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Definition and Function of Structural Determinants in Granzyme B Specificity

Sandra Waugh

Abstract

Trypsin-like serine proteases catalyze the hydrolysis of peptide bonds at specific

extended amino acids sequences mediated by a constellation of active site amino acids that

are still being characterized. Complete understanding of the relationship between contacting

amino acids, substrate specificity and efficient catalysis will enable prediction of substrate

specificity from genomic sequence data.

To probe structural determinants of substrate specificity the serine protease

granzyme B was studied. Granzyme B is unique among mammalian proteases, requiring an

aspartic acid adjacent to the Scissile bond, and a specific extended substrate encompassing i
six amino acids for efficient hydrolysis. The x-ray crystallographic solution of rat granzyme

B [N66Q) in complex with ecotin (81-84 IEPD) exposed ten structural determinants of

Specificity. The active site, when compared with trypsin, included a truncated binding site

loop, a deleted disulfide bond and a buried primary specificity determinant, Arg226,

mediating aspartic acid specificity. Site directed mutagenesis and kinetics analysis of trypsin

variants concluded that inserting Arg226 and mutations to both of the active site loops were

required for acidic specificity. Trypsin DS(-) ARR preferentially hydrolyzed substrates

containing aspartic acid with 10° wild type activity. Determinants of granzyme B extended

specificity identified from the crystal structure were investigated with site-directed

mutagenesis and synthetic combinatorial substrate libraries. Binding site variants firmly

established the protease residues in direct contact with the substrate as the primary extended

specificity determinants, and variations effected one subsite profile at a time. Mutation of

structural determinants alters subsite specificity and catalytic efficiency by changing

hydrogen bond, steric and hydrophobic effects. Importantly, the specificity of a single

subsite was exchanged between granzymes B and C by the mutation of one structural



determinant. The structural determinants of granzyme B mediated the substrate specificity,

but did not identify all of the amino acids responsible for its remarkable specificity. Future

design of substrate specificity should focus on individually modifying the extended

specificity, and discovering additional structural determinants.

Charles Craik, Chair

sº:



Table of Contents

Chapter 1 Introduction

Engineering trypsin to proteolyze substrates with P1 acidic amino acids

Granzyme C is a serine protease with hydrophobic substrate specificity

References

Chapter 2 The structure of the pro-apoptotic protease granzyme B reveals the

molecular determinants of its specificity

Abstract

Introduction

Methods

Figures and Tables

References

Chapter 3 Variants of the pro-apoptotic protease granzyme B with altered

extended substrate specificities

Abstract

Introduction

Materials and Methods

Results

Discussion

Figures and Tables

References

16

23

29

31

41

45

46

46

48

50

55

59

78

º
**

viii



Chapter 4 Crystallization and analysis of serine proteases with ecotin

Abstract

What is ecotin?

Methods

Ecotin defines the S7 through S4 subsites of collagenase

Ecotin as a tight binding substrate

Ecotin defines regions distal to the factor Xa protease domain

Crystallization and structure determination of E.P, complexes

Conclusion

Figures and Tables

References

Appendices

Reprint permission for Chapter 2

Reprint permission for Chapter 4

Expression of secreted proteins in Pichia pastoris by fermentation

84

85

85

87

89

92

94

95

97

109

114

115

116 C
*

>

ix



List of Figures

Chapter 1

Figure 1-1 Granule mediated apoptosis

Figure 1-2 The active site structures of rat trypsin and modeled rat granzyme B.

Figure 1-3 Granzyme C purity assessed with SDS-PAGE

Figure 1-4A crystal of the rat granzyme C and wild type ecotin complex

Figure 1-5 Positional scanning synthetic combinatorial library results for rat

granzyme C.

Chapter 2

Figure 2-1 Granzyme B is a serine protease of the chymotrypsin fold

Figure 2-2 Ecotin binds to granzyme B through a substrate-like active site

interaction and a secondary site interaction.

Figure 2-3 The extended specificity determinants of gre

Figure 2–4 A comparison of structure and sequence at three serine protease

active sites: granzyme B, chymase (from 1PJP), and cathepsin G (from 1AUG).

Chapter 3

Figure 3-1 The grB variants I99A, 199F and 199R

Figure 3-2 The grB variants N218A, N218T and N218V

Figure 3-3 The grB variants Y174A and Y174V

Figure 3-4 P2 specificity profile of I99R gre compared with rat grO.

Figure 3-5 The change in AAG1 upon mutation of a single substrate amino acid
to alanine in the context of a second alanine mutation

11

12

13

31

32

34

59

69

73

75

xi



Chapter 4

Figure 4-1 The tetramer of eco bound to a serine protease

Figure 4-2 Wild type eco purification followed by SDS-PAGE.

Figure 4-3 SDS-PAGE analysis of the substrate-like features of eco

Figure 4-4 The three-dimensional fold of the three example serine proteases

Figure 4-5 The distribution of all E2P2 complex crystal contacts visualized on

the E2P2 tetramer.

97

100

101

102

104

º

º

-

xii



Chapter 1 Introduction
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Trypsin-like serine proteases catalyze the hydrolysis of a peptide bond in many

physiological processes, and illustrate the diversity of substrate recognition possible for a

common three-dimensional fold (1). A constellation of amino acids surrounding the

active site cleft contributes electrostatic and non-polar interactions to bind and

catalytically hydrolyze an optimal substrate. Two approaches to understanding structural

determinants are available. The first approach is to characterize the substrate specificity

and three-dimensional structure of many family members, learning from how nature

modulates specificity. Structural determinants of specificity have been identified through

x-ray crystallographic structures of such family members as cathepsin G (2), chymase (3,

4), thrombin (5), factor Xa (6), factor IXa (7), uPA, MT-SP1 (8), and collagenase (8).

The second approach is to use protein engineering to reshape the subsites along the active

site cleft and analyze the resulting change in substrate specificity. Such an approach has

been used on trypsin (9-12), chymotrypsin (13), thrombin and factor Xa (14, 15). Once

the roles of structural determinants are characterized, the prediction of substrate

specificity from primary amino acid sequence data is possible, as is the design of

proteases with completely novel substrate recognition profiles. I have used both

approaches in my thesis research, focusing on the structural determinants of a highly

homologous subfamily of serine proteases, the granzymes, that has a variety of substrate

specificities. Special attention has been paid to the family member granzyme B.

Granzyme B (grP) is an exquisitely selective serine protease with a unique and

potent role in the initiation of the apoptotic cascade(16). It is localized in the granules of

cytotoxic lymphocytes (17), and activated by dipeptidyl proteinase II (18). Upon

recognition of a target cell, granzyme B is directionally released towards the target cell



where it enters the cell through a perforin mediated pathway(19). It activates, by

cleavage, caspases 3 and 7 (20) and contributes to cytoplasmic and nuclear apoptotic

hallmarks (21) by proteolyzing a specific set of intercellular substrates (22-28). In

addition to initiating and effecting apoptosis, gre contributes to the generation of

autoimmunogenic peptides (29), and has an extracellular role in inflammation (30). Wild

type (WT) gre is an exquisitely specific protease. It’s strict requirement for an aspartic

acid residue at the P1’ position is unique among mammalian serine proteases (32). For

efficient hydrolysis, the substrate must contain Ile/Val at the P4 position, Glu/Gln/Met at

the P3 position, any amino acid at the P2 position, non-charged at the P1’ position and

Ser/Ala■ gly at the P2’ position (33, 34) (Figure 1).

The unique acidic specificity of granzyme B is accomplished with a different

architecture than the canonical family member, trypsin. In this chapter, I discuss

experiments from early in my graduate career on the S1 pocket of trypsin towards

cleavage after aspartic acids substrates using elements of the granzyme B active site. At

that time, the understanding of granzyme B mediated substrate specificity was based

upon a modeled structure (35). Therefore, I undertook the three-dimensional crystal

structure of granzyme B bound to the inhibitor ecotin. It is discussed in Chapter 2. With

atomic level understanding of the structural determinants of granzyme B, amino acids

mediating extended specificity were investigated with site directed mutagenesis. Chapter

3 discusses how the extended specificity is altered with each mutation, and how

' Serine protease substrate recognition sites are labeled according to the method of
Schecter and Berger (31). Labels increase in number from P1, P2, ... P. for the substrate
amino acids N-terminal to the scissile bond and P', P,”, ... P. for the substrate amino
acids C-terminal to the scissile bond. The corresponding substrate recognition pockets on
the enzyme are labeled, S, ... S2, S1, S1’, S2’ ... S.'



important optimal substrate interaction is at each subsite for catalysis. Finally, ecotin has

defined the constellation of active site structural determinants in seven serine proteases,

and has been an effective tool for the crystallization of serine proteases. It is reviewed in

Chapter 4.

My adventures began with my rotation project directed by Jennifer Harris:

Engineering trypsin to proteolyze substrates with P1 acidic amino acids.

Trypsin is a well-known digestive protease. It efficiently and specifically

hydrolyses any peptide bond C-terminal to an Arg or Lys amino acid (36). The active site

of trypsin contains an Asp buried at the bottom of the S1 pocket at position 189 that

forms an electrostatic interaction with the basic P1 amino acid of the substrate (37, 38).

Protein engineering experiments to convert trypsin into chymotrypsin required changing

two entire loops (Loop1: residues 187 to 195 and Loop 2: residues 215 to 226) for

activity 10° slower than wild type (9). The single mutations Tyr172Trp improved activity

to within 2-15% of wild type for various substrates (39).

To test our understanding of the essential elements of the serine protease active

site, trypsin was converted to specifically cleave after acidic substrates similar to

granzyme B. The granzyme B S1 pocket compared to trypsin is missing the disulfide

bond between Cys.191 and Cys 220, has a truncation between residues 221 and 224, and

Gly189 instead of Asp (Figure 2). The active site architecture was modeled on the three

dimensional fold of rat mast cell protease II (40), and the primary acidic specificity

determinant determined to be Arg226 (35). Previous rational design experiments have

investigated the role of Arg226 in P1 specificity. Mutation of Arg226 to Gly reduced the

:
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activity of gre towards P1-Asp thio-benzyl ester substrates, and increased activity

towards P1-Phe substrates in crude cell lysates (41). An additional mutation of Arg226 to

Glu resulted in preferential activity for P1-Lys substrates, though this activity did not

extend to more peptide-like amide substrates (42).

A series of mutations was designed to incrementally convert the trypsin S1 subsite

to granzyme B. First, the disulfide bond Cys 191/Cys?20 was replaced with

Alal.91/Gly220. Loop 2 was truncated, AL2 or Tn (221-225 LPDNP → PP] to

incorporate a cis-Pro turn. The primary determinant was removed, D189A, and moved to

the grè position, G226R. Last, the lip of the S1 pocket was modified, Q192R.

Combinations of variants were assayed using steady state kinetics against the para

nitroanilide (pNA) substrates Suc-AAPR-pMA, Suc-AAPF-pNA, and Suc-AAPD-pNA.

The measured specificity constants are shown in Table 1. Removal of the disulfide bond

immediately impaired catalysis of Suc-AAPR-pMA, reducing kJK, by 10°. Basic

specificity disappeared after D189A, and acidic specificity was not increased with

G226R, only with G226R/Q192R. The AL2 mutation was detrimental to activity,

possibly by disordering the binding pocket or allowing the peptide backbone to assume a

catalytically impaired conformation. Trypsin has recently been shown to have a slight

preference at P4 for hydrophobic amino acids (36). Such a preference explains the ability

of the variant DS(-) ARR to cut the granzyme B specific substrate Ac-IEPD-pNA with a

specificity constant, kº■ kin, of 750 M's", 5 fold higher than the Ac-AAPD-pNA

activity.

While this series of trypsin mutations does cleave after P1 aspartic acid substrates,

little discrimination is observed P1 Phe substrates and the overall activity of the enzyme



is severely reduced. The primary reduction in activity occurs after the disulfide bond is

removed. Replacement of Cys 191Ala with the gre amino acid Phe 191 would be a better

choice to preserve the packing interactions of the disulfide bond with the rest of the

active site. Also, Cys220Gly may prevent the 220's loop from forming cis-Pro221. An

additional mutation to be considered is Leu172Tyr to correctly orient Gly 216 (39).

Another group's effort to engineer the trypsin active site to cut elastase-like substrates

also had limited success, resulting in an enzyme with very low catalytic activity against

ester substrates and unable to cleave amide substrates (12). While it is possible to

recognize a trypsin-like or granzyme B-like active site from the primary sequence of a

protein alone, it is not currently possible to re-engineer that specificity into another

family member without extensive mutagenesis and the involvement of mutations

removed from substrate binding.

