combinatorial libraries (PS-SCLs) of

synthetic protease substrates (33).

The first topic addressed in this thesis deals with the function of the NK cell

specific human granzyme M. Granzymes A and B are central effectors of cell-based

immunity, and it is unclear why cytotoxic lymphocytes express additional orphan

granzymes. In the case of granzyme M, it is also unclear why this orphan is only found

in NK cells. It has been hypothesized that the presence of multiple granzymes, acting

through distinct pathways to elicit death, results in a fail-safe means to overcome possible

blockade of any single granzyme. This may be the true in the case of granzymes A and :

B, since deletion of either one in mice does not result in a phenotype as pronounced as º

deletion of both in terms of susceptibility to viral infection (21). On the other hand, since

deletion of both granzymes A and B in mice results in a phenotype of susceptibility to !

infection that is identical to that of perforin-deficient mice (21), it seems unlikely that

orphan granzymes are even remotely compensatory in warding off viral infections. An

alternate explanation for the existence of orphan granzymes is that they have evolved to

be much more specialized than granzymes A and B, only becoming necessary in

circumstances that are more rarely encountered.

The work described in Chapter 2, which was originally published as an article in

the Journal of Biological Chemistry (34), supports just such a role for granzyme M as an

NK cell-specific granzyme. This work presents the basis for a model in which granzyme

M functions in NK cell-mediated cytotoxicity as an inactivator of proteinase inhibitor 9,

the endogenous macromolecular inhibitor of granzyme B. Extensive characterization of



the substrate specificity of recombinant human granzyme M revealed the activity of the

enzyme to be highly dependent on extended and specific interactions with substrates.

These studies indicated a regulatory role for this orphan granzyme, and facilitated

identification of candidate physiological inhibitors. In the course of screening for

potential granzyme M inhibitors, the serpin proteinase inhibitor 9 (PI9) was fortuitously

identified not as an inhibitor, but instead as a substrate that is effectively processed and

inactivated. It has been postulated that some tumors evade CTL-mediated killing by

blockade of granzyme B through overexpression of PI9 (35). As an inactivator of PI9,

granzyme M may enable NK cells to overcome this evasion mechanism by clearing the

way for normal granzyme-B mediated damage of target cells.

The second topic addressed in this thesis deals with development of a new

experimental approach for study of granzymes A and B. Recent three-dimensional

fluorescence imaging studies have revealed the high degree of spatial and temporal !
(

organization at the immunological synapse formed between cytotoxic lymphocytes and º

target cells (36). While delivery of granule contents into target cells is concerted and -

focused, countless studies have been carried out using the type of reconstituted system

described above, in which target cells are bathed in exogenous granzymes and perforin.

It is now also understood that granzymes are secreted from cytotoxic lymphocytes not as

free enzymes, but instead as part of large macromolecular complexes with the

proteoglycan serglycin (37). This raises the question of how relevant results from such

reconstituted systems really are. The rampant use of this experimental approach

translates into a situation where the vast majority of functional data for the intensively

studied granzymes A and B is frustratingly questionable.

10



An ex vivo system for the study of these proteases that is more physiologically

relevant, but also more practical than use of lymphocytes from genetically modified mice,

would clearly be invaluable. Use of selective chemical inhibitors in the context of intact

effector and target cells is an alternative experimental approach that has not been

extensively employed for study of granzymes. Such a reverse chemical genetic approach

has the potential to offer a balance between the advantages and disadvantages of genetic

and reconstituted system-based experiments (38). Chemical genetics can offer a level of

physiological relevance that is far higher than that of reconstituted systems. At the same

time, chemical genetics can offer a level of temporal control that circumvents the

compensation by related genes that sometimes occurs in traditional genetic studies.

Compensation may be a particularly valid consideration in the case of the granzymes

because a certain degree of functional redundancy among family members has not yet

been disproven. For these reasons, work was carried out to develop selective inhibitors

that would be suitable for use in chemical genetic studies of granzymes A and B.

Toward development of selective inhibitors of granzymes A and B, Chapter 3

describes the preparation of substrate specificity-based diphenyl phosphonate ester

inhibitors of these two proteases. The most common drawback of using synthetic

inhibitors as probes of protein function is lack of inhibitor specificity. Irreversible

inhibitors that function as affinity labels provide a way to control for this problem by

permitting facile evaluation of selectivity in the context of complex biochemical mixtures

(39). A few synthetic inhibitors of varying potency and selectivity have been reported for

granzymes A and B (40), but to date no affinity labels for these enzymes have been

developed. Affinity labels were thus prepared for granzymes A and B based on a biotin

:

:
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tag, a substrate specificity-based sequence of amino acids, and a diphenyl phosphonate

ester electrophile. The selectivity of a granzyme A-targeted peptide phosphonate and a

granzyme B-targeted peptide phosphonate was evaluated by SDS-PAGE analysis of

inhibitor-treated NK cell lysates, followed by avidin blotting for detection of biotinylated

proteins. Each inhibitor was found to specifically label its target enzyme, indicating

these to be the most selective irreversible inhibitors of granzymes A and B reported to

date.

Chapter 4 describes application of these selective inhibitors as functional probes

of granzymes A and B to demonstrate that granzyme B is a major effector of NK cell

mediated lysis of target cells. Genetic and reconstituted system-based studies have

yielded conflicting results regarding the roles of granzymes A and B in induction of

target cell lysis. Cytotoxic lymphocytes from mice lacking granzymes A and B exhibit

relatively normal ability to lyse target cells (25). In contrast, treatment of target cells

with sublytic levels of perforin and either granzyme A or B results in efficient lysis of

target cells (27, 28). The granzyme A- and B-targeted inhibitors, which were found to be

partially cell-permeable based on labeling in intact cells, were thus used in cytotoxicity

assays to deconvolute the role of granzymes A and B in NK cell-mediated lysis of target

cells. In contrast to genetic and reconstituted system-based studies, granzyme A was

found to be a minor effector and granzyme B was found to be a major effector of target

cell lysis. These studies implicate granzyme B as an effector of necrotic death of target

cells, which stands in contrast to its role as an activator of the caspases and apoptosis.

Since uptake of necrotic cells by phagocytes has been demonstrated to propagate the

immune response through release of pro-inflammatory cytokines and T cell co

12



stimulation (41), these results indicate granzyme B functions not only as an effector of

target cell death, but also as a key propagator of the immune response following pathogen

infection.

The third topic addressed in this thesis deals with the relationship between the

structure and function of granzyme A, which exists as a disulfide-linked homodimer.

This unusual quaternary structure differentiates granzyme A from other granzymes and

trypsin-fold serine proteases. That granzyme A is a disulfide-linked dimer has been

known since its initial biochemical purification from cytotoxic lymphocytes (42), but the

functional consequences of this dimerization are, for the most part, unknown. Granzyme º

A is a disulfide-linked dimer in humans, mice, and rats, indicating that its unusual

quaternary structure is likely to be intimately related to its biological function. The only -

other serine protease known to multimerize for subsequent regulation of biological

function is tryptase. Although not covalently linked, ring-like tetramers of tryptase

regulate substrate specificity by positioning four active sites toward a central pore,

restricting access to macromolecular substrates based on size (43).

To determine how the quaternary structure of granzyme A might affect its

function, recombinant human granzyme A was crystallized and structurally characterized.

This work is described in Chapter 5 and was originally published as an article in Nature

Structural Biology (44). The 24 Å crystal structure of dimeric human granzyme A

indicated that 5% of the total accessible surface area of each monomer is buried at the

dimer interface. Monomer-monomer contacts in this region that are independent from

the disulfide bond also contribute to stabilization of the dimer, indicating that a fixed and

oriented association between both monomers is an important determinant of function.

13



The structure of the dimer supported a role for steric hindrance from opposing monomers

in limiting substrate accessibility to both active sites. Further implicating quaternary

structure as an important determinant of substrate specificity, cleavage sites in known

physiological substrates were found not to correlate with the determined synthetic

tetrapeptide substrate specificity of the enzyme. This stands in contrast to monomeric

regulatory serine proteases such as thrombin and plasmin, whose cleavage sites in

macromolecular substrates do correlate with synthetic substrate specificity (45). The

dimeric structure of granzyme A is thus clearly an important determinant of its substrate

specificity and resulting biological function.

Other work

Other work was also carried out which will not be discussed in detail in this

thesis:

1) In addition to the granzyme A and B inhibitors described in Chapters 3 and 4, similar

substrate specificity-based inhibitors were prepared for the orphan granzymes H and M.

These are briefly discussed in Chapter 6.

2) A contribution was made in the synthesis and characterization of several PS-SCLs of

protease substrates, many of which are described in Harris et al. (33). A substrate library

fixed as leucine at P1, referred to as the P1-Leu library, was initially synthesized for the

characterization of human granzyme M (34). This library was eventually applied to the

study of altered substrate specificity in HIV protease by Deborah Dauber, another

graduate student in the Craik lab (46). Assistance was also provided in preparation of

some of the single substrates used in that study.
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3) A brief study was conducted to reveal that the macromolecular serine protease

inhibitor ecotin is a potent inhibitor of cathepsin G, but is a poor inhibitor of thrombin.

Gilberto Sambrano, a graduate student in the Coughlin lab, used this property to help

demonstrate that protease activated receptor 4 (PAR4) is activated by cathepsin G, and

not trace amounts of thrombin in the commercial cathepsin G preparation used (47).

4) Before beginning work on the granzymes, a few years were spent on a project related

to using an N-terminal fusion of the tripeptide Gly-Gly-His to ecotin (GGH-ecotin) as a

tool for identifying novel proteases through in vivo cross-linking. In the presence of g
some oxidants, the Ni(II) complex of the tripeptide Gly-Gly-His mediates cross-linking º

between proteins. Kathlynn Brown, a postdoc in the Craik lab, used the pan-specific º
dimeric serine protease inhibitor ecotin to demonstrate that cross-linking efficiency is =
dramatically improved when Gly-Gly-His is introduced as an N-terminal protein fusion

(48). This led to the idea of using GGH-ecotin as a tool to identify novel proteases

through cross-linking in cell lysates or cell-conditioned media. Although this project was

not successful, a contribution was made to the work of Maria Person, a postdoc in the

Burlingame lab, who characterized the chemical nature of GGH-ecotin-mediated protein

cross-links. While model peptides pointed toward such cross-linking occurring through

bityrosyl adducts (48), this work demonstrated cross-linking between the N-terminal

glycine residues and an engineered tyrosine at position 137 in the GGH-ecotin variant

D137Y (49).
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Figure 1-1. The granule exocytosis pathway in cytotoxic lymphocyte-mediated death of

target cells.
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Table 1-1. Amino acid sequence identities between human granzymes and genetic /
A

relatives (%)". 7.
gra grk grB grH catC chym grM adipsin azur prot3 ne R.

■ ºgra 100 39 36 36 33 35 33 32 29 30 29 * r *

[.grk 100 33 33 31 33 36 35 31 30 27 ---

[…grB 100 70 54 52 35 34 30 37 31 º
| grh 100 54 47 35 35 30 36 29 -

catC 100 49 34 34 30 36 31 -*-

chym 100 30 34 29 36 28 º
grM 100 40 35 33 29 ** *

adipsin 100 32 32 28 **-

azur 100 41 41 2- º **
protº 100 50 *****-*=

ne 100 ---rº
* Identities were determined from pairwise alignments of full-length proteases. Identities º: ".

for proteases whose genes are located on the same chromosomal locus are indicated in ; : T. sº
bold. Proteases are abbreviated as: gra, granzyme A; grk, granzyme K; gre, granzyme =

- - - - -

B; grPH, granzyme H; catC, cathepsin G; chym, chymase; grM, granzyme M; adipsin, * ----
-**complement factor D; azur, azurocidin; prot3, proteinase 3; ne, neutrophil elastase.
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Abstract

Granzyme M is a trypsin-fold serine protease that is specifically found in the

granules of natural killer cells. This enzyme has recently been implicated in the

induction of target cell death by cytotoxic lymphocytes, but unlike granzymes A and B,

the molecular mechanism of action of granzyme M is unknown. We have characterized

the extended substrate specificity of human granzyme M using purified recombinant

enzyme, several positional scanning libraries of coumarin substrates, and a panel of

individual p-nitroanilide and coumarin substrates. In contrast to previous studies

conducted using thiobenzyl ester substrates (50), a strong preference for leucine at P1

over methionine was demonstrated. The extended substrate specificity was determined to

be lysine = norleucine at P4, broad at P3, proline > alanine at P2, and leucine >

norleucine > methionine at P1. The enzyme activity was found to be highly dependent on

the length and sequence of substrates, indicative of a regulatory function for human

granzyme M. Finally, the interaction between granzyme M and the serpins on

antichymotrypsin, Ol-proteinase inhibitor, and proteinase inhibitor 9 was characterized

using a candidate-based approach to identify potential endogenous inhibitors. Proteinase

inhibitor 9 was effectively hydrolyzed and inactivated by human granzyme M, raising the

possibility that this orphan granzyme bypasses proteinase inhibitor 9 inhibition of

granzyme B.
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Introduction

Cytotoxic lymphocytes, which include cytotoxic T cells (CTLs) and natural killer

(NK) cells, recognize and kill host cells infected with intracellular pathogens such as

viruses and certain types of bacteria. Death of target cells is predominantly mediated

through granule exocytosis. In this process lysosome-like vesicles whose principal

components are perforin and a family of serine proteases known as the granzymes are

vectorially secreted toward the target cell. Perforin then facilitates entry of granzymes

into the target cell, whereupon key protein substrates such as caspases are cleaved to

induce death (5). In addition to being important mediators of immunity, some granzymes

may also represent potential drug targets for treatment of autoimmune disorders (51).

The five known human granzymes have varied primary substrate specificities.

Granzymes A and K cleave after basic residues (52, 53), granzyme B cleaves after

aspartic acid (54), granzyme H cleaves after aromatic residues (55), and granzyme M

cleaves after long aliphatic residues such as methionine, norleucine, and leucine (50).

Granzyme M is unique among the family because it is specifically expressed in NK cells

and thus may have evolved to serve a specialized function in innate immunity (19).

Several studies have demonstrated that granzymes A and B serve as important effectors

of lymphocyte cytotoxicity by inducing nuclear and non-nuclear damage in target cells

(5). In contrast, far less is known about the orphan human granzymes H, K, and M.

Evidence has been presented for granzyme K and a chymase-like serine protease from

human NK cells, presumably granzyme H, contributing to induction of target cell damage

(56, 57). It has also recently been demonstrated that treatment of target cells with

purified granzyme M and sublytic quantities of perforin leads to lysis (32).
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Toward gaining a better understanding of the molecular function of granzyme M

and its NK cell specificity, biochemical characterization of this enzyme is presented

herein with respect to its substrate specificity and interaction with three serpin

macromolecular inhibitors. To obtain protease that is free from contaminating proteolytic

activity, human granzyme M was recombinantly expressed in the yeast Pichia pastoris

and purified to homogeneity. The primary (P1) and extended (P4-P2) substrate

specificity of the recombinant enzyme was first characterized using positional scanning

libraries of fluorogenic tetrapeptide coumarin substrates (33). Single substrates were then

used for validation of library results and a more detailed kinetic characterization. Finally,

in an attempt to explore how the activity of human granzyme M is controlled under

physiological conditions, interaction of the enzyme with the serpins on-antichymotrypsin

(ACT), on-proteinase inhibitor (O.I.PI), and proteinase inhibitor 9 (PI9) was characterized.

These three serpins are known to inhibit other leukocyte proteases that display

hydrophobic primary specificity such as neutrophil elastase, cathepsin G, proteinase 3,

and chymase (59, 60) and are thus good candidate physiological inhibitors of human

granzyme M.

'Nomenclature for amino acid positions in substrates is Pn, Pn-1,..., P2, P1, P1’, P2', ..., Pm-1’, Pm',
with amide bond hydrolysis occurring between P1 and P1’. The corresponding enzyme binding subsites
are Sn, Sn-1, . . . , S2, S1, S1’, S2’, . . . , Sm-1’, Sm' (58).
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Materials and Methods

Reagents. Unless otherwise stated, all chemicals were purchased from Sigma

Aldrich. Oligonucleotide primers were synthesized on an Applied Biosystems Expedite

DNA synthesizer (Foster City, CA). Molecular weight markers for gel electrophoresis,

restriction enzymes, and N-glycosidase F (PNGase F) were purchased from New England

Biolabs (Beverly, MA) and used according to manufacturer's instructions. Human

granzyme B was a generous gift from Dr. Nancy Thornberry (Merck, Rahway, NJ).

Human granzyme A was recombinantly expressed and purified as previously described

(44). Human PI9 and anti-PI9 antibodies were prepared and purified as previously

described (61, 62). Human ACT and on PI were purchased from Calbiochem (San Diego,

CA). The p-nitroanilide (pNA) substrates Suc-AAPL-pNA, Suc-AAPn-pMA, Suc

AAPM-pNA, and Suc-AAPK-pNA, and the 7-amino-4-methylcoumarin (AMC)

substrates Ac-AAPA-AMC, Suc-AAPF-AMC, and Ac-IEPD-AMC were purchased from

Bachem (Torrance, CA).

Heterologous expression of human granzyme M. The cDNA encoding mature

human granzyme M was amplified from I.M.A.G.E. clone 112558 and subcloned into the

yeast expression vector pp.ICZoA (Invitrogen, San Diego, CA). The resulting construct

permitted the sequence of mature human granzyme M to immediately follow the Kex2

signal cleavage site of the Saccharomyces cerevisiae o-factor secretion signal. The

vector was linearized with SacI and transformed into the X33 strain of Pichia pastoris.

Clones with the integrated human granzyme M cDNA were selected by resistance to

Zeocin'" (Invitrogen, San Diego, CA) and were used to inoculate one-liter shaker flask

cultures.
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Purification of recombinant human granzyme M. After 3 days of induction with

methanol, the conditioned media from the shaker flask cultures was isolated and loaded

onto an SP Sepharose cation exchange column (Pharmacia Biotech, Uppsala, Sweden).

The column was washed with four column volumes of 50 mM MES, pH 6.0, 50 mM

NaCl and bound protein was eluted with four column volumes of 50 mM MES, pH 6.0, 1

M NaCl. Eluted protein was concentrated, exchanged into 50 mM MES, pH 6.0, 50 mM

NaCl, and loaded onto a Mono-S cation exchange FPLC column (Pharmacia Biotech,

Uppsala, Sweden). The column was washed with 4 column volumes of 50 mM MES, pH

6.0, 50 mM NaCl and bound protein was eluted with 50 column volumes of a linear

gradient of 0.32 M NaCl to 0.48 M NaCl in 50 mM MES, pH 6.0. Fractions containing

human granzyme M eluted between 0.38 and 0.45 M NaCl. These were pooled,

concentrated, and exchanged into 50 mM MES, pH 6.0, 50 mM NaCl. Purity of the

preparation was assessed by SDS-PAGE and Coomassie Brilliant Blue staining, followed

by densitometric analysis with a Multilmage" Light Cabinet (Alpha Innotech, San

Leandro, CA).

Preparation of anti-human granzyme M antibodies. Surface loops of human

granzyme M with low similarity to those of the other four human granzymes were

identified and the sequence analysis software package MacVector (Oxford Molecular,

Madison, WI) was used to rank their antigenic potential. Peptides corresponding to the

amino acid sequence of two loops were synthesized using 9-fluorenylmethoxycarbonyl

chemistry on an Applied Biosystems automated peptide synthesizer (Foster City, CA),

purified by reversed-phase HPLC, and characterized by MALDI-TOF mass spectrometry.

Each peptide was conjugated to keyhole limpet hemocyanin and used to immunize
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rabbits for polyclonal antiserum production (Covance Corporation, Richmond, CA).

Antibodies raised against the peptide corresponding to residues 98 to 109 of human

granzyme M demonstrated good reactivity and selectivity against the recombinant

enzyme and were used for subsequent studies.

Immunoblot analysis. Protein samples were separated by SDS-PAGE and

transferred to a nitrocellulose membrane (Schleicher & Schuell, Keene, NH). The

membrane was blocked in TBST (Tris-buffered saline with 0.1% Triton X-100)

containing 5% nonfat dry milk, washed with TBST, incubated in a dilution of anti-human

granzyme M antibodies or anti-human PI9 antibodies in TBST containing 5% nonfat dry

milk, washed with TBST, incubated in a dilution of horseradish peroxidase-conjugated

goat anti-rabbit antibody (Bio-Rad, Hercules, CA) in TBST containing 5% nonfat dry

milk, and washed with TBST once again. Antibody bound protein bands were then

detected by enhanced chemiluminescence (Amersham Biosciences, Piscataway, NJ).

Active site titration of human granzyme M and other proteases. Bovine trypsin

was active site-titrated with 4-methylumbelliferyl p-guanidinobenzoate and was then

used to determine the concentration of a solution of the macromolecular serine protease

inhibitor ecotin using Suc-AAPK-pNA as the substrate. Ecotin was then used to active

site-titrate human granzyme M and bovine chymotrypsin using Suc-AAPL-pMA as the

substrate, human neutrophil elastase and porcine pancreatic elastase using Ac-AAPA

AMC as the substrate, and human neutrophil cathepsin G using Suc-AAPF-AMC as the

substrate.

Positional scanning synthetic combinatorial libraries. The preparation and

characterization of the P1-diverse, P1-Leu, and P1-Met libraries of 7-amino-4-
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carbamoylmethylcoumarin (ACC) substrates used in this study are described elsewhere

(33, 46). Screening of these libraries was also carried out as previously described.

Briefly, -10° moles of each well of the P1-Leu or P1-Met stock libraries was added to 57

or 60 wells, respectively, of a 96-well Microfluor plate (Dynex Technologies, Chantilly,

VA), and ~10" moles of each well of the P1-diverse stock library was added to 20 wells

of a 96-well Microfluor plate. Final concentration of each substrate in the assay was ~

0.1 uM for the P1-Leu and P1-Met libraries, and ~0.01 puM for the P1-diverse library.
**

Assays were initiated by addition of approximately 500 nM enzyme and were conducted º:
at 30°C in assay buffer containing 100 mM HEPES, pH 7.4, 200 mM NaCl, 0.01% º
Tween-20, and 1% DMSO. Hydrolysis of substrates was monitored fluorimetrically with º
an excitation wavelength of 380 nm and an emission wavelength of 460 nm on a =
Spectramax Gemini microtiter plate reader (Molecular Devices, Sunnyvale, CA). -

Synthesis of single coumarin substrates. Single ACC substrates were prepared as 1–

previously described (33), purified by reversed-phase HPLC, and characterized by

MALDI-TOF mass spectrometry.

