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Iterative Optimization of High-Affinity Protease Inhibitors Using Phage Display. 1.
Plasmin
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ABSTRACT. We generated a series of libraries having variants of the first Kunitz domain of human
lipoprotein-associated coagulation inhibitor (LACI-D1, also known as tissue-factor pathway inhibitor-1)
displayed on bacteriophage M13 as plll-fusions. We varied LACI-DI iteratively in two regions: the P1
region (positions 1621) and the “second loop”, (positions-339), which together form one end of the
domain. Display-phage library Lib#1 allows 31 200 amino-acid sequences in P1 region (residues 13,
16—19). Preliminary, we screened Lib#1 against human plasmin (PLA, EC 3.4.21.7) immobilized on
agarose to enrich for phage displaying variants with PLA affinity. We introduced a 1600-fold increase
in second-loop diversity (residues 31, 32, 34, 39) into the population of selectants from Lib#1, yielding
Lib#2. Lib#2 (allowing~50 million amino-acid sequences) was screened against PLA-agarose to isolate
highest affinity binders. Protein EPI-P211, derived from the best isolate of Lib#2, inhibits PLAKwith

= 2 nM (at least 500-fold better than LACI-D1) and with high specificity. We used amino-acid sequences
of PLA-binding selectants to design a PLA-biased library (Lib#3) which we screened against PLA. The
protein EPI-P302 (derived from the best binder obtained from Lib#3)khdsr PLA inhibition of 87

pM, which is 25-fold better than the first-round best binder ari® 500-fold better than LACI-D1. EPI-

P302 also shows very high specificity for PLA other human proteases and is resistant to inactivation
by oxidants and extremes of temperature or pH. Thus, one can use selectants from one library to design
target-tailored combinatorial libraries and obtain quite stable, highly specific, very high-affinity binding
molecules while maintaining an essentially human framework.

Directed evolution of binding proteins generates molecular of human serum origin (minimizing immunogenic potential)
diversity and selects binding proteins through display of and lacks glycosylation sites. Other Kunitz domains have
proteins on genetic packagesy., phage (Ladner & Guter-  been displayed on phage: BPTI by Robatsl (1992a,b)
man, 1990). These techniques have been reviewed (Clacksomnd Marklandet al. (1991), and the Kunitz domain from

& Wells, 1994; Smith & Scott, 1993). human amyloid precursor protein-1 (APP-1-BBy Dennis
Plasmin is a serine protease which plays a central role inand Lazarus (1994a,b). o o _
hemostasis, in particular the fibrinolytic process (Colmeéan To maximize effective protein-library diversity, we pick

al., 1987; Robbins, 1987). Inappropriate fibrinolysis and positions to variegate from 3D structures (Figure 2) and
fibrinogenolysis, leading to excessive bleeding, are frequenthomologous sequences (Table 1). Here we use the term
complications of surgical procedures that require extracor- “variegated” in reference to a population of DNA, of proteins,
poreal circulation and are encountered in thrombolytic or of phage that is diversified to a greater or lesser extent at
therapy and organ transplantation. Restoration of hemostasissome positions (variation-tolerant residues which could
requires the infusion of plasma or plasma-derived products influence binding) but not at other (possibly interspersed)
which are costly and have associated risks for immunological positions (structurally crucial or buried amino acids). Thus,
reaction and exposure to blood-borne pathogens. In extremeghe diverse population is not “random” with respect to either
cases antifibrinolytics, such as bovine pancreatic trypsin the sites varied or the types of side groups available at each
inhibitor (BPTI, also known as aprotinin), are administered. varied position. As the structure of the trypsiBPTI

The aim of this study was to generate a nearly human complex (Brookhaven 2TPA) shows that BPTI residues 11
protease inhibitor having high affinity and specifcity for 19, 34, and 3639 touch trypsirf,changes at these residues
plasmin. Kunitz domains are attractive for such uses are most likely to change binding properties of a Kunitz
(Ladner, 1996), as they are smal48 residues), very stable,
have a 3D structure tolerant of many amino-acid sequence : Apbreviations: APP-1-D1, Kunitz domain of amyloid precursor
changes, can have new binding properties engineered (Robgprotein-I; BPTI, bovine pancreatic trypsin inhibitor; F.¥IFactor VI,

;i ; F.Xl, Factor Xk FIR, fraction of input recovered; hNE, human
ertset al, 1992), can be produced efficiently in yeasgy neutrophil elastase; LACI-D1, lipoprotein-associated coagulation inhibi-

Pichia pastori, and hav_e long been used in .hum.ar)s tor, first Kunitz domain; LB, Luria-Bertani broth; PAB, plasmin assay
(Verstraete, 1985). We picked human LACI-D1 since it is buffer; PEG, polyethylene glycol; pfu, plague forming units; pKAL,
human plasma kallikrein; plll, protein Il of M13; PLA, human plasmin;
RSB, reaction stop buffer; RT, room temperature:=FVIl, complex
* To whom correspondence should be addressed. Phone: (617) 868-of tissue factor and Factor \4I THBN, human thrombin; vgDNA,