Granzyme C is a serine protease with hydrophobic substrate specificity.

The protein engineering approach to understanding substrate specificity had

limited success, so I turned instead to understanding how substrate specificity is

modulated in homologous enzymes. Granzyme C was kinetically and structurally

characterized to understand the specificity determinants. Granzymes B and C are 66%

identical so differences between them likely define the substrate specificity. Rat

granzyme C is packaged in granules of cytotoxic lymphocytes, and can cause cell killing

when it is loaded into target cells with perforin (Tim Ley, personal communication).

Little more is known about this protease and it's role in apoptosis. From a primary

sequence alignment with granzyme B, it was projected to have hydrophobic specificity



(43). Granzyme C was cloned into the pPICzaA vector as the mature enzyme with Ile16

adjacent to the alpha leader sequence proteolytic site. was expressed in Pichia pastoris

(Invitrogen, San Diego, CA) at amounts ranging from 0.5 to 3 mg/L. The active protease

was purified using the protocol for active granzyme B (Figure 3).

Crystals of granzyme C in complex with wild type ecotin were grown (Figure 4)

with the help of Ki-Bum Park, a talented Lick-Wilmerding High School student, and

diffracted to 24A resolution on the Advanced Light Source (Berkeley, CA) beamline 5.1.

The P2, 2, 2 crystals contained one ecotin and granzyme C dimer per asymmetric unit. A

molecular replacement solution was determined using the granzyme B/ecotin dimer.

Unfortunately, the active site loop 188 to 196 of granzyme C was completely disordered,

and could not be defined despite many rounds of refinement. The ecotin molecule had

strong and consistent electron density, as did the 3 sheet regions of granzyme C.

Therefore, ecotin binds to and crystallizes an inactive form of granzyme C. Granzyme C

may have an important role in apoptosis, but was difficult to characterize with

tetrapeptide substrates because it had an extremely reduced catalytic activity. Three

reasons granzyme C might have lower activity are (1) it requires an extremely specific

substrate possibly longer than a tetrapeptide, (2) protein expression problems, or (3)

cooperative substrate effects in the PSSCL that mask the optimal substrate sequence.

Substrate libraries such as those used in chapter 3 revealed that granzymes C has a

hydrophobic specificity when large quantities of protease were used. The specificity

exhibited a cooperative effect, as each library would yield a different specificity profile

(Figure 5).



Understanding the basis for substrate selectivity in serine proteases is an ongoing

experimental topic. With genomic data, new serine proteases are identified and

characterized very quickly, defining the interactions used by physiological serine

proteases to modulate specificity. Protein engineering experiments produced dramatic

changes in substrate specificity, and conservative mutations between highly homologous

proteases have defined many determinants of extended specificity. The work of my thesis

identifies the structural specificity determinants in a protease with acidic specificity,

granzyme B, then uses them to understand the biophysical interactions required for

transition-state stabilization and efficient catalysis in the primary and extended subsites.
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Figure 1-1 Granule Mediated Apoptosis. A cartoon representing the roles of granzymes

A, B, and C as they are currently understood. Granzymes A and B have well

characterized roles. The rest of the granzymes, including granzyme C, may act either as a

secondary activation system, or act independently on unique targets.
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His57

Ser195

Figure 1-2 The active site structures of rat trypsin and modeled rat granzyme B.

Granzyme B (yellow) and trypsin (blue) are shown in ribbon representation. The catalytic

triad amino acids Ser 195, His 57 and Asp102 are labeled. The granzyme B active site,

when compared to trypsin, is missing the disulfide bond between Cys 191 and Cys 220

and is missing three amino acids in Loop 2. The primary determinants of P1 specificity

are Asp189 of trypsin (dark blue) and Arg226 of granzyme B (orange).
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Figure 1-3 Granzyme C purity assessed with SDS-PAGE. Lane 1: MW markers: from

the bottom of the gel are 16.5, 25, 32.5, 47.5, 62, 83, 175 kDa; Lane 2: a crystal of the

grC/ecotin complex; Lane 3: granzyme C, Lane 4: wild type ecotin; Lane 5: the

grC/ecotin complex before crystallization.
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Figure 1-5 Positional scanning synthetic combinatorial library results for rat granzyme

C. The P1-Met PSSCL is shown for two trials (purple and blue bars) where each trial is

the average of at least two profiling measurements. The P1-Leu PSSCL is shown in green

bars. Each activity is normalized to the best activity for the trial with a maximum activity

of 100. All trials were run with an enzyme concentration of 2 puM. Granzyme C

exhibited inconsistent results and a dependency on the identity of the P1 amino acid.
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Figure 1-5
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Table 1-1 The specificity constant, k, AK, of trypsin variants engineered to have

granzyme B-like acidic specificity.

The following terms are abbreviated: WT: wild type rat trypsin; DSQ-): C191A, C220G;

AL2: Tn [221-225 LPDNP → PP], ARR: D189A, G.226R, Q192R; nd: not detected; na:

not measured.

Suc-AAPR-pMA | Suc-AAPF-pNA | Suc-AAPD-pNA

Variant ka/Km ka/Km ka/Km

M's ' M's ' M's '

WT
-

14 × 10° 8.3 nd

DS(-) 880 140 nd

DS(-) D189A 6.7 15 + 10 nd

DS(-) AL2 1400 + 80 22 + 8 nd

DS(-) AL2 D189A nd 5 + 1.6 nd

DS(-) D189A G226R nd 33 nd

DS(-) AL2 D189A nd Ila 270 + 80
G226R

DS(-) ARR nd 200 + 22 150 + 24

DS(-) AL2 ARR nd 1100 + 40 170 + 15

15
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Chapter 2 The structure of the pro-apoptotic protease granzyme B reveals the

molecular determinants of its specificity

The text of this chapter is a reprint of the material, as it appears in Nature Structural

Biology, September 2000, volume 7 Number 9, Pages 762-5 by Sandra M Waugh, Jennifer

L Harris, Robert J. Fletterick, and Charles S Craik.
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Abstract

Granzyme B is a serine protease of the chymotrypsin fold that mediates cell death

by cytotoxic lymphocytes. It is a processing enzyme, requiring extended peptide substrates

containing an aspartic acid. The determinants that allow for this substrate specificity are

revealed in the three-dimensional structure of granzyme B in complex with a

macromolecular inhibitor. The primary specificity for aspartic acid occurs through a side-on

interaction with Arg226, a buried arginine side chain of granzyme B. An additional nine

amino acids make contact with the substrate and define the granzyme B extended substrate

specificity profile. The substrate determinants found in this structure are shared by other

members of this protein class and help to reveal the properties that define substrate

specificity.

Introduction

Granzymes are a vital component of the cytotoxic lymphocyte’s ability to induce

apoptosis (1) contributing to rapid cell death of a tumor or virally infected target cell by the

cleavage of downstream substrates and the activating cleavage of caspases (2, 3). Granzyme

B (grp) is unique among mammalian serine proteases for its strict aspartic acid requirement

in the P1 position (the substrate amino acid N-terminal to the cleaved bond) and requires

additional, extended substrate interactions (named according to Schechter (4)) for efficient

catalysis. Combinatorial substrate libraries have profiled the specificity, and indicate the

preference for or absence of an amino acid at an extended position. The profile of gre is Ile

or Val at P4, Glu, Met, or Gln at P3, broad preference at P2, Asp at P1, uncharged at P1’ and

Gly or Ala at P2’ (5, 6). This profile corresponds to in vitro cleavage sites including the

activation sites of caspases 3 and 7.

Ecotin (eco) is a fold-specific inhibitor of chymotrypsin-like serine proteases

forming active and secondary site interactions (7) which have been extensively characterized

both enzymatically (8-10) and structurally (11-13). Presented here is the x-ray
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crystallographic structure of grº [N66Q], a variant lacking the glycosylation site, in

complex with eco (81-84 IEPD), a variant reflecting the preferred gre substrate sequence at

the eco active site loop P4 to P1 amino acids. This structure reveals the mechanism for

recognition of aspartic acid substrates, and the amino acids that determine extended

sequence recognition.

The complex of granzyme B and ecotin is a tetramer

To generate a structure of gre with a substrate-like interaction, eco (81-84 IEPD) was used

to inhibit the enzyme. When the purified complex was visualized by SDS-PAGE, two

distinct degradation bands appear at approximately 8 and 9 kD. These fragments are the

expected size if cleavage by gre occurs at the active site loop of eco (81-84 IEPD).

Although the inhibitor is cleaved, proteolytic activity measurements indicate it retains

inhibition.

The grB molecules take the three-dimensional shape of other chymotrypsin-like serine

proteases (Fig. 1a), containing eight loops, labeled A through E and 1 through 3 (14) with

the catalytic triad in the cleft between the two domains. Grb has a surface that is highly

cationic, reflecting its high pi (Fig. 1b). The nucleophile, O' of Ser 195, is 1.8A from the

carbonyl carbon of ecotin Asp84. This sub van der Waals distance possibly represents

equilibrium between a covalently bound acyl-enzyme intermediate and a substrate-like

binding mode. The ecotin loop C-terminal to the scissile bond is not resolved in the

Structure.

Each asymmetric unit contains a tetramer-110A long and 58 Å in diameter. A complex of

one inhibitor and one protease is related by a 2-fold non-crystallographic symmetry axis to

form the tetramer. The ecotin acts as an adapter between the proteases, making one

interaction with each protease (Fig. 2a). The primary interaction buries 1540 Å of gre
surface and mimics a substrate interaction. The secondary site of eco is approximately 18A

from the active site and buries 820 Å of gre surface.
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The determinants of aspartic acid preference are revealed

The gre pocket N-terminal to the scissile bond, S1, holds a buried arginine in place by a

network of hydrogen bonds: between Gln 217 and the N_1 and N_2 nitrogen atoms and

Ser 221 and the N_1 terminal nitrogen atom (Fig.2b). These interactions restrain the

arginine, Arg226, to the side of the binding pocket. It exposes only 12 Å of its solvent

accessible surface when no substrate is present and creates a small patch of positive

potential on the edge of S1 (Fig. 1b). Arg226 mediates substrate recognition by through a

salt bridge with the aspartic acid of the substrate: forming two hydrogen bonds between N_

and N_2 and the carboxylate group of Asp84. Arg 192 enhances the basic character of S1

and may interact with the substrate directly or through the ordered water molecule 407.

As with other members of the chymotrypsin fold, S1 is formed by Loops 1 and 2. The

backbone of residues 188 to 192, and a short, sharply bent loop between residues 221 and

224 form the walls of the pocket (Fig.2b). The bend is formed by a cis-proline and orients

Arg226 towards the active site. Grb does not cleave after a glutamic acid despite its

preference for the aspartic acid carboxylate (15). This discrimination is due to the

dimensions of the active site pocket (approximately 7A in diameter and 8A deep.) A Glu

side chain is too long to correctly orient for catalysis and form hydrogen bonds with Arg

226.

Determinants of extended specificity in grk

Extended specificity in grB comes from specific interactions with side chains of

substrates in addition to the active site and backbone hydrogen bonds typical of

chymotrypsin-like serine proteases (Fig. 3). S4 is a long (10A) and shallow (6A)
hydrophobic groove parallel to the substrate backbone defined by four residues. The rings

of Tyr215 and Tyr 174 form the v-shaped sides, while Ile 99 and Leu 171 cap the ends of

the pocket. Side chains longer than 6A will clash with the tyrosines, giving this pocket a
preference for small hydrophobic residues. The eco Ile avoids clashing with a rotomer that
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takes advantage of the length of the pocket. A leucine residue can be modeled, but occurs

less in combinatorial substrate assays than 3-branched amino acids. Examining rotomer

conformations reveals that only one rotomer of leucine makes favorable interactions. The

entropy to assume this conformation may reduce it's binding efficiency. Depth and

hydrophobicity are the determinants of specificity at S4 and account for the Ile and Val

preference.

S3 is ~6A long, tangential to the substrate backbone, and defined by Asn 218 and the

guanido group of Arg 192. Asn 218 forms a hydrogen bond with Glu 82. Arg 192 is

solvent exposed and flexible, suggesting that its plays a dual role in P1 and P3 specificity.

Polar residues define this pocket and a preference towards long amino acids capable of

forming hydrogen bonds with one or both determinants. The experimental substrate

specificity for P3 reflects this preference: glutamic acid - methionine > glutamine > others.