Single substrate kinetics. Enzyme activity was monitored at 25°C in assay buffer

containing 100 mM HEPES, pH 7.4, 200 mM NaCl, and 0.01% Tween-20. Human

granzyme M concentration in assays ranged from 10 nM to 2 uM and substrate

concentration ranged from 2 p.M to 3 mM. Substrate stock solutions were prepared in

DMSO and final DMSO concentrations in assays never exceeded 2% since higher

concentrations were found to be detrimental to enzyme activity. Hydrolysis of ACC

substrates was monitored as described for library assays and hydrolysis of pNA substrates
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was monitored spectrophotometrically at 405 nm on a Molecular Devices UVmax

microtiter plate reader (Molecular Devices, Sunnyvale, CA).

Analysis of serpin-granzyme M complex formation by SDS-PAGE. The

concentration of human ACT and human olPI were calculated using exo = 3.9 x 10'M'

cm' and easo = 2.8 x 10'M' cm", respectively. The concentration of human PI9 was

determined by the Bradford assay (Bio-Rad, Hercules, CA). ACT, o,PI, or PI9 were

incubated at 25°C with 1 um human granzyme M at a 2:1 serpin to protease molar ratio

in 50 pull assay buffer for 24 hours. Assay buffer was the same as described above for

substrate kinetics, but 1 mM DTT was added for reactions between PI9 and granzyme M

to prevent inactivation of the serpin following oxidation of cysteine 342 in the reactive

center loop. After the incubation, all samples were deglycosylated using PNGase F and

arm alyzed by SDS-PAGE followed by Coomassie Brilliant Blue staining.

Titration of granzyme M with serpins. 200 nM human granzyme M was

incubated at 25°C with 0 to 200 nM ACT in assay buffer for 24 hours, 0 to 200 nM on PI

in assay buffer for 96 hours, and with 0 to 8 um PI9 in assay buffer supplemented with 1

ºrm NM DTT for 24 hours. Remaining enzymatic activity after these incubation times was

“letermined using 100 um Ac-KVPL-ACC. Substrate hydrolysis was monitored as

“lescribed for library assays.

Serpin kinetics. The inhibition of human granzyme M by ACT, o, PI, and PI9 was

Sharacterized by monitoring the hydrolysis of 1 mM Ac-KVPL-ACC by 2 nM protease in

the presence of varying serpin concentrations in assay buffer or assay buffer

Supplemented with 1 mM DTT for reactions between PI9 and granzyme M. Substrate

hydrolysis was monitored as described for library assays over the course of two hours.
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Serpin concentrations ranged from 0.48 to 7.6 p.M for ACT, 0.45 to 7.2 um for o,PI, and

2.3 to 37.2 um for P19. Data from substrate hydrolysis progress curves were then fit to

the following equation using the program KaleidaGraph" (Synergy Software, Reading,

PA):

-
— 2-k”p-v.º-º-º:º:e-“) (1)

vv here P represents arbitrary fluorescence units at time t, v, is the initial velocity, v, is the

steady-state velocity, and k' is an apparent first-order rate constant (63). Along with

irm hibitor concentrations, these apparent rate constants were then fit to the following

e CH uation:

- h-——
k' = ko■ .[1+ K(1+[S]/K.) (2)

Y^ here k’ is the apparent first-order rate constant, [S] is the substrate concentration, K, is

***e NMichaelis constant for interaction of the substrate with the protease, and K = ko■ k, is

**e overall inhibition constant (63). The second-order association rate constants kon = k,

**** inhibition of human granzyme M by serpins were derived from the K, and ko■ , values

$*>tained from this secondary fit.

PI9 inactivation. All reactions were carried out at 25°C in 10 ul activity buffer

***pplemented with 1 mM DTT, 0.5 puM human granzyme B was incubated for 1 hour

Y^vith 1 pM PI9 or 1 um PI9 that had been pre-incubated for 1 hour at a concentration of 2
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uM with 1 puM human granzyme M. These two samples and controls for each individual

protein were then diluted hundredfold into water and 7.5 ul of these diluted samples

were used for SDS-PAGE and subsequent immunoblot analysis with anti-human PI9

antibodies. PI9 inactivation was also verified by using 200 um Ac-IEPD-AMC to

measure the relative activity of 10 nM human granzyme B following a 30 minute

incubation with 2 puM PI9, 2 p.M PI9 and 10 nM human granzyme M, or 2 puM PI9 and 10

nM human granzyme M that had been pre-incubated for 30 minutes before addition of

Human granzyme B. Substrate hydrolysis was monitored as described for library assays

in assay buffer supplemented with 1 mM DTT.
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Results

Expression and purification of human granzyme M. The gene for mature human

granzyme M was subcloned from I.M.A.G.E. clone 112558 into ppiCzoA for expression

in the methylotropic yeast P. pastoris. The nucleic acid sequence of this gene was found

to be identical to that first reported for human granzyme M (64). The protein was

expressed as a C-terminal fusion to the S. cerevisiae o-factor signal sequence, allowing

for purification of the mature enzyme from the media following secretion and cleavage of

the signal sequence by Kex2. Following induction with methanol, purification of mature

H. Luman granzyme M from conditioned media was carried out using SP-Sepharose and

Nº.1ono-S cation exchange chromatography. Typical yields of purified protein were

Exetween 0.2 and 1.0 mg/L of culture.

SDS-PAGE followed by Coomassie Brilliant Blue staining indicated the

recombinant enzyme was differentially glycosylated, migrating as a doublet between 33

a raci 48 kDa, and as a broad smear of hyperglycosylated enzyme between 48 and 83 kDa

C Figure 2-1A, lane 2). Glycosylation of human granzyme M in P. pastoris is expected

since the enzyme contains three potential N-linked glycosylation consensus sites.

Treatment with PNGase F caused all bands to decrease in apparent molecular weight and

*** coalesce at 26 kDa (Figure 2-1A, lane 3). Densitometric analysis of this

**es lycosylated band indicated that the enzyme was greater than 98% pure. A polyclonal

**tibody raised against a peptide corresponding to residues 98 to 109 of human granzyme

N/T recognized all glycosylated species and the single deglycosylated species of the

* Secombinant enzyme (Figure 2-1B, lanes I and 2).
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P1 substrate specificity. The primary specificity of purified recombinant human

granzyme M was profiled using a positional scanning synthetic combinatorial library of

tetrapeptide coumarin substrates referred to as the P1-diverse library (33). As previously

described, this library is of general structure Ac-XXXP-ACC and is composed of 20

wells in which the P1 position is sequentially fixed as one of 20 different amino acids

(excluding cysteine and including the methionine isostere norleucine) while P4, P3, and

P2 are randomized in all wells, resulting in 8,000 substrates/well. Human granzyme M

only displayed activity with P1-Leu, P1-Nle, and P1-Met in the P1-diverse library, in

agreement with previous studies conducted with thiobenzyl ester substrates, purified

rmative rat enzyme from RNK-16 cells (65) and supernatant from COS cells transiently

transfected with human and mouse granzyme M (50, 66). In contrast to prior studies,

Ha Lºirman granzyme M displayed an extremely pronounced primary specificity for leucine,

vvi th relative activities of 100% for P1-Leu, 46% for P1-Nle, and 16% for P1-Met (Figure

2–2 A). When purified recombinant human granzyme M was assayed with p-nitroanilide

substrates containing Leu, Nle, or Met at P1, activity was observed with all three

Substrates, but a clear preference for P1-Leu was apparent once again (Figure 2-2B). In

"elative terms, the enzyme displayed 100% activity with Suc-AAPL-pnA, 52% activity

Yith Suc-AAPn-pMA, and 37% activity with Suc-AAPM-pNA.

Extended substrate specificity. The P4-P2 substrate specificity of human

=ranzyme M was profiled using two different positional scanning synthetic combinatorial

li braries of tetrapeptide coumarin substrates referred to as the P1-Leu library and the P1

Nºtet library (33). The P1-Leu library is composed of three sublibraries of general

*tructures Ac-XXP,L-ACC, Ac-XP.XL-ACC, and Ac-P.XXL-ACC. Each of these is

31



composed of 19 wells in which the P2, P3, or P4 position is sequentially fixed as one of

19 different amino acids (excluding cysteine and methionine, and including the

methionine isostere norleucine) while the remaining positions are randomized, resulting

in 361 substrates/well. The P1-Met library is set up in an analogous manner, with the

only difference being that, in contrast to the P1-Leu library, methionine is also present at

randomized and fixed positions, resulting in 400 substrates/well. Profiling of human

granzyme M using the P1-Leu library revealed narrow specificity at P2, with a preference

for proline over alanine, broad specificity at P3 with a preference for the aromatic

residues phenylalanine and tyrosine, and intermediate specificity at P4 with a preference

for lysine and the methionine isostere norleucine (Figure 2-3). To validate these results

a rad explore whether the specificity at P4-P2 is dependent on the identity of the P1

residue, human granzyme M was also profiled using the P1-Met library. Results at P2

a raci P4 with the P1-Met library were generally consistent with P1-Leu library results.

N C'tably, specificity at P3 was different, with a preference for valine and glutamate

ira stead of aromatic residues (Figure 2-3).

Analysis of substrate specificity with single substrates. Because the positional

Scanning libraries described above are composed of pools of substrates, activities reflect

the average preferred residues at a particular site. Quantitative kinetic analysis to address

*ssues such as cooperativity can only be carried out with single, purified substrates. To

Yalidate the results obtained using the positional scanning libraries and to analyze the

Sºxtended substrate specificity of human granzyme M in more detail, a series of single

^CC substrates were prepared and assayed (Table 2-1). Out of all tested permutations of

*esidues found to be preferred based on the P1-Leu and P1-Met library profiles, the
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enzyme exhibited the highest preference for Ac-KVPL-ACC, with a ka/Kn of 1,900 M's

'. In contrast, the enzyme showed no detectable activity with Ac-GRLL-ACC, a

substrate with sub-optimal P4-P2 residues, indicating the importance of primary sequence

recognition for human granzyme M. Shortening the optimal tetrapeptide substrate Ac

KVPL-ACC to Ac-VPL-ACC resulted in a dramatic 560-fold drop in activity to a ke/K.

of 3.4M's', indicating the importance of extended substrate interactions for human

granzyme M. As previously observed for other serine proteases, the decrease in activity

with the shorter substrate can be attributed to a loss in stabilization during the acylation

transition state since kº decreases by 159-fold while Km increases by only 3.5-fold. In

acidition to being a sensitive granzyme M substrate, Ac-KVPL-ACC was also very

se ■ ective for human granzyme M in the context of other serine proteases known to accept

I e La cine at P1 (Figure 2-4).

Human granzyme M displayed a preference for leucine in the P1 position of the

substrate pairs Ac-KVPL-ACC and Ac-KVPM-ACC, Ac-KYPL-ACC and Ac-KYPM

^ CC, and Ac-KEPL-ACC and Ac-KEPM-ACC, with (ka/Km)plie■ (ka/Km)r, Maratios of,

respectively, 3.3, 13.3, and 5.7 (Table 2-1). Even though the relative activities observed

Yith the P1-diverse library are averages of activities from mixtures of many other

substrates, the average of the three ratios listed above is 7.4, which compares favorably

Yith the ratio of 6.3 for P1 leucine to P1 methionine relative activity in the P1-diverse

li *>rary (Figure 2-2A). Although the P1-Leu library profile for human granzyme M

i *Slicated a preference for aromatic residues at P3, the most preferred substrate among

^s-KVPL-ACC, Ac-KYPL-ACC, and Ac-KEPL-ACC was Ac-KVPL-ACC (Table 2-1),

l ***licating valine is really the optimal P3 residue for P1 leucine substrates. In agreement

_-
*-*...***
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with the P1-Met library profile, Ac-KVPM-ACC was the most preferred P1 methionine

substrate among Ac-KVPM-ACC, Ac-KYPM-ACC, and Ac-KEPM-ACC (Table 2-1),

indicating valine is also the optimal P3 residue for P1 methionine substrates.

In agreement with library results, human granzyme M displayed highest activity

with the P2 proline substrates in the pairs Ac-KYPL-ACC and Ac-KYAL-ACC, and Ac

KVPM-ACC and Ac-KVAM-ACC, with (ka/Km)r, pº■ (ka/Km)r, Al, ratios of, respectively,

4.7 and 5.4 (Table 2-1). The corresponding (kea)r, po■ (ka)P2 Ala ratios for the two pairs of

substrates are, respectively, 12.8 and 9.6, whereas the (Km)P2 pº■ (Km)P2A, ratios are,

respectively, 2.5 and 1.8. Thus, although the P2 alanine substrates associate with the

era zyme more efficiently to form the ground state Michaelis complex, the P2 proline

s La bstrates are turned over far more efficiently, indicating that preference for P2 proline is

Ira anifested in the acylation transition state. Binding of the conformationally flexible P2

alarmine substrates is more favorable than that of the conformationally constrained P2

Prºcline substrates even though the former are expected to incur a higher loss in entropy

*E*Cºn binding than the latter. A potential explanation is that P2 alanine substrates can

access many modes of binding in the ground state, whereas P2 proline substrates are

****Cºre restricted to the transition state conformation.

The discrepancy in P3 specificity between the P1-Leu library and P1 leucine

Si **sle substrates may be due to small biases in the library or cooperativity during

Satal ysis. The (ka■ km)p-Lº■ (ka■ km)pi Me ratios for the three substrate pairs Ac-KVPL

^ Cos and Ac-KVPM-ACC, Ac-KYPL-ACC and Ac-KYPM-ACC, and Ac-KEPL-ACC

*** d Ac-KEPM-ACC vary significantly from one another, indicating that human

Sº I- anzyme M exhibits some cooperativity between the P3 and P1 sites. These ratios

34



reveal that when P1 changes from methionine to leucine, activity increases approximately

twice as much if P3 is glutamate instead of valine, and four times as much if P3 is

tyrosine instead of valine. Thus, in addition to small biases in the P1-Leu library that

may become more apparent in instances of broader specificity such as that observed at

P3, discrepancy between the P1-Leu library and single substrates is probably attributable

to non-additivity in protease-substrate interactions.

Library profiles indicated a preference for lysine and the methionine isostere

norleucine at P4. In agreement with library results, the (ka/Km)pal, ■ (ka/Kº), a ratio of

is - 1 for the substrate pair Ac-KYPL-ACC and Ac-RYPL-ACC (Table 2-1) indicates

Hº Lº man granzyme M does not accept the two basic residues interchangeably at P4. Since

In Cºrleucine is isosteric with methionine, it was interesting to find that human granzyme M

Ci is played approximately equal activities with lysine and norleucine but no activity with

rrn ethionine at P4 in the P1-Met library. To investigate whether the lack of P4 methionine

activity in the P1-Met library was due to oxidation of the methionine side chain, the

substrate Ac-MEPL-ACC was prepared and judged to be unoxidized by HPLC

Purification and mass spectrometric analysis. The (ka/Km)raly■ (ka/Km)r, Maratio of 5.7

for the substrate pair Ac-KEPL-ACC and Ac-MEPL-ACC (Table 2-1) indicates

****thionine is in fact not one of the most preferred residues at P4 and that P1-Met library

**sults were not biased because of methionine oxidation.

Interaction of human granzyme M with serpins. The three serpins ACT, OPI, and

PIS were chosen using a candidate-based approach to be tested as macromolecular

i **hibitors of human granzyme M since they are known to interact with proteases that, like

stanzyme M, display hydrophobic specificity. These include neutrophil elastase and
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proteinase 3, which are also genetically related to granzyme M (59, 60). To determine

whether any of these serpins are inhibitors of human granzyme M, each was incubated

with the protease at a 2:1 serpin-to-protease molar ratio for 24 hours. Samples were then

deglycosylated with PNGase F and analyzed by SDS-PAGE followed by Coomassie

Brilliant Blue staining. Incubation of the enzyme with ACT resulted in a higher

molecular weight band corresponding to an SDS-stable ACT-protease complex (Figure 2

5A). Incubation with ot, PI resulted not only in a higher molecular weight serpin-protease

complex, but also in another new band of slightly lower molecular weight than intact on

PI corresponding to cleaved serpin (Figure 2-5B). Incubation with PI9 resulted in

complete cleavage of the serpin (Figure 2-5C). The small decrease in molecular weights

compared to intact opi and PI9 is suggestive of cleavage at the reactive center loop.

Human granzyme M was then titrated with the three serpins to determine their

stoichiometries of inhibition (SI) (Table 2-2). Very long incubation times were used to

allow for complete complexation. ACT inhibited the enzyme with an SI of 1.2,

indicating that practically all ACT enters the inhibitory pathway to form stable complexes

with human granzyme M (67). on PI inhibited the enzyme with the slightly higher SI of

1.6, indicating that approximately a third of all on PI reacting with human granzyme M

enters the noninhibitory pathway in which the enzyme completes the deacylation step

with subsequent release and inactivation of the serpin (67). PI9 inhibited the enzyme

with the high SI of 63, indicating that it is a much better substrate than inhibitor of human

granzyme M. The stoichiometries of inhibition determined for each of the three serpins

are thus in agreement with analysis of reactions between serpins and human granzyme M

by SDS-PAGE, demonstrating that the protease forms a stoichiometric and inhibited

*
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complex with ACT, is mostly inhibited by onPI but also partially cleaves it, and cleaves

the vast majority of PI9.

As expected from the long incubation times used in the previous experiments, the

second order association rate constant k, for the formation of the serpin-granzyme M

complexes were reduced when compared to other known serpin-protease pairs such as

o,PI-neutrophil elastase (Table 2-2). However, the rate of acylation k, x SI of human

granzyme M by PI9 was 59,000 M's". As an upper bound approximation for ka/Kn, this

rate indicates PI9 may be a relevant macromolecular substrate of human granzyme M.

For comparison, granzyme B cleaves the apoptotic substrate poly(ADP-ribose)

polymerase with a ka/Kn of 23,000 M's" (68). Although the cleavage sites created by

granzyme M in ACT, o,PI, and PI9 were not identified by sequencing, likely P1 residues

can be predicted by alignment (Figure 2-5D). The observation that the k, x SI for

acylation of human granzyme M by ACT is faster than the rate of acylation by onPI

(Table 2-2) is in agreement with the preference displayed by the enzyme for leucine over

methionine at P1 since the serpin reactive center P1 residue is leucine in ACT and

methionine in on PI. On the other hand, the P2 proline in on PI is more preferred than the

P2 leucine in ACT, which may partly offset the effect of the P1 residues. In contrast to

ACT and o, PI, no correlation can be made between the reactive center loop of PI9 and

the substrate specificity of human granzyme M. Like other ovalbumin-related serpins

such as PI6, PI8, and MNEI, PI9 has two reactive sites (60, 69). Granzyme B, which is

known to cleave substrates following aspartate residues, cleaves PI9 following glutamate

340, while human neutrophil elastase, which is known to cleave substrates following

alanine, valine, and isoleucine residues, cleaves PI9 following cysteine 342. Since the

■ º a

- * *
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substrate specificity of granzyme M is more similar to that of neutrophil elastase, it is

possible that it reacts with PI9 at this same alternate site.

To demonstrate that cleavage of PI9 by human granzyme M leads to inactivation

of the serpin, human granzyme B was incubated for one hour with intact PI9 or PI9 that

had been pre-incubated for one hour with human granzyme M. Western blot analysis

indicated that the major species after incubation of human granzyme B with PI9 was the

higher molecular weight serpin-protease complex, whereas cleaved PI9 was the major

species after incubation with PI9 that had been pre-incubated with human granzyme M

(Figure 2-6A). Cleavage of PI9 by human granzyme M thus abolished its ability to form

a complex with human granzyme B. A direct competition between human granzyme B

inactivation by PI9 and human granzyme M inactivation of PI9 revealed that the former

occurs more rapidly. Granzyme M only rescues granzyme B activity in the presence of

PI9 if the serpin is pre-incubated with granzyme M prior to the addition of granzyme B

(Figure 2-6B). This is consistent with the fact that the reported k, for the inhibition of

human granzyme B by PI9 is 1.7 x 10°M's' (69), 30-fold faster than the k, x SI for

acylation of human granzyme M by PI9 (Table 2-2).
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Discussion

The ability of cytotoxic lymphocytes to kill pathogen-infected host cells is largely

dependent on perforin and members of the granzyme family of serine proteases. In

contrast to better-characterized family members such as granzymes A and B, the mode of

action of the NK cell-specific granzyme M in cytotoxicity has not yet been determined.

Since the biological function of a protease is largely determined by the events following

cleavage of its macromolecular substrates, identification of proteins cleaved by an orphan

protease such as granzyme M is an important step for elucidation of its function.

Examples of other regulatory trypsin-fold serine proteases such as thrombin and plasmin

indicate that preferred small molecule substrate specificities often correlate with sites of

cleavage in protein substrates (33). Study of protease substrate specificity thus provides

valuable information for identification of physiological substrates and their cleavage

sites. Additionally, such studies guide the design of synthetic substrates and inhibitors.

For these reasons, the extended substrate specificity of human granzyme M was

characterized using recombinantly expressed protease that was purified to homogeneity

and thus free from contaminating proteolytic activity. The availability of an expression

system such as P. pastoris that is capable of producing reagent quantities of the enzyme

also greatly facilitates future structure and function studies. The substrate specificity of

the enzyme was determined to be lysine = norleucine at P4, broad at P3 but preference

for valine, proline > alanine at P2, and leucine > norleucine > methionine at P1.

The primary substrate specificity of granzyme M has previously been

characterized using purified native rat enzyme from RNK-16 cells (65) and supernatant

from COS cells transiently transfected with human and mouse granzyme M (50, 66).
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Granzyme M from all three species was characterized as preferentially cleaving peptide
--

bonds following methionine residues, but also following norleucine and leucine residues. }
The results provided herein clearly demonstrate that human granzyme M has a far ; Rº

stronger preference for leucine over methionine at P1. The explanation for this --
*1 .

discrepancy lies in the fact that previous studies were carried out using thiobenzyl ester º º

substrates for characterization of specificity, which are inherently much less specific than

amides because of a more labile scissile bond (70). The results obtained for recombinant

human granzyme M with coumarin and p-nitroanilide substrates thus highlight the

importance of using amide substrates instead of ester substrates in protease specificity

studies.