0868. FAX: (617) 868-0898. variegated DNA; w.t., wild-type; ::, fusion (gene or protein).
*Present address: Vertex Pharmaceuticals, 40 Allston Street, 2 Trypsin residues 3942, 57, 58, 60, 94, 9699, 151, 175, 189
Cambridge, MA 02139. Phone: (617) 576-3111. 195, 213-216, 219, 220, and 22&28 (using chymotrysinogen
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Table 1: Frequency of Amino-Acid Types at Some Positions in 71 Natural Kunitz Domains

no. of
amino-acid
res.id”  types? contents®
9 15 Al7 P15 I7 K6 V6 Y5 F3 R3E2 1.2 QDSMH
9a 4 -66 G3 5 P
10 8 E18 D16 V11 S6 N6 Y6 R4 A4
11+ 13 T19 Q11 P9 R5 A4 S4 K4 D3 E3 V3 Y3 I2 G
12> 4 G68 D I K
13* 9 P44 R8 L7 I3 S3 N2 T2 Q V
14* 1 c71
15%* 12 R27 K20 L6 F4 Y3 -3 Q2 M2 S TEN
le* 8 A41 G17 D4 K4 Q2 FR T
17* 15 M12 Y11 F9 R7 K7 H5 54 L3 G3 N3 P2 R2 QT I
18% 10 I37 F9 M8 V6 L3 E2 T2 A2 D K
19% 11 Ple S12 R10 K10 I7 L4 E4 T4 Q2 N F
20 7 R38 L10 A10 S8 K3 Q V
21 5 Y26 F25 Wle I2 L2
31 14 E25 A8 08 V8 L6 K5 R3I2 HD TN Y Z
32 12 P19 T9 Q7 R7 E7 K6 L5 S3 A3 G2 V2 N
33 1 F71
34% 16 I19 FO9 T7 V7 K5 L4 Q4 H3 D3 N3 W2 S PARY
35 4 Y66 W3 F S
36* 4 G57 S11 R2 T
37* 1 G71
38* 1 c71
39+% 11 G30 R10 K8 Q5 M5 E4 L3 D3 P H N
40 4 G63 A6 K R
41 3 N62 K6 D3
42 12 Al18 G11 R11 S8 E5 D5 N4 H3 L2 Q2 K M
44 5 N38 R24 K7 Q V
46 16 K22 E10 D8 Y8 V4 R3 P2 G2 S2 T2 L2 N2 I A QH

a Residue identifier, numbering by homology to BPTI; * indicates that this residue BPTI touches trypsin in Brookhaven data seCI&tidn
is counted as an amino-acid tygelally of how many Kunitz domains have each amino-acid type. For example, 18 Kunitz domains have E at
position 10. Single-letter codes for amino-acid types: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; N,
Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tys;, deletion.

Table 2: Sequences of Kunitz Domains BPTI, LACI-D1, and APP-I-D1

1 1 2 2 3 3 4 4 5 5 5
Domain 1 5 0 5 0 5 0 5 0 5 0 5 8

BPTI RPDFCLEPPY TGPCKARIIR YFYNAKAGLC QTFVYGGCRA KRNNFKSAED CMRTCGGA
LACI-D1 MHSFCAFKAD DGPCKAIMKR FFFNIFTRQC EEFIYGGCEG NQNRFESLEE CKKMCTRD
APP-I-D1 VREVCSEQAE TGPCRAMISR WYFDVTEGKC APFFYGGCGG NRNNFDTEEY CMAVCGSA

domain. Changes at most of these residues, however, arecid changes that help binding and to remove all (or nearly
unlikely to change the 3D structure of the backbone all) the side groups that hinder binding. Currently, practical
significantly; the backbones of BPTI and APP-I-D1 are limitations prevent the construction of biological libraries
essentially identical despite 32 amino-acid differences overall having greater than about ®dndependent transformants:
and five differences in the identified contact region (Hynes we cannot make a complete library in which nine positions
etal, 1990). Homologous Kunitz sequences (Ladner, 1996) are allowed to display 20 amino-acid types.
show which positions tolerate many amino-acid types; Table Wells (1990) found that effects of multiple mutations are
1 shows the frequencies of amino-acid types in Kunitz usually roughly additive, suggesting that one can identify
domains at positions-921, 31-42, 44, and 46. Table 2 mutations favorable for some property and combine them
shows the sequences of domains BPTI, LACI-D1, and APP- to make a superior protein, as was done for human growth
I-D1. Of fourteen “BPTI-trypsin contact positions”, nine hormone using monovalent phage display. Dennis and
show extensive variability in other Kunitz domains. Lazarus (1994a) used monovalent phage display and this
Clackson and Wells (1995) showed that a few residues approach. They isolated APP-I-D1 derivatives having af-
dominate the binding energy of human growth hormone and finities (K;) for the tissue factoerFactor VI, complex (TF
its receptor; other proteinprotein interactions are likely to  F.VIl;) between 580 and 13 nM and combined mutations to
be similar. Despite growing insight into proteiprotein make a protein (TF71-C) witK; = 1.9 nM. The best amino
binding (Szardeningst al., 1995), it is still difficult to predict acid at 39 and the best amino acid at 13 are, however,
which residues will dominate high-affinity binding to a target. correlated. When selecting binders to a new target, one
Thus, to obtain high-affinity (subnanomolar) binders from a cannot knowa priori which residue pairs may be correlated.
Kunitz domain, we need to vary most of the residues To avoid building huge libraries, one can screen libraries
corresponding to the trypsin-touching residues of BPTI and iteratively (Ladner & Guterman, 1990). A region of a
perhaps other nearby residues, if binding is to be through displayed protein is first variegated, and the library is
this part of the domain. We need to find most of the amino- subjected to a preliminary screen to eliminate very bad
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expected signal peptidase cleavage site
A ;—l:\ E M H S F C A F K A D
<«——jjj-signal 1 2 3 4 5 6 7 8 9 10
5'-gCG|GCC|Gag|ATG|CAT |tcc|ttc|tge|get |ttc|aaa|get|gat|
| Eagl | | Nsil |