The P2 side chain of ecotin points into solvent however two residues make slight

interactions with Pro83. Ile 99 and His 57 bracket the pyrrolidine ring, each about 4 Á

away. Experimentally, grè has a slight preference for proline, but accepts any amino acid

except arginine or lysine. The proline may orient the scissile bond for transition-state

binding, while arginines at 192 and 226 would repulse basic amino acids.

The prime side residues of ecotin are not resolved in this structure. Determinants of the

prime side specificity are suggested through modeling (Fig. 3). The catalytic triad of trypsin

with wild type ecotin (11) was superimposed on grB (RMS deviation 0.126 A). S1 is a
hydrophobic pocket, adjacent to the catalytic triad, defined by the disulfide bond between

residues 42 and 56 and the aliphatic portion of Lys 41. All side chains are accommodated

by S1’, but uncharged amino acids are experimentally preferred. This is due to the

proximity of the catalytic triad and the lack of a favorable charge pair. Acidic residues at P1’

are proposed to destabilize the catalytic triad, reducing the efficiency of proteolysis. S2’ is

defined by the Loop D backbone and Lys 41 and Tyr 151. It narrows to 5Å and requires an
abrupt upturn of the substrate. A backbone hydrogen bond, found in ecotin (11, 12) and
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bovine pancreatic trypsin inhibitor (BPTI) complexes(16), is formed between Lys 41 and

ecotin P2’.

Specificity determinants in related proteases

GrB has an unusual specificity for aspartic acid substrates from a sequence that is

50% identical to cathepsin G (catG), human chymase, and other granzymes. In chymase,

Ala 226 mediates the specificity towards large aromatic amino acids. In catC, Glu 226 is

held away from substrate by hydrogen bonds. Its specificity reflects the presence of the

glutamic acid, preferring primarily Phe, but also Lys. This suggests that the gre active site

architecture can adopt conformations specific to a range of P1 residues with the main

determinant at 226 (Fig. 4). At the extended sites, gre is very similar to the coagulation

family of serine proteases. Despite their differences in overall preferred substrate (IEXD for

granzyme B and IXPR for thrombin; where X is any amino acid), the extended specificity

determinants are largely the same. Residue 192 plays a key role in P3 specificity as seen

through mutagenesis on grº (5), thrombin and activated protein C (17). Serine proteases

with basic or acidic side chains at 192 will prefer a charge complement at P3. At S4,

thrombin and granzyme B have combinatorial substrate specificity profiles preferring

aliphatic amino acids (6, 18). Hydrophobic amino acids at 99, 171 (180 in thrombin), 174,

and 215 define the P4 pocket. These residues are easily identifiable in a sequence alignment,

and indicate specificity for aliphatic amino acids S4.

Grb [N66Q) complexed to ecotin (81-84 IEPD) represents the first structure of a

granzyme family member and reveals the determinants of its narrow substrate specificity.

These determinants are found at ten sites on the protease surface. Comparison with

regulatory serine proteases indicates they are found throughout this subfamily of serine

proteases, and suggests extended specificity can be predicted from inspection of a primary

sequence. The amino acid at 226 mediates primary specificity. At extended sites, 99

determines P2 specificity, 192 and 218 contribute to P3 specificity, a groove formed by 99,
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171, 174 and 215 defines P4 specificity, and 151 and 41 determine P2’ specificity. These

predictors depend on the high similarity of active site structure between the chymotrypsin

like serine proteases, but may provide a valuable tool to evaluate potential substrates of

enzymes that have not been kinetically characterized.

Methods

Protein Purification. Ecotin (81-84 IEPD), and rat grB [N66O) were prepared as

previously described (5). Grb [N66Q] was mixed in an equimolar ratio with ecotin (81-84

IEPD), purified by a Mono-S cation exchange column (Pharmacia Biotech, Uppsala

Sweden) from 50mM to 1.5M NaCl, and concentrated to > 5 mg ml".

Crystallization. Crystals, averaging 50 pum X 100 um X.500 pum, were grown at 18°C by

hanging drop vapor diffusion. 3 pull drops (1:1 ratio of protein and precipitating solution)

were equilibrated against 1 mL of precipitating solution (100 mM Na Acetate pH 5.8, 100

mM Ammonium Sulfate, and 25% PEGmme 2000.) Crystals were frozen for data

collection with no alterations to the solution.

Data Collection/Processing/Molecular Replacement. Two data sets were measured

under cryogenic conditions at the Stanford Synchrotron Radiation Laboratory (BL7-1;

MAR Imaging plate). Crystals belonged to the space group P21. Data sets were processed

with Mosflm (19), scaled and assigned the same free R set using CCP4 (20). A program for

crystallographic molecular replacement by evolutionary search (EPMR-Agouron

Pharmaceuticals, La Jolla, CA) sequentially fit an ecotin dimer (from 1AZZ) and two

cathepsin G molecules (from 1AUG), modified to Ala where they differed from gre, into

the unit cell.

Refinement. Initial rigid body rotation and minimization were performed to 2.5 Å with
CNS1.0 (21). A 2.5 Å 2F, F, map was used to rebuild all side chains. Strict non

crystallographic symmetry (NCS) constraints were used until the R factor reached -28%

(Rfree ~31%). The NCS constraints were removed and cycles of rebuilding and refinement

>
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using CNS1.0 and quanta% (Molecular Simulations Inc., San Diego CA) were alternated

with rounds of simulated annealing and addition of solvent molecules. The final model was

verified using PROCHECK (22), with 87% of residues in the most favorable regions of the

Ramachandran plot.

Coordinates. Coordinates of ecotin (81-84 IEPD) in complex with gre (N66O) have been

deposited in the Protein Data Bank (accession code 1 fig).
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Figures and Tables

Figure 2-1a

Figure 2-1b

Figure 2-1 Granzyme B is a serine protease of the chymotrypsin fold

a, A ribbon trace of gre with labeled surface loops(8). Visualized with Insight|I (Molecular

Simulations Inc. San Diego, CA). b, The GRASP (23) electrostatic surface potential of gre

(ranging from —52 to +25.9). The positive potential from Arg226 is labeled. Only 12A of

Arg226 is solvent exposed when the substrate is not present. The surrounding negative

potential is due to Asp102 of the catalytic triad.
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Figure 2-2a
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Figure 2-2 Ecotin binds to granzyme B through a substrate-like active site interaction and

a secondary site interaction.

a, Astereo Co. trace of a dimer of ecotin [81-84 IEPD) (dark and light blue) molecules and

two gre [N66Q) molecules (green). Each terminus is labeled according to its chain name,

and the catalytic triad of gre is labeled by orange atoms. b. A 2.2 Å electron density map,
contoured at 1.0 o, in the grè active site. The primary determinant of specificity is Arg226

(green) held by three hydrogen bonds from Gln 217 and Ser 221. The substrate aspartate

(blue) interacts with the Ne and Nm2 atoms. Figure made with Bobscript (24) and rendered

with Raster3D (25).
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Figure 2-2b
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Figure 2-3 The extended specificity determinants of gre.

The active site of GrB [N66Q) (green) with the ecotin [81-84 IEPD) segment (blue) shown

as a, a two dimensional (Ligplot (26)), b, a three-dimensional ribbon and c, a three

dimensional surface (InsightLI, Molecular Simulations Inc., San Diego, CA) representation

of the active site. Grb requires extended substrates for catalysis that span five recognition

sites. S4 is defined by Tyr 215, Tyr 174, Ile 99 and Leu 171, and favors 3-branched

hydrophobic amino acids. S3 is defined by Arg 192 and Asn 218, making long polar side

chains favored. At S2, the side chain is primarily exposed to solvent bracketed by Ile 99 and

His 57. N-terminal to the cleaved bond, modeled substrates define specificity (light blue).

S1’ is a long polar groove, and S2’ forces the substrate backbone to make an abrupt turn

after a conserved hydrogen bond.
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Figure 2-3■
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Figure 2-3b
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Figure 2-3c
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Figure 4A comparison of structure and sequence at three serine protease active sites:

granzyme B, chymase (from 1PJP), and cathepsin G (from 1AUG).

They share an active site architecture, but span a range of specificities. Grb prefers aspartic

acids substrates (yellow) with a salt bridge interaction mediated by Arg226. Ala 226 in

chymase defines a preference for large hydrophobic substrates (blue). CatG sequesters Glu

226 away from direct interaction with the substrate. It prefers Phe but also cleaves Lys

substrates (pink). Visualized with Insight|I (Molecular Simulations Inc., San Diego, CA)
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Table 2-1 Crystallographic Values -

Data Collections Statistics: Refinement Statistics: *

S.GºDT H- RMS deviation from ideality.
*

a= 56.64 Å Bonds (Å) 0.007A
b= 154.6 Å Angles (°) 1.35°
CE 57.24 Å Luzzati Coordinate Error: 0.33

3= 119.76° Reys': 23.1 %
Observed reflections 121975 Rºse’. 25.6%

Unique reflections 48837 Protein Atoms 5436
Multiplicity 2.7 Water Atoms: 190

Completeness (%) Average B factors (A*): * *

Overall (2.35-22A) 90.6% (90%) main chain atoms 42.6 *: **
Rmes.”(2.35-22A) 0.093 (0.58) side chain atoms 43.3 º:
Resolution 42-22A solvent atoms 47.8 º:: . !

<I>/O-3C- 6.8 *** -->
ir - a sº- * -

sº-, **... i ,
*** **** -

º– -.

--- r

...~ *
º
#3: --> - s*...****

Y:

/.

* .

R.E100 x XIF-F.I/XIF, _-
* R. was calculated with 5% of the total reflections removed from refinement.

- .

* R.....: XI(I->|->))/2(1)
merge”
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Chapter 3 Variants of the pro-apoptotic protease granzyme B with altered
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Abstract

The trypsin-like serine proteases have a common three-dimensional fold able to

selectively cleave a diverse array of peptide substrates mediated by the identity of amino

acids lining the active site cleft. The pro-apoptotic protease granzyme B was used as a

scaffold to make mutations probing Ile99, Asn218, and Tyr174. Kinetic analysis by

positional scanning synthetic combinatorial libraries of fluorogenic substrates confirmed

that each mutation altered specificity only where it had close (< 4A) contact with the

substrate. Ile99 and Asn218 variants altered the substrate specificity by changing the size

and hydrophobicity of the extended subsite. Tyr174 was responsible for optimal transition

state stabilization. The P4 amino acid has a strong cooperative effect over catalytic activity.

Macromolecular substrates of granzyme B must therefore fulfill both the P4 and P1

substrate preferences.

Introduction

The narrow substrate specificity of regulatory trypsin-like serine proteases is

determined by a constellation of amino acids surrounding the active site that have been

identified through x-ray crystallography (1-6). Protein engineering is a powerful tool for

investigating these structural determinants by reshaping the active site and assessing the

change in substrate specificity. The primary site amino acids such as 189', 226, and 216

and the loops containing them have been investigated for their roles in P1’ specificity (9-13)

illustrating that the S1 subsite is built for a specific type of amino ria At extended

subsites, amino acids 192 and 99 are responsible for differences in the substrate selectivity

' Amino acids are numbered according to their alignment with the serine protease
chymotrypsin (7).
* Serine protease substrate recognition sites are labeled according to the method of Schecter
and Berger (8). Labels increase in number from P., P., ... P. for the substrate amino acids
N-terminal to the scissile bond and P', P,”, ... P. for the substrate amino acids C-terminal
to the scissile bond. The corresponding substrate recognition pockets on the enzyme are
labeled, S, ... S., Sr, S1’, S2’ ... S.’.
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and inhibitor binding of activated protein C (14), thrombin (15) and Factor Xa (16). Studies

with subtilisin indicate that hydrophobic, steric and structural effects all contribute to

efficient catalysis by modulating the formation of the Michaelis complex (17, 18). The

identity of the P4 substrate amino acid is nearly as important for efficient catalysis as the P1

amino acid (19), and selective mutants of the S4 pocket have successfully changed the

specificity (20). This study seeks to understand the contribution of amino acids identified

by the crystal structure of rat granzyme B to its extended specificity, and the role of

mutations in the selective modification of its specificity.

Granzyme B (grp) is an exquisitely selective serine protease with a unique and

potent role in apoptosis (21). It initiates the apoptotic cascade by cleavage of caspases 3 and

7 (22) and contributes to cytoplasmic and nuclear hallmarks of cell death (23) by

proteolyzing a specific set of intercellular substrates (24-30). The strict requirement by gre

for an aspartic acid residue at the P1 position is unique among mammalian serine proteases

(31). For efficient hydrolysis, the substrate must contain Ile/Val at the P4 position,

Glu/Gln/Met at the P3 position, any amino acid at the P2 position, non-charged at the P1’

position and Ser/Ala/Gly at the P2’ position (32, 33). Two x-ray crystallographic structures

of human gre and one structure of rat grB have revealed a set of three-dimensional

substrate specificity determinants (34-36).