Characterization of the extended substrate specificity of human granzyme M

demonstrated the activity of the enzyme to be highly dependent on the sequence and

length of synthetic substrates. Furthermore, the kinetic parameters obtained for human
g-

- * * * ."&L ºr 3
º ºr

granzyme M with the optimal substrate Ac-KVPL-ACC were comparable to those º R_*.
obtained for other regulatory proteases with their own specific substrates (71). These ---

º - -

observations suggest human granzyme M is likely to play a regulatory and not digestive s
role as the number of proteins cleaved by it will be restricted by its specificity. For

example, as judged by a congo red-conjugated elastin cleavage assay, human granzyme

M was unable to cleave elastin (data not shown), which is an important substrate of the

related proteases human neutrophil elastase and proteinase 3 (72). A limited set of

macromolecular substrates for human granzyme M is also consistent with what is known

about human complement factor D, its closest relative with 40% identity at the amino



acid level. The only known natural substrate for complement factor D is complement

factor B (73).

The function of a regulatory protease is not only determined by its subset of

protein substrates, but also by the location and nature of its interaction with endogenous

inhibitors. The serpins are a family of structurally conserved proteins, most of which

maintain homeostasis by regulating the activity of a variety of trypsin-fold serine

proteases. ACT is the physiological inhibitor of neutrophil cathepsin G and is also

known to inhibit mast cell chymase. O,PI is the physiological inhibitor of neutrophil

elastase and is also known to inhibit neutrophil proteinase 3 (59, 67). Although the

intracellular serpin PI9 is generally thought of as the physiological inhibitor of granzyme

B, this serpin was also found to be a potent inhibitor of neutrophil elastase (60). Human

granzyme M is related to some of these proteases by sequence and related to all by virtue

of also being a leukocyte protease that displays hydrophobic primary specificity. The

interaction of human granzyme M with the serpins ACT, o,PI, and PI9 was thus

characterized in an attempt to identify potential physiological inhibitors. The second

order association rate constants for the enzyme with all three serpins were low in

comparison to those of known serpin-protease pairs (69). On the other hand, PI9 was

found to be a much better substrate than inhibitor of human granzyme M, with cleavage

of the serpin resulting in loss of its ability to inhibit human granzyme B. It has been

postulated that some tumors evade cytotoxic T lymphocyte-mediated killing by blocking

the activity of granzyme B through overexpression of PI9 (35). The ability of human

granzyme M to clear the way for granzyme B-mediated target cell damage by
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inactivation of PI9 may thus be a means by which natural killer cells overcome this

escape mechanism (Figure 2-7).

The serpin reactive center loop sequence, particularly the identity of the P1

residue, has long been recognized as a major determinant of protease recognition (59).

On the other hand, although serpins inhibit proteases by a suicide substrate mechanism,

secondary interactions between serpin and protease can sometimes take precedence over

interactions at the reactive center loop. Merely swapping the sequence of this loop in

ACT with that of a number of different serpins is not sufficient to transfer new specificity

to ACT (74). Additionally, there are several cases where a serpin reactive center loop

does not correlate well with the substrate specificity of its target protease. For example,

although granzyme B exclusively processes substrates following aspartic acid (75), it

reacts efficiently with its endogenous inhibitor PI9 using glutamic acid 340 as the P1

residue (76). Inefficient inhibition of granzyme M by ACT even though this serpin has a

P1 leucine residue is thus not out of the ordinary. Cleavage of PI9 by granzyme M

following a non-leucine or methionine residue could also be explained by secondary

interactions taking precedence over reactive center loop interactions. Alternatively,

granzyme M may also have a preference for cysteine at P1 and may cleave PI9 following

a cysteine as is the case with neutrophil elastase (60). This redox-active residue was not

included in any substrate libraries or single substrates used in the specificity studies for

synthetic reasons. The explanation for the high stoichiometry of inhibition that makes

PI9 a good granzyme M substrate is unclear. It is likely that the cleaved PI9 reactive

center loop still inserts into the serpin 3-sheet, but as granzyme M is not kinetically

* * *
* *-*.
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trapped it is possible that its active site is not well distorted after structural rearrangement

of the covalent complex (67).

In summary, the P4 to P1 substrate specificity of recombinant human granzyme

M was characterized using several combinatorial libraries of substrates and single

substrates. The finding that this orphan member of the granzyme family has a strong

dependence on defined and extended interaction with substrates suggests it has a

regulatory function. Most significantly and in contrast to previous studies, human

granzyme M was found to cleave substrates directly following leucine residues far more

efficiently than following methionine residues. A candidate-based approach for

identification of a physiological inhibitor resulted instead in identification of PI9 as a

macromolecular substrate, albeit an unconventional one since there seems to be no

correlation between human granzyme M substrate specificity and a potential cleavage site

in this serpin. Investigation of the physiological relevance of PI9 as a human granzyme

M substrate and discovery of other protein substrates containing the consensus cleavage

site motif defined herein will further define the function of this orphan granzyme.
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Table 2-1. Steady-state kinetic parameters for the hydrolysis of single ACC substrates by

human granzyme M”.

Substrate ka/K, ka. K,

M's ' s' puM
Ac-KVPL-ACC 1,900 + 150 0.70 + 0.03 370 + 24

Ac-VPL-ACC 3.4 + 0.4 0.0044 + 0.0008 1,300 + 117
Ac-GRLL-ACC ND”

-

Ac-KEPL-ACC 990 + 96 0.79 + 0.08 800 + 125

Ac-KYPL-ACC 760 + 85 0.77 it 0.04 1,000 + 68
Ac-KYAL-ACC 160 + 20 0.06 + 0.01 400 + 126

Ac-RYPL-ACC 147 it 9 0.22 + 0.01 1,500 + 156
AC-MEPL-ACC 80 + 3 0.142 + 0.008 1,800 + 159

AC-KVPM-ACC 572 + 6 0.74 + 0.04 1,300 + 69
AC-KEPM-ACC 175 + 1 0.42 + 0.04 2,400 + 211
Ac-KVAM-ACC 106 + 7 0.077 it 0.005 720 + 63
AC-KYPM-ACC 57 it 8 0.115 + 0.008 2,000 + 366

* Values are expressed as the mean + standard deviation from four or more separate
experiments.
* Not measurable with up to 2 um enzyme and 2 mM substrate.
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Table 2-2. Kinetic constants for the interaction of human granzyme M with serpins".

Serpin k, SI k, x SI
M’ s' M’ s'

ACT 450 + 18 1.2 540

o,PI 170 + 36 1.6 270
PI9 930 + 71 63 59,000

*k, values are expressed as the mean + standard deviation from two separate experiments
and SI values are representative values from single experiments.



Figure 2-1. Purified recombinant human granzyme M. (A) Coomassie Brilliant Blue

stained gel. Molecular weight markers (lane 1), 40 ug of human granzyme M in

glycosylated form as isolated after purification (lane 2), and 8 ug of deglycosylated

human granzyme M (lane 3). (B) Immunoblot analysis using anti-human granzyme M

polyclonal antibody. 200 ng of human granzyme M in glycosylated form as isolated after

purification (lane 1), 40 ng of deglycosylated human granzyme M (lane 2), 40 ng of

deglycosylated human granzyme A (lane 3), and 40 ng of deglycosylated human

granzyme B (lane 4).
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Figure 2-1.
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Figure 2-2. P1 substrate specificity of human granzyme M. (A) Profile with the P1

diverse library, where the y axis represents activity relative to the P1 leucine well and the

x axis represents the positioned P1 amino acid (with norleucine represented by n). Data

represents the average from three separate experiments. (B) Second-order rate constants

for the hydrolysis of p-nitroanilide substrates with leucine, norleucine, or methionine at

P1 by human granzyme M. Data represents the average and error bars the standard

deviation from two separate experiments.
***

***-*-***
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Figure 2-2.
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Figure 2-3. P4-P2 substrate specificity of human granzyme M. Profiles with the P1-Leu - |
* * *

and P1-Met libraries, where the y axis represents activity relative to the P2 proline well /7.
and the x axis represents the positioned P4, P3, or P2 amino acid (with norleucine ; ■ º

represented by n). All rates can be normalized to the single well exhibiting highest

activity in each library because a single experiment simultaneously collects data on all ->

three subsites. Data represents the average from two separate experiments.
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Figure 2-3.
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Figure 2-4. Selectivity of the optimal human granzyme M synthetic substrate Ac-KVPL

ACC. Second-order rate constants for the hydrolysis of Ac-KVPL-ACC by human

granzyme M, human neutrophil elastase, human neutrophil cathepsin G, porcine

pancreatic elastase, and bovine chymotrypsin. Data represents the average and error bars

the standard deviation from two or more separate experiments.
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Figure 2-4.
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Figure 2-5. Analysis of the interaction between human granzyme M and serpins.

Coomassie Brilliant Blue-stained gels show protease (lanes P) and serpins (lanes S)

incubated separately and together (lanes P+S). All samples were deglycosylated prior to

SDS-PAGE analysis. (A) Reaction with ACT. Molecular weight markers (lane 1),

human granzyme M (lane 2), ACT (lane 3), and human granzyme M with ACT (lane 4).

(B) Reaction with on PI. Molecular weight markers (lane 1), human granzyme M (lane

2), o, PI (lane 3), and human granzyme M with o PI (lane 4). (C) Reaction with PI9.

Molecular weight markers (lane 1), human granzyme M (lane 2), PI9 (lane 3), and

human granzyme M with PI9 (lane 4). (D) Alignment of serpin reactive center loop

sequences. Alignment of ACT residues 342-370, o,PI residues 342-374, and PI9

residues 324–355. Identical residues are designated by asterisks. The larger box

designates the P4 to P1 amino acids of each serpin usually recognized by target proteases,

whereas the smaller box designates the alternate P4 to P1 amino acids of PI9 recognized

by human neutrophil elastase.
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Figure 2-5.
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Figure 2-6. Inactivation of PI9 by human granzyme M. (A) Immunoblot analysis using

anti-human PI9 polyclonal antibody. 3 ng of human granzyme B (lane 1), 3 ng of human

granzyme M (lane 2), 10 ng of PI9 (lane 3), 3 ng of human granzyme B incubated for 1

hour with 10 ng of PI9 (lane 4), and 3 ng of human granzyme B incubated for 1 hour with

10 ng of PI9 that was pre-incubated with human granzyme M for 1 hour (lane 5). (B)

Inhibition of granzyme B by PI9 is faster than inactivation of PI9 by granzyme M.

Relative activity of 10 nM human granzyme B measured after a 30 minute incubation

with 2 um PI9, 2 uM PI9 and 10 nM human granzyme M, or 2 p.M PI9 and 10 nM

human granzyme M that had been pre-incubated for 30 minutes before addition of human

granzyme B.
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Figure 2-6.
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Figure 2–7. A model for granzyme M inactivation of PI9 in vivo. (A) Cytotoxic . ■ º*
lymphocyte-mediated death of tumor cells can be blocked by PI9. (B) NK cells may use /7.
granzyme M to overcome PI9 inhibition of granzyme B in PI9-expressing tumor cells.
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Abstract
Biotinylated affinity labels were prepared for the cytotoxic lymphocyte proteases

granzymes A and B based on the substrate specificity of each enzyme and a diphenyl

phosphonate ester electrophile. Both peptide phosphonates were found to be effective

irreversible inhibitors of their target enzymes. The biotin tag allowed for activity-based

profiling of granzymes A and B in cell lysates by SDS-PAGE followed by avidin

blotting. Such analysis revealed both compounds to be extremely selective for each

target granzyme in the context of a human natural killer cell proteome.
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Abbreviations

AmPhg, 4-amidinophenylglycine; Ahk, 6-aminohexanoic acid; Trt, trityl; HPLC, high

pressure liquid chromatograhy; PyBOP, benzotriazole-1-yl-oxy-tris-pyrrolidino

phosphonium hexafluorophosphate; ONb, p-nitrobenzyl ester; OBzl, benzyl ester;

MALDI-TOF, matrix-assisted laser desorption ionization time-of-flight mass

spectroscopy; ESI-TOF, electrospray ionization time-of-flight mass spectroscopy; PBST,

phosphate-buffered saline with 0.1% Triton X-100; TBST, Tris-buffered saline with

0.1% Triton X-100; NK, natural killer
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The cytotoxic lymphocyte proteases granzymes A and B function as major

effectors of immunity against viruses and intracellular bacteria by inducing death of

pathogen-infected cells (5). Available tools to study the function of these enzymes

include knockout mice (25) and selective monoclonal antibodies (77). A potent and

selective small-molecule reversible inhibitor of granzyme B has also been prepared (78).

While irreversible inhibitors with some selectivity toward granzyme A have been

reported (79), no selective irreversible inhibitors of granzyme B exist. Use of irreversible

inhibitors as functional probes offers great utility in functional studies of enzymes.

Notably, affinity labeling allows for activity-based profiling of enzymes, quantitation of

inhibition, and evaluation of selectivity in the context of complex mixtures (39, 80). We

sought to prepare selective affinity labels for granzymes A and B that could subsequently

be used as effective functional probes.

Q }~ H ; 2*š-( Pepidy"ºr Š-(-)
R

1 2

Simple organophosphates such as diisopropyl phosphofluoridate (1) are classical

irreversible inhibitors of serine proteases and other serine hydrolases. These compounds

*hibit selectivity for enzymes posessing serine nucleophiles over enzymes posessing

°ther types of catalytic residues such as cysteine (81). The related a-aminoalkyl

diphenyl phosphonate esters (2) exhibit the same selectivity, are more stable in aqueous

*dia, and allow the phosphonate electrophile to be incorporated in the context of a

P*Ptide (82). This last characteristic is extremely advantageous for targeting granzymes

**-
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A and B since the activity of regulatory proteases such as these is highly dependent of

extended and specific interactions with peptide ligands (34, 71).

Powers and co-workers have previously prepared several diphenyl phosphonate

ester inhibitors of granzyme A (79). Some of these are selective for this granzyme over

other serine proteases such as the genetically related granzyme K. On the other hand,

none were designed based on the now known extended substrate specificity of granzyme

A (44), nor tested as affinity labels. In the case of granzyme B, Walker and co-workers

have previously reported that this protease is not inhibited by an acylated diphenyl

phosphonate ester analog of aspartic acid (83). Peptide phosphonates based on the

extended substrate specificity of granzyme B (75) have not been described. We were

interested in determining whether phosphonates prepared in the context of substrate

specificity-based peptides would result in potent and selective irreversible inhibitors of

granzymes A and B.

The synthetic strategy employed for preparation of the granzyme A-targeted

Phosphonate is shown is Scheme 3-1. The arginine analog 4-amidinophenylglycine was

Selected as the P1’ side chain based on the precedent set by Powers and co-workers (79).

The required phosphonate H-(AmPhg)"-(OPh), (6) was prepared essentially as previously

described (84). The biotinylated peptide biotinyl-Ahz-Ile-Gly-Asn(Trt)-OH was

Prepared on 2-chlorotrityl chloride resin using standard fluorenylmethoxycarbonyl

chemistry and purified by HPLC. 6 and biotinyl-Ahz-Ile-Gly-Asn(Trt)-OH were coupled

using PyBOP and diisopropylethylamine in dimethylformamide, and the product biotinyl

^hz-Ile-Gly-Asn(T rt)-(AmPhg)"-(OPh), (7) was purified by HPLC. The trityl protecting
T
2...ºnenclature for amino acid positions in substrates is Pn, Pn-1,..., P2, P1, P1’, P2’, ..., Pm-1’, Pm’,
ar th amide bond hydrolysis occurring between P1 and P1’. The corresponding enzyme binding subsitese Sn, Sn-1, ... , S2, S1, S1’, S2’, . . . , Sm-1’, Sm' (58).
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group was removed in 95% trifluoroacetic acid, 2.5% water, and 2.5% triisopropylsilane,

and the final product biotinyl-Ahz-Ile-Gly-Asn-(AmPhg)"-(OPh), (8) was purified by

HPLC.

The synthetic strategy employed for preparation of the granzyme B-targeted

phosphonate is shown is Scheme 3-2. An alternative route to the required aspartic acid

diphenyl phosphonate, more expedient and accessible than the one previously described

(83), was developed based on preparation of an appropriate aldehyde for use in the

condensation reaction developed by Oleksyszyn et al. (85). The aldehyde in this reaction

contains the functionality that becomes the amino acid side chain in the phosphonate. In

the case of the aspartic acid phosphonate analog, the acid functionality must be protected

in the precursor aldehyde. A p-nitrobenzyl protecting group was selected for this purpose

to allow orthogonal deprotection at the o-amine (86), and because the corresponding

aldehyde, p-nitrobenzyl formylacetate, can easily be isolated without distillation.

The first precursor in Scheme 3-2, formyl Meldrum’s acid (9), was prepared from

Meldrum's acid and triethyl orthoformate essentially as previously described (87). The

aldehyde precursor was obtained by refluxing formyl Meldrum's acid with p-nitrobenzyl

alcohol in toluene to obtain p-nitrobenzyl formylacetate (10) as described for the

Preparation of similar formylacetic esters (88). Solvent was removed under reduced

Pressure and the resulting oil, without further purification, was resuspended in acetic acid

*nd reacted with benzyl carbamate and triphenyl phosphite. Solvent was again removed

*der reduced pressure and the residue was purified by silica gel column chromatography

“O yield the a-amine and side-chain protected Z-Asp(ONb)"-(OPh), (11). Orthogonal

“leprotection at the a-amine using hydrogen bromide in acetic acid followed by HPLC
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purification yielded the side-chain protected H-Asp(ONb)"-(OPh), (12). The biotinylated

peptide biotinyl-Ahz-Ile-Glu(OBzl)-Pro-OH was prepared on 2-chlorotrityl chloride resin

using standard fluorenylmethoxycarbonyl chemistry and purified by HPLC. 12 and

biotinyl-Ahz-Ile-Glu(OBzl)-Pro-OH were coupled using PyBOP and

diisopropylethylamine in dimethylformamide, and the product biotinyl-Ahz-Ile

Glu(OBzl)-Pro-Asp(ONb)"-(OPh), (13) was purified by HPLC. The benzyl and p

nitrobenzyl protecting groups were removed by catalytic hydrogenation in ethanol, and

the final product biotinyl-Ahz-Ile-Glu-Pro-Asp"-(OPh), (14) was purified by HPLC.

Peptide phosphonates 8 and 14 were found to inhibit the activity of recombinant

human granzymes A and B, respectively, in a time-dependent manner, indicating

irreversible and covalent inhibition (data not shown). This prompted us to test 8 and 14

as affinity labels in NK cell lysates. Lysates were treated with 8 or 14, samples were

analyzed by SDS-PAGE, and biotinylated proteins were imaged by avidin blotting.

Distinct single proteins in lysates were found to be labeled by both peptide phosphonates

in a concentration-dependent manner (Figure 3-1). The faint band slightly above 75 kDa

in both avidin blots is an endogenously biotinylated protein that is present in untreated

°ontrol lysates. The faint band slightly below 75 kDa in the granzyme B western blot

*PPears due to cross-reactivity of the granzyme B monoclonal antibody with an

unidentified protein. Comparison of avidin blots to western blots of granzymes A and B

"the same lysates indicated that the protein labeled by 8 was granzyme A, and that the
Pºotein labeled by 14 was granzyme B. Substrate-specificity based phosphonates 8 and

14 are thus extremely selective for their target enzymes in the context of an NK cell

Proteome.
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Peptide phosphonates with amidinophenylglycine at P1 have been extensively

characterized (84). Such inhibitors are very stable in water or even plasma. In contrast,

14 is the first reported peptide phosphonate with aspartic acid at P1. Unfortunately, this

compound was found to be partially unstable in water and even as a dimethylsulfoxide

stock. The P1 side chain appears to catalyze hydrolysis of the phenyl esters by reversible

cyclization with nucleophilic attack at the phosphonate. Hamilton et al. have observed

such instability under basic conditions in their synthetic studies of aspartic acid

phosphonate analogs (83). One way to circumvent this problem in the future is to replace

the P1 acid residue for the heterocycle 1,2,3 triazole, which has effectively been used by

Wiloughby et al. for the preparation of reversible inhibitors of granzyme B (78). Such a

replacement should result in increased stability because phosphonates are not as

Susceptible to attack by nitrogen nucleophiles as they are to attack by oxygen

nucleophiles (81). An added advantage of this substitution is that it would also be

expected to result in inreased cell-permeability.

In conclusion, specific affinity labels were prepared for granzymes A and B based

on the substrate specificity of each enzyme and a diphenyl phosphonate ester

electrophile. The antibody-like selectivity and imaging sensitivity provided by these

°ompounds permits activity-based profiling of granzymes A and B in complex

biochemical mixtures. Although 8 and 14 are peptide-based, their remarkable selectivity

indicates they have the potential to function as effective functional probes of granzymes

^ and B in cell-based assays of cytotoxic lymphocyte function. At the very least, 8 and

** can serve as starting points for more drug-like irreversible inhibitors of granzymes A
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Experimental Section

Synthesis. Unless otherwise indicated, all reagents were obtained from Aldrich

or Fisher and used without further purification. Amino acids and resins used for peptide

synthesis were obtained from Novabiochem.

Diphenyl [N-(benzyloxycarbonyl)amino](4-

cyanophenyl)methanephosphonate [Z-(4-CN-Phg)’-(OPh),4]. To a 50 mL round

bottom flask were added 4-cyanobenzaldehyde (2.8 g., 21 mmol), benzyl carbamate (3.2

g, 21 mmol), triphenyl phosphite (5.6 ml, 21 mmol), and glacial acetic acid (3.2 ml). The

reaction mixture was stirred at rt for 1 h, at 80°C for 1 h, and solvent was removed under

reduced pressure with heating on a water bath. The white solid recovered was dissolved

in MeOH (50 ml) and left at -16°C overnight to crystallize. Crystals were collected by

filtration, dissolved in a minimal volume of CHCl, (1-5 ml), and re-crystallized by

addition of MeOH (50 ml) and overnight storage at -16°C. Crystals were again collected

by filtration to afford 10 g (90%) of 4 as a white solid. "H NMR (400 Mhz, CDC1,) 6

7.68-6.89 (m, 19H), 6.33 (s, 1H) 5.62 (dd, 1H), 5.11 (dd, 2H); mass calcd for

Cash, N.O.P.: 498.1, MALDI-TOF m/z found: 522.5 (M+Na)".