D 6 P €C X A I M K R F F F
11 12 13 14 15 16 17 18 19 20 21 22 23
| gaC|GGT|CCG|tgt|aaa|gct|aTC|ATG|Aaa|cgt |tte|tte|tte|

Rsrll | BspHI |

N I F T R Q € E E F I Y G
24 25 26 27 28 29 30 31 32 33 34 35 36
|aac|att|ttc|ACG|CGT|cag|tgc|gag|GAA|TTC|att |tac|ggt]|

Miul | EcoRI

G C E G N Q N R F E S L E E
37 38 39 40 41 42 43 44 45 46 47 48 49 50
|ggt |tgt|gaa|GGT|AAC|Cag|aAC|CGG|Ttc|gaa|tcT |CTA|GAg|gaal
| BstEIl | BstBI | | Xbal
Agel

p— iii -mature —
C K K M C T R D G A E
51 52 53 54 55 56 57 58 59 60 61
|tgt|aag|aag|atg|tgc|act|cgt|gac|GGC|GCC|GAA |
Kasl
Ficure 1: Designedaci-d1 portion of aiii-signal::laci-d1::iii-mature gene showing DNA and deduced amino-acid sequence. The DNA

sequence maximizes use of codons containdsl @oli genes known to be highly transcribed and expressed except as needed for placement
of restriction sites. The restriction sites are unique to the gene and the display vector used in these studies.

binders and retain a range of good binders. When a second
region is variegated in the context of selected first regions
and screened stringently, crucial residues and optimally
interacting pairs are identified. A very large number of
proteins are allowed to be selected, but each round of
variegation and screening deals with libraries of manageable
size (~107 or less).

EXPERIMENTAL PROCEDURES

Library Constructions LACI-D1.1ll is a bacteriophage
M13 derivative having genéi altered by insertion of the
designed DNA sequence shown in Figure 1 (Marklatd
al., 1996). All of the phage-displayed Kunitz domains we
describe here have the dipeptide AfEsed to their amino
terminus (1) to accommodate tl&ag restriction site and

(2) to facilitate cleavage bischerichia colsignal peptidase _ _ » _
. We confirmed thelaci-d1 DNA sequence and demon- Ficure 2: Schematic of LACI-D1 showing positions (in black)

. . : . varied in present study. The P1 (positions-21) and second loop
strated functionality of the displayed LACI-D1 domain by (yositions 31-39) varied regions are enclosed. Backbone taken
the binding of LACI-D1.1Il phage to trypsin beads (Markland  from Brookhaven model of BPTI 2TPA with modifications for
et al,, 1996). clarity.

We constructed three libraries of displayed protein variants
by introducing synthetic vgDNA into théaci-d1 region 6.6 x 10%]) representation of the allowed DNA sequences.
(Figure 1) of LACI-D1.lll. We varied two parts of the The Lib#1 phage stock gave a titer of 3«6 10% plaque-
LACI-D1 amino-acid sequence shown in Figure 2: the P1 forming units (pfu) per mL, with each independent clone
region, encompassing residues—11, and the “second being represented, on average, .3(F times per mL. We
loop”, encompassing positions 389. Together positions  made Lib#2 (Table 3), ligating synthetic DNA encoding the
10—-21 and 32-39 comprise the end of the Kunitz domain variegation scheme Vg#2 and havimgiul- and BsElI-

that contacts serine proteases. compatible ends into the RF DNA prepared from phage that
To construct Lib#1 (Table 3), we ligated DNA encoding had been selected from Lib#1 through two rounds for binding

the variegation scheme Vg#1 and haviNgil- and Miul- PLA (vide infra). We estimate that Lib#2, which was

compatible ends into thiaci-d1::iii fusion gene in LACI-  selected to have sequences having some affinity for PLA,

D1.1ll. Theoretically, the 8-fold oversampling corresponds contains between $0and 1@ variants. We constructed
to an approximately 99.9%~100 x [1 — exp{—5.3 x 107/ Lib#3 using Vg#3 in a manner similar to the Lib#1
construction. The Lib#3 phage stock gave a titer of 3.6
3 Single-letter amino-acid codes are in Table 1. 10* pfu per mL, with each independent clone represented,
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Table 3: Libraries of LACI-D1 from Which PLA Binders Were Isolated

no. of amino-acid no. of DNA
library name Vgin 16-212 Vg in 31-3% sequences allowéd  sequences allowed no. of transformants
Lib#1 Vg 1de w.t. 31200 65 536 5% 10¢°
Lib#2 Vg#1l-selected for PLA binding Vg#2 5.0x 109 2.7 x 1089 5.6 x 10’
Lib#3 Vg#3' w.t. 57x 1P 1.0x 108 7.7 % 10°

apP1 region.” Second loop regiorf. Assuming that TAG is translated as Q in Sgtrains.? vgDNA comprises (codons 1319) 5-cNt tgt aaa
gSt NNt NNS NNg-3, so that 65 636 DNA sequences encode 31 200 amino-acid sequehtiesd bases (all intended to be equimolar): =N
ACGT, B= CGT, D= AGT, H=ACT, V = ACG, K= GT, M= AC, R= AG, S= CG, W= AT, Y = CT. Single-letter amino-acid codes,
see Table 11 vgDNA comprises (codons 3139) 5-Sag Sag ttc NNs tac ggt ggt tgt NNS-8o that 4096 DNA sequences encode 1600 amino-acid
sequences! Assuming complete representation of Vg#¥gDNA comprises (codons HP1) 5-RaS RNt ggt Nct tgt aRa gSt aNS Wtc NNS cgt
tKS-3, so that 1.0x 10° DNA sequence encodes 5x7 10° amino-acid sequences.