Variants at three spatial positions were assayed with positional Scanning synthetic

combinatorial libraries (PSSCL) and tetrapeptide substrates for alterations in extended

substrate specificity. To assess the importance of each extended position to enzymatic

activity, a series of alanine substituted aminocarbamoylmethyl coumarin (ACC) substrates

(37) were assayed against wild type (WT) gre and the variant I99A gre. Mutagenesis of

structural determinants effects specificity, substrate turnover, and the relative contribution of

each substrate position to conversion of ground state binding energy into catalysis.

-
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Materials and Methods

Materials. Ac-IEPD-AMC, Ac-IKPD-AMC, Ac-IETD-AMC, and Ac-AAD-pNA were

purchased from Sigma (St. Louis, MO). The QuickChange mutagenesis kit was purchased

from Stratagene (La Jolla, CA) and used according to manufacturer's instructions. All

oligonucleotide primers and the P. pastoris expression system were purchased from

Invitrogen (San Diego, CA). The Asp-ACC conjugated resin was a gift from the lab of

John Ellman (UC Berkeley). The P1-Asp-AMC library was a generous gift of Nancy

Thornberry (Merck Laboratories, Rahway, NJ). The complete diverse ACC tetrapeptide

substrate library was a gift of Youngchool Choe (Craik Lab).

Variants of rat grº The WT rat gre construct was prepared as described previously (33).

Variants of WT rat gre were constructed using the QuickChange protocol (Stratagene, La

Jolla, CA). The following 5’ to 3’ primers were made to introduce point mutations into the

pPICZOA plasmid. Mutations are underlined. N218A: GGC ATC GTC TCC TAT GGA

CAA GCT GAT GGT TCA ACT CCA CGG GCA, N218T. CAT CGT CTC CTA TGG

ACA AAC TGA TGG TTC AAC TCC ACG GG, N218V. GGC ATC GTC TCC TAT

GGA CAA GTT GAT GGT TCA ACT CCA CGG GCA, 199A. CCA GCG TAT AAT

TCT AAG ACA GCC TCC AAT GAC ATC ATG CTG, 199F. CCA GCG TAT AAT TCT

AAG ACATTCTCCAATGAC ATC ATG CTG, 199R. CCA GCG TAT AAT TCT AAG

ACA AGA TCC AAT GAC ATC ATG CTG, Y174A: GT GAG TCC TAC TTA AAA AAT

GCT TTC GAC AAA GCC AAT GAG ATA, Y174V. GTG TGA GTC CTA CTT AAA

AAA TGT TTT CGA CAA AAG CCA ATG AGA TA. Each mutation was confirmed by

sequencing with primers to the 5’AOX and 3’ AOX regions. The resulting plasmid was

transformed into X33 cells and selected with Zeocin (Invitrogen, La Jolla CA). Expression

and purification for each variant was identical to the previously described method for WT

rat grº (33). During expression, activity was monitored in the supernatant using Ac-AAD

pNA at 1 puM. Following purification each variant was quantitated by absorbance at 280mm

(E280=22900 M'cm'), titrated with WT or M84D ecotin (eco) (33), exchanged into a

*****

º:Tl
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buffer containing 50 mM MES pH 6.0 and 100mM NaCl, and stored at 4°C. All variants

were titrated to be greater than 90% active with the exception of I99R gre. This mutant was

determined to contain 3.10% catalytically active protease.

Positional scanning synthetic combinatorial libraries. Preparation of the fixed P1

Asp aminomethyl coumarin combinatorial library was carried out as previously

described(32). Five pull of the library were measured into Microfluor black 96-well plates

(DYNEX Technologies, Chantilly, VA) and diluted to a final concentration of 250 puM.

Variant proteases were diluted in granzyme activity buffer (50 mM Na HEPES, pH 8.0, 100

mM NaCl, 0.01% Tween-20) to concentrations between 50 nM and 1 puM. Each variant was

initially assayed for activity against Ac-IEPD-AMC, and was used in the PSSCL at an

activity level approximately equal to 50 nM WT grB. Enzymatic activity in the P1-Asp

library was assayed for one hour at 30°C on a SpectraMAX Gemini fluorimetric plate

reader (Molecular Devices Corporation, Sunnyvale, CA) and the rate of substrate hydrolysis

analyzed with the SOFTmax PRO software (version 3.1.1 Molecular Devices Corporation).

Excitation and emission were measured at 380 nm and 460 nm, respectively.

Synthesis of ACC substrates. Rink resin conjugated ACC-Asp(OtBu)-Fmoc was

subjected to standard solid phase peptide synthesis, acylated and cleaved by TFA (38). The

resulting substrates were purified to homogeneity by reverse phase HPLC chromatography

on a C18 column (Vydac, 5 pum, 4.6 X 250 mm) with a 20-60% gradient of 0.1% aqueous

trifluoroacetic acid and 0.08% trifluoroacetic acid, 95% acetonitrile. The molecular weight of

each substrate was confirmed by MALDI mass spectrometry. The concentration of each

substrate stock solution was verified by total hydrolysis of the ACC leaving group using

Saturating amounts of WT grB. Briefly, a measured amount of each substrate was exposed

to saturating amounts of enzyme, and the total fluorescence measured over multiple days

until all of the substrate was hydrolyzed.

Individual kinetic measurements. Individual kinetic measurements were performed

using a SpectraMAX Gemini fluorimetric plate reader. Each protease was diluted to between
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50 nM and 1 puM in assay buffer. All ACC substrates were diluted in DMSO to between 5

and 500 puM, while AMC substrates were diluted to between 20 and 2000 puM. Each assay

contained less than 5% (v/v) DMSO. Enzymatic activity was monitored every 15 seconds at

excitation and emission wavelengths of 380 nm and 460 nm, respectively, for a total of 10

minutes. Rates of substrate hydrolysis were determined using the SOFTmax PRO data

analysis software (version 3.1.1, Molecular Devices Corp.) and fit to the Michaelis-Menten

equation using Kaleidagraph (Version 3.5, Synergy Software, Reading, PA). Due to the low

solubility and high apparent K. values of some Ala substituted ACC substrates, only kº■ kº

was determined for the panel. The substrates were assayed for hydrolysis by gre and

variants in duplicate at least twice.

Results

The crystal structure of WT rat gre was used to identify amino acid side chains in

direct contact with side chains of the primary binding site loop of an ecotin modified to

match the preferred gre substrate, eco (81-84 IEPD] (35). The non-prime substrate amino

acid determinants Ile99, Asn218 and Tyr174 were chosen for mutagenesis. The

determinants Arg192, Leu172 and Tyr215 all are also « 4A from the substrate but were not

mutagenized. Arg192 is a determinant of extended specificity in gre (33), activated protein

C(39), thrombin(15), and Factor Xa(16, 40). Leu172 and Tyr215 play crucial stabilizing

roles for the S1 pocket (41, 42). At Ile99 three mutations were made, 199A, 199R and 199F.

Arg%) is rarely found in serine proteases, but occurred in granzymes A and C suggesting a

role in P2 substrate specificity. Asn218 was replaced with Thr, Val and Ala to probe the role

of the hydrogen bond observed between the amino group of Asn218 and the carboxyl

group of the ecotin Glu53. Finally, two mutations at residue Tyr174 were constructed,

Y174A and Y174V. The entire phenyl ring of Tyr174 lies ~5Å from ecotin Ile&4, making
the most number of contacts with the substrate of any protease residue. This suggests that
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Tyr174 is the primary determinant of P4 specificity. All variants were expressed and

purified by the wild type protocol (33) with yields between 0.5 and 3 mg/L.

PSSCL reveals substrate specificity changes.

First, each variant was assayed in the P1 sub-library of a tetrapeptide completely

diverse PSSCL (Youngchool Choe, in preparation). All variants specifically and uniquely

hydrolyzed substrates containing Pl aspartic acid (data not shown). At the extended

subsites, the P2 through P4 selectivity of the variants were determined with an aminomethyl

coumarin (AMC) based P1-Asp PSSCL. This library determined the P2 through P4

specificity for caspases and the human (32) and rat gre homologues (33). The P1 position

was aspartic acid while the P2, P3 and P4 amino acids were spatially varied in three sub

libraries. Each sub-library had 19 members, one each for the assayed amino acid (cystine

was deleted and methionine was replaced by norleucine), while the other two positions were

varied through all natural amino acids. Each well contained 361 pooled peptides at a

concentration far below the expected K, of the variant protease, so the initial rates were

proportional to the substrate concentration. Changes in specificity occurred at the substrate

position in contact with the mutation while WT specificity was retained elsewhere. This

independence to mutagenesis between subsites was observed in subtilisin variants (20), but

is definitively confirmed in this study because all possible substrate sequences were profiled

in the PSSCL instead of a few individual substrates. Each variant was also kinetically

characterized against the WT substrate Ac-IEPD-AMC and various other AMC based

substrates to determine the effect on catalysis.

Mutations at Ile99 effect the P2 and P4 substrate preferences.

The three mutations, 199A, 199R and 199F effect the substrate profiles at P2 and P4

and reduced the catalytic activity (Figure 1). The kº/Kn of 199A gre against its best

substrate, Ac-IEFD-ACC, was approximately 20 fold less than the kº■ k, of WT grB
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against Ac-IEPD-AMC (Figure 1b). The activity of 199R against Ac-IEPD-AMC was one

third the WT activity and 199F had one tenth the WT activity. The variants increase K, and

decrease kº against Ac-IEPD-AMC suggesting that the mutations effect both the enzyme

substrate complex and the conversion of transition-state stabilization into catalysis. Specific

turnover rates of the Ac-IETD-AMC substrate were decreased from Ac-IEPD-AMC by the

same amount in both the library and the individual substrate kinetics for all three mutants.

199R and 199A increased the hydrolysis of P2-Phe or Tyr substrates and reduced the

hydrolysis of non-hydrophobic side chains (Figure 1a). I99A had the most dramatic effect

on P2 substrate specificity. It increased the initial activity for the PSSCL P2 amino acid Phe

to nine times the initial activity for Pro, versus a 1.3 fold increase for I99R. I99F did not

change the P2 specificity instead it altered P4 by increasing the rate for P4 Leu to one half

the rate of Ile. Of the Ile99 variants, only 199F had any P4 effect. The ratio of P4-Ile to P4

Leu activity for I99A and 199R indicate that the bulky ring of Phe may change the topology

of the P4 pocket by reducing the steric exclusion of Leu.

Mutations at Asn218 broaden the P3 substrate preference.

The mutations N218A, N218T and N218V decreased the preference for the PSSCL

substrates with Glu at the P3 position, broadened the number of accepted P3 amino acids to

include Ser and Ala, and increased the preference for Met and Gln (Figure 2a). The

mutations did not change the P2 or P4 specificity. Ala was the most preferred P3 amino

acid for N218V and N218T, but the preference for previously unacceptable amino acids

such as Lys and Asn remained low. N218A increased the preference for Phe 2.5 times over

WT activity, so Asn218 may have had a steric role through the exclusion of large side

chains from S3. To verify the relative kinetic rates from the substrate libraries, each protease

was assayed with Ac-IEPD-AMC and Ac-IKPD-AMC (Figure 2b). Mutations at Asn218

change the kº/K, against Ac-IEPD-AMC by less than one third. The WT negative

-***
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preference for Lys remained in all variants, but was reduced by at least 4 fold when the

hydrogen bond at Asn218 was removed.

Mutations at Tyr174 do not change the P4 specificity.

Despite the large contact area between Tyr174 and ecotin Ile81, the P4 specificity

was not significantly altered when truncation mutations enlarged the pocket. The variants

Y174A and Y174V showed no alteration of P2 or P3 substrate specificity, but both variants

slightly increased the accommodation of P4 Leu (Figure 3a). Instead of altering specificity,

the Tyr174 mutations reduced catalytic activity against Ac-IEPD-AMC (Figure 3b). The

kº/Kn of Y174V against Ac-IEPD-AMC was one third of the WT grB activity while

Y174A was one tenth the activity. Therefore, the effect of Tyr174 truncation is not on the P4

Specificity, but on the stability of the protease-substrate complex, possibly orienting the

Substrate for preferential backbone interactions and efficient catalysis.

The identity of the P4 amino acid contributes strongly to proteolytic activity.