Diphenyl [N-(benzyloxycarbonyl)amino](4-

amidinophenyl)methanephosphonate hydrochloride [Z-(4-Amphg)"-(OPh), HCl, 5].

To a 250 ml round bottom flask were added 4 (3.0 g, 6.0 mmol), anhydrous EtOH (3.0

ml, 60 mmol), CHCl2 (100 ml), and 4M HCl in dioxane (100 ml). The reaction was

stirred under argon at 0°C for 7 days. The white precipitate formed was recovered by

filtration to afford 3.1 g of the crude imidate ethyl ester intermediate, which was dried

under reduced pressure. The dry intermediate was then added to a 250 ml round bottom
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flask along with NH,Cl (0.32 g, 6.0 mmol), 2M NH, in MeOH (4.3 ml, 9.0 mmol NH,),

and anhydrous MeOH (80 ml). The reaction was stirred under argon at rt for 3 days. The

white precipitate formed was separated by filtration and solvent from the filtered reaction

mixture was removed under reduced pressure. The gummy yellow solid recovered was

dissolved in a minimal volume of CHCI, (1-5 ml) with heating, and precipitated by

addition of diethyl ether (100 ml). The precipitate was pelleted by centrifugation, the

solvent was decanted, and the pellet was dried under reduced pressure to afford 1.6 g

(47%) of 5 as a white powder. "H NMR (400 Mhz, CDC1,) 58.85-8.72 (d, 4H), 7.73

6.80 (m, 19H), 5.57 (d. 1H), 5.34 (d, 1H), 4.97 (dd, 2H); mass calcd for Cash, N.O.P.

515.2, MALDI-TOF m/z found: 517.4 (M+H)".

Diphenyl amino(4-amidinophenyl)methanephosphonate trifluoroacetate [H-

(4-Amphg)’-(OPh), 2TFA, 6]. To a 500 ml hydrogenation flask was added 5 (1.0 g, 1.8

mmol), a catalytic ammount of 10% palladium on activated carbon, concentrated HCl

(0.30 ml, 3.6 mmol), and EtOH (50 ml). The flask was agitated under 4 atm of hydrogen

for 4 h using a Parr shaker type hydrogenation apparatus. The catalyst was removed by

filtration, the solvent was removed under reduced pressure, and the residue recovered was

purified by reversed-phase HPLC. Lyophilization of fractions containing product

afforded 0.54 g (33%) of 6 as a white powder. Mass calcd for C20H2ON,O,P. 381.1,

MALDI-TOF m/z found: 381.8 (M+H)".

Biotinyl-Ahz-Ile-Gly-Asn(Trt)-(Amphg)"-(OPh), TFA (7). To a scintillation

vial were added 6 (17 mg, 28 umol), biotinyl-Ahz-Ile-Gly-Asn(Trt)-OH (0.10 g, 0.11

mmol), PyBop (59 mg, 0.11 mmol), DIPEA (51 ul, 0.28 mmol), and DMF (0.3 ml). The

reaction was gently agitated for 2 days, the solvent was removed under reduced pressure,
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and the residue recovered was purified by reversed-phase HPLC. Lyophilization of

fractions containing product afforded 20 mg (53%) of 7 as a white powder. Mass calcd

for C.H.,N100,0PS: 1246.5, MALDI-TOF m/z found: 1247.7 (M+H)".

Biotinyl-Ahz-Ile-Gly-Asn-(Amphg)"-(OPh), TFA (8). To a scintillation vial

were added 7 (20 mg, 15 pmol) and a mixture of 95% TFA, 2.5% H.O, and 2.5% TIS (2

ml). The reaction was gently agitated for 4 h, the solvent was removed under reduced

pressure, and the residue recovered was purified by reversed-phase HPLC.

Lyophilization of fractions containing product afforded 2.0 mg (11%) of 8 as a white

powder. Mass calcd for Cash, NigCoPS: 1004.4, MALDI-TOF m/z found: 1005.7

(M+H)".

Formyl Meldrum’s acid (9). To a 250 ml round bottom flask were added

Meldrum's acid (2,2-dimethyl-1,3-dioxane-4,6-dione) (10g, 69 mmol) and triethyl

orthoformate (50 ml, 300 mmol). The reaction was stirred at 90°C for 3 h and the solvent

was removed under reduced pressure with heating on a water bath. The amber oil

recovered was left at rt overnight to crystallize. The resulting crystals were taken up in

cold isopropyl ether, filtered, and washed with cold isopropyl ether to recover

ethoxymethylene Meldrum's acid as yellow crystals. This intermediate is unstable and

was used in the next step within a day. To a 1 L round bottom flask were added

ethoxymethylene Meldrum's acid (9.5 g, 47 mmol) and 2 M HCl (500 ml). The mixture

was vigorously stirred at rt for 4 h until all solid material was dissolved. The reaction

was saturated with solid NaCl, an equal volume of diethyl ether was added (~ 600 ml),

and the mixture was vigorously stirred in a 2 L beaker for 15 min. The ether layer was

separated, dried with MgSO4, and the solvent was removed under reduced pressure. The
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yellow solid recovered was taken up in cold isopropyl ether (~50 ml) and filtered to

afford 2.5 g (20%) of 9 as yellow crystals. "H NMR (400 Mhz, CDCl3) & 13.15 (s, 1H),

8.56 (s, 1H), 1.77 (s, 6H).

Diphenyl 1-[N-(benzyloxycarbonyl)amino]-2-(4-nitro

benzyloxycarbonyl)ethanephosphonate [Z-Asp(ONb)"-(OPh), 11]. To a 50 ml round

bottom flask were added formyl Meldrum’s acid (1.3 g, 7.5 mmol), p-nitrobenzyl alcohol

(1.2 g, 7.5 mmol), and toluene (15 ml). The reaction mixture was stirred under reflux on

an oil bath for 30 min and the solvent was removed under reduced pressure. This

afforded 1.7 g of crude p-nitrobenzyl formylacetate (10) as an oil, which was promptly

used in the next step without purification. To a new 50 mL round bottom flask were

added crude p-nitrobenzyl formylacetate (1.7 g), benzyl carbamate (1.1 g, 7.5 mmol),

triphenyl phosphite (2.3 ml, 7.5 mmol), and glacial acetic acid (2.3 ml). The reaction

mixture was stirred at rt for 1 h, at 80°C for 1 h, and solvent was removed under reduced

pressure with heating on a water bath. The residue recovered was purified over SiO,

(40.60 ethyl acetate/hexane) to afford 1.3 g (29%) of 11 as a white solid. "H NMR (400

Mhz, CDCl3) 68.13 (d, 2H), 7.46 (d, 2H), 7.33-7.06 (m, 15H), 5.62 (d, 1H), 5.19 (d, 2H),

5.11 (d, 2H), 4.98 (m, 1H), 2.97 (m, 2h); mass calcd for CaoH,7N2O,P: 590.2, MALDI

TOF m/z found: 612.9 (M+Na)".

Diphenyl 1-amino-2-(4-nitro-benzyloxycarbonyl)ethanephosphonate

trifluoroacetate [H-Asp(ONb)"-(OPh), TFA, 12]. To a 50 ml round bottom flask were

added 12 (1.3 g, 2.2 mmol) and 30% HBr in AcOH (10 ml). The reaction was stirred at rt

for 1 h, solvent was removed under reduced pressure, and the residue recovered was

purified by reversed-phase HPLC. Lyophilization of fractions containing product
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afforded 91 mg (55%) of 12 as a white powder. 'H NMR (400 Mhz, CDCl,) 58.09 (d,

2H), 7.41 (d, 2H), 7.26-7.00 (m, 10H), 5.19 (s, 2H), 4.39 (m, 1H), 3.26 (m, 2H); mass

calcd for C.H.I.N.O.P. 456.1, ESI-TOF m/z found:457.2 (M+H)".

Biotinyl-Ahz-Ile-Glu(OBzl)-Pro-Asp(ONb)*-(OPh), (13). To a scintillation

vial were added 12 (70 mg, 0.12 mmol), biotinyl-Ahz-Ile-Glu(OBzl)-Pro-OH (0.39 g,

0.49 mmol), PyBop (0.26 g, 0.49 mmol), DIPEA (0.20 ml, 1.11 mmol), and DMF (1.2

ml). The reaction was gently agitated for 2 days, the solvent was removed under reduced

pressure, and the residue recovered was purified by reversed-phase HPLC.

Lyophilization of fractions containing product afforded 20 mg (53%) of 13 as a white

powder. Mass calcd for C. H.N.O.spS: 1224.5, MALDI-TOF m/z found: 1248.0

(M+Na)".

Biotinyl-Ahz-Ile-Glu-Pro-Asp"-(OPh), (14). To a 500 ml hydrogenation flask

was added 13 (58 mg, 47 umol), a catalytic ammount of 10% palladium on activated

carbon, concentrated HCl (0.2 ml, 2.5 mmol), and EtOH (10 ml). The flask was agitated

under 4 atm of hydrogen for 4 h using a Parr shaker type hydrogenation apparatus. The

catalyst was removed by filtration, the solvent was removed under reduced pressure, and

the residue recovered was purified by reversed-phase HPLC. Lyophilization of fractions

containing product afforded 4.2 mg (9%) of 13 as a white powder. Mass calcd for

Cºhº N.O1,PS: 999.4, MALDI-TOF m/z found: 999.7 (M+H)".

Affinity labeling of cell lysates. bio-x-IGN(AmPhg)"-(OPh), or bio-x-IEPD"-

(OPh), from DMSO stocks were added to 25 ul of 2x10° cell/ml lysates of the cell line

NK-92 prepared in PBST. Final phosphonate concentrations were 0 nM, 1 nM, 10 nM,

100 nM, 1 um, and 10 puM. Final DMSO concentrations were 1%. Lysates were

*---------
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incubated with phosphonates for one hour at room temperature. 12% SDS (5 ul) was

added to lysates either before incubation for pre-inactivated samples or following

incubation to quench reactions. Following addition of 6x gel loading buffer (6 ul) to the

resulting lysates, samples were boiled for 2 minutes, and sample volumes corresponding

to 1x10° cells/well were analyzed by SDS-PAGE. Biotinylated proteins were then

imaged by avidin blotting as described below.

Avidin blot analysis. Cell lysates were separated by SDS-PAGE and transferred

to a nitrocellulose membrane. The membrane was blocked in TBST containing 5%

nonfat dry milk, washed with TBST, incubated in a solution of VECTASTAIN ABC

Standard (Vector Laboratories) biotin detection reagent in TBST according to

manufacturer’s instructions, and washed with TBST. Avidin-bound protein bands were

then detected by enhanced chemiluminescence (Amersham Biosciences).

Immunoblot analysis. Cell lysates were separated by SDS-PAGE and

transferred to a nitrocellulose membrane. The membrane was blocked in TBST

containing 5% nonfat dry milk, incubated in a solution of 1 pig■ ml anti-human granzyme

A monoclonal antibody GA6 (Serotec), or a 1 pug/ml solution of anti-human granzyme B

monoclonal antibody 2C5 (BD Biosciences) in TBST containing 5% nonfat dry milk,

washed with TBST, incubated in a 1:10,000 dilution of horseradish peroxidase

conjugated secondary antibody (Bio-Rad) in TBST containing 5% nonfat dry milk, and

washed again with TBST. Antibody-bound protein bands were then detected by

enhanced chemiluminescence (Amersham Biosciences).
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Scheme 3-1. Reagents and conditions: (a) 4-cyanobenzaldehyde, benzyl carbamate,

triphenyl phosphite, acetic acid, 80°C, 2 h, 90%; (b) i. ethanol (10 eq), 50% 4M HCl in }
dioxane, 50% chloroform, 0°C, 7 days; ii. 2M NH, in methanol (1.5 eq NH,), NH,Cl (1 3 RA

eq), methanol, rt, 2 days, 47% over 2 steps; (c) 10% Pd/C, H, (4 atm), ethanol, 4h, 33%; !--
(d) biotinyl-Ahz-Ile-Gly-Asn(Trt)-OH, PyBOP, DIPEA, DMF, rt, 48 h, 53%; (e) 95% º .

trifluoroacetic acid, 2.5% H2O, 2.5% TIS, rt, 4 h, 11%.
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Scheme 3–1.
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Scheme 3-2. Reagents and conditions: (a) p-nitrobenzyl alcohol, toluene, reflux, 30 min,

crude; (b) benzyl carbamate, triphenyl phosphite, acetic acid, 80°C, 2 h, 29% over two

steps; (c) 30% HBr in acetic acid, rt, 1 h, 55%; (d) acetic anhydride, DIPEA, DMF, rt, 48

h, 9%; (e) biotinyl-Ahz-Ile-Glu(OBzl)-Pro-OH, PyBOP, DIPEA, DMF, rt, 48 h, 94%; (f)

catalytic hydrogenation with Pd/C in ethanol, rt, 12 h, 9%.
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Figure 3-1. Substrate specificity-based phosphonates 8 and 14 respectively label

granzymes A and B in NK cell lysates. Avidin blots of NK cell lysates treated with 8 or

14 indicate labeling of single proteins in a concentration-dependent manner (0 nM, 1 nM,

10 nM, 100 nM, 1 um and 10 uM). Western blots of the same lysates indicate that the

proteins labeled by 8 and 14 correspond to human granzymes A and B.
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Abstract

The mechanism of target cell lysis in cytotoxic lymphocyte-mediated death is not

vvell understood, and the role of granzymes in this process is unclear. In agreement with

Prior studies, it was found that lysis of target cells by natural killer cells was not affected

by caspase inhibitors, but was blocked by general serine and cysteine protease inhibitors.

Divergent substrate specificity profiles of all human granzymes indicated extended

specificity determinants could be used as starting points for design of selective peptide

based inhibitors of each granzyme. To deconvolute the role of the major granzymes A

a raci B in target cell lysis, substrate specificity-based diphenyl phosphonate ester

in Haibitors were prepared for both enzymes. Both inhibitors were found to react

cCValently with their target enzymes and a biotin tag allowed them to be used as covalent

aff inity labels. Both inhibitors were found to be selective in the context of other

granzymes. Labeling in natural killer cell lysates and intact natural killer cells revealed

both inhibitors to be extremely selective in the context of effector and target cell

Proteomes. In contrast to genetic and biochemical studies, use of both inhibitors in

°Ytotoxicity assays revealed granzyme A to be a minor effector and granzyme B to be a

*ajor effector of target cell lysis by natural killer cells. These studies indicate granzyme

B li kely functions as a pro-necrotic as well as pro-apoptotic effector of target cell death.
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Abbreviations

NK, natural killer; CTL, cytotoxic T lymphocyte; DCI, 3,4-dichloroisocoumarin; E-64d,

L—trans-epoxysuccinyl-Leu-3-methylbutylamide ethyl ester; Z-VAD-FMK, Z-Val-Ala

Asp(OMe)-fluoromethylketone; Z-DEVD-FMK, Z-Asp(OMe)-Glu(OMe)-Val

Asp(OMe)-fluoromethylketone; OMe, methyl ester; Z, benzyloxycarbonyl; Suc,

succinimidyl; pnA, p-nitroanilide; SBzl, thiobenzyl ester; Ac, acyl; ACC, 7-amino-4-

carbamoylmethylcoumarin; PS-SCL, positional scanning synthetic combinatorial library;

H–C AmPhg)"-(OPh), diphenyl amino(4-amidinophenyl)methanephosphonate; Amphg, 4

arra i dinophenylglycine; HPLC, high pressure liquid chromatography; Ahz, 6–

arrhinohexanoic acid; Trt, trityl; PyBOP, benzotriazole-1-yl-oxy-tris-pyrrolidino

PH, Cºsphonium hexafluorophosphate; H-Asp(ONb)"-(OPh), diphenyl 1-amino-2-(4-nitro

be razyloxycarbonyl)ethanephosphonate; ONb, p-nitrobenzyl ester; OBzl, benzyl ester;

DTNB, 5,5-dithio-bis(2-nitrobenzoic acid); PBS, phosphate-buffered saline; PBST,

Ph Cºsphate-buffered saline with 0.1% Triton X-100; TBST, Tris-buffered saline with

O- 1 “2% Triton X-100; APC, allophycocyanin; DFP, diisopropyl phosphofluoridate.

84



Introduction

Natural killer (NK) cells and cytotoxic T lymphocytes (CTL) function in

irmmunity as the primary line of defense against viruses and other intracellular pathogens.

These cytotoxic lymphocytes recognize host cells compromised by infection and kill

them to halt pathogen proliferation. Death of infected target cells is predominantly

rrn ediated by members of the granzyme family of serine proteases in conjunction with the

P. cre-forming protein perforin (89). Through a mechanism referred to as granule

excºcytosis, vesicles containing the granzymes and perforin are secreted from the

cytcºtoxic lymphocyte, and granule contents are taken up by the target cell into endocytic

vesicles. Perforin then acts as an endosomolytic agent, allowing escape of the granzymes

into the cytoplasm to carry out a series of proteolytic events that lead to several

nºn Cºrphologic changes in the target cell. These include phosphatidylserine externalization,

DNA damage, mitochondrial damage, and cell lysis, all of which culminate in death and

elirrhination of the infected cell (5). Although an essential component of immunity under

norrmal conditions, aberrant cytotoxic lymphocyte activity can result in disease. In some

°ases the granzymes may thus represent potential therapeutic targets (51,90-93).

Granzymes A and B are the most prominent members of the granzyme family as

*** merous experiments have implicated them in the induction of target cell death.

Notabl y, mice lacking either or both of these granzymes exhibit increased susceptibility

“P viral infections (21). Additionally, far more is known about the molecular mechanism

* action of these two granzymes than is known about the remaining “orphan” human

***nzymes H, K, and M (17). The substrate specificity of granzyme B is similar to that

Of *Pical caspases and its function as an activator of apoptosis reflects this similarity.

..:-
*. .*.*.*
-- - ºn tº

**-* * sº

sº- -* * *-

**. * -º-º:
- - -- sº

tºº. -
-----

** *** *

ºr-º-

º
***

-*—
... erº

º tº º
***

nº --~~~

85



Granzyme B may also induce death through caspase independent pathways. Major

Hallmarks of granzyme B-induced cellular damage are oligonucleosomal DNA

fragmentation and mitochondrial damage (94). An important pathway to granzyme A

i raduced damage involves cleavage and inactivation of SET (also known as PHAPII,

TAF-IB, I,”), which functions as an inhibitor of the DNAse activity of the tumor

rrnetastasis suppressor NM23-H1. The resulting hallmark of granzyme A-induced

clarnage is single-stranded DNA nicks mediated by NM23-H1 (29).

Most information concerning the function of granzymes A and B has been derived

frcºrn genetic studies, or from reconstituted systems in which target cells are killed by

ex Cºsenous addition of purified granzymes and perforin. Although genetic deletions in

rrn ice offer a high level of physiological relevance, compensation by related genes can

SC'rra etimes obscure effects (95). Compensation may be a particularly valid consideration

in the case of the granzymes because several family members are highly homologous.

Use of a reconstituted system is a practical approach to isolate effects of a specific

&rarizyme, but offers limited physiological relevance and can thus be susceptible to

**tifacts. A clear example of the potential discord between results obtained using the two

*PProaches comes from analysis of cell lysis, the standard morphological parameter for

**asurement of cytotoxic lymphocyte function. Cytotoxic lymphocytes from mice

lack in g either granzyme A, or granzyme B, or both granzymes exhibit relatively normal

abil ity to lyse target cells (25). In contrast, treatment of target cells with sublytic levels

°f Perforin and either granzyme A or granzyme B leads to efficient cell lysis (27, 28).

As a means to study protein function, chemical genetics can offer a high level of

Physi ological relevance and a high level of temporal control that circumvents

------> *-
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compensation by related genes (38). Such an approach thus has the potential to

complement present understanding of the function of granzymes A and B. Toward the

goal of establishing a chemical genetic system for study of these two major granzymes,

selective inhibitors targeted against granzymes A and B were developed for use as

functional probes in assays of cytotoxic lymphocyte function. Both inhibitors were

ciesigned to have the general architecture of tagged affinity labels. This design allowed

rapid evaluation of selectivity in the context of NK and target cell proteomes by SDS

PAGE analysis followed by detection of a biotin label. Each inhibitor was found to be

extremely selective for its target enzyme in the context of complex biochemical mixtures.

TH, e. granzyme A and B-targeted inhibitors were thus used to probe the contributions of

these two major granzymes to target cell lysis mediated by NK cells. In contrast to

results obtained using cytotoxic lymphocytes from granzyme-deficient mice, or

reconstituted systems of purified granzymes and perforin, these studies revealed

£ranzyme A to be a minor effector and granzyme B to be a major effector of target cell

lysis by NK cells.

87



Material and Methods

Reagents. Unless otherwise specified, all solvents and chemicals were obtained

from Sigma-Aldrich. Amino acids and resins used for peptide synthesis were obtained

from Novabiochem. DCI was obtained from Roche. Z-VAD-FMK, Z-DEVD-FMK, and

recombinant human granzyme K from E. coli were obtained from Calbiochem. E-64d,

suc-AAPR-pMA, Ac-IEPD-pNA, Suc-FLF-SBzl, and Z-K-SBzl were obtained from

Eachem. Ac-KVPL-ACC was prepared as previously described (34). The cell lines NK

<>2 and K562 were obtained from the American Type Culture Collection (ATCC). The

ce II lines NKL and Daudi were generous gifts from Dr. Lewis Lanier (University of

California, San Francisco).

Heterologous expression and purification of human granzymes A, B, H, and M.

Recombinant human granzymes A and M from P. pastoris were prepared and purified as

Previously described (34,44). The cDNA encoding mature human granzyme B was a

Bern erous gift from Dr. Sandra Waugh Ruggles (Catalyst Biosciences) and the cDNA

encoding mature human granzyme H was amplified from I.M.A.G.E. clone 5936395.