on average, 2.% 10° times per mL. isolates for the proteases PLA, human plasma kallikrein

Library Screening ProceduresA library screen consists  (pKAL), and human thrombin (THBN) immobilized on
of rounds in which phage are allowed to bind the target, agarose beads. For these assays, we used commercially
weakly-, or non-interacting phage are removed by washes,available PLA beads (Calbiochem, 527802) and THBN beads
and bound phage are then eluted. We used two screeningCalbiochem, 605204). To prepare pKAL beads, we coupled
protocols: “slow screen” and “quick screen”. In a slow 133ug of pKAL (Calbiochem, 420302) to 2Q€L of Reacti-
screen, phage from each round are amplifieB.iooli before Gel (6X) support (Pierce, 20259) following the manufac-
the next round. In a quick screen, phage recovered fromturer’s instructions.
the target in roundN serve as input for round+1 without Production and Purification of Inhibitor Proteins To
amplification. In a quick screen, both the input and produce small amounts of free proteins for initial analyses,
recovered number of phage decrease rapidly over severalye used an expression system based orStiecharomyces
rounds, while the input level can be kept constant in a slow cerevisiaemail promoter-signal peptide system (Miyajima
screen. Quick screening increases the likelihood that phageet al,, 1985). We modified the vector p\#B (obtained from
will be selected for binding rather than other irrelevant ATCC) by insertion of synthetic DNA sequences to enable
properties €.9., infectivity or growth rates). the recloning of LACI-D1 selectantsja uniqueEag and

For a slow-screen round, we combined<110% pfu of Kad restriction sites, following the matl prepro-peptide
library phage with 2%L of PLA-agarose beads (Calbiochem, sequence. Each expression gene had codons for the dipeptide
527802) and 25@L of phosphate-buffered saline (PBS), 1 EA fused to the 3end of thelaci-d1 segment to facilitate
mg of bovine serum albumin (BSA)/mL (Sigma, A-3294) cleavage of the prepro peptide. Expression of LACI-D1 and
in a 1.7 mL microcentrifuge tube. We incubated the phage derivatives inS. cerevisiaeyielded 106-500ug per 500 mL
with PLA-agarose beads on an end-over-end mixer for 2 h of culture after 3 day shaker-flask culture in yeast trp-
at room temperature (RT), pelleted the beads briefly (30 s) selection liquid medium YND.
in a microcentrifuge, and removed the supernatant fluid |n our purification procedure fof cerevisiae-expressed
containing unbound phage. To remove poorly binding proteins, we first passed neutralized culture medium (pH 7.5)
phage, we washed the beads five times in #6Mf wash  over 500uL of trypsin-bead slurry (Pierce, 20230) in a small
buffer (PBS containing 0.1% Tween 20) using a 5 min chromatography column and then eluted bound protein from
incubation at RT per wash and then eluted remaining bpundthe column using low-pH buffer (glycine/HCI, pH 1.8). We
phage from the PLA-agarose beads by two consecutive S5immediately neutralized column fractions with 1/10 volume
min incubations of the beads in 250 of elution buffer  of 2 M Tris-HCI (pH 8.0), analyzed the fractions for protein
(150 mM NaCl, 50 mM sodium citrate, pH 2.0, 1 mg of content and purity using SDSPAGE, and stored combined
BSA/mL). We added 5@L of Tris-HCI pH 7.5to each pH  fractions containing eluted protein in frozen agueous solution
2 eluate and titered the combined eluates to determineas protein stocks. To estimate concentrations of affinity-
recovery. The fraction of input phage recovered (FIR) is pyrified protein stocks (relative to BPTI standards), we
the ratio of the total pfu in the combined pH 2 eluates to the compared band intensities on silver-stained PAGE gels.
input pfu. We used the pH-2-eluted phage to generate anew \yo ,sed @ichia pastorisexpression system (Vedviak

phage stock for use as input in the next round of the slow al., 1991; Wagneet al, 1992) to produce larger amounts

screen as described (Marklaed_al., 1996). of the plasmin inhibitor protein EPI-P332.To direct
The quick screen protocol differs from the slow screen ggcretion of protein into the extracellular medium, we

described above in two particulars: (1) we used between q,ngirycted a fusion-gene fragment having DNA encoding

10" and 102 pfu as input for the first around of the screen 05 cergjisiaemating factora. prepro-peptide fused to the
to compensate for anticipated losses in recovered phage oveg oq ofea::laci-d1(p302) We incorporated the synthetic

the course of the screen and (2) we used the entire neutralize%ene fragment into the plasmid pHIL-D2 (Invitrogen, San
pH 2 eluate (less an aliquot for quantitation of FIR) obtained Diego, CA) between thBsBI and EccRl sites in the 5aox
from each round of the screen as the input for the next ro“ndseque’nce to make the expression plasmid pPIC-PLA2.