Interdependency of the substrate binding sites has been well characterized for the

Serine protease subtilisin demonstrating that a favorable amino acid at the P1 or P4

positions reduces the effect of a disfavored amino acid at another site (19). Effectively, a

catalytic ceiling exists where the maximum amount of ground state substrate binding energy

is converted to transition state stabilization and catalysis. To understand the extent each

extended site plays in transition state stabilization, a series of alanine substituted substrates

were kinetically characterized for WT and 199A grB (Table 1). The 199A variant was chosen

for this analysis because of its unexpectedly narrow P2 selectivity. The alanine substrates

Ac-IAPD-ACC, Ac-AEPD-ACC, and Ac-IEAD-ACC measured the importance of each

extended interaction to the catalytic rate, while the substrates Ac-AAPD-ACC, Ac-AEAD

Acc, Ac-IAAD-ACC, and Ac-AAAD-ACC tested for interdependency. For both WT and

I99A, Ac-AEPD-ACC was the worst singly substituted substrate. It decreased the activity
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37 fold for WT and over 100 fold for I99A. Based on the decrease in the activity for the

alanine substrates, WT grB required the P4 amino acid most, the P3 amino acid second, and

the P2 amino acid last. I99A has the same relative subsite ranking as WT, P4 - P3 > P2,

despite the narrow P2 profile in the library. The alanine substrate Ac-IAPD-ACC decreased

the activity by 10 fold while the equivalent decrease in activity from Ac-IEFD-ACC to Ac

IEPD-ACC was only 3 fold.

To determine the extent of interdependence between the extended subsites of gre,

the difference between the transition-state stabilization energy (43) was calculated with the

difference in specificity, kcat/Km, between an alanine substituted substrate and the WT

substrate:

AAGP = -RT ln[(ka/K■ )wr/(k-■ km),.]

The energy will be positive if the WT substrate, IEPD, is a better substrate than the substrate

containing alanine. Cooperativity occurs when the AAG, for a single amino acid

modification does not equal the AAG" for the same modification made in the context of a

second alanine mutation. For example, if P4 contributes cooperatively with P3 to transition

state stabilization and catalysis, then the AAG,” for Ac-IEPD-AMC to Ac-IAPD-ACC will

not equal the AAG, for Ac-AEPD-ACC to Ac-AAPD-ACC. For WT grB, the difference

in free energy from Ac-IEPD-AMC to each of the single alanine substrates at P2, P3 and

P4, was 0.03, 1.7 and 2.2 kcal/mol respectively. The 199A variant loses some of the P3

interaction energy in favor of a larger contribution from P4. Ac-IEPD-AMC to the single

alanine substrates at P2, P3 and P4 was –0.3, 1.4, and 3.0 kcal/mol, respectively. Since Pro

was a non-optimal amino acid at P2, the Ala mutation is beneficial. Similar to subtilisin, the

identity of the P4 substrate amino acid strongly contributed to specificity and catalytic

efficiency.
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Discussion

The substrate specificity of gre is unique among mammalian serine proteases. Not

only does is have a strict requirement for an aspartic acid at P1, it also prefers acidic or polar

residues at the P3 amino acid, and has a very narrow selectivity for 3 branched amino acids

at P4. The crystal structure of rat gre in complex with eco revealed a limited set of amino

acids, lining the active site cleft, made contact with the amino acid side chains of the

substrate (35). This study analyzed the contribution of three structural determinants on the

activity of gre using site directed mutagenesis and PSSCL analysis. The relative

contribution of the P2, P3 and P4 amino acids to overall specificity is explored using a

Series of alanine substituted substrates.

The PSSCL method demonstrated dramatic alteration of specificity by single

mutations (Figure 1). Such changes in substrate preference would not have been visible with

tetrapeptide substrates alone, illustrating the power of the PSSCL for determining substrate

specificity. From the library results, it was clear that each mutation effected a single subsite

at a time. Future protein engineering will have the advantage of modifying each extended

subsite individually.

Mutations at Ile99 had the largest effect on PSSCL specificity profiles. Truncating

Ile with the I99A variant opened a large hydrophobic pocket and generated a significant

specificity change towards large hydrophobic amino acids at P2. The aliphatic portion of

I99R probably played a similar role in increasing the P2 hydrophobic preference with its

aliphatic atoms in the P2 pocket and the amino group pointed to solvent. Position 99 has

been identified as a determinant of P4 and P2 specificity in trypsin-fold serine proteases

that have P1-Arg specificity. Tyr29 directly contacts the pyrrolidine ring of the bound

inhibitor in the crystal structure of Factor Xa and blocks access to the P2 pocket by large

side chains(44). Tyr29 blocks P2 substrate binding in Factor IXa (45), and effects the

substrate selectivity of activated protein C (APC). When Thr09 of APC is mutated to Tyr, it

has an increased activity against substrates with a P2 Gly residue(14).
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Two closely related proteases to grè, granzymes A (gra) and C (grC), have arginine

at position 99, so the variant I99R gre was designed to test whether this structural

determinant was modular throughout the granzyme family. If Arg99 was the only S2

specificity determinant, the P2 profiles for grC, gra and gre would all be the same. All three

proteases do have hydrophobic P2 preferences, but they are not identical. Differences in

active site architecture such as the length and composition of the 60’s loop (a determinant of

thrombin P2-Pro specificity (46)) and the P1 amino acid preference must also determine

specificity. GrC and 199R gre have similar broad hydrophobic P2 profiles (Figure 4),

share the same length 60's loop, and have the same loop between Arg99 and the catalytic

Asp102, but grC prefers hydrophobic P1 amino acids such as Tyr and Met whereas I99R

grB prefers Asp. Electrostatic repulsion from Arg226 in gre may change the conformation

of Arg99 and the P2 specificity. Overall position 99 acts as a P2 specificity determinant

through steric and hydrophobic effects but does not entirely determine the P2 specificity.

The removal of the hydrogen bonding amino group of Asn218 and its gradual

truncation lowered the specificity for charged substrates and increased the activity of small

amino acids such as Ser and Ala. They likely bind to the surface by forming favorable non

specific van der Waals interactions as do other favorable amino acids such as Met. A similar

result was observed for the R192K and R192A mutations to gre (33). These mutations

broadened the preference at the P3 amino acid, and lessened the negative preference for Lys.

The R192A mutation even increased the Lys preference over the Glu preference. Therefore,

P3 specificity is determined by both amino acids 218 and 192. Arg192 provides a strong

electrostatic repulsion against Arg and Lys substrate side chains, while the polar Asn218

acts primarily as a steric selector to exclude large hydrophobic and 3 branched amino acids.

Truncation mutations to Tyr174 did not have a significant effect on the P4

specificity instead they reduced the catalytic activity. The role of Tyr174 was in the

formation of the protease-substrate complex by orienting the substrate for optimal rate

acceleration. Since the phenyl ring of Tyr174 is not the primary specificity determinant of

º
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the S4 hydrophobic pocket, Ile99, Leu172, Tyr215 or the three-dimensional shape of the

grB 170’s loop provide the selection for [3 branched amino acids. I99F broadened the

hydrophobic specificity of P4 by increasing the preference for Leu, but did not increase the

catalytic efficiency of any other amino acids. In thrombin, Tyr29 rotates into the S4 pocket

and away from the catalytic triad to make interactions with the P4 substrate amino acid. The

rotation of Tyr29 plays an important role in inhibitor binding and specificity(47, 48). It is

possible that the 199F mutation makes a similar rotation and pushes the 170’s loop further

away from the active site cleft. This may open the narrow V-shaped S4 pocket enough to

accommodate a Leu, but retain the strict preference for [3-branched amino acids. If the 170’s

loop is rigid, a charged or polar amino acid at Tyr174 may effect the P4 specificity as

Y174A and Y174V did not.

The P4 specificity is highly cooperative. When the P4 amino acid was Ile, the effect

of mutating P3 from Glu to Ala was 1.7 kcal/mol versus 0.37 kcal/mol when P4 was Ala.

The decrease in AAG, between a single and double alanine substrate indicates that a P4 Ile

amino acid amplifies the contributions to transition-state stabilization of the optimal amino

acid, Glu, at P3. This strong cooperative effect is also observed in the Ile99 variant (Figure

5) as a large difference between the AAG," of changing P3 when P4 is Ile versus Ala. For

199A, substitutions at P2 have a purely additive effect, the change in AAG, is small when

P4 is Pro versus when P4 is Ala. It is the strong amplification effect between P4 and P3 that

makes a Glu at P3 important for efficient catalysis even when the P2 specificity is narrowed

by PSSCL measurements as in 199A. Despite the PSSCL measurement where P3 was less

important to overall activity than P2 (Figure 1), an Ile at P4 amplified the favorable catalytic

effect of a Glu at P3 greater than the amplification of a Pro at P2.

The results of this study demonstrate that amino acids in direct contact with the

substrate through side chain-side chain interactions contribute to the extended specificity of

the enzyme, and do so to the single substrate amino acid contacted. This effect occurs at all

three extended substrate positions. Mutation of structural determinants changed the
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specificity by hydrophobic and steric effects. Additionally, mutation of extended specificity

determinants changed the relative importance and cooperative effects of extended specificity

as observed for alanine substituted substrates against WT and 199A grP. Thus, the rational

design of trypsin-fold serine proteases for increased catalytic activity against a specific

extended substrate may be accomplished by single mutations to a limited set of amino acids

lining the active site cleft and designed in a subsite independent manner. Their contribution

to transition-state stabilization, however, may remain unequal. Thus it is necessary to narrow

specificity first at a subsite important for extended specificity recognition, before moving to

subsites with less effect on overall catalysis.
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Figures and Tables

Figure 3-1 The grè variants 199A, 199F and 199R assayed by a. the P1-Asp PSSCL b

individual kinetic measurement with Ac-IEPD-AMC and c individual kinetic measurement

with Ac-IETD-AMC. Each library result is normalized to the P4 Ile activity. The variants are

assayed in the library at a concentration with activity equal to ~50 nM wild type grB.
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Figure 3-1b -

grB ka/Km ka. Km ka/Km ka. Km *- º
-

Ac-IEPD-AMC Mº' sec' sec' puM Ac-IETD-AMC Mº' sec' sec' pu■ / r

WT 3300 + 1.19 + 370 + 1600 + 0.39 + 250 + sº500 0.033 70 260 0.02 53
57 it 0.14 + 2500 + 0.19 + 2400 + --

N218A 2.6 0.016 320 78 + 6 boº, 300
330 + 0.59 + 1800 + 0.30 + 2000 +

N218T 26 0.02 330 150+7 do. 3.0
N218V 1100 + 0.56 + 500 + 950 + 0.43 + 460 +

120 0.03 80 90 0.02 62
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k Pro/Phe in Pro/Phe in
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r

a/Km ka■ km P2 library tetrapeptide :
substrates -* º
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WT 3300 + 500 1500 + 9 3.7 2.2 ->
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Figure 3-2 The gre variants N218A, N218T and N218V assayed by a. the P1-Asp ---

PSSCL b individual kinetic measurement with Ac-IEPD-AMC and c individual kinetic

measurement with Ac-IKPD-AMC. Each library result is normalized to the P4 Ile activity.