Recombinant human granzymes B and H were prepared and purified in a manner

**al Ogous to that reported for recombinant human granzymes A and M.

Positional scanning synthetic combinatorial libraries. Human granzymes A, B,

H- and M were profiled using a completely diversified PS-SCL of tetrapeptide ACC

substrates (96). This library is arrayed into four different sets of twenty wells

Sºrresponding to mixtures of compounds having, respectively, general structures Ac

XXXP-ACC, Ac-XXP,X-ACC, Ac-XP.XX-ACC, and Ac-PXXX-ACC. In this library

X "epresents positions randomized with a mixture of twenty amino acids (excluding

I.
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cysteine and including norleucine) and P, represents positions sequentially fixed as one

of these twenty amino acids. Each well of this PS-SCL thus contains 8000 discrete

substrates. Human granzyme K was profiled using the Ac-XXXR-ACC and Ac-XXXK

ACC wells of the completely diversified PS-SCL and a P1-Lys PS-SCL of tetrapeptide

ACC substrates (33). The P1-Lys PS-SCL is arrayed into three different sets of nineteen

vvells corresponding to mixtures of compounds having, respectively, general structures

A c-XXP,K-ACC, Ac-XP.XK-ACC, and Ac-PXXK-ACC. In this library X represents

PCsitions randomized with a mixture of nineteen amino acids (excluding cysteine and

rrn ethionine, and including norleucine) and P. represents positions sequentially fixed as

CIne of these nineteen amino acids. Each well of this PS-SCL thus contains 361 discrete

sun EPstrates. Screening of libraries was carried out in 96-well plates as previously

Giescribed (33). Assays were conducted at 37°C and initiated by addition of enzyme in

assay buffer (100 mM HEPES, pH 7.4, 200 mM NaCl, and 0.01% Tween-20) (99 ul) to

a DNMSO library stock (1 pil). Total concentration of substrates in assays was 250 um

for the completely diversified PS-SCL and 100 um for the P1-Lys PS-SCL. Hydrolysis

ºf substrates was monitored fluorimetrically using an excitation wavelength of 380 nm,

*** emission wavelength of 460 nm, and a cutoff filter at 430 nm. Reaction rates

**mained linear over the course of assays.

Synthesis of bio-x-IGN(Amphg)"-(OPh). The diphenyl phosphonate ester analog

ºf 4-amidinophenylglycine, H-(AmPhg)’-(OPh), was prepared essentially as previously

described (84) and purified by HPLC. The peptide biotinyl-Ahz-Ile-Gly-Asn(Trt)-OH

VV as prepared on 2-chlorotrityl chloride resin using standard fluorenylmethoxycarbonyl

*hemistry and purified by HPLC. Phosphonate and peptide were coupled using PyBOP

º
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and diisopropylethylamine in dimethylformamide, and the product biotinyl-Ahz-Ile-Gly

Asn (Trt)-(AmPhg)"-(OPh), was obtained following HPLC purification. The trityl

protecting group was removed in 95% trifluoroacetic acid, 2.5% water, and 2.5%

triisopropylsilane. The final product biotinyl-Ahz-Ile-Gly-Asn-(AmPhg)"-(OPh), was

Obtained following HPLC purification and was characterized by mass spectrometry.

N/1.ass calcd for Cashes Nio'OloFS: 1004.4. MALDI-TOF m/z found: 1004.7 (M+H)",

1 O26.9 (M+Na)", 1044.0 (M+K)'.

Synthesis of bio-x-IEPD"-(OPh),. The side chain-protected diphenyl phosphonate

ester analog of aspartic acid, H-Asp(ONb)"-(OPh), was prepared using p-nitrobenzyl

formylacetate in the condensation reaction developed by Oleksyszyn et al. (85) and

Purified by HPLC. The peptide biotinyl-Ahz-Ile-Glu(OBzl)-Pro-OH was prepared on 2

chlorotrityl chloride resin using standard fluorenylmethoxycarbonyl chemistry and

Purified by HPLC. Phosphonate and peptide were coupled using PyBOP and

diisopropylethylamine in dimethylformamide, and the product biotinyl-Ahz-Ile

Glu(OBzl)-Pro-Asp(ONb)"-(OPh), was obtained following HPLC purification. Benzyl

and p-nitrobenzyl protecting groups were removed by catalytic hydrogenation in ethanol.

The final product biotinyl-Ahz-Ile-Glu-Pro-Asp"-(OPh), was obtained following HPLC

Purification and characterized by mass spectrometry. Mass calcd for CºHº.N.O.3PS:

999.4. MALDI-TOF m/z found: 999.7 (M+H)', 1020.8 (M+Na)", 1037.1 (M+K)'.

Inhibitor kinetics. The pseudo second-order rate constants kee■ |I) for inhibition of

**combinant granzyme A (100 nM) by bio-x-IGN(AmPhg)"-(OPh), (1 um) and

"Scombinant granzyme B (1 um) by bio-x-IEPD’-(OPh), (10 um) were determined

*ccording to the method of Kitz and Wilson (97). Enzymes and inhibitors were
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incubated at 25°C in the same assay buffer as that used for PS-SCL studies, and diluted

hundredfold into assay buffer at fixed intervals. Remaining enzymatic activity was

determined using Z-K-SBzl (1 mM) for granzyme A and Ac-IEPD-pNA (1 mM) for

granzyme B. Cross-reactivity of both inhibitors among granzymes was determined by

incubation of each granzyme (1 um) with either inhibitor (100 um) at 25°C in assay

buffer containing for four hours. Remaining enzymatic activity was determined

following hundredfold dilutions into assay buffer using Z-K-SBzl (1 mM) for granzymes

A and K, Ac-IEPD-pMA (1 mM) for granzyme B, Suc-FLF-SBzl (100 uM) for granzyme

H, and Ac-KVPL-ACC (1 mM) for granzyme M. Final DMSO concentrations in assays

never exceeded 2%. Hydrolysis of SBzl substrates was monitored

spectrophotometrically at 405 in the presence of DTNB (100 um). Hydrolysis of Ac

IEPD-pNA was monitored spectrophotometrically at 405 nm. Hydrolysis of Ac-KVPL

ACC was monitored as described for library assays.

Affinity labeling of cell lysates. bio-x-IGN(AmPhg)"-(OPh), or bio-x-IEPD"-

(OPh), from DMSO stocks were added to 25 ul of 10° cell/ml or 10" cell/ml lysates of

NK-92, NKL, K562, or Daudi cells prepared in PBST. Final inhibitor concentrations

were as indicated in the Results section. Final DMSO concentrations were 1%. Lysates

were incubated with inhibitors for one hour at room temperature. 12% SDS (5 ul) was

added to lysates either before incubation for pre-inactivated samples or following

incubation to quench reactions. Following addition of 6x gel loading buffer (6 ul) to the

resulting lysates, samples were boiled for 2 minutes, and sample volumes corresponding

to 5×10" cells/well for inhibitor titrations or to 2×10° cells/well for activity profiling

across cell lines were analyzed by SDS-PAGE and avidin blotting as described below.

** *****
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Affinity labeling of intact NK cells. bio-x-IGN(Amphg)"-(OPh), or bio-x-IEPD"-

(OPh), from DMSO stocks were added to 25 ul of 10' intact NK-92 cells/ml in RPMI

1640 containing 10% fetal bovine serum. Final inhibitor concentrations were as

indicated in the Results section. Final DMSO concentrations were 1%. Cells were

incubated with inhibitors for four hours at 37°C, washed with PBS (5 x 500 ul), and

lysed in PBST (250 ul). Following addition of 6x gel loading buffer (10 ul) to 50 pil of

the resulting lysates, samples were boiled for 2 min, and sample volumes corresponding

to 1x10° cells/well were analyzed by SDS-PAGE and avidin blotting as described below.

Immunoprecipitation. bio-x-IGN(AmPhg)"-(OPh), or bio-x-IEPD’-(OPh), from

DMSO stocks were added to 25 ul of 10" cell/ml NK-92 cell lysates prepared in PBST.

Final inhibitor concentrations were 100 puM and final DMSO concentrations were 1%.

Cell lysates were incubated with inhibitors for one hour at room temperature and diluted

into PBS (215 ul) containing 2.5 pig of anti-human granzyme A monoclonal antibody

CB9 (BD Biosciences) or anti-human granzyme B monoclonal antibody GB11 (Serotec).

Diluted lysates were incubated with antibodies for one hour at room temperature and a

50% slurry of protein G sepharose (Amersham Pharmacia) in PBST (20 ul) was added.

Lysates were incubated with sepharose beads for one hour at room temperature, beads

were separated from supernatant, and washed with PBS (3 x 500 ul). 12% SDS (5 ul)

and 6x gel loading buffer (6 ul) were added to 25 ul of the original supernatant. PBS (50

ul), 12% SDS (5 ul), and 6x gel loading buffer (6 ul) were added to the beads. Samples

were boiled for 2 minutes, and sample volumes corresponding to 1x10° cells/well for

supernatant or 60 pil for beads were then analyzed by SDS-PAGE and avidin blotting as
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Avidin blot analysis. Protein samples were separated by SDS-PAGE and

transferred to a nitrocellulose membrane. The membrane was blocked in TBST

containing 5% nonfat dry milk, washed with TBST, incubated in a solution of

VECTASTAIN ABC Standard (Vector Laboratories) biotin detection reagent in TBST

according to manufacturer's instructions, and washed with TBST. Avidin-bound protein

bands were then detected by enhanced chemiluminescence (Amersham Biosciences).

Immunoblot analysis. Protein samples were separated by SDS-PAGE and

transferred to a nitrocellulose membrane (Schleicher & Schuell). The membrane was

blocked in TBST containing 5% nonfat dry milk, incubated in a solution of anti-human

granzyme A monoclonal antibody GA6 (Serotec) (1 ug/ml) or a solution of anti-human

granzyme B monoclonal antibody 2C5 (BD Biosciences) (1 ug/ml) in TBST containing

5% nonfat dry milk, washed with TBST, incubated in a 1:10,000 dilution of horseradish

peroxidase-conjugated secondary antibody (Bio-Rad) in TBST containing 5% nonfat dry

milk, and washed again with TBST. Antibody-bound protein bands were then detected

by enhanced chemiluminescence (Amersham Biosciences).

Cell-mediated cytotoxicity assay. The lysis assay employed was a time-resolved

fluorimetric assay based on pre-loading of target cells with BATDA (Perkin Elmer), an

acetoxymethyl ester of the Eu" fluorescence enhancing ligand TDA, and quantitation of

EuTDA chelate fluorescence following addition of cell media to a solution of Eu".

Results obtained using this assay are similar to those obtained using the more traditional

radioactive "Cr release assay (98). K562 cells were incubated at 10° cells/ml in RPMI

1640 containing 10% fetal bovine serum with BATDA (20–80 um) for two hours at

37°C. These targets were then washed five times with 1 ml of PBS. Assays were

º, º'
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conducted in round bottom 96-well plates with 5000 targets per well. The number of

effectors corresponded to the effector to target cell ratios indicated in the Results section.

A total volume of 200 ul RPMI 1640 containing 10% fetal bovine serum was used per

well. Targets and effectors were mixed, plates were centrifuged, and incubated for four

hours at 37°C. Maximum release was determined by addition of 0.05% Triton X-100 to

wells containing 5000 targets 30 minutes prior to the end of the assay. Spontaneous

release was determined using media from wells containing 5000 targets. Media from

each well (10 ul) was added to 96-well plates containing 50 puM EuCl2:6H,O in 300 mM

acetate, pH 4.0 (100 ul). Following agitation of plates for five minutes, time resolved

fluorescence was measured using an excitation wavelength of 289 nm and an emission

wavelength of 616 nm. Percent specific lysis was calculated as 100 x (experimental

release – spontaneous release) / (maximum release – spontaneous release). Each

experimental, spontaneous, or maximum release value used in this calculation was an

average of values from triplicate wells.

Inhibitors in cell-mediated cytotoxicity assays. Efficacy of inhibitors in the

cytotoxicity assay described above was evaluated by pre-incubating effectors with each

inhibitor in RPMI 1640 containing 10% fetal bovine serum (100 pul) for four hours at

37°C, pre-incubating targets (after BATDA pre-loading) with each inhibitor in RPMI

1640 containing 10% fetal bovine serum (100 ul) for one hour at 37°C, and then mixing

both to start the cytotoxicity assay as described above. DCI was pre-incubated with

effectors for one hour instead of four. Final inhibitor concentrations were 100 uM. Final

DMSO concentrations were 1%. Inhibitors were not toxic at the concentrations used in

assays as evaluated by trypan blue exclusion. The inhibitors bio-x-IGN(AmPhg)"-(OPh),

**
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and bio-x-IEPD’-(OPh), were used at a maximal concentration of 100 um since

concentrations higher than 200 uM were found to be toxic.

Flow cytometry. NK-92 cells and K562 cells at 2x10° cells/ml in RPMI 1640

containing 10% fetal bovine serum (50 ul in both cases) were incubated at 37°C for four

hours alone or in the presence of bio-x-IEPD’-(OPh), (100 um). Final DMSO

concentrations were 1% in all cases. Following inhibitor pre-incubations, NK-92 cells

(40 pul) were mixed with K562 cells (10 ul) and incubated at 37°C for another two hours.
*
sººn

PBS (425 ul) containing APC-conjugated anti-CD56 antibody (BD Pharmingen) (20 ul) * -
* - ºn tº

and 10 pg/ml propidium iodide (Molecular Probes) were then added. Cells were * -->
* -º-º-º:

* ******

incubated in the dark at room temperature for 30 minutes and samples were analyzed on a º ****

* *. s
BD FACSCalibur flow cytometry system. ****
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Results

To confirm prior findings related to which protease classes are required for

cytotoxic lymphocyte-mediated cell lysis, cytotoxicity assays were carried out in the

presence of the caspase inhibitors Z-VAD-FMK and Z-DEVD-FMK, the serine protease

inhibitor DCI, and the cysteine protease inhibitor E-64d (Figure 4–1). The NK cell line

NK-92 and the NK-sensitive target cell line K562 were used as a model effector and

target cell pair. A combination of Z-VAD-FMK and Z-DEVD-FMK only had a minor

effect on cell lysis, in agreement with prior studies (2). In contrast, DCI was found to be

a potent inhibitor of lysis, again in agreement with prior studies (99). The cysteine

protease inhibitor E-64d was also found to be a potent inhibitor of lysis, possibly as a

consequence of cathepsin C inhibition (100). These results verify findings by other

researchers and indicate that lysis of targets by natural killer cells is not dependent on

capsases (2), but is dependent on serine proteases (99, 101). Additionally, these results

indicate lysis is also dependent on cysteine proteases. While DCI is selective for serine

proteases, some of its observed effect may be due to cross-reactivity with cysteine

proteases such as calpain (102).

More selective inhibitors would thus be useful for probing the role of serine

proteases in target cell lysis, particularly members of the granzyme family. Since the

activity of granzymes is highly dependent on extended and specific interactions with

peptide ligands (34, 71), tailored peptide-based inhibitors may provide a means to

selectively target individual granzymes in lysis assays. As a starting point for

determining the feasibility of such an approach, the extended substrate specificities of all

human granzymes were compared using combinatorial libraries of protease substrates.
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The optimal P4-P3-P2-P1’ substrate specificities of the five human granzymes were

determined to be IGNR for granzyme A, IEPD for granzyme B, PTSY for granzyme H,

YRFK for granzyme K, and KVPL for granzyme M (Figure 4–2). These profiles indicate

that the P4 through P1 substrate specificities of the five human granzymes are quite

distinct from one another. Such divergent specificities should allow preparation of

granzyme-selective inhibitors.

Results obtained for granzymes A, B, and M are generally consistent with those

obtained in previous studies using other positional scanning combinatorial libraries (34,

44, 75). Although the optimal substrate specificity of granzyme A has previously been

determined to be VANR, the single substrate Ac-IGNR-ACC was found to be

approximately twice as sensitive as Ac-VANR-ACC (data not shown). Previous studies

have demonstrated that granzyme Hexhibits preference for aromatic residues at P1 (55)

and that granzyme K exhibits preference for lysine and arginine at P1 (53). The library

profiles indicate that granzyme H, in fact, exhibits a strong preference for tyrosine over

phenylalanine and tryptophan at this position, while granzyme K exhibits a strong

preference for lysine over arginine. The P4 through P2 substrate specificities of these

two granzymes have not been previously characterized. The narrow specificity of the

five granzymes at P1 is particularly remarkable. Since serine proteases derive much of

the energy required for catalysis from binding P1, this property should aid in achieving

selective chemical inhibition of a particular family member (79). In instances where

some cross-reactivity may be expected at P1 such as with granzymes A and K, distinct

specificities at P4 through P2 should further contribute to selectivity.

* Nomenclature for amino acid positions in substrates is Pn, Pn-1,..., P2, P1, P1’, P2', ..., Pm-1’, Pm',
with amide bond hydrolysis occurring between P1 and P1’. The corresponding enzyme binding subsites
are Sn, Sn-1,..., S2, S1, S1’, S2', ..., Sm-1’, Sm' (58).
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Granzymes A and B have a clear role in NK cell mediated cytotoxicity, but their

role in induction of lysis is unclear. To explore the contribution of the major granzymes

A and B to lysis of targets by NK cells, substrate specificity-based inhibitors of these two

proteases were developed. These were designed to have the general architecture of

affinity labels containing a diphenyl phosphonate electrophile, specificity elements to

impart selectivity, and a biotin tag (Figure 4–3). 4-amidinophenylglycine was used at the

P1 position of the granzyme A inhibitor in place of arginine based on prior precedent

(79). Although it has been reported that granzyme B is not inhibited by an acylated

diphenyl phosphonate ester analog of aspartic acid (83), peptide phosphonates based on

the extended substrate specificity of granzyme B have not previously been described.

Time-dependent inhibition of recombinant granzyme A and B activity (Figure 4–4A, B),

and covalent labeling of recombinant granzymes A and B (Figure 4–4C, D) indicate that

bio-x-IGN(AmPhg)"-(OPh), and bio-x-IEPD’-(OPh), are irreversible inhibitors of their

target enzymes. Activity assays of recombinant enzymes also indicate that both

compounds are selective for their target enzymes in the context of the granzyme family

and caspases (Table 4–1).

To evaluate the selectivity of bio-x-IGN(AmPhg)"-(OPh), and bio-x-IEPD"-

(OPh), in the context of relevant complex biochemical mixtures, NK and target cell

lysates were treated with each inhibitor and analyzed by SDS-PAGE followed by avidin

blotting. Treatment of NK-92 cell lysates with each inhibitor led to selective labeling of

a single protein in a concentration dependent manner (Figure 4-5A, B). Labeling was

activity-based since in both cases no labeling was detected when lysates were pre

inactivated by denaturation with 2% SDS. Immunoprecipitation of human granzyme A
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or B from lysates treated with inhibitors followed by avidin blotting of

immunoprecipitates demonstrates that the protein labeled by bio-x-IGN(AmPhg)"-(OPh),

is granzyme A and the protein labeled by bio-x-IEPD’-(OPh), is granzyme B (Figure 4

5C, D). Immunodepletion of lysates removes the vast majority of biotinylated protein,

indicating that the inhibitors do not cross-react with proteins of similar molecular weight

to granzymes A and B. Altogether, these labeling experiments indicate that bio-x-

IGN(AmPhg)"-(OPh), and bio-x-IEPD’-(OPh), are remarkably selective for their target

enzymes in the context of an NK cell proteome.

Treatment of intact NK-92 cells with bio-x-IGN(AmPhg)"-(OPh), or bio-x-

IEPD’-(OPh), followed by extensive washing of the cells also led to selective labeling of

granzymes A and B (Figure 4–5E, F). At higher concentrations, the two inhibitors can

access intracellular granzymes A and B, and are thus partially cell-permeable. Labeling

in intact cells was also found to be time-dependent, further indicating that this labeling is

not a result of reaction between granzymes and inhibitors upon disruption of plasma

membrane integrity during preparation of lysates (data not shown). Lack of labeling

saturation in intact cells may be due to a limit in cell-permeability or to the fact that

granzymes are maintained in a partially inactive state in the acidic granules of NK cells

(pH~5). The activity of serine proteases is optimal at close to neutral pH and decreases at

lower pH (103). Reactivity between phosphonate inhibitors and the catalytic serine

residue of granzymes is thus expected to be decreased in the acidic environment of intact

granules.

Labeling with both inhibitors was observed in lysates of the NK cell lines NK-92

and NKL, but not in lysates of the control cell lines K562 and Daudi (Figure 4-6A). The
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activity-based profiles of granzymes A and B across cell lines are generally consistent

with western blots of the same lysates for granzymes A and B (Figure 4-6A).

Interestingly, densitometric quantitation of these avidin and western blots reveals that, on

a per cell basis, very low levels of granzyme B are found in the cell line NKL (Figure 4–

6B). Even with high sample loading (2x10° cells per lane in Figure 4–6 versus 5x10'

cells per lane in Figure 4–5), granzyme B is not easily detected in NKL lysates with the

commonly used anti-human granzyme B monoclonal antibody 2C5. Activity-based

profiling with bio-x-IEPD’-(OPh), appears to be a more sensitive method for detection of

granzyme B, allowing for a comparison between granzyme B levels in NK-92 and NKL

cells. Labeling with inhibitors indicates that while 30% less granzyme A is found in

NKL cells than in NK-92 cells, 85% less granzyme B is found in NKL cells than in NK

92 cells. The decreased cytotoxicity of the NKL line may in part be due to lower levels

of granzyme B (Figure 4–6C).

Although the amidine of bio-x-IGN(AmPhg)"-(OPh), and the two acids of bio-x-

IEPD’-(OPh), are likely to be detrimental to cell-permeability, labeling of granzymes A

and B in intact NK cells demonstrates that the two inhibitors are partially cell-permeable.

To shed light on the roles of granzymes A and B in the lysis of target cells mediated by

NK cells, cytotoxicity assays using NK-92 effectors and K562 targets were carried out in

the presence of bio-x-IGN(AmPhg)"-(OPh), and bio-x-IEPD’-(OPh). The granzyme B

inhibitor blocked lysis by more than 75%, while the granzyme A inhibitor had a far less

pronounced effect (Figure 4–7A). The effect observed with bio-x-IEPD’-(OPh), in

cytotoxicity assays was found to be dependent on pre-incubation of cells with the

inhibitor. This may be indicative of an active form of inhibitor uptake such as
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pinocytosis, which has previously been observed for other peptide-based compounds

(104).