of the screen. o o o _ Transcription of the EPI-P302 sequence is controlled by the
Display Phage Binding SpecificityFor binding studies,
we purified single phage isolates from well-separated plaques + EPI-Fmm comprises the AA sequences_LACHDL(Fimm)
- —1.. - ’

and grew them using. coli strain XL1-Blue (Stratagene, where Pmm indicates the set of mutations of PLA-binding isolate mm
200268). We used one round of the slow screen protocol of | jb#. The residues of LACI-D1 (ffam) are numbered as in Table

to measure the relative binding affinities of individual phage 2.
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inducibleP. pastoris aoxJpromoter and thaoxltermination dt = —kon[Eredl[l redd T (Kokon)[E-1]. The value ofk,, was
and polyadenylation sequences. We incorporated pPIC-adjusted to give the least-squares best fit.
PLAZ into the genome of. pastoris strain GS115 by Specificity Assays We determined the specificity of
spheroplast transformation usiBgd-linearized plasmid. We  soluble protein EPI-P302 against a range of human serine
screened isolated transformants for EPI-P302 secretion levelsroteases in assays similar to that used to deteriirier
and picked a high-yield isolate (PEY-73) as production strain. PLA. The proteases tested and the reaction conditions were
To produce EPI-P302, we grew PEY-73 cultures for 3 days as follows: pKAL (American Diagnostica, 473) 12.9 nM,
at 30 °C with agitation in buffered minimal methanel substrate (Novabiochem, 03-37-1547) AM, in 150 mM
co_mple>_( medium (Baret al,, 1992) at pH 3.0 supplemented NaCl, 20 mM TrisHCI, pH 7.5, 1.0 mM EDTA, 0.1% PEG
daily with 1% (v/v) MeOH. We harvested the PEY-73 (Sigma P-5413); human neutrophil elastase (hNE, Calbio-
cultures by centrifugation at 809Cfor 15 min, discarded  chem, 324681) 8.5 nM, substrate (Sigma M-9771) 250
the cell pellets, and microfiltered the supernatant three timesin 150 mM NaCl, 50 mM TrisHCI, pH 8.0, 1 mM CaGl,
through 0.45u4 and twice through 0.2 filters (Costar  0.25% Triton X-100; human plasma coagulation Factgr X
Corporation, Cambridge, MA). We next performed a 30 K (Calbiochem, 233526) 11 nM, substrate (Novabiochem, 03-
ultrafiltration on the 0.2u microfiltrate using a Minitan 32-1517) 5QuM, in a plasmin assay buffer (PAB) containing
apparatus with four 30 000 NMWL filter plates (PLTKOMPO4, 50 mM TrisHCI, pH 7.5, 150 mM NacCl, 0.1% (v/v) PEG,
Millipore Corporation, Bedford, MA) and then concentrated 0.05% (v/v) Triton X-100; human pancreatic chymotrypsin
the 30 K ultrafiltrate with change of buffer (to 10 mM sodium  (Calbiochem, 230900) 20 nM, substrate (Novabiochem, 03-
citrate, pH 3.5) using the Minitan apparatus equipped with 32-1527) 1 mM, in 100 mM NaCl, 50 mM TrBICI pH
four 5000 NMWL filter plates (PLKCCOMPO4, Millipore 7.5, 5 mM CaCJ, 0.1% PEG (Sigma, P-5413), 0.05% Triton
Corporation, Bedford, MA). In the final purification step, X-100; low molecular weight human urokinase (American
we applied 5 K ultrafiltration retentate to a 1 mL bed volume Diagnostica, 125) 71 nM, substrate (Novabiochem, 03-32-
MP-50S (Bio-Rad Laboratories, Hercules, CA) ion exchange 1515) 50QuM, in 200 mM NaCl, 50 mM TrisHCI, pH 7.5,
column and eluted the column with a pH step gradient 5 mM CaC}, 0.1% PEG (Sigma, P-5413), 0.05% Triton
between pH 3.0 and 7.0 using 10.0 mL volumes of 50 mM X-100; human serum thrombin (Calbiochem, 605195) 0.54
ammonium acetate in steps of 0.5 pH unit. EPI-P302 eluted nM, substrate (Sigma B9385) 1M, in PAB.

from the column in the pH 6.0 fraction. We removed the  giapjlity Assays We used measurements of residual PLA-
volatile buffer components from the ion exchange-purified jnnibition activity to determine the resistance of EPI-P302
EPI-P302 by lyophilization and dissolved the dried protein g jnactivation by various treatments. Following treatment,
in water at a concentration of 2.6 mg/mta( 360uM). This we diluted the treated protein solution and used the inhibitor
final protein stock was>95% EPI-P302 as indicated by jn the PLA-inhibition assay described above at an inhibitor:
inspection of silver-stained PAGE gels, and the overall yield p| o ratio of 0.6. We determined functionally active

of the purification procedure wasa. 40%. inhibitor concentration from residual PLA activity and

Ki and kn, Determinations We used a room temperature cajculated percent residual inhibitor activity relative to
substrate-hydrolysis assay to determine apparent equilibriumyntreated inhibitor.