The variants are assayed in the library at a concentration with activity equal to ~50 nM wild

type gr8. -
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Figure 3-2a
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Figure 3-2b

grB ka■ kin ka Km ka/Km ka Km
M’

Ac-IEPD-AMC Mº' sec' sec' puM | Ac-IKPD-AMC sec' sec' puM
3300 + 1.19 + 370 + 0.15 + 1600 +

WT 500 0.033 70 99 # 5 o'oï 190
N218A 2200 + 1.6 + 700 + 220 + 0.38 + 1800 +

190 0.09 94 19 0.09 550

6200 + 3.6 + 580 + 600 + 1.1 + 1800 +
N218T 600 0.2 84 4 0.01 30

N218V 3400 + 1.9 + 580 + 530 + 0.53 + 1000 +
420 0.13 100 100 0.06 230

grB Ratio of Glu/Lys from P3 PSSCL Ratio of Glu/Lys from tetrapeptide AMC
WT 4.3 44

N218A 2.4 10

N218T 2.4 10

N218V 2.9 6.4
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Figure 3-3 The gre variants Y174A and Y174V assayed by a. the P1-Asp PSSCL b

individual kinetic measurement with Ac-IEPD-AMC. Each library result is normalized to

the P4 Ile activity. The variants are assayed in the library at a concentration with activity

equal to ~50 nM wild type grB.
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Figure 3-3a
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Figure 3-2b

Ratio of Ile/Leu in
grB ke■ km ka. Km P4 library
Ac-IEPD-AMC Mº' sec' sec' pu■ /
WT 3300 + 500 1.19 + 0.033 370 + 70 9.8

Y174A 470 + 36 0.87 E 0.03 1000 + 120 || 3

Y174V 1600 + 210 1.2 + 0.067 770 + 98 6.7
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Figure 3-4 P2 specificity profile of 199R gre compared with rat grO. The two proteases

share an identical loop between Arg99 and the catalytic triad member Asp102, 60's loops of

the equal length and similar compositions but have different P1 specificities. The 199R grB

specificity determinant, Arg226, mediating P1-Asp specificity may adopt a different

conformation from Arg99 of grO where the P1 specificity is hydrophobic. Granzyme C was

assayed in a P1-Met PSSCL at a concentration of 2 puM.
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Figure 3-5 The change in AAG, upon mutation of a single substrate amino acid to

alanine in the context of additional alanine mutations. The AAGP values of single alanine

substituted substrates are visualized as bar graphs for WT grB (black) and I99A gre (grey)

where the y-xais (kcal/mol) represents the change upon mutation of the P2 (orange), P3

(green) or P4 (blue) site. Four AAGI values are shown for each subsite. The wild type

substitution, two single to double alanine substitutions, and the final triple alanine

substitution. The second y-axis (kcal/mol) represents the difference between successively

substituted substrates and the wild type context for the substitution. Cooperativity is

visualized as a decrease or increase in AAG1 upon substitution of P4 Ile with P4 Ala. Note,

that for I99A, the P2 Pro to Ala substitution is additive. The change in AAGP is small and

the same for changing P3, P4, or P3/P4 in the context of P2 substitution.
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Table 3-1 Specificity constants against successively substituted substrates for WT and

199A gre.

AAG.’ I99A AAG.'
Substrate T ka■ km T

kcal/mol." M’ sec' kcal/mol.'

Ac-IEPD-AMC 3300 + 300 57 + 3

Ac-IEFD-ACC 1.2 190 + 20 –0.72

Ac-IEAD-ACC 3100 + 200 0.03 96 + 2 –0.3

Ac-IAPD-ACC 1.7 5.3 + 0.6 1.4

Ac-AEPD-ACC 2.2 0.41 + 0.01 3.0
Ac-IAAD-ACC 1.0 4.7 ± 0.36 1.5
Ac-AEAD-ACC 2.4 0.30 + 0.03 3.2
Ac-AAPD-ACC 2.5 0.24 + 0.01 3.3
Ac-AAAD-ACC 4.4 0.15 + 0.08 3.6
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Chapter 4 Crystallization and Analysis of Serine Proteases with Ecotin

This text of this chapter is a reprint of the material as it will appear in Protein

Crystallography in Drug Discovery (Editors: Babine and Abdel-Meguid) of the series

Methods and Principles in Medicinal Chemistry (Editors: Mannhold, Kubinyi, and

Folkers), 2003, by Sandra M. Waugh and Robert J. Fletterick.
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Abstract

Ecotin is a macromolecular inhibitor of serine proteases. It is remarkable in binding

and blocking activity of virtually all serine proteases with the canonical Asp-His-Ser

catalytic triad, regardless of the amino acid sequence or substrate specificity. It forms a

heterotetramer that inhibits the protease by presenting a substrate-like, eleven amino acid

loop to the active site. Since ecotin mimics a substrate, it defines the amino acids of the

protease important for substrate binding and potentially for drug design. The

ecotin/protease complex, itself, is well suited for crystal growth and three-dimensional

structure determination. The thirteen currently available three-dimensional structures of

ecotin molecules are reviewed here, along with the protocols for expression, purification and

formation of an inhibited tetramer. An analysis of ecotin and protease contacts suggests

how the ecotin-defined active site cleft can be used for drug design.

What is ecotin?

Ecotin (eco) is a potent inhibitor of serine proteases that is derived from Escherichia

coli. It was originally named for its ability to inhibit trypsin (E. coli trypsin inhibitor), but it

is known to interact with and inhibit virtually all characterized trypsin-fold serine proteases.

It is insensitive to the active site P1 preference of the protease (the amino acid N-terminal to

the cleaved or scissile bond') and inhibits proteases with specificity towards basic, large

hydrophobic, small aliphatic and acidic amino acids (2). This remarkable breadth of

inhibition classifies eco as a fold-specific inhibitor. It forms a unique tetrameric complex

consisting of two protease molecules and two inhibitor molecules (the E2P2 complex),

binding in a bidentate manner with two surface loop regions known as the primary and

secondary sites (3) (Figure 1). Eco itself is a 142 amino acid protein that forms a stable 17

kDa dimer held by an arm-in-arm anti-parallel■ ribbon interaction between the two C

' Serine protease substrate recognition sites are labeled according to the method of Schecter
and Berger (1).
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termini. The extensive dimer interface characterizes eco as a domain swapped dimer (4). The

three-dimensional structure of eco is composed entirely of [3 strands and has been described

as a modified jellyroll structure (3). Separate segments of the eco chain form two spatially

independent binding sites to bind to two protease molecules (3, 5).

The primary site binds in a manner that mimics a protease substrate, forming

between three and eight main chain hydrogen bonds in a 3-sheet confirmation along the

active site cleft. This substrate-like binding defines the substrate binding cleft in seven

serine proteases to date. The 80's loop of eco makes an extended interaction with the

protease while the 50's loop of eco has two functions. It stabilizes the 80's loop through

the formation of hydrogen bonds and a disulfide bridge between Cys;1 and Cys86, and

interacts directly with the protease. Eco is a potent inhibitor due to the primary site loops,

but the method of the inhibition is still undefined. It is proposed to inhibit the protease by

excluding water from the active site and preventing deacylation of the acyl-enzyme

intermediate, the second step in hydrolysis (6). The eco 80’s loop C-terminal to the cleaved

bond may also stay strongly associated with the active site and increase the reverse, ligating

reaction (7).

The secondary site of eco binds to the protease over 20 A away from the active site

and forms up to thirty van der Waals interactions and up to five additional hydrogen bonds.

An additional important source of binding energy and association, the secondary site is

composed of the 60's and 100's loops of eco and a hydrophobic patch near the protease

residues 91 to 94 and the C-terminal O. helix amino acids 236 to 242. This patch and helix

separated from the 80's loop accounts for the fold specificity of eco. Each inhibitor

molecule forms an interaction with both proteases of the tetramer in a clamp configuration

that can be adapted to fit most serine proteases.

Because of the large number of proteases it inhibits, WT eco has become useful as a

biochemical tool. As a selective inhibitor of serine proteases, eco has been used in cell
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culture assays to probe enzymatic activity as well as to titrate the percentage of catalytically

active molecules of a previously uncharacterized serine protease (8). Immobilized eco has

been used to directly purify trypsinogen (9). Finally, eco selectively identified a novel

protease implicated in prostate cancer, membrane type serine protease I (MT-SP1) (10).

Methods

Expression of wild type ecotin. The following protocol for the expression and

purification of WT eco and many of its variants is a compilation of current strategies from

the Craik, Fletterick and Lazarus groups (4, 11, 12). Eco is expressed in the bacterial strains

JM101 or BL21, or an E. coli ecotin knockout strain, IMAeco), generated in the Craik Lab

(Iain Murray, unpublished results). Eco variants are generated in the pBS vector using the

Kunkle mutagenesis protocol (13), cut with BamhI and HindIII (New England BioLabs),

and ligated in to the BamHI/HindIII p■ acTacEcotin plasmid. IMAeco) cells are transformed

with the p■ acTacEcotin plasmid and selected for growth on LB/Ampicillin plates. A single

colony is grown overnight in LB buffer plus 60 pig■ ml Ampicilllin, and then diluted into 1L

of the same buffer. The culture is grown with shaking at 37 °C for 1 hour when eco

expression is induced by the addition of IPTG to 200 mM. Protein expression continues

overnight and up to 12 hours.

Purification of wild type ecotin. The cells are harvested by centrifugation at 6000 X g

for 30 minutes, and the supernatant discarded. Osmotic shock is used to selectively lyse the

cells and free the periplasm, by resuspending the cell pellet in 10 mM Tris pH 8.0, 25%

sucrose plus 15 mg/ml lysozyme (Sigma) and incubating with shaking for 1 hour. The

supernatant is retained for the next step where, due to the incredible stability of eco, it can be

separated from many of the remaining proteins by acidification. The solution is dropped to

pH 2.8 by the gradual addition of 1 M HCl, incubated for 30 minutes and centrifuged. The

acid soluble supernatant is returned to neutral pH by the addition of 1 M Tris pH 8.0 and

followed by the addition of NaCl to 0.3 M. Neutralization is followed by immersion in
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boiling water for 10 minutes. After the appearance of visible white protein precipitate, the

supernatant is isolated by centrifugation and dialyzed into distilled water. The resulting eco

solution is concentrated and purified to homogeneity by reverse phase HPLC

chromatography using a C4 peptide and protein column (Vydac, 5 pum, 4.6 X 250 mm) with

a 20-60% gradient of 0.1% triflouroacetic acid and 0.08% trifluoroacetic acid, 95%

acetonitrile. Eco generally elutes at a solution content of 35% acetonitirile. The now pure

eco is lyophilized and resuspended in distilled water, or a storage buffer composed of

50mM Tris pH 8.0, 10 mM NaCl. The eco concentration is verified by absorbance at 280

nm and SDS-PAGE. Eco has a calculated extinction coefficient at 280 nm of 21860 M"

cm", and runs as a monomer of 16 kD on SDS-PAGE (Figure 2). Typical yields for a

preparation of wild type eco range from 80 to 150 mg/L. Measurement of eco by MALDI

MS confirms that the molecular mass is 16090 kD.

Several modifications of the above protocol have been described for eco purification.

These are very useful for the purification of eco variants as they consist of a gentler series

of purification steps. Following the acidification step, the protein is dialyzed into distilled

water and subjected to a 65% (w/v) ammonium sulfate precipitation. The insoluble fraction

is resuspended in distilled water, dialyzed into 10 mM Tris pH 8.0, and concentrated. The

resulting protein is purified to homogeneity by FPLC chromatography on a Mono-Q anion

exchange column (Pharmacia) with a slow gradient of 0-15% NaCl.

Crystallization of ecotin and protease complexes. For crystallization, only one form of

the protease and eco complex should be used in hanging drop crystal trials. Eco forms

trimers of two inhibitors to one protease molecule when excess eco is present (4). To

preferentially form the tetramer, mix the ecotin and protease in a 0.75:1 ratio. An additional

purification step should be performed to remove any excess protease. The complex can be

purified to homogeneity by a repetition of the final protease column purification or by

FPLC chromatography on a Superdex 75 gel filtration column (4) (Pharmacia).

88



Representative examples of ecotin and protease structures

Eco is a powerful tool for defining the active sites of serine protease due to the

extended substrate-like interaction that it makes with the protease. The three-dimensional

structure of a complex with eco has many advantages that a structure of a protease alone or

bound to a small molecule inhibitor does not have. Eco can be used as a tool to identify the

features of the serine protease active site that determine substrate preference. These features

are used to design specific inhibitors with therapeutic prospects. Often, a small molecule

inhibitor is used to define a protease active site cleft, but the resulting structures have

particular drawbacks. Typically, a small molecule inhibitor lacks the prime side interactions

within the substrate binding cleft and does not extend to greater that the S4 pocket on the

non-prime side. In the following paragraphs, we will briefly review three structures to

highlight how eco defines the extended substrate binding of a serine protease. The fiddler

crab collagenase structure defines the limits of the extended substrate binding (14), the rat

granzyme B (grp) structure highlights an unusually accurate substrate-like interaction (15),

and the factor Xa structure defines potential inhibitor pockets and visualizes a previously

unstructured domain (SX Wang, E Hur and RJ Fletterick, submitted).