To confirm that bio-x-IEPD’-(OPh), exerts its effect through blockade of a

protein in effector cells, the inhibitor was pre-incubated for four hours with effectors,

targets, or both prior to the start of killing assays. Such longer incubations with targets

were not compatible with time-resolved fluorimetric cytotoxicity assays because of

prohibitively high background TDA release. Cell mixtures were instead analyzed by

flow cytometry for propidium iodide incorporation using APC-conjugated anti-CD56 to

distinguish effectors from targets (Figure 4–7B). In the absence of bio-x-IEPD’-(OPh),

31.4% of targets were found to be propidium iodide-positive. When only targets were

pre-incubated with bio-x-IEPD’-(OPh), 29.6% of targets were found to be propidium

iodide-positive. When only effectors were pre-incubated with bio-x-IEPD’-(OPh),

21.6% of targets were found to be propidium iodide-positive. Finally, when both targets

and effectors were pre-incubated with bio-x-IEPD’-(OPh), 17.0% of targets were found

to be propidium iodide-positive. Inhibition of lysis by bio-x-IEPD"-(OPh), is thus more

dependent on pre-incubation with effectors than with targets. These results indicate that

bio-x-IEPD’-(OPh), acts on a protein found in effector cells, and also validate the effect

observed in the time-resolved fluorimetric cytotoxicity assay (Figure 4–7A). The

mangitude of inhibition by bio-x-IEPD’-(OPh), in the cytometry assay is an

underestimate because of a consistent background of ~5% propidium iodide-positive
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Discussion

Genetic studies of granzymes A and B have greatly contributed to the

understanding of these two proteases as effectors of cell-based immunity. The increased

susceptibility to viral infection exhibited by mice lacking either one or both of these

granzymes is especially compelling evidence for their important role in immunity (21).

Although knowledge gained from granzyme A and B knockout mice exemplifies how

traditional genetics continues to be an immensely powerful tool for study of protein

function, the utility and advantages of chemical genetics are gaining increasing

recognition (38). In particular, use of chemical inhibitors to block protein function offers

a level of temporal control that is unparalleled, even in comparison to gene silencing by

RNA interference. A common drawback of using small molecules as functional probes is

cross-reactivity with unintended targets, particularly when the intended target is highly

homologous to a set of other proteins. An elegant and generalizable solution to this

problem, which combines synthetic chemistry and genetics, has been applied to the study

of protein kinases (105). A similarly generalizable approach has yet to be developed for

proteases.

The inhibitors described herein were developed with the goal of establishing tools

to further current understanding of granzymes A and B through chemical genetics. As a

means to account for potential inhibitor cross-reactivity, these compounds were designed

as tagged affinity labels. Such design permitted rapid and facile evaluation of selectivity

in the context of complex mixtures. The granzyme A inhibitor bio-x-IGN(AmPhg)"-

(OPh), and the granzyme B inhibitor bio-x-IEPD’-(OPh), were both found to be

remarkably selective based on labeling in cell lysates and intact cells. Selectivity among
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all five human granzymes was also verified by activity. Much like peptide

acyl Oxymethylketone and fluoromethylketone inhibitors of caspases (39), the granzyme

A and B inhibitors described in this work demonstrate how tailoring of specificity

determinants and choice of an appropriate electrophile facilitate preparation of extremely

Selective peptide-based inhibitors of proteases. Whereas electrophiles such as

chloromethylketones and aldehydes react with active site nucleophiles of a variety of

enzymes, fluorophosphate inhibitors are selective for serine hydrolases (81), and peptidyl

diphenyl phosphonate esters exhibit an additional level of selectivity for serine proteases

(82). The selectivity of bio-x-IGN(AmPhg)"-(OPh), and bio-x-IEPD’-(OPh), in a cellular

Context makes them ideal functional probes for studies of cytotoxic lymphocyte function.

Experiments using lymphocytes from knockout mice, and those using

reconstituted systems of purified perforin and granzymes, are generally in agreement

regarding the roles of granzymes A and B in DNA damage (25, 26, 28). In contrast,

results regarding the role of these proteases in lysis are conflicting (25, 27, 28). Target

cell lysis was originally attributed to the formation of large pores in the plasma

membrane of target cells by perforin polymers. But this model was updated following

the discovery that these pores are not large enough to allow passage of the

macromolecular complex between granzymes and the proteoglycan serglycin (37, 106).

The current model of granule exocytosis involves uptake of granzyme-serglycin

complexes and perforin by target cells into endosomes. Through an unknown

mechanism, perforin then acts as an endosomolytic agent to allow escape of the

granzymes into the cytoplasm (37, 106). Although perforin is absolutely required for

lysis of target cells by cytotoxic lymphocytes (7), it is unlikely to be the sole effector of
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lysis under physiological conditions. The first among several indications that serine

proteases play a role in this process came from experiments in which general serine

protease inhibitors such as DFP and DCI were observed to block the cytolytic activity of

cytotoxic lymphocytes (99, 101).

Use of bio-x-IGN(AmPhg)"-(OPh), and bio-x-IEPD’-(OPh), in cytotoxicity

assays has herein allowed dissection of the contribution of granzymes A and B to lysis of

target cells by NK cells. The granzyme B inhibitor bio-x-IEPD’-(OPh), potently

inhibited lysis of K562 target cells by NK-92 effector cells, while the granzyme A

inhibitor bio-x-IGN(AmPhg)"-(OPh), had a less pronounced effect. Lack of a

pronounced effect on lysis in the presence of bio-x-IGN(AmPhg)"-(OPh), may be a result

of inefficient granzyme A inhibition in the cell-based assay, possibly due to poor cell

permeability. Alternatively, lack of a pronounced effect may be an indication that

granzyme A is only a minor effector of lysis. The latter scenario appears more likely

given that both bio-x-IGN(Amphg)"-(OPh), and bio-x-IEPD’-(OPh), are efficient

inhibitors of their target enzymes in vitro, that labeling indicates both access their target

enzymes with approximately the same efficiency in intact NK cells, and that the charged

and thus presumably sparingly cell permeable bio-x-IEPD’-(OPh), is active in the same

assay.

The effect observed with bio-x-IGN(AmPhg)"-(OPh), and bio-x-IEPD’-(OPh),

thus indicates granzyme B is a major effector of target cell lysis by NK cells, and

granzyme A is likely to be a minor effector in the same process. This stands in contrast

to experiments with cytotoxic lymphocytes from knockout mice, which support a role for

neither granzyme in lysis (25), and experiments with reconstituted systems, which
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support a role for both granzymes in lysis (27, 28). A potential reconciliation for results

from all three methods of study is that: 1) no marked effect in lysis is observed for either

granzyme in genetic studies because of compensation by other granzymes; 2) a marked

effect is observed for both granzymes in reconstituted systems because the concentrations

and/or mode of delivery of granzymes and perforin are not physiological; 3) a marked

effect is observed for granzyme B but not granzyme A in chemical genetic studies

because temporal control circumvents compensation, and because no alterations are made

to the concentrations and mode of delivery of granzymes and perforin. Studies are

underway to determine whether granzyme B functions as a major mediator of lysis in

systems other than the model of NK-92 effectors and K562 targets used in this work.

A role for granzyme B in lysis has also subsequently been verified using a potent

and selective reversible inhibitor of granzyme B obtained from Merck (78). This

compound exhibits an inhibitory effect similar to that of bio-x-IEPD’-(OPh), in our lysis

assays (data not shown). A role for granzyme B in lysis is also consistent with levels of

this protease in the cell lines NK-92 and NKL. Far higher effector to target cell ratios are

necessary to achieve maximal lysis with the NKL line than with the NK-92 line (107,

108). This may in part be due to the lower levels of granzyme B in NKL cells. While

small-molecule inhibitors of granzyme A that are selective in vitro have been reported to

be active in cell lysis assays (109, 110), their selectivity in a cellular context has not been

verified. It is therefore possible that the observed effect is a result of cross-reactivity with

an unknown target or granzyme B.

Cytotoxic lymphocyte-mediated death undoubtedly has an apoptotic component,

manifested in hallmarks such as caspase activation, oligonucleosomal DNA
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fragmentation, and mitochondrial depolarization. On the other hand, rapid lysis of target

cells clearly indicates that cytotoxic lymphocyte-mediated death has a necrotic

component as well. This necrosis is not likely to be a secondary effect of apoptosis since

it occurs independently of several apoptotic hallmarks (2) and occurs more rapidly than

secondary necrosis (111). Because granzyme B activates caspases and cleaves several

known caspase substrates, it has generally been thought of as a pro-apoptotic effector of

death. The work presented herein directly implicates granzyme B in death pathways

culminating in lysis, and therefore indicates granzyme B is a pro-necrotic as well as pro

apoptotic effector of death. Although the molecular mechanism of lysis in cytotoxic

lymphocyte-mediated death is not well understood, it is tempting to speculate that plasma

membrane disruption is a downstream result of granzyme B-mediated processing of

specific protein substrates. It has been demonstrated that cleavage of plasma membrane

Ca” pumps by caspases in apoptotic neurons leads to secondary necrosis (112). Whether

granzyme B alters the osmotic balance of target cells through a similar mechanism

remains to be determined. The granzyme B inhibitor bio-x-IEPD’-(OPh), should serve as

a useful tool for dissection of pro-necrotic pathways involving granzyme B and for

identification of macromolecular substrates in these pathways.

The granule exocytosis pathway has been linked to autoimmune disorders such as

allograft rejection (90,91), rheumatoid arthritis (51), diabetes (92), and graft-versus-host

disease (93). Some of the granzymes may represent potential therapeutic targets for these

disorders. In particular, an interesting molecular link exists between granzyme B and

autoimmunity since several protein substrates of granzyme B are known autoantigens

(68). The finding that granzyme B is a key mediator of target cell lysis sheds new light
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on its potential role in the progression of autoimmune disease. Uptake of apoptotic cells

by phagocytes, which occurs under conditions of normal tissue turnover, generally results

in induction of tolerance to self. In contrast, uptake of necrotic cells by phagocytes,

which occurs following cytotoxic lymphocyte-mediated lysis of virally infected cells,

results in T cell activation and induction of an inflammatory response (41). As a major

mediator of cell lysis by cytotoxic lymphocytes, granzyme B functions not only as an

effector of death, but also as a key propagator of the immune response. In this sense,

chemical blockade of granzyme B can be predicted to result in an anti-inflammatory

effect that attenuates autoimmunity. It is noteworthy that the granule exocytosis pathway

is linked to several of the autoimmune disorders for which the pro-inflammatory cytokine

TNF-o is a therapeutic target (113). The work presented herein indicates that granzyme

B may be a viable alternate point of intervention for treatment of these disorders.

*** **
r.-- **

-

* * ***
rº-º-º:
*-** -

****
*…*
**º-

107



Acknowledgments

We thank Prof. Lewis Lanier, Prof. Kevan Shokat, Prof. Arthur Weiss, Ami

Bhatt, Nicola Clegg, Leggy Arnold, Jeonghoon Sun, and Alan Marnett for for helpful

discussions throughout the course of this work. We also thank Dr. Nancy Thornberry

(Merck) for the generous gift of the reversible small molecule granzyme B inhibitor first

reported by Willoughby et al. (78).

108



Table 4–1. Inhibition of human granzymes by bio-x-IGN(AmPhg)"-(OPh), and bio-x-

IEPD’-(OPh),".

kee./[I] (M's')

granzyme bio-x-IGN(Amphg)"-(OPh), bio-x-IEPD’-(OPh),
A 2000 + 200 NI
B NIb 460 + 35
H NI NI
K NI NI
M NI NI

*Inhibition constants represent the average and errors the standard deviation from three
separate experiments.
* NI indicates less than 10% inhibition after four hours of incubation with 100 uM
inhibitor.
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Figure 4–1. NK cell-mediated lysis of target cells is not dependent on caspases but is

inhibited by general cysteine and serine protease inhibitors. NK-92 effectors and K562

targets were pre-incubated with the indicated concentrations of inhibitors prior to mixing

as described in the Materials and Methods section. Inhibitors were also present during

the cytotoxicity assay at the same concentrations.
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Figure 4–1.
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Figure 4–2. Substrate specificity of human granzymes. Recombinant granzymes A, B, H,

and M were profiled at positions P4-P1 using a completely diversified PS-SCL of ACC

substrates. Granzyme K was profiled at P4-P2 using a PS-SCL of ACC substrates that is

fixed as lysine at P1, and profiled at P1 using the P1-Arg and P1-Lys wells of the

completely diversified PS-SCL. The y-axis represents relative activity, and the x-axis

represents the fixed P4, P3, P2, or P1 amino acid (with norleucine represented by n).

Activities for each enzyme are relative to the highest activity at each of the four substrate
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Figure 4–2.
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Figure 4–3.
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Figure 4–4. The phosphonates bio-x-IGN(AmPhg)"-(OPh), and bio-x-IEPD"-(OPh), are

irreversible inhibitors of their target enzymes. (A) bio-x-IGN(AmPhg)"-(OPh), inhibits

the activity of 1 um recombinant granzyme A with 1 mM Suc-AAPR-pMA in a time

dependent manner (dashed line: control, solid line: with inhibitor). (B) bio-x-IEPD"-

(OPh), inhibits the activity of 100 nM recombinant granzyme B with 1 mM Ac-IEPD

pNA in a time-dependent manner (dashed line: control, solid line: with inhibitor). (C)

Incubation of 1 ng recombinant granzyme A with 1 puM bio-x-IGN(AmPhg)"-(OPh), for 1

hour, followed by 6 hours of dialysis, SDS-PAGE analysis, and avidin blotting indicates

covalent labeling of the enzyme. (B) Incubation of 1 ng recombinant granzyme B with 1

uM bio-x-IEPD"-(OPh), for 1 hour, followed by 6 hours of dialysis, SDS-PAGE analysis,

and avidin blotting indicates covalent labeling of the enzyme.
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Figure 4–4.
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Figure 4–5. Labeling of granzyme A by bio-x-IGN(AmPhg)"-(OPh), and granzyme B by

bio-x-IEPD’-(OPh), in NK cell lysates and intact NK cells. (A) Concentration

dependent and activity-based labeling of a single protein in NK-92 cell lysates by bio-x-

IGN(AmPhg)"-(OPh), (B) Concentration-dependent and activity-based labeling of a

single protein in NK-92 cell lysates by bio-x-IEPD’-(OPh), (C) Immunoprecipitation of

NK-92 cell lysates treated with bio-x-IGN(AmPhg)"-(OPh), indicates the labeled protein

is granzyme A. (D) Immunoprecipitation of NK-92 cell lysates treated with bio-x- bio

x-IEPD’-(OPh), indicates the labeled protein is granzyme B. (E) Concentration

dependent labeling of granzyme A in intact NK-92 cells by bio-x-IGN(AmPhg)"-(OPh).

(F) Concentration-dependent labeling of granzyme B in intact NK-92 cells by bio-x-

IEPD’-(OPh),
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Figure 4–5.
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Figure 4–6. Activity-based profiling of granzymes A and B correlates with cytotoxicity

of NK cell lines. (A) Activity-based profiling of granzyme A with 100 um bio-x-

IGN(AmPhg)"-(OPh), granzyme B with 100 uM bio-x-IEPD"-(OPh), and western

blotting of granzymes A and B across different cell lines. (B) Densitometric quantitation

of activity-based profiles and western blots reveals markedly lower levels of granzyme B

in the cell line NKL. (C) Granzyme B levels in the cell lines NK-92 and NKL correlate

with cytotoxicity.
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Figure 4–6.
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Figure 4–7. Granzyme B is a major effector of NK cell-mediated lysis of target cells. (A)

Effect of bio-x-IGN(AmPhg)"-(OPh), and bio-x-IEPD’-(OPh), on lysis of K562 targets

by NK-92 effectors. Effectors were pre-incubated for four hours and targets were pre

incubated for one hour alone, with 100 um bio-x-IGN(AmPhg)"-(OPh), or with 100 uM

bio-x-IEPD’-(OPh), prior to mixing at an effector to target cell ratio of four. Inhibitors

were also present during the cytotoxicity assay at the same concentrations. Data

represents the average and error bars the standard deviation from four separate

experiments. (B) The effect of bio-x-IEPD"-(OPh), is dependent on pre-incubation with

effectors but not dependent on pre-incubation with targets. 100 um bio-x-IEPD"-(OPh),

was pre-incubated for four hours with effectors, targets, or both prior to mixing at an

effector to target cell ratio of four. Following incubation, cell mixtures were analyzed by

flow cytometry for propidium iodide incorporation using APC-conjugated anti-CD56 to

distinguish effectors from targets.
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Figure 4–7.
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Chapter 5:

The oligomeric structure of human granzyme A is a

determinant of its extended substrate specificity

Jessica K, Bellf”, David H. Goetz++, Sami MahrusS, Jennifer L. Harrisë,

Robert J. Fletterick■ , Charles S. Craiki ■

* These authors have contributed equally to this work.

# Department of Pharmaceutical Chemistry, University of California,

San Francisco, California

§ Chemistry and Chemical Biology Graduate Program, University of California,

San Francisco, California

y Department of Biochemistry and Biophysics, University of California,

San Francisco, California

This work was published in Nature Structural Biology (2003) 10:527–534.

-

***
* *

****

º

**.

* *

-

º:
*

5

124



Abstract

The cell-death inducing serine protease granzyme A (GzmA) has a unique

disulfide-linked quaternary structure. The 24A structure of human GzmA bound to a

tripeptide CMK inhibitor reveals that the oligomeric state contributes to substrate

selection by limiting access to the active site for potential macromolecular substrates and

inhibitors. Unlike other serine proteases, tetrapeptide substrate preferences do not

correlate well with natural substrate cleavage sequences. This suggests that the context

of the cleavage sequence within a macromolecular substrate imposes another level of

selection not observed with the peptide substrates. Modeling of inhibitors bound to the

GzmA active site shows that the dimer also contributes to substrate specificity in a unique

manner by extending the active-site cleft. The crystal structure, along with substrate

library profiling and mutagenesis, has allowed us to identify and rationally manipulate

key components involved in Gzm/A substrate specificity.
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Introduction

Granzymes (Gzms) are serine proteases secreted from cytotoxic T lymphocyte

(CTL) and natural killer (NK) cell granules in response to signals on virally-infected and

tumor cells. Upon uptake by the target cell, Gzm mediated proteolytic cleavage of

cellular substrates leads to rapid target cell death (5). Among the 13 known members of

Gzms (A–M) (40, 114), Gzm/A is the most abundantly expressed in CTLs (115). Unlike

GzmB, Gzm/A works in a caspase-independent manner, providing a fail-safe mechanism

for apoptosis when viral or tumor cell components are able to neutralize the caspase

pathway (27, 115). A hallmark of Gzm/A-mediated cell death is single-stranded DNA

nicks through the activation of NM23-H1, a nucleoside diphosphate kinase implicated in

suppression of tumor metastasis (26, 116). NM23-H1 is released when Gzma cleaves

NM23-H1’s inhibitor, the nucleosome assembly protein SET (26, 116). Other identified

substrates include pil-13 (117), thrombin receptor (118), lamin b (119), histone H1,

histone H2b (120), SET associated DNA bending protein HMG2 (121), and Apel (122), a

multifunctional protein involved in base excision repair.

GzmA is a member of the S1-A (trypsin-fold) family of serine peptidases. The

primary specificity pocket (S1) favors basic residues Arg and Lys (110). Unlike GzmB,

where a tripeptide substrate is required to observe cleavage and is maximal with an

idealized tetrapeptide, Gzma readily cleaves single amino acid substrates (40). Although

recognition of extended substrate sites is not necessary for cleavage, the identification of

specific substrates for Gzm/A indicates that its cleavage occurs discriminately. The

ability of GzmA to target specific substrates is further supported by Pasternack et al. who

compared trypsin and GzmA digests of nuclear lysates and found dramatic differences in
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specificity (123). Trypsin degraded the lysate within 1 hour whereas Gzm/A degraded

only 1 of 22 bands within 25 hours (123). Gzm/A's substrate selection may also be

influenced by the enzyme’s unique ability to form a disulfide-linked homodimer (42).

Using the standard chymotrypsinogen amino acid numbering system (58) for Gzm/A, the

unique reactive cysteine at position 93 is in addition to the eight cysteines forming the

four disulfide bonds normally found in the trypsin-fold proteases. The proximity of the

resulting dimer interface to the substrate binding pocket could impose further constraints

on macromolecular substrate selection.

Comparative analysis of structurally similar but functionally different enzymes

such as trypsin and chymotrypsin has traditionally been used to identify key determinants

of substrate specificity at the S1 site. With the recent development of methods to explore

the extended specificity pockets of proteases, the basis for molecular recognition can be

analyzed beyond the S1 site. In this respect, another key to deciphering Gzm/A’s

specificity may lie in small differences between it and closely related proteases. The

mouse Gzm/A shares 70% identity with its human ortholog. However, experimentally the

differences between mouse and human GzmA extended substrate specificity had not been

previously studied.

To identify the components responsible for Gzm/A substrate selection, we have

structurally characterized the dimeric human Gzm/A bound to a tripeptide

chloromethylketone inhibitor. We have further probed substrate selection by GzmA,

using positional scanning synthetic combinatorial libraries (PS-SCL) (33, 45, 75) to map

the extended substrate specificity at the S2 through S4 pockets of human Gzm/A and its

mouse ortholog. Interestingly, although these orthologs share the same P1 specificity, the
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extended specificity differs. Given the combination of sequence similarity and extended

substrate specificity differences, we have used our atomic structure and mapped potential

substrate specificity switches to residues lining the extended substrate binding pockets

and confirmed our predictions through mutagenesis and PS-SCL characterization.
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Results

Overall structure

The 24 Å structure of human GzmA bound to the chloromethylketone (CMK)

inhibitor D-Phe-Pro-Arg-CMK was determined by molecular replacement (Figure 5-1A,

B). The asymmetric unit contains a single subunit with the disulfide linkage of the

homodimer lying on a crystallographic two-fold. Each Gzm/A monomer contains the

classic trypsin-fold, two fl-barrel subunits, each consisting of 6 fl-strands. The two

domains are connected by a long flexible loop between residues 109 to 134 with the

catalytic triad of Ser195, His37 and Asp102 nestled into the domain crevice (Figure 5

1A). Although Gzm/A is most similar to GzmK (45% sequence identity) and an activated

mutant of complement factor D (124) (42% identity), it is structurally most related to

trypsin (Z-score 47.9), followed by GzmB (Z-score 34.4) and chymase (Z-score 34.3) as

assessed by the DALI server (125). The hierarchy of structural similarity is primarily due

to the fact that the active sites of both complement factor D and GzmK were structurally

characterized in their inactive conformations.