dissc_)cia_tion _constant_sK() for inhibition of plasmin by ' For measurements of pH stability, we incubated 260 nM
purified inhibitor proteins. For these measurements, we first £p_p302 at 37C for 18 h in buffers of defined pH prepared

established the concentration of plasmin active sites in the ;¢ yescribed (Stoll & Blanchard, 1990) with the exception
PLA (Calbiochem, 527624) stock by titrating the enzyme ¢ 5| puffers contained 0.1% Triton X-100. pH range and

using purified bovine aprotinin (Miles, 96-070) under condi- ) \¢tars were as follows: PH less than 3.0, glycine-HCI; pH
tions ([PLA] > K;) where aprotinin functions as an ef- 34 g 5 citrate-phosphate; pH 7-8.0, phosphate, pH 8:0
fectively irreversible inhibitor. ~~ _ 10.0, glycine-NaOH; pH greater than 10, NaOH. For
We determined; for purified inhibitor proteins from  eaqrements of temperature inactivation of EPI-P302, we
measurements of residual PLA activity remaining after i ted the protein in 150 mM NaCl, 50 mM TH4CI, pH

incubations in the presence of the inhibitors. “Percent g 5 1 mm CaCJ, 0.25% Triton X-100 to a concentration of
residual plasmin activity” is the ratio of the relative substrate 266 nM and the,n incubated the protein solutions for 30 min

hydrolytic a_ctivity qptained gfter incubation with the i.nhi'bi_tor in water baths at desired temperatures prior to assays of
to the relative activity obtained in the absence of inhibitor,  .ciqual inhibitory activities.

expressed as a percentage. We tested the resistance of EPI-P302 to oxidative inactiva-

We fit the data to the standard bimolecular mass-action .. . ;
. . . . tion in 50 mM phosphate buffer at pH 7.0. The reactions
equation 4., as given in Dennis and Lazarus (1994a)]. The contained 10uM inhibitor in the presence of increasing

apparent’k; measured in this way is essentially identical amounts of the oxidant chloramine T at oxidant to protein

Eg;hg 11Z‘< f)o rst(\;v?h;?atﬁgncsérrselizitrzaitseaiorggi?zfg?&,)l‘sllOW ratios between 0 and 50. After a 30 min incubation at RT,
M j we quenched the unreacted oxidant by adding methionine

= 0.88, and PLA and the inhibitor are first allowed to - AN o
equilibrate, and then substrate is added to this equilibrium to 10 mM a_nd assayed reS|du_aI PLA-inhibitory activity in
the chloramine T-treated solution.

mixture.

To determine the kinetic on rat&,f) for PLA inhibition RESULTS
by EPI-P302, we added inhibitor to a solution already
containing PLA and substrate and followed the decrease in Screening of Lib#1 and Lib#2 against PLAThe first
the rate of substrate hydrolysis with time. From plots of iteration of library construction and screening was performed
percent residual activityversus time after addition of in two steps. We first constructed Lib#1 with variation
inhibitor, we fit the data to the differential equation @&/ restricted to positions 13 and 489 in the P1 region. After



8050 Biochemistry, Vol. 35, No. 24, 1996 Markland et al.

for the P1 region: RciKisAigRi7F1sE1e. Clonally pure
B isolates from this class of phage show strong binding to PLA-
’; agarose beads.

We considered the possibility that the first class of phage
possessed a growth advantage relative to other display phage
] in the population. We screened Lib#2 using a quick screen
which should minimize effects on selected population due
| to differences in phage-growth phenotypes, since the pro-
cedure lacks a biological amplification step. We used the
phage population from round 1 of the Lib#2 slow screen as
the quick screen input (bar B in Figure 3B). FIR increased
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1234 Al123 B123
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through three rounds of the quick screen. Because the input
Round of SRlo“nd of R°?nl:' of level is different from each quick-screen round, differences
Slow o Quick between slow and quick screen rounds are difficult to
Screening Screening  Screening interpret

Ficure 3: Screening of Lib#1 and Lib#2 display phage against . .
PLA-agarose beads. Panel A shows the fraction of input phage DNA sequences of phage from the third round of the quick

recovered (FIR) over four rounds of slow screening of Lib#1 for Screen indicate that the population was similar to that
binding to PLA-agarose beads. Panel B shows screening of Lib#2. obtained from round 3 of Lib#2 slow screen. About 40%
Bar A is round 3 of Lib#1, shown as calibration of the activity of of the phage contained the;d1ki5G16T17A 15516 SEqUENce

the PLA-agarose beads. Next are plotted FIR for three rounds of . : .
slow screening. Bar B is the FIR for round 1 of the slow screen in the P1 region. In addition, we found that all of the phage

of Lib#2. Next shown are FIR for three rounds of quick screening Of this class from both slow and quick screens of Lib#2
of Lib#2. contained the point mutation F23S.