Ecotin defines the S7 through S4’ subsites of collagenase

Fiddler crab collagenase is a unique collagenase of the chymotrypsin fold. While it

is not a potential therapeutic target, the structure with eco defines the largest interaction

surface between eco and a protease to date, and facilitates modeling of a collagen substrate

into the active site. Collagenase cleaves collagen into the signature one-fourth and three

fourths-length fragments (16), hydrolyzes tetrapeptide substrates containing a variety of Pl

amino acids including Tyr, His, Leu, Arg, and Lys (17, 18), and is inhibited by WT eco with

an inhibition constant of 510 + 60 pM. It was hypothesized that the specificity determinants

are very broad but selective for extended amino acids without a Pro or hydroxy-Pro. This

Selectivity would isolate portions of the collagen that have lower melting energies making
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them more suitable for proteolysis. The three-dimensional structure of collagenase and WT

eco defines the largest primary site interaction to date between a serine protease and an eco

molecule by filling the S7 to S4 subsites of the enzyme and burying 1950 Å of surface

area (14). Eco forms three additional main chain hydrogen bonds with collagenase at the P6

and P7 amino acids than are in the trypsin complex. At the secondary site, eco buries 1060

A and makes two additional hydrogen bonds between the Glu%2 of the protease and the

60's loop of eco.

The additional interaction at the collagenase extended sites is offset by the loss of

three hydrogen bonds in the core region of ecotin. These probably contribute to the

flexibility needed to fit the 80's loop so deeply into the protease binding cleft. In this

complex structure, the eco molecule is rotated several degrees compared to the trypsin

complex. Eco generally rotates and translates up to 5 Å between solved complexes (19).
This is attributed to a hinge motion around the dimer interface of eco, as if eco were a clamp

that adjusts to each of the protease targets presented to it. The secondary site C-terminal O.

helix of collagenase is almost 1.5 Å from the comparable trypsin helix. Adjustments in the
eco molecule to accommodate this movement are the reason for the rotation and translation

of the dimer and the loss of three stabilizing hydrogen bonds in the eco protein core.

The structure of collagenase and eco highlights an important aspect of the

eco/protease interaction-flexibility. The eco dimer is extremely accommodating of the

differences between serine protease molecules because is binds at two relatively invariant

regions, the substrate binding cleft and the C-terminal O. helix/90's loop. These interactions

are found throughout the family of serine proteases and represent side chain insensitive

substrate binding surfaces.

Ecotin as a tight binding substrate

The structure of the complex of rat grB [N66Q) and eco (81-84 IEPD) (15) shows

the mechanism of aspartic acid recognition, a unique specificity in serine proteases. Grb is a
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serine protease with a unique and important role in apoptosis. It is packaged in the granules
of cytotoxic lymphocytes with a family of serine protease named granzymes, the putative

pore forming protein perforin, and proteoglycans (20). In these secretory granules, the

proteases are activated by the protease dipeptidyl protease II (21, 22). Upon detection of a

target cell, the granules are directionally released and enter the target cell with the aid of

perforin. In the target cell, gre is responsible for the activating cleavage of caspases, and the

direct proteolysis of substrates important for the apoptotic cascade (20). Grb has also been

implicated in the generation of autoimmunogenic peptides (23) and is found active and at

high levels in the synovial fluid of patients with rheumatoid arthritis (24, 25) making it a

potential therapeutic target. In addition to a unique specificity for aspartic acid at the P1

position, grO also requires a specific extended substrate for efficient catalysis. Despite a

strict requirement for acidic residues at P1, gre is still inhibited by eco with an inhibition

constant of 2 + 5 nM (8).

To generate an inhibitor mirroring the substrate specificity of gre for crystallization,

a series of eco variants were engineered by sequentially mutating the 81 through 86 loop

positions. Mutations at a single site, eco [M84D], encompassing the P4-P1 sites, eco (81-84

IEPD), and the P4-P2’ sites, eco (81-86 IEPDWG], were constructed. Inhibition constants

were calculated according to tight binding inhibitor theory (26), and are all in the 1 to 10 nM

range (Figure 2). When visualized by SDS-PAGE, two distinct degradation bands appear at

approximately 8 and 9 kD for the variant eco complexes. These fragments are the expected

size if cleavage by gre occurs at the active site 80's loop (Figure 3). Although the inhibitor

is cleaved, proteolytic activity measurements confirm the inhibition. All of the eco variants in

complex with gre formed crystals, and eco (81-84 IEPD] produced crystals of appropriate

resolution for structure determination. Eco (81-84 IEPD) was constructed to reflect the

specificity at the P1 to P4 sites of gre. The wild type eco P1’-Met and P2’-Ala already fit

the grB substrate profile. Previous alterations to eco that altered the primary binding site

loop to a substrate for the protease have resulted in an inhibition incompetent eco. It is
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possible that eco forms a transient covalent complex and that the 50's loop interaction

prevents the attack of water that relieves the complex. The secondary site 60's and 100's

loops may also contribute energy to the stabilization of the tetramer.

The structure of grB and eco illustrates the amino acids in the active site of gre that

make contact with an ideal substrate, and provide a template for use in computational drug

design efforts. A set of ten amino acids found along the binding site cleft of grB includes

sites identified through mutational studies on other proteases, such as structural positions

192, 226, 189, 99 and 215, and sites not previously considered a part of the extended

binding site region including 171, 174 and 218. These structural determinants are now

under investigation to understand their role in the unique extended specificity of gre (SM

Waugh, RJ Fletterick, and CS Craik submitted).

Ecotin defines regions distal to the factor Xa protease domain

Eco is a potent inhibitor of many members of the blood coagulation cascade

including plasma kallikrein, Factor XIIa (27), Factor IXa and Factor Xa (11). Factor Xa acts

as the adaptor of clotting signals from the extrinsic and intrinsic pathways, amplifying the

signal by binding to factor Va and proteolytically activating thrombin. Factor Xa is

composed of a serine protease heavy chain and a disulfide linked light chain composed of

two epidermal growth factor (EGF) repeat regions and a gamma-carboxy-glutamic acid-rich

domain (Gla domain). The protease domain is activated by the factor IXa■ factor VIII

complex or the tissue factor/factor VIIa complex. Factor Xa has been the focus of many

drug design programs for this important role in the generation and maintenance of blood

clots. The first crystal structure of factor Xa was solved without a peptide derived small

molecule inhibitor bound in the active site (28). The uninhibited protease is a good starting

point for drug design, but missing possible substrate interactions. WT eco is the most

potent macromolecular inhibitor of factor Xa to date, and the M84R mutation lowers the

inhibition constant from 54 pm to 11 pm. Recently, the x-ray crystallographic structure of
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factor Xa bound to M84R eco has been solved. Not only does the ecotin primary site

interaction define the specificity determinants of the protease binding site from P6 to P2’,

but the more of the light chain is ordered than in any other solved structure (SX Wang, E

Hur, RJ Fletterick, in submission).

At the primary interaction site, M84Reco defines the amino acids that contact the

substrate-like 80's loop. A hydrophobic P4 interaction occurs between Trp215, Tyr29, and

Phel74 of the protease with Val&4 of eco. Gln192 primarily mediates the P3 interaction.

Previous structures of factor Xa bound to small molecule inhibitors also implicated these

amino acids (29, 30). The unusual preference at the P2 substrate position for Gly and

Tyr/Trp/Phe is clarified in this structure. Tyr29 rotates over 120° from the previous

position, opening up the P2 pocket to the eco residue Thr33, and closing down the S4

pocket. This conformational change at Tyr29 explains the factor Xa preference for large

hydrophobic P2 amino acids that was so puzzling in the initial structures.

The structure with eco also visualizes the Gla domain in a previously unseen

conformation. One EGF domain is not visible in the structure, so the Gla domain seems to

float in space distant from the protease (Figure 4). Mg” ions present in the crystallization

buffer bind to the Gla domain in an intermediate conformation, filling the three high affinity

and low specificity sites. This creates a domain that is primed for formation of the omega

membrane-binding loop with the addition of Ca” to the remaining low affinity sites.

In this structure, eco defines an active site binding surface of over 1900 ■ ’, and

explains unusual kinetic results at the P2 substrate position. It also orders a portion of the

protease not previously visible to crystallography, the Gla domain, and visualizes it in a

membrane bound conformation. The new, eco bound structure reveals important portions of

the molecule that were poorly understood, despite the presence of multiple factor Xa

structures in the literature.

- r
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Crystallization and structure determination of E2P2 complexes

Eco is a remarkable inhibitor. It binds to and inhibits proteases with a broad range

of pi values from 3.92 (collagenase) to 9.5 (grB) forming an E-P2 complex that typically

buries between 1900 and 2500 A*. This large and strongly associated complex is able to

form crystals at a range of pH values from pH 5.0 to pH 8.8 (Table 1). To efficiently bind

serine proteases with many different substrate preferences, eco must present a generic, yet

acceptable substrate-like binding loop to all of the protease active sites. Protease substrates

and the eco 80’s loop bind in an anti-parallel■ sheet conformation and form up to five main

chain to main chain intermolecular hydrogen bonds (31, 32), but additional side chain

interactions are necessary. Val, Thr, and Met prime the eco 80's loop for 3 sheet

interactions with the protease because they have a high likelihood of occurring in 3 sheet

conformations (33), and are present at the protease positions P4, P2, P1 and P1’. At P4, a

broad preference for hydrophobic amino acids occurs in positional scanning synthetic

combinatorial substrate library results for thrombin, trypsin and chymotrypsin (18). This

suggests that ecoVal&1 is an important substrate recognition element, helping eco to fit

many active sites. The two Met residues at the substrate P1 and P1’ positions also

contribute to a generic fit. They form van der Waals contacts within the S1 and S1’ pockets

that anchor eco without forming electrostatic interactions repulsive to another protease

binding pocket.

WT eco can be engineered for greater selectivity and binding affinity. A single

mutation, M84R, at the protease P1 position, increases the affinity of eco towards most

trypsin-like proteases (Table 2). The blood coagulation protease thrombin has the greatest

increase in affinity to the M84R eco mutation. WT eco is unable to inhibit the protease but

M84R eco has an inhibition constant of 1.5 nM an increase of 2 X 10' times (11). Using
the method of phage display, eco variants can be generated that are extremely potent against

such proteases as trypsin (34), urokinase type plasminogen activator (uPA) (35), MT-SP1

(10), Factor XIIa and plasma kallikrein (Allart Stoop, personal communication.) The

º
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mutations indicate that targeting both the active site substrate binding regions, and distant

surface regions like the eco secondary binding site can discover selectivity (36).

There are ten structures of an eco molecule bound to a protease molecule available

(Table 1). Five of the complexes contain the EP2 tetramer in the unit cell and five occur as

an EP dimer related across a crystallographic axis to form the tetramer. Of the nine

complexes solved, seven crystal lattices are represented. Each complex forms a unique set of

crystal contacts upon formation of a stable, diffraction quality crystal. Inspection of the

protein structures indicates that less than 30% of the crystal contacts are between two eco

molecules. Instead, contacts between the molecules in the unit cell are between loops of the

protease, and they are distributed across the entire protease surface. No region of every

protease always forms a crystal contact, but the 60’s loop, 30's loop and Pro222 occur in

many of the complexes (Figure 5). Crystal contacts range in size from a few hundred A*, to

over 1000 Åº indicating that the E2P2 tetramer forms diffraction quality crystals in many

crystal lattice conformations.

Conclusion

For two reasons, eco is useful as a tool for drug design. First, eco forms a primary

site interaction that defines the amino acids in contact with the P4 to P3' amino acids of a

substrate. An active site defined in this manner reflects a physiological form of the binding

cleft that is much larger than one defined with a small molecule inhibitor and extends to the

prime side determinants. Second, eco forms a stable complex with trypsin-fold serine

proteases that can form diffraction quality crystals. The variety and distribution of crystal

contacts over the surface of the ExPx complex suggests it is stable in a larger range of pH,

salt and precipitating agents than the protease alone. Therefore, eco facilitates crystal growth

through the formation of a complex that samples a large number of crystallization

conditions and increases the likelihood of productive crystal associations over the protease

alone. In the future, eco will continue to be important in generating x-ray crystallographic
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solutions of trypsin-fold serine proteases. It may also have an important role in defining

protease/protein interactions that occur distal to the active site of the protein. Eco, with its

unique ability to form and crystallize stable complexes in a manner that maps the

determinants of enzyme specificity, should be considered for the structure determination of

any serine protease.
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Figures and Tables --

Figure 4-1. The tetramer of eco bound to a serine protease. º
-

Visualized as a a cartoon of the canonical protease and eco interaction, and b as two views

of the three dimensional solution of D102N trypsin in complex with eco (3). Each eco

molecule has three protein-protein interaction surfaces. The C-terminus forms an anti

parallel■ ribbon to complete the ecotin dimer interface. The 80's and 50’s loops form the

primary binding site by interacting with the protease at the active site cleft in a substrate-like

[3 sheet conformation. The 60’s and 100's loops of eco form the secondary binding site by

interacting with the C-terminal O. helix of the protease. Note that each eco molecule contacts

both of the protease molecules. Two eco molecules (black and medium grey) form a pair of

interactions each with two protease molecules (lightgrey). The catalytic triad residues

Ser195, Asp102, and His37 are in black ball and stick representation. This figure was made

with Molscript (37) and Raster 3D (38). , , ,

/ .-
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Figure 4-1a
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Figure 4-2 Wild type eco purification followed by SDS-PAGE.

a Consecutive steps of eco purification. Column 1: molecular weight marker from the

bottom:3, 5.6, 14.8, 20.1, 29.3, 44.7 kDa, Column 2: pre-induction, Column 3: periplasmic

fraction, Column 4: Supernatant following acidification, Column 5: insoluble pellet

following acidification step, Column 6: molecular weight marker, Column 7: neutralized

supernatant, Column 8: soluble fraction after boiling, Column 9: purified eco before the

column chromatography step. b Complex formation with purified eco. Column 1: molecular

weight marker from the bottom:6.5, 16, 25, 32.5, 47.5, 62, 83, and 175 kDa, Column 2:

purified eco (81-84 IEPD), Column 3: purified Grb [N66Q), Column 4: purified complex

of inhibitor and protease.