Architecture of the dimer interface

The dimer interface, aside from the disulfide formed between symmetry related

CysQ3 residues, is formed by hydrophobic interactions and hydrogen bonds between

symmetry related loops as depicted in the stereo Figure 5–2. Following the figure

depiction, the top of the interface is capped by the solvent-exposed disulfide-linkage

between the symmetry-related CysQ3. A water bridge forms between Wat!)4 and the
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carbonyl oxygen of CysQ3 and Ne amino group of Lys233-B” (the prime indicates the

residue is from the adjacent subunit, while the A, B, C or D notation indicates residue

numbering insertion code to maintain the trypsin numbering scheme throughout the

structure). The carboxylate of Asp95 can also make a hydrogen bond to ÖN of Asn179

through Wat?9. The side chain of Met178-A occupies two conformations at the

interface. One conformation packs against the Cy of Arg165, Cy2 of Val175-C and CB of

Phel 74'. The alternate conformation protrudes prominently into the dimer interface

making hydrophobic contacts with Cy2 of Thr08’ and CB of Val175-C’. Val175-C also

interacts with its symmetry mate across the crystallographic two-fold axis. The side

chain of Lys166 interacts through its aliphatic carbons with Phe 174° and via its Ne amino

group to the carbonyl oxygen of Asn173’ to form the base of the dimer interface. Phe 174

also interacts with the aliphatic side chain of Arg165’.

The total buried accessible surface area contributed by the monomers at the dimer

interface is 1,140 A* or 5% of the total surface area of each monomer. The magnitude of

the buried surface area, the degree of charge complementarity, and the number of direct

and water-mediated hydrogen bond partners across the dimer interface argues that in the

absence of the disulfide bond, the protein may exist primarily as a monomer or in a

monomer-to-dimer equilibrium in solution. The dimer interface observed in the crystal

structure is, however, not likely to be an artifact of crystal packing conditions because

interactions in the area bound by Met178-A, Lys166, and Lys166’, although covering

limited surface area, are extensive. To address this point, CysQ3 was replaced with a

serine and the variant was analyzed by size-exclusion chromatography. Gel-filtration

analysis of the C93S Gzma demonstrated that without the disulfide bond this variant
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eluted as a monomer clearly differentiated from the dimer peak of the wild-type enzyme

(data not shown). Therefore, the disulfide bond appears necessary to form a stable

dimeric enzyme. In vivo, the oligomeric state may be further stabilized by the association

of serglycans to the enzyme surface protecting both the solvent-exposed disulfide from a

reducing environment (5, 126) and limiting access of macromolecular inhibitors, such as

anti-thrombin III (127).

Subsites C-terminal to the Scissile bond

The CMK inhibitor bound to GzmA only defined the subsites N-terminal to the

scissile bond. The substrate binding pockets C-terminal to the scissile bond were

evaluated based upon the structural comparison of GzmB bound to ecotin, a

macromolecular trypsin-fold serine protease inhibitor (pdb code IFIS), to the Gzma

structure. The close structural relationship of Gzm/A to GzmB allows these substrate

pockets to be inferred using ecotin’s extended fl-strand bound in GzmB's active site

superimposed onto the GzmA active site. The substrate binding pockets of proteases,

termed subsites (S), are defined by their position relative to the scissile bond. The

subsites that recognize and bind to residues in the substrate C-terminal to the scissile

bond are designated S' to differentiate them from the subsites N-terminal to the scissile

bond designated as S. The subsites are numbered starting with 1 for the first amino acid

before/after the scissile bond. The corresponding amino acids of the substrate (P) that fit

into these sites have the same nomenclature. From our analysis, loops Leu35–Cys42 and

His37—Ser63 would form the S1’ pocket (Figure 5-3A). This pocket exists as a shallow

hydrophobic groove. The S1’ pocket appears well suited for binding substrates with long

- º
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linear hydrophobic amino acids such as the aliphatic side chain of lysine or methionine at

P1’. Alternatively, unbranched hydrophobic (Ala) or polar residues (Ser) can be

accommodated. The S2’ pocket is formed by a cleft between Gly 142—Trp151 and

Leu35–Cys42, (Figure 5-3A). The pocket formed by these segments is larger than the

S1’ pocket yet it is also hydrophobic and appears well suited for binding to branched

hydrophobic or aromatic residues. No specificity pockets beyond S2’ appear defined. In

addition, to avoid steric clashes with residues Ser37–Ile40 and Trp151, substrate must

turn sharply out of the active site cleft after P2’. The requirement of a sharp turn may

preclude amino acids with limited conformational flexibility, such as proline, at P1’ or

P2’.

The PS-SCL technology for experimentally defining sequence preferences in

protease subsites is currently limited to positions N-terminal to the scissile bond,

although synthetic combinatorial methodology for routine mapping of the sites C

terminal to the scissile bond is under development (128). Since direct experimental data

could not readily be obtained, we have compared our predicted prime side preferences,

P1’ = K/M or A/S and P2’ = V/L/I/aromatic, with known cleavage sequences, refer to

Table 5-1. The P1’ predicted and known cleavage sequences are consistent with a slight

preference for serine in the macromolecular substrate sequences. The P2’ position in

known cleavage sequences is more varied than expected from our predicted preference of

primarily hydrophobic residues.

-
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Subsites N-terminal to the Scissile bond

The N-terminal subsites of GzmA were defined structurally by the CMK

inhibitor, D-Phe-Pro-Arg-CMK, irreversibly bound in the Gzm/A active site and

experimentally through positional-scanning synthetic combinatorial libraries (PS-SCL).

With PS-SCL, an enzyme is screened against an arrayed oligopeptide library coupled to a

reporter group, in our case the highly sensitive 7-amino-4-carbamoylmethylcoumarin

(ACC) fluorescent group. These libraries provide an unbiased screen to identify

preferred peptide substrates for a given protease. Determination of the preferred residues

is accomplished readily using a library in which the P1-P4 positions are systematically

arrayed as one of the amino acids commonly found in proteins excluding cysteine and

methionine and including norleucine as a methionine mimic. By combining both the

structural and experimental data, we were able to develop an understanding of sequences

that can be accommodated within the Gzm/A subsites N-terminal to the Scissile bond.

In the crystal structure, residues Asp189—Ser 195, Gly224–Val227, Lys219–B–

Gly221-A, and Ser214–Leu217 form the S1 pocket (Figure 5-3A). The S1 pocket is the

most well defined substrate interaction site in the active-site cleft, as shown in Figure 5

3B. The basic specificity of the S1 pocket is primarily due to the side chain of Asp189 at

the bottom of the pocket, which is positioned for favorable short-range electrostatic

interaction with an arginine or lysine P1 residue. The guanidinium group of the CMK

inhibitor's arginine, bound in the S1 pocket, forms two direct hydrogen bonds with

Asp189. Similar to trypsin, a solvent molecule, Wató3, in the S1 pocket hydrogen-bonds

to the Ne atom of the P1 arginine side chain. The irreversible inhibitor is covalently

.
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linked to the Oy of the Ser195 and also stabilized through the Ne of His57 to the hydroxyl

of the former ketone group (Figure 5-3C).

Activity against substrates in a PS-SCL in which the P1 residue of a tetrapeptide

sequence was systematically fixed as one of 20 (excluding Met and Cys and including

norleucine) amino acids (P1-diverse) confirmed that Gzm/A possessed primary specificity

for basic amino acids, with arginine preferred over lysine (Figure 5-4A, B). The human

and mouse Gzm/A orthologs were both evaluated by PS-SCL as a means to verify Gzm/A

extended substrate specificity. The isozymes were expected to give near-identical

substrate preferences due to their high sequence similarity (~70%).

The S2 pocket of GzmA is formed by the Asp95–Arg99 and Ser214–Leu217

loops (Figure 5-3A). The CMK inhibitor co-crystallized with GzmA has a Pro at the P2

position. The Pro carbonyl hydrogen bonds to a solvent molecule within the active site

while the side chain forms hydrophobic interactions with the aliphatic side chain of

Arg99, Figure 5-3B. The guanidinium group of Arg99 caps the S2 pocket favoring small

amino acids capable of hydrogen bonding with the basic side chain.

Previous experimental data for P2 subsite sequences reported a preference for

phenylalanine at this position (127, 129-131). The P2 mapping by PS-SCL, as well as

subsequent P3 and P4 mapping, utilized a tetrapeptide library in which the P1 position

was held constant as an arginine (P1-Arg) and the P2 position (or P3 or P4 position in

subsequent mapping) varied systematically. Our observed PS-SCL P2 specificities (Asn

for human, Phe for mouse) (Figure 5-4A, B) are consistent with the literature. Asparagine

does not appear to have been previously tested at the P2 position. The PS-SCL results for

the P2 pocket were our first indication that the small sequence variations between human

.
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and mouse ortholog might lead to differences in tetrapeptide substrate selection. Our

structure shows that Arg99 is the primary determinant for P2 specificity, contrary to

previous speculation based upon models that the role of Arg99 was of minimal

importance (132). Changes in the loop containing this residue could lead to subtle

differences in Arg99 side chain positioning. To account for variation in residue

preference between the mouse and human GzmAs at P2, we modeled the mouse active

site cleft, based upon the human structure (data not shown). The model suggests that the

Pro96 to Glu96 human to mouse substitution leads to increased flexibility of the Arg99

loop. For the mouse ortholog preference of Phe, the guanidinium group of Arg99 may be

positioned to interact favorably with the ■ t-electrons of Phe.

The S3 pocket of GzmA is much narrower in comparison to the digestive serine

protease trypsin. In this region, a two residue insertion, 218 and 219-A, results in

residues 217–220 looping up from the floor of the S3 pocket (Figure 5-3A). This loop

forms a wall that greatly constricts the length of any P3 side chain. The S3 pocket is thus

suited for binding small amino acids.

Our experimental evaluation of human GzmA tetrapeptide specificity is consistent

with our structural prediction and previous reports (131) (Figure 5-4A). The mouse

ortholog P3 preference is strikingly different from the human enzyme (Figure 5-4B). As

in many serine protease structures, the P3 side chain can form an interaction with the base

of the 218–220 loop and solvent. The mouse enzyme’s preference for aromatic amino

acids may be explained by increased flexibility in the 218–220 loop due to a Leu to Gly

substitution at 217 and a decrease in the size of the loop due to a deletion at 219-A. This
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change has the effect of preserving the hydrophobicity of the P3 pocket while greatly

increasing its size.

Residues His171—Gly177, Pro225–Val227, and Phez 15–Leu217 form the S4

pocket (Figure 5-3A). These residues form a shallow hydrophobic groove, similar to

trypsin that is best suited for small hydrophobic amino acids. The CMK inhibitor bound

in the active-site cleft has a D-Phe at P3. The D-amino acid has the effect of positioning

the side chain of P3 into the S4 pocket leaving the S3 pocket unoccupied except for the

backbone of the inhibitor which forms hydrogen bonds to both the GzmA mainchain and

solvent molecules (Figure 5-3B). The D-Phe is too bulky to nestle down into the

hydrophobic S4 pocket further supporting our hypothesis that Gzm/A prefers small

hydrophobic amino acids at S4.

The P4 subsite PS-SCL results for both human and mouse indicate an overall

preference for hydrophobic residues consistent with the structural analysis (Figure 5-4A,

B). The mouse enzyme’s P4 profile is unusual in that glycine is preferred, but valine and

isoleucine are also tolerated. This appears to be due to the two substitutions Gly209 to

Trp and Ile201 to Gly (from human to mouse). Both the isoleucine side chain in human

and the tryptophan side chain in mouse GzmA occupy equivalent positions within the

floor of the S4 site. The larger tryptophan side chain leaves slightly less room for a

bulkier P4 amino acid, such as the human ortholog's preferred Val or Ile versus the

mouse preferred Gly.

From the PS-SCL data of the human and mouse Gzm/A orthologs we identified

variations in extended substrate sequence preferences. We confirmed the absolute

preference by the kinetic parameters for two substrates, designed based upon the profiles

: --
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from the PS-SCL. The preferred human GzmA substrate, Ac-VANR-ACC, showed an

approximately 130 fold selective activity for human GzmA over mouse GzmA, with

ke/K, values of 34,000 + 7,000 M's" and 260 + 30 M's', respectively. The preferred

mouse GzmA substrate, Ac-GYFR-ACC, showed a four-fold selective activity for mouse

GzmA over human Gzma with ka/Kº values of 36,800 M's' and 9,500 + 900 M's",

respectively.

Combining our analysis of the crystal structure, differences between the PS-SCL

for the human and mouse variants and small sequence variations between the two

orthologs that could account for unique substrate preferences, we designed a human-to

mouse mutant (H->M) of the human ortholog that should have conferred mouse P3, P4

substrate preferences. Within the S3 pocket, L217 was deleted and residues 218 and 219

A were mutated to match the mouse sequence (Glu218 to Gly, Asn219-A to Glu). The

size of the S4 pocket was reduced by mutating Gly209 to a tryptophan. The results of the

PS-SCL experiments showed that indeed the P3 preference has been completely

converted to Phe and Tyr versus Gly/Ala■ Ser (Figure 5-4C). The P4 selection has now

broadened to include Ala/Gly/Ile versus the human ortholog's strict preference for

Val/Ile. Interestingly, the P2 profile seems to have lost its preference for either the

human or mouse predicted sequence. One explanation may be that the hydrogen bonds

between the Ser214 and Gly216 to the substrate backbone have been disrupted or

reordered due to mutations of nearby or neighboring residues (217, 218, 219-A). Despite

the broadened substrate sequence at P2, we have shown that specificity can be

manipulated by insertion/deletions in loops forming substrate binding pockets or by side

chain substitutions to alter pocket volume and polarity. The results demonstrate that
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significant, directed alteration of the specificity of GzmA can be achieved with just four

changes in residues Leu217, Glu218, Asn219-A and Gly226.

Dimerization and substrate specificity

To probe whether dimerization is a determinant of extended substrate specificity,

variants of mouse and human Gzm/A that lacked the intermolecular cysteine amino acid,

C93S, were screened by PS-SCL. The resulting profiles of the cysteine variants were

identical to those of the wild-type enzymes (data not shown), demonstrating that

dimerization does not directly determine the P1-P4 substrate specificity for peptide

substrates. Variants lacking the intermolecular disulfide bond also have kinetic

parameters equivalent to those of their wild-type counterparts (data not shown).

Several macromolecular substrates for Gzm/A have been identified from a

combination of in vivo and in vitro experiments (26, 116-122). We compared the results

of the PS-SCL experiments for human GzmA to the published cleavage sequences of

macromolecular substrates (Table 5-1). In contrast to enzymes like GzmB (71, 133) and

the caspases (134) (and references therein), whose synthetic substrate profiles match with

identified in vivo cleavage sites, little agreement outside the P1 site can be seen between

the PS-SCL results and the native substrates of Gzma. The variation between peptide

and macromolecular cleavage sequences strongly supports our hypothesis that the

dimerization of GzmA dominates the substrate selection through steric discrimination

with macromolecular substrates in a manner analogous to tryptase (43). In this context

the molecular determinants for P2–P4 specificity, which we have identified and are

readily manipulated by mutagenesis, may have little effect on in vivo macromolecular
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substrate selectivity. Indeed, although the PS-SCL data on mouse and human Gzm/A are

very different, the cleavage sequences within identified natural substrates have clearly not

co-evolved to satisfy the optimal P2—P4 specificity of GzmA in each species. Obviously,

the interactions outside of the S1-S4 pockets affect substrate selection suggesting a

reliance upon access to the active site cleft. We conclude that although Gzm/A evolved to

bind a preferential sequence within its S1—S4 pockets, the context of that sequence within

a macromolecular substrate must also complement the oligomeric state of GzmA.

Modeled interaction of granzyme A with macromolecular inhibitors

The molecular surface of the Gzma dimer reveals an active site partially

sequestered by the proximity of the dimer interface. During crystallization trials of

Gzm/A, ecotin was tested as a potential inhibitor and macromolecular marker of the

substrate binding sites, as had been previously described (133, 135). Neither the native

nor a monomeric variant (136) of ecotin have shown any effect on GzmA activity up to a

1000x excess of inhibitor. Classically, ecotin forms extensive contacts both in the active

site and through a secondary binding site (137). To confirm our hypothesis that the

dimeric structure of Gzm/A resulted in limited access to the active site, we

superpositioned the rat GzmB-ecotin coordinates (pdb code IFIS) to a monomer of

Gzm/A, using a GzmB subunit (r.m. s. deviation between GzmB and Gzm/A is 1.09 Å over

214 Co. atoms). The Gzma-ecotin model reveals steric clashes with both subunits of

GzmA. The greater steric clash arises from the subunit of the dimeric ecotin, not directly

bound to the active site in the superposition. This ecotin subunit completely overlaps

with Gzm/A subunit A. The ecotin subunit modeled into the GzmA active site overlaps
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the Leu35–Cys42 loop involved in the forming both the S1’ and S2’ pockets (refer to

Figure 5-3A for the position of the Leu35–Cys42 loop), explaining why a monomeric

variant of ecotin is also unable to inhibit Gzm/A. The clash arises primarily from the

disulfide bond between ecotin residues 50 and 87. This disulfide bond has the effect of

stabilizing ecotin at the P2’ position in a conformation that appears to be incompatible

with the aforementioned requirement of a sharp bend out of the Gzm/A active-site cleft C

terminal to the scissile bond.

The Kunitz-type serine protease inhibitor bovine pancreatic trypsin inhibitor .

(BPTI) was also tested for its ability to inhibit Gzm/A and shown to be ineffective. The :
model of the GzmA-BPTI complex obtained by superimposing trypsin of the trypsin- :
BPTI complex (pdb code IBRB) onto a GzmA subunit (r.m.s deviation between trypsin *
and GzmA is 1.2 Å over 215 Co. atoms), revealed a collision with the Leu35–Cys42 S2’ 3

loop, similar to the Gzm/A-ecotin model. Additionally, the GzmA-BPTI model overlaps :
with the 215–218 loop that forms the wall of the S3 pocket (refer to Figure 5-3 for the

position of the 215–218 loop). The overlap is due to the unusually tight specificity of ;
Gzm/A for small amino acids at P3.

Tsuzuki et al. recently reported that Gzm/A binds to the Kazal type inhibitor

pancreatic secretory trypsin inhibitor (PSTI) with a Ki of 34 + 7 nM (138). A model of

GzmA-PSTI interaction revealed clashes in the rigidly modeled complex, but they are

slight compared to those in the BPTI-GzmA and ecotin-Gzma models. Interestingly,

residues 12–14 of the modeled PSTI in the active site cleft of Gzm/A occupy a unique

position by looping around the S4 pocket and occupying a possible S5 cleft between the

Asp95–Arg99 and Phe 174—Val175-C loops (refer to Figure 5-3A for the position of these
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loops). The P5 residue of PSTI (Glu12) in the model shows that this residue could also

interact with the adjacent dimer interface, consistent with our hypothesis that

macromolecular substrates and, in this case, inhibitors can utilize the extended surface of

the dimer to make favorable interactions.

Structural comparison

Comparison of Gzm/A to its closest sequence orthologs reveals the residues

responsible for making GzmK and complement factor D inactive. The crystal structure

of pro-GzmK (pdb code IMZA) differs from that of human Gzm/A most strikingly in the

loop between Ser214 and Cys220. In GzmK residue 215 is a glycine instead of the

aromatic residue found in GzmA. A glycine at position 215 disrupts the canonical fl

structure of this loop, shifts the main-chain into the active-site cleft and precludes binding

to substrate in pro-GzmK.

Complement factor D is thought to maintain a catalytically inactive structure until

bound to its natural substrate C3bB. The critical residues responsible for the inactive

conformation of factor D appear to be Ser215 (Phez15 in Gzma) and S217 (Leu217 in

GzmA). In Gzm/A the aromatic side chain at position 215 interacts with the side chains

of residues Arg99, Tyr172, and Leu227. At position 217, the Leu side chain primarily

interacts with Tyr172. These hydrophobic packing interactions have the effect of

stabilizing the loop into a canonical fl-sheet thus forming the P1-P3 active site cleft. The

hydrophobic to serine substitutions in the factor D sequence result in increased flexibility

of this loop, precluding productive packing interactions with the side chains of

neighboring residues. As a result, His37 of factor D adopts the non-productive gauche
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conformation to avoid a steric clash with Ser215. SerQ4 of factor D also contributes to

the inactive conformation of His37 by providing room for the gauche conformation. In

GzmA residue 94 is a tyrosine that would sterically limit the alternate conformation of

His37.
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Discussion

The unique quaternary arrangement of dimeric Gzma recycles the classic serine

protease trypsin-fold while permitting a unique mechanism of substrate specificity by i)

steric hindrance between the second subunit of GzmA and certain macromolecular

substrates, and ii) providing a continuous extended active site cleft across the dimer

interface. The two roles proposed for the dimeric enzyme may work synergistically to

exclude non-specific or detrimental interactions via steric hindrance while enhancing the

S1—S4 binding pocket by extending the potential interaction surface.

The structure of homodimeric GzmA has also recently been determined by Hink

Schauer et al. (139). The overall quaternary arrangement of the structure is identical to

the structure we report, despite different crystallization conditions and unit-cell packing.

The equivalent dimer interface in the two reported structures further supports our

conclusion that the observed quaternary arrangement is the physiological dimer. The

report by Hink-Schauer et al. (139) also proposed, in agreement with our conclusion, that

this unique quaternary arrangement provides an additional level of substrate specificity

that supercedes that of the active-site cleft. However, Hink-Schauer et al. state that the

active site cleft of GzmA exhibits no specificity beyond the S1 pocket (139), in contrast

to our PS-SCL results. The reason for this inconsistency is likely due to their reliance on

substrate specificity data derived from a limited number of thiobenzyl ester substrates

(40) and phosphonate inhibitors (79). This discrepancy highlights another advantage of

the PS-SCL technology used in our assays.