preliminary rounds of screening to enrich this population in ~ Sequences of PLA-Binding Lib#2 Selectari®out 60%
variants with affinity for PLA, we added additional diversity Of the phage isolates sequenced from the quick screen of
to make Lib#2. We monitored progress in screening Lib#1 Lib#2 gave sequences (P21B232) that are very similar to
and Lib#2 for binding to PLA-agarose beads by determining the'PLA-b.mdmg isolates 'from the s!ow screen. .The deduced
the fraction of input phage recovered (FIR) from each round, @mino-acid sequences in the variegated region of several
as shown in Figure 3. FIR increased steadily through three c¢lones, differing by up to seven residues from LACI-D1,
rounds of slow screening of Lib#1 and leveled off in round isolated from Lib#2 are shown in Table 4. These show tight
4 (Figure 3A). The FIR at rounds 3 and 4 was about 25- Selection: the sequencesikisA16R17F18E10 Was present
fold higher than at round 1. DNA sequences of phage N 19 qf 22 isolates. Within the second loop, the_re is strong
isolated from round 3 showed one strong consensus and s€lection for & and Q2 but no consensus at residue 34 or
second group of less-related sequences. Of 15 sequence§,9-
seven encoded one of the protein subsequengekGPAS, Protease Binding Properties of Selected Display Phage
or HisckGTAS,q, with the former being more common. The and Isolated Proteins The display phage LACI-D1-
remaining eight isolates contained DNA encoding a variety (P211).1IF is typical of the class of PLA-binding phage
of sequences that can be written as (L#)kis(G/A)16X17X 15 obtained from the first iteration of variegation and selection
(E/R)9 [c14 and ks were not varied; R(arginine) is a minor against PLA. We characterized this isolate for affinity and
component at position 19]. S, Y, N, and R occurred at specificity of binding to proteases immobilized on agarose
position 17, and S, T, P and F occurred at position 18. beads. Phage binding (measured as FIR) of LACI-D1.1lI
We constructed Lib#2 by incorporating Vg#2 into the and LACI-D1(P211).1ll to the three related human serum
phage population we obtained from round 2 of the Lib#1 proteases PLA, pKAL, and THBN immobilized on agarose
screen. We infer that considerable diversity remained in the beads is compared in Figure 4. Relative to LACI-D1.11I
P1 region of this population because of (1) the observed phage, the affinity for PLA of the PLA-selected phage LACI-
variability found in round 3 isolates and (2) the increase in D1(P211).1ll has increased markedly (50-fold) while the
FIR between rounds 2 and 3 of the Lib#1 screen. The affinity for THBN and pKAL remained essentially un-
progress of a slow screen and a quick screen of Lib#2 againstchanged and low.
PLA-agarose beads is shown in Figure 3B. Bar A shows a e produced a small amount of the protein EPI-P211
of the beads had decreased somewhat on storage. As se€fie protein from the culture medium. The purifiesl
with the slow screen of Lib#1, the FIR increased in each of cergjisiae-produced EPI-P211 has potent inhibitory activity
three rounds of slow screen. DNA sequences of phagetoward PLA, with Ki = 2 nM (Table 7). This is an
isolated from round 3 of the slow screen yielded two classes gnhancement of inhibition of at least 500-fold over LACI-
of phage, on the basis of the sequence in the P1 region. The
first class, which comprised about 40% of round 3 phage,
contained in a single sequence in the P1 region close to the > Mutations are indicated as XnnZ, where X is the amino-acid type
. . in the parent, nn identifies the position, and Z is the amino-acid type
consensus of Lib#1 roun_d 3 1b¢l4k15616T17A13819_823; We . inthe mutant. For example, K15R indicates changing lysine to arginine
found, however, that neither clonally pure phage displaying at position 15.
one of these sequences nor free proteins of this class, °LACI-D1 variants selected for binding PLA are designatgei®

; ; _ herej is the library number and mm is the isolate number from that
expressed in yeast, bind PLA-agarose beads (data not shown ibrary. “Phage LACI-D1(P211).1lI" indicates an M13 derivative that

The second class includes the sequences PRA0Y in displays the P211 derivative of LACI-D1 attached to the amino terminus
Table 4 and is characterized by an extremely tight consensusf protein Iil.




Iterative Optimization of Plasmin Inhibitors

Biochemistry, Vol. 35, No. 24, 199@051

Table 4: Partial Deduced Amino-Acid Sequences of Phage That Display LACI-D1 Derivatives That Bind PLA, Obtained from Lib#2

position in LACI-D “

1111111 333333333 ——?ﬂi_z
identifier 3 4 56 789 123456789 C2" DI charge
LACI-DI pckaimk eefiyggce 6 0 +1

Con2f PckARFE EQIFfT gcG 0 6 +2
P201 - " " - - - - Q-"Ty"H oy 2 7 +3
P202 - "M - - - - - - wowomow 0 6 +2
P203 - "M - - - - —E " - mowomow 1 5 +1
P204 - " " - - - - - - mwIwwwwg 2 5 +2
P205 - " " - - - - - -®Immwm_ 1 5 +2
P206 - " " ---- - -"IM""wwF 2 5 +2
pP207 - " " - - - - Q-"H""""E 3 6 +3
P208 - " " - - - - - -mymnmwwa 3 g +2
P209 - " "M - — - - - — W oW owow 1 6 +2
P210 = " " - - -~ - -Mm._mmwwwR 1 g +3
P211 - " " - - - - - - M"y®wmwooup 2 6 +1
P212 - " " - - - - - -"H"mPmED 2 § +2
P213 - " " - - - - —-m®mpwwwwn 32 g +1
P214 - "" - --- QE"R""™""D 4 6 +2
P215 - " " - - -~ Q-"Y"""rergQ 3 7 +3
P216 - " " - -~ - —-EM"™A" "W _ 2 5 +1
P217 - " " - - - - - - My mowonow 1 6 +2
p218 - " " - — - - —E "y Mwowow 2 5 +1
P219 L ""G--Q ~-E"I""""E 6 5 +1
P220 - " " - - - - - - W .o womowomy 1 6 +2
p221 - " " - - - - - - Mg mwouw o 1 6 +2
p222 - " " - - - - —E"L""m"0wY] 3 5 +1
P223 - "M - = - - - -mgwuwwnmg 5§ +2
P224 - " " - - - - —_-wWp®wwwEmR 3 § +2
P225 - "M - - - - _—_mTuewwwy 2 5 +2
P226 - " " - --- -E"g®"m®wnug 3 5 +2
P227 - " " -~ - - - —E"y"wowowg 3 5 +2
P228 -~ " " - § - - -~ - " o mumow oy 2 6 +1
pP229 -""-§-- —-E" - " mwry 3 5 0
P230 - " " - - -~ - -mEmwmmryg 2 6 +3
P231 - " " - - - - - - m o wowomow 0 6 +2
p232 - " " - - -~ - - "T-_mwmuUpM 1 6 +2

a Numbering by homology to BPTI. Residues not shown are LACI-D1 w.t. Residues shown as “" ” were not varied. Residues shdwn as “
were varied and the consensus (Con2) amino acid was selected. IsolatedPRROlwere obtained from slow screen round 3, and isolates-P210
P232 were obtained from quick screen round 3 (Figure B8gquences of phage isolated for binding to PLA are designgtechPwhergj is the
library number and mm is the isolated number. For example, P205 is the fifth isolate from Elg&ber of amino-acid differences from Con2.

4 Number of amino-acid differences from LACI-D1Charge calculated as number of K, R, and H residues minus number of D and E residues.

fConsensus of P261P232.

D1 and is comparable to that of BPTI. Th& between

LACI-D1 and PLA is greater than 270 nM (data not shown).

Iteration of Variegation and SelectionWe used the
information on PLA-binding determinants (see Discussion) a three-round quick screen with results similar to those for

that we obtained from our analysis of Lib#1 and Lib#2
selectants to design Vg#3 and constructed Lib#3 as described
above. We screened Lib#3 against PLA-agarose beads using
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B Lacr-pie21n).01 Il racepum [ ] Table 5: Partial Deduced Amino-Acid Sequences of Phage that
107 — Display LACI-D1 Derivatives Selected for PLA Binding from
- 3 Lib#3
5 10°—3 — .
2 3 position in LACI-D1
§10_3— 111111111122 ,
= identifier? 012345678901 diffs©
§104§ LACI-K1 ddgpckaimkr£ 7
g Con3¢ ETgPcRARFETICW 0
§10'5 P301 --"-"----G" - 1
. ) P302 - -"=-"-~---D" - 1
107 " " "
PLA SKAL THEN P303 -s"-"----D"- 2
P304 D-"-"-G---"1L 3
Protease o .
FIGURE 4: Specificity of display phage for agarose-immobilized P305 S-St oG m DT 3
proteases. Fraction of input recovered for LACI-D1.1ll (open P306 -vV"-"--8§-P" ~ 3
bars) or LACI-D1(P211).11I (solid bars) phage from PLA-agarose,
pKAL-agarose, or THBN-agarose. P307 --"-"--T-P"F 3
P308 -V"-"--85-H"- 3
the Lib#2 quick screen. FIR increased roughly 5-fold at each 309 Do Wt o _gag® - 3
round so that the FIR of around 3 (231072 was 23-fold
greater than the FIR of round 1. P310 --"-"-G6GM-P" - 3
Sequences and PLA Binding of Lib#3 PLA-Binding Se- P311 -G"-"----N"F 3
lectants Round 3 selectants from Lib#3 are shown in Table P312 DG" = " — =~ = - = " p 3
5; the consensus at varied residues is (&/0)T/S)i, Pis, 5313 e mw_.__1gnp 3
Ris, Ase, (R/K)17, Fis Xig, and (W/F)l (511, K17, and 1
were minor components). We tested display phage clones P314 -G"-"--K--"F 3
that span the range of isolate sequences for binding to PLA- P315 _gm"-M"__K-Q™"- 3
agarose beads by single rounds of the slow screen procedure. 0316 DS "A® -G o - W~ A
The ranking of binding of phage to PLA is shown in Table
6; BPTLIIl is an M13 derivative displaying BPTI on gene P317 ps"-"-G---"F 4
Il protein (Robertset al.,, 1992a). Preliminary analysis of P318 D-="-"_ _g5g—-p"I, 4
PLA inhibition by purified yeast-expressed proteins gave the P319 YW _1qQ"F 4
following ranking of PLA inhibitory activity: EPI-P302
BPTI > EPI-P315> EPI-P211 (best from Lib#2} EPI- P320 -s"-"--K-A"F 4
P332> LACI-D1. EPI-P302 was the most potent PLA P321 - G"-" - - K-A"F 4
inhibitor of proteins we tested. We determined that e P322 Do"g"wo_RKIT-m"- 4
cerevisiae-produced protein inhibited free PLA withk§ ~
0.09 nM. This represents about a 25-fold improvement in P323 pDs"-"K---D"- 4
affinity over that of EPI-P211. P324 DG" -"KG---"- 4
Characterization of EPI-P3Q2We characterized purified P