- - -
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Figure 4-3a

Ecotin Inhibition, Ki
nM

WT 1 + 3

M84D 1 + 5

81–84 IEPD 5 + 2

81-86 IEPDWG 11 + 4

Figure 4-3b

---minutes---
grB eco 10 30 60 24hr

- -
32.5 - - - ---- - - - -

25 - -
-

-* - - -
16.5 _ - * * - - - -

6.5 - ■ º - - – - -

Figure 3 SDS-PAGE analysis of the substrate-like features of eco.

a Inhibition constants for a panel of ecotin mutants where the ecotin 80’s loop is gradually

altered to match the ideal grB substrate specificity, and b SDS-PAGE analysis of the [81-86

IEPDWG] eco when reacted with WT grB. The eco band is cut into fragments of 8 and 9

kD corresponding to cleavage at the D/W bond of eco. The EP, complex is further purified

before crystallization.
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Figure 4-4 The three-dimensional fold of three serine proteases.

a fiddler crab collagenase defined in complex with WT eco, b rat granzyme B in complex

with [81-84 IEPD] eco, and c human factor Xa in complex with M84R eco. Each protease is

shown in grey. The catalytic triad and amino acids contacting the ecotin molecule in the

active site are shown in grey ball and stick representation. The ecotin molecule representing

the substrate positions P4 through P2’ is shown in black ball and stick representation. The

EGF and Gla domain of factor Xa are shown in medium grey. Note that the EGF domain is

hidden behind the protease domain. The magnesium ions are colored dark grey and the

calcium ion is colored light grey. This figure was made with Molscript (37) and Raster 3D

(38).
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Figure 4-5 The distribution of all E2P2 complex crystal contacts visualized on the E2P2

tetramler.

The ecotin dimer is colored medium grey, the serine proteases are colored lightgrey, and the

crystal contact loops are colored black. The catalytic triad of the protease is colored black in

ball and stick representation. Note that the contacts occur all over the available surface of the

protease and less so on the eco molecule. This figure was made with Molscript (37) and

Raster 3D (38).
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Table 4-1 Structural characteristics of solved eco structures. º
-

a Eco structures with no protease bound, or in complex with rat trypsin. beco structures in ! --

complex with a serine protease. The following abbreviations are used for the complexes: E:
-

º
s

---, -

an ecotin monomer, Ex: an ecotin dimer, EP: an ecotin and protease dimer, EP3: a tetramer

of two eco and two proteases.

i
-

** =
* -

R
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Table4-1a

Complex
EcoProtease

Crystallizationconditions

AsymmetricUnitSpace Contents

WTNone50mMTrispH8.5E2P212121

lecy.pdb20–36%PEG1500

0.1%(w/v)fl-octylglucoside

WTNone50mMTrispH8.5EP43212
lecz.pdb20–36%PEG1500

0.1%(w/v)trhalose

W130-[ADG)None100mMTrispH8.0EP43212 lifg.pdb200mMAcetate

28–30%PEG4000

-*15%glyercol
5WTrattrypsin[D102N]150mMNa

CacodylatepH6.5EPP2,

(3)300mMNaAcetate

16.5%PEG4000

A86Hrattrypsin100mMTrispH8.0EPC121 1slu.pdb”[N143H,E151H)300mMNaAcetate

18–22%PEG4000

Y69F,D70Prattrypsin[D102N]150mMNa
CacodylatepH6.2E2P2P2, lezu.pdb300mMNaAcetate

14%PEG4000

M84R,60'slooprattrypsin150mMNa
CacodylatepH6.2E2P2P1 lezs.pdb300mMNaAcetate

14%PEG4000

*Additionalstructuralsolutionswithboundmetalions:Cu,1slv.pdb,Ni,1slw.pdb,andZn,1slx.pdb
***~|*--
---s-->,,-*->!~~!e-º***
!!



Table4-1b

ComplexCrystallizationconditions
EcoProtease WTfiddlercrabcollagenase100mMTricinepH8.2to8.8

lazz.pdb31-38%PEG3350
81-84IEPDratgranzyme
B
[N66Q)100mMNaAcetatepH5.8 1fi8.pdb100mMAmmoniumSulfate

25%PEGmme2000

M84Rthrombin100mMCitricAcidpH5.0 lids.pdb
10mM
Sperminetetrahydrochloride

15%PEG6000

WTbovinechymotrypsin
100mMNaAcetatepH4.0

1n8o.pdb1.3M
AmmoniumSulfate

1%PEG200

WTfactorXa200mMSodiumTartrate,pH7.1

3
20%PEG3350

2%glycerol

WTratgranzyme
C100mMTrispH8.0

4
125mMNaAcetate

26%PEG4000

AsymmetricUnit Contents EP E2P2 EP EP

Space C2221 P2, I222 P2,212

3

Wang,S.X.,Hur,E.,Sousa,C.A.,Brinen,L.,Slivka,E.J.,
Fletterick,
R.J.,
submitted. “unpublisheddata
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Table 4-2 Inhibition constants for WT, M84R and M84R/M85R eco variants against a

panel of serine proteases.

Ecotin can become a highly selective and potent inhibitor of serine proteases through

engineering with phage display (34) and molecular design (36).

Protease

Rat trypsin (34)

Collagenase (14)

uPA (34)

Thrombin (11)

Factor Xa (11)

MT-SP1 (10)

Ecotin Inhibition, Ki Ecotin Inhibition, Ki

nM nM

WT 0.31 + 0.06 M84R 0.38 + 0.10

WT 0.51 + 0.06 M84R not determined

WT 2800 + 160 M84R 3.6 + 0.6

WT ~ 3000 M84R ~ 1.5

WT 0.054 + 0.013 M84R 11

WT 0.782 + 0.092 || M84R/M85R 0.0098 + 0.0015
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Appendix 3 Expression of secreted proteins in Pichia pastoris by fermentation

The crystallization of granzyme B required large amounts of pure, highly

concentrated protease, so I did more than 30 expression runs in B-Braun Biostat E 10L

fermentor. Jennifer Harris originally set up the fermentation protocol, but below is my

protocol for a successful expression run.

Fermentor Requirements

House air and water 220V power

Peristaltic pump Air tank (methanol sensor)

Drain Oxygen tank (P. pastoris only)

-

l■ º

ºº ■ º

º º
ºº

c
s

º

y7\! Q

air control
- -

º
compressed air Valve methanol º:º º

ompressed oxygen pH control pumps SensOr or methano º
ammonium hydroxide addition º

-
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The fermentor is composed of two parts, the control unit and the culture vessel. The

control unit houses the displays and controls for %pO2, pH, temperature, and rotor speed.

All of the individual displays can be printed to the chart reader. The culture vessel has a lid

with 14 inputs, a glass cylinder, and a stainless steel base with 8 ports, a water-cooled

temperature core, and an air input.

Setting up the culture vessel. Around the base of the culture vessel, the following

monitoring devices should be inserted (Figure 2).

pO, meter: A large probe with a mesh-covered end. From time to time, the meter will

spike to the top (141) or bottom (-20) of its range and stay there. This indicates that the

fluid in the meter has gone bad and needs to be replaced.

Thermometer

Methanol sensor: A long skinny mesh probe with two yellow air lines extending from

the back. This probe was purchased from Raven Biotech for monitoring methanol in P.

pastoris fermentation. It must be calibrated by a standard curve (Figure 2), and is

primarily used to determine if the culture is outside the desired methanol range. See

instruction manual for more details.

pH meter: The original pH meter for this fermentor has been replaced with an autoclave

safe pH meter. The air lines on the fermentor control unit are no longer necessary. Store

the pH meter in a solution of saturated KCl. To calibrate the pH meter, turn it on at the

pH control and the display units, immerse it in pH 4.0 calibration solution. To adjust the

pH, first turn the mV/pH dial. Then immerse it is pH 7.0 calibration buffer, and adjust

the pH with the ApH dial.

Sample port: Always put a septum in this port, and sample with a sterile syringe.

To set up the rest of the culture vessel first, place the glass cylinder on an orange O-ring

on the base of the vessel. Then, place another orange O-ring at the top of the vessel and put

the steel ring on top. Secure the glass in place with the 6 hex nuts. Tighten until the glass is
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sealed, but the orange O-rings are not peeling up from the edge of the base. Place the lid on º
-

top of the steel ring, sitting the air input into the lid, and tighten the six screws. The small RAR

black O-ring here will sometime require vacuum grease or it will become stuck. Finally, all –
of the inputs of the lid should be sealed with a septum, ring and plug, except for ports 1 and 2. º

2 where the pressure gauge and release valve are inserted. Close the air valve on the front on -

the control unit. The vessel is ready for sterilization.

air inlet

acid/base ~
exhaust outlet

pressure release
valve

exhaust

pressure gauge
methanol
SensOr

sample port

pH meter

air line
T-valve connects to
compressed oxygen

Sterilization. First, autoclave the input lines and the innoculation bottle. Then, confirm the º, sº
outlet at the bottom is closed before removing a plug and adding the initial media to the sº º

vessel. Turn on the stirrer, pH meter, pC), meter, thermometer and display. Turn the --
º

temperature control to your experimental value (29 °C for P. pastoris). Flush the cooling ■ (
7. / C.

RAR
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system with water to remove any air bubbles. Finally, set the sterilization time, and switch to *

sterilization mode. The lid is sterilized with all the plugs inserted. º
-

After the autoclave cycle is finished and the vessel has cooled to 100 °C, adjust the po, º
to 0%, and insert the following lines: 1. º

* Exhaust: The fermentor has a broken internal exhaust system, so an external version has º
-

been developed. A piece of tubing is inserted into the lid that runs into a flask of

ethanol. Note: This line can become easily clogged if the culture grows too far up the

vessel.

* Air: A tubing line connected to large steel filter. Connect it to the line exiting the control

unit.

• Acid/Base: A triple tubing input adapter. Attach the acid and the base lines to the top,

and the tubing through the pumps on the control unit –

* Methanol: Connect the tubing to a peristaltic pump. Use corrosion resistant tubing or it * -

will melt over time. *
As the culture cools to room temperature, increase the stirring motor and open the air valve º
to 100%. Let the culture stabilize and set the pC, value to 100%. Next, turn on the pC, º }
control, the pH control, the additive counter, the chart reader and innoculate the media. At

this point, the protocol for your particular expression system should be followed. The sº
fermentation protocol for P. pastoris is available from Invitrogen: º
http://www.invitrogen.com > technical resources > manual and product inserts > Pichia ■ º º

* * , , , ,

fermentation guidelines. º
º// *
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Cleaning. The fermentor should be cleaned after every use. Disassemble the culture

vessel, and store the pH meter in saturated KCl. Wash everything with soap and distilled

water, and follow with an ethanol rinse. Be especially stringent when switching between

yeast and bacterial expression systems as they can easily cross-contaminate. If a second

identical run is immediately planned, rinse the vessel well with distilled water and restart.
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Notes

Don't start with more than 7L of media because the culture will grow as it expresses

protein. For P. pastoris, start with 4L of culture. If the culture gets too big it will either

overflow through the exhaust line, or build up so much pressure that it blows a line off

the top. Becautious. Neither of these scenarios is fun to clean up after!

Do not set the rotor speed above 1000 rpm, it will sheer the cells. Consult the

fermentation protocol you are using for more information on your particular cell type.

For extra help refer to the B.Braun Operating Manual for the BioStat E or call the bay

area B.Braun representative: 1-877-679-1978
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