The solvent exposed disulfide linkage may also provide a mechanism for a

specificity and/or activity switch for GzmA that is unique among the trypsin-fold serine
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proteases. In an oxidizing environment such as storage granules and the extracellular

milieu, GzmA would have a macromolecular specificity due to dimerization that

overrides that of the monomer, perhaps protecting the CTL or extracellular environment

from renegade cell-death inducing effects of GzmA. In the reducing environment of the

target cell cytosol, however, Gzm/A may exist as a monomer allowing greater access to

macromolecular substrates. In vivo studies will shed more light on the role of Gzma's

unique oligomeric state.
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Methods

Cloning and heterologous expression of Gzmá. All DNA modifying enzymes

were purchased from New England Biolabs or Stratagene and were used according to

manufacturer's guidelines. Protein assay Bradford reagent was purchased from Bio-Rad

and used according to manufacturer's guidelines. The Pichia pastoris expression system

was purchased from Invitrogen. The 705 base-pair cDNA encoding mature human

granzyme A, and the 693 base-pair cDNA encoding mature mouse granzyme A were

subcloned into the yeast vector, pPICzo A (Invitrogen). Transformation into the Pichia º

pastoris strain and expression followed the manufacturer’s guidelines. Quikchange"M

(Stratagene) site directed mutagenesis reaction was performed on the human Gzm/A gene º

to remove the N-linked glycosylation site, Asn153. The H->M Gzm/A was constructed

via Quikchange with a deletion at position 217 and the following mutations: E218G, :

N219G and G226W. Expression and purification of all mutants was identical to the wild

type enzymes.

Purification of recombinant Gzmá. After 48 h of induction with methanol, the

supernatant from the Gzm/A expressing culture was harvested. The supernatant was

adjusted to 50 mM NaCl and loaded onto a 100 mL SP-sepharose cation exchange

column (Amersham Biosciences). The column was washed with five column volumes of

50 mM 2-(N-Morpholino)-ethanesulfonate (MES), pH 6.0 and 50 mM NaCl and eluted

with a linear salt gradient of 50 mM to 1000 mM NaCl. Active Gzma eluted at 400 mM

NaCl. The fractions from the SP-sepharose column were pooled and dialyzed against 50

mM MES pH 6.0, 100 mM NaCl and loaded onto a 1 mL Mono-S cation exchange

column (Amersham Biosciences). The Mono-S column was washed with eight column
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volumes of buffer containing 50 mM MES pH 6.0, 100 mM NaCl. GzmA was eluted

with a salt gradient from 100 mM to 800 mM. The final product was 2.98% pure as

judged by SDS-PAGE Coomassie Brilliant Blue staining. The final yield of mouse

GzmA was ~0.5 mg I' and that of human Gzma was ~10 mg I'. The concentration of

mouse and human Gzm/A protein was determined by absorbance measured at 280 nm and

based on an extinction coefficient of 31520 M-l cm' (1.22 mL mg") (140).
Positional scanning combinatorial library screening. Preparation and

screening of the positional scanning synthetic combinatorial libraries were carried out as

previously described (33). Briefly, the concentration of each of the 6,859 substrates per

well in the P1-diverse library was 0.013 um and that for the 361 substrates per well in the

P1-Arg library was 0.25 uM. GzmA concentration was approximately 10–100 nM.

Hydrolysis of the substrates was monitored fluorometrically for release of the ACC

leaving group at an excitation wavelength of 380 nm and emission wavelength of 450 nm

in 50 mM HEPES pH 7.4, 200 mM NaCl and 0.01% v/v Tween-20 at 30°C.

Single substrate kinetic analysis. GzmA hydrolytic activity of ACC substrates :

was monitored at an excitation wavelength of 380 nm and an emission wavelength of 450

nm at 30°C in a buffer containing 50 mM HEPES pH 7.4, 200 mM NaCl and 0.01% v■ v

Tween-20. The final concentration of purified Ac-VANR-ACC substrate ranged from

0.005-1 mM. Because of the decreased solubility of Ac-GYFR-ACC at high

concentrations, the final concentration of this substrate ranged from 1–50 um. Initial

rates were fit to the Michaelis-Menten equation describing steady state enzyme kinetics.

Crystallization. N153O human Gzma was dialyzed into 50 mM MES pH 6.0,

50 mM NaCl and concentrated to 10 mg ml". Enzyme was incubated overnight at 4°C
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with 2.9 mM D-Phe-Pro-Arg-CMK. Crystals were grown at 17°C by hanging drop

diffusion with a reservoir solution of 0.1 M Tris pH 8.5, 0.2 mM Li,SO, 13–18%

volume/volume PEG 4K. The crystals were of the spacegroup C222, with a unit cell of a

= 115.03 Å, b = 145.02 Å, c = 39.56 Å.

Data collection and structure determination. Crystals were soaked in 0.1 M

Tris, pH 8.5, 0.2 M Li,SO, 15% PEG 4K with 15% PEG 400 as a cryoprotectant. Data

were collected at 100K at beamline 8.3.1 of the Advanced Light Source (ALS, Berkeley,

CA), Lawrence Livermore National Laboratories. Diffraction images were indexed and

integrated with the DENZO (141) software and then scaled and merged with

SCALEPACK (141). The phases were determined by molecular replacement (EPMR

(142)) using factor D (pdb code 1DST) as the search model.

Structure refinement. Initial phases were calculated from the molecular

replacement solution. Model bias was reduced using DM (143) followed by density

modification in ARP/wARP (144). The resulting electron density maps were traced in O

(145). The model was refined with refnmacS using the maximum likelihood target

function (146). Individual isotropic B-factors were refined after the R-free was below

30%. Explicit solvent was added to the model both by hand and using ARP/wARP after

the R-free was below 27%. All protein structure figures were generated using the

program SPOCK (Texas A&M University, College Station, TX).

Construction of the mouse granzyme A homology model. The sequence of

mouse granzyme A was threaded onto the final structure of human GzmA via the

SWISSModel server (147). The most divergent active site loops (216–219 and 94–100)
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of the resulting structure were then minimized followed by 1ps of molecular dynamics in

INSIGHTII using the cv■ f forcefield and an explicit solvent model (Accelrys).

Coordinates. Coordinates for human N153O Gzm/A have been deposited into the

Protein Data Bank under the pdb accession code 10P8.
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Table 5-1. Human granzyme APS-SCL substrate sequence compared to in vivo substrate

cleavage sequences".

P4 P3 P2 Pl J. P1’ P2’
PS-SCL I/V G/A/S N/D R
pro-IL-13 D A P W R J S L C T
Thrombin T L D P R J S F L R

receptor
Histone H1 K L G L K J S L V S K
Histone H2b A P A P K J K G S K K
SET Q T Q N K J A S R K R
Lamin B V T W S R J A S S S R
HMG2 E D M A K J S D K A R

Apel K T A A K J K N D K

*The l indicates the scissile bond.
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Table 5–2. Data collection and refinement statistics for the crystal structure of human

granzyme A.

Data collection

Resolution (A)
Reflections

2.4

Total

Unique
Completeness”
I / Gºl-"

Fºrce (%)ab

Refinement statistics

Roa (%)"
Rhee (%)"
Number of atoms

Protein

Ligand
Water

Average B-factor (A2)
Protein

Ligand
Water

R. m.s. deviation

Bond lengths (A)
Angles (°)

Ramachandran (%)
Most favored

Allowed

175,040
13,373
0.99 (0.94)

14.3 (2.3)

10.3 (4.1.7)

19.1

23.2

1,778
30

129

35.8

29.5

39.7

0.013

1.544

82.2

17.8

*Values for the highest resolution shell (scaling and reduction = 2.49–24 A.
refinement = 2.46-2.4 A) are given in parentheses. “Reres (X II – «L-1) / (II) where I
is the measured intensity of reflections with indices hk■ , ‘R.,,. - (SIF. - F.I) / (EIF.) ×
100 where F. and F. refer to the observed and calculated structure factor amplitudes
for indices hk■ , respectively: Rºse set contained 5% of the total data.
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Figure 5-1. Overall structure of dimeric human granzyme A. (A) Ribbon diagram of

dimeric human Gzm/A. The secondary structural elements are colored in a gradient from

the N terminus to C-terminal. The Ser195-His57-Asp102 catalytic triad and P1

coordinating Asp189are shown in ball and stick (carbons in light green) as is the D-Phe

Pro-Arg-CMK (carbons in cyan). The disulfide linkage is depicted by atom for residue

93 and its symmetry mate. A sulfate ion contributed by the crystallization conditions is

bound at the base of loop 184-B to 197 by Arg186 and Arg188. (B) Surface

representation mapped with potentials shows the overall positive charge of the molecule

reflected by its PI of >9 and the distinct negative charge of Asp189 emanating from the

S1 pocket.
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Figure 5-1.
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Figure 5–2. Dimeric interface of human granzyme A. A close-up view of the dimer

interface in the same orientation as Figure 5-1. Subunits A and B have their ribbons and

carbon atoms colored green and purple, respectively. Only unique subunit:subunit

interactions are shown, symmetry equivalent interactions were removed to clarify the

rendering. Met178-A resides in two conformations (0.5 occupancy each).
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Figure 5–2.
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Figure 5-3. The active site of human granzyme A. (A) Ball and stick representation of

the bound inhibitor, D-Phe-Pro-Arg-CMK (carbons in cyan), and residues that frame the

substrate binding pocket depicted in the context of the molecular surface. The molecular

surfaces of the proposed S1’ and S2’ subsites are colored in magenta, S1 subsite, orange;

S2, blue; S3, red; S4, green. (B) Ligplot representation showing GzmA’s direct

interactions with the bound inhibitor. D-Phe-Pro-Arg-CMK bonds and carbons are

depicted in cyan. Bonds between the irreversible inhibitor and GzmA are shown in

magenta. (C) Stereo view of the refined (2F-F) electron density for the CMK inhibitor

(carbons in yellow) bound to the GzmA active site (carbons in gray).

156



Figure 5-3.
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Figure 5–4. Combinatorial substrate library results for human, mouse, and H->M

granzyme A. Set of three histograms for each variant represents the P1, P2, P3 and P4

positions within the substrate libraries. For each graph the y-axis represents the

normalized rate of substrate cleavage (fluorophore release) over time and the x-axis

represents the amino acid positioned at P1, P2, P3 or P4. The positions in the substrate

that are not held constant contain an equimolar mixture of 19 amino acids (Cys and Met

excluded, Nle included). (A) Human Gzma. (B) Mouse Gzma. (C) H->M Gzma.

The red and green colored bars represent preferred amino acids at a given subsite for

human and mouse Gzm/As, respectively.
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Figure 5–4.

a b C

100- 100

80- 80

P1 * 60
40- 40

20- 20

0- 0
ARNDEQGH I LKFPSTWYVn ARNDECGH I LKFPSTWYVn

100 100. 10

80- 80- 8

60- 60- 6

P2 40- 40- 4

20 20 2

O O O

ARNDECGH I LKFPSTWYVn tº ARNDEochrukºpswyn 10 ARNDEQGH I LKFPSTWYVn

8 80- 8

60 60- 6

P3 40 40- 4

20 20 2

O O O
ARNDEQGH I LKFPSTWYVn ARNDEQGH | LKFPSTWYVn ARNDEQGH | LKFPSTWYVn

10 100 10

8 8 8

6 6 6

P4 40 40 4

2 20 2

O 0 O
ARNDEQGH I LKFPSTWYVn ARNDEQGH I LKFPSTWYVn ARNDEQGHILKFPSTWYVn

159



; R.

L
º

Chapter 6: º

Conclusions and future directions
-

º

160 RA



The work described in this thesis was carried out with the goal of achieving a

better understanding of the human cytotoxic lymphocyte-associated granzyme family of

serine proteases. Key to both early studies of orphan granzymes and later studies of

granzymes A and B were development and application of chemical tools for functional

studies of proteases. This aspect of the work began with preparation and characterization

of positional-scanning combinatorial substrate libraries in collaboration with the Ellman

lab. Work with these libraries quickly evolved into use of substrate specificity profiling

results as starting points for protease inhibitor design. While combinatorial libraries of

substrates and substrate specificity-based inhibitors are valuable tools that can be applied

to the study of any protease, work has focused on human granzymes. Their association

with immunity, existence as members of a larger family of related enzymes, and

functions that are still being unraveled long after their initial discovery all combine to

make them interesting and worthwhile subjects of study. Lessons learned from studies of

granzymes have advanced our understanding of a spectrum of topics ranging from

immunity in health and disease, to serine protease structure and function.

The initial emphasis of the work was on exploration of orphan granzyme function.

This resulted in the finding that the orphan granzyme M is as a regulatory enzyme whose

role as an NK cell-specific protease may be to inactivate the granzyme B inhibitor PI9.

The focus of the work eventually broadened with preparation of remarkably selective

chemical functional probes of granzymes A and B. These were applied to demonstrate

that granzyme B, but not granzyme A, is a major effector of NK-cell mediated lysis of

target cells. These studies of granzymes M and B in particular shed new light on the
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roles of granzymes in immunity. Finally, structural studies were carried out to

investigate how the quaternary structure of granzyme A affects its function.

Interaction between granzyme M and serpins

Biochemical characterization of granzyme M has led to postulation of a model for

a specialized mode of action of this orphan granzyme that is consistent with its NK cell

specific expression. In this model, granzyme M allows NK cells to overcome blockade

of granzyme B in target tumor cells overexpressing the serpin PI9, which are known to be

resistant to CTL-mediated death. In a sense, this model is reminiscent of the role of

CTLs and NK cells in eradication of virally infected cells. Alteration of MHC class I

molecule expression allows some virally infected cells to escape CTLs, but NK cells

function to ensure that the same infected cells are still dealt with. In the same way, PI9

overexpression allows some tumor cells to escape CTL, but NK cells may function to

ensure that the same tumor cells are still dealt with.

The experiments upon which this model is based have been biochemical in nature,

and the physiological relevance of granzyme M as an inactivator of PI9 must still be

verified. Brief studies to this end were initiated, but results were inconclusive. A

worthwhile initial experiment to test the model could involve transfection of PI9 into a

common cytotoxic lymphocyte target cell line such as K562, killing of controls and

transfectants with either the NK cell line NK-92 or the CTL line TALL-104 (148), and

evaluation of whether PI9 overexpression prevents killing by the CTL line, but not by the

NK cell line. On the topic of granzyme M-serpin interactions, a recent publication has

reported identification of a new serpin in mice termed SPI-CI that inhibits granzyme M.
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Inhibition of granzyme M by SPI-CI was hypothesized to protect target cells from

cytotoxic lymphocytes in cooperation with inhibition of granzyme B by SPI-6, the

murine ortholog of PI9 (149). It will be interesting to see whether this additional

hypothesis proves to be correct. The fate of target cells may turn out to depend not just

on a web of cell surface receptor-ligand interactions, but also on an intacellular web of

serine protease-serpin interactions.

Phosphonate affinity labels as functional probes of granzymes

Much of the time invested in accomplishing the work presented in this thesis was

spent on preparation of peptide phosphonate inhibitors for granzymes. As the initial

focus was on understanding orphan granzymes, the first substrate specificity-based

diphenyl phosphonate inhibitor prepared was actually granzyme M-targeted. This

compound turned out to be a potent inhibitor of granzyme M, but surprisingly, inhibition

was reversible instead of irreversible, preventing use of the compound as an affinity label

for verification of specificity as originally planned. A granzyme H-targeted phosphonate

was also prepared, and although this compound was found to inhibit granzyme H

irreversibly, promiscuous labeling in cell lysates indicated it was not selective. The

granzyme M-targeted phosphonate, bio-x-nVPL’-(OPh), and the granzyme H-targeted

phosphonate bio-x-PTSY"-(OPh), may still find use in functional studies of these orphan

granzymes either in their current form, or following structural modification for

modulation of kinetic behavior and increased selectivity.

The granzyme A- and B-targeted phosphonates were not only the most interesting

inhibitors prepared, but also the most difficult to prepare. While bio-x-nVPL’-(OPh), is
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prepared in three synthetic steps and bio-x-PTSY"-(OPh), is prepared in four, the more

complex side chain functionalities of bio-x-IGN(AmPhg)"-(OPh), and bio-x-IEPD"-

(OPh), especially at P1, necessitate the more complex synthetic schemes described in

Chapter 3. Synthesis of these two most useful compounds has not been optimized, and if

these or similar compounds are to be used in future functional experiments, time spent on

optimizing yields at each step would be time well spent. For example, a new route to

amidinophenylglycine-containing peptide phosphonates has recently been described,

which may be more accessible and efficient than the one described in Chapter 3 (150).

Modulation of structure for increased cell-permeability of granzyme A and B inhibitors

would also be advantageous. As discussed in Chapter 3, preparation of new granzyme B

targeted phosphonates with a 1,2,3 triazole moiety at P1 (78) would be doubly

advantageous as the resulting affinity labels would be more stable and more cell

permeable than bio-x-IEPD’-(OPh). A version of bio-x-IEPD’-(OPh), that is methyl

esterified at the glutamic and aspartic acid side-chains would also result increased cell

permeability, by analogy to methyl esterified fluoromethyketone caspase inhibitors such

as Z-D(OMe)E(OMe)VD(OMe)-fmk and Z-VAD(OMe)-fmk. Esterification of side

chains should also result in increased long-term stability.

Granzyme B and lysis of target cells by cytotoxic lymphocytes

As a first functional application of the developed granzyme A and B inhibitors,

the role of both major granzymes in cell lysis was probed. As discussed in Chapter 4, a

role for serine proteases in target cell lysis had always been inferred from the fact that

general serine protease inhibitors such as DCI block lysis. The selectivity of the
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granzyme A and B inhibitors has allowed dissection of the role of granzymes A and B in

the process of lysis. Use of these inhibitors indicates that granzyme B, but not granzyme

A, is a major effector of lysis. That granzyme B has this effect is especially interesting

because it clearly also activates apoptosis. It is possible that cytotoxic lymphocytes

induce a mixed-phenotype death in target cells for a resulting mixed immune response to

dying cells. As elegantly described by Green et al. (41), uptake of necrotic cells by

phagocytes perpetuates a pro-inflammatory response, whereas uptake of apoptotic cells

by phagocytes perpetuates an anti-inflammatory response. Perhaps even a proper pro

inflammatory response to viral infection must still be counterbalanced by a certain level

of anti-inflammation, which could arise from some degree of apoptosis before ultimate

necrotic death of target cells. Why cytotoxic lymphocyte-mediated death is necrotic as

well as apoptotic, and how granzyme B contributes to necrosis as well as apoptosis, are

important and interesting, albeit difficult, questions to be answered.

Numerous applications remain for the granzyme A and B inhibitors. The

approach used to dissect the contributions of granzymes A and B to target cell lysis as

described in Chapter 4 can also be used for study of the contribution of these major

granzymes to other hallmarks of death. These include single-stranded DNA damage,

double-stranded DNA damage, phosphatidylserine externalization, mitochondrial

depolarization, and changes in intracellular ion concentration. Flow cytometry is a

particularly powerful technique for monitoring many of these parameters. Both inhibitors

can also be used to validate in vitro protein substrates as physiologically relevant protein

substrates. Along these lines, proteomic analysis of target cell lysates following killing

by cytotoxic lymphocytes in the presence and absence of either inhibitor can lead to the
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identification of novel physiological substrates. And finally, both inhibitors can be used

to track the activity of granzymes A and B in effector cells, target cells, and media over a

time course of killing to study how levels of granzymes change in each of these

compartments during killing, a question that has not yet been addressed.

Dimeric granzyme A structure and biological function

The crystal structure of granzyme A, as well as the discrepancy between its

tetrapeptide substrate specificity and its macromolecular substrate specificity, indicate

that its quaternary structure is likely to be a crucial determinant of substrate specificity.

This in turn indicates that its structure is likely to be intimately related to it biological

function. It seems surprising that more biophysical characterization of granzyme A

dimerization has not been carried out. This area of research certainly seems untapped

and within easy reach of future Craik lab members. Recombinant granzyme A expresses

very well in Pichia pastoris, which would facilitate pursuit of some very basic

biophysical questions that remain to be answered. Specifically, in order to determine

how and when dimerization of granzyme A affects its activity in vivo, the parameters

regulating dimerization in vitro must be characterized. Such parameters include solution

reduction-oxidation potential, salt concentration, concentration of the proteoglycan

serglycin, and finally, of course, enzyme concentration. Equally significant will be the

effect of different combinations of changes in these parameters.

Perhaps the most outstanding question related to granzyme A dimerization is the

difficulty in reconciling a disulfide-dependent dimeric structure, which seems to be an

important determinant of substrate specificity, with the reducing environment inside cells.
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Is the environment inside cells in the process of being killed partially oxidizing, or does

granzyme A function in a reducing environment in an equilibrium of monomers and

dimers? Do macromolecular substrates or adaptor proteins function to regulate activity

by inducing granzyme A dimerization in a reducing environment? These questions

provide a great opportunity for studies that use a mixture of biophysical, biochemical,

and biological experiments of important implications.

Finally, the studies described in Chapter 5 also revealed that the human and

murine orthologs of granzyme A exhibit distinct tetrapeptide substrate specificities. It is

difficult to speculate whether this difference translates in divergent biological activities,

especially given the lack of correlation between macromolecular substrates of human

granzyme A and its tetrapeptide substrate specificity. If substrate binding sites have any

bearing on the activity and resulting function of both enzymes, the differences between

human and mouse enzymes do imply that functional divergence may have occurred. A

certain extent of divergence in tetrapeptide substrate specificity has also been observed

between human and murine orthologs of granzyme B (unpublished data from Nancy

Thornberry at Merck). It will be interesting to determine whether differences between

human and murine orthologs of all granzymes translate into orthologs of divergent

function, or whether these orthologs have co-evolved with different, but homologous

cleavage sites in the same macromolecular substrate of different organisms. The question

of whether or not some orthologs have diverged is especially relevant given that mice are

frequently used as model systems of human biology.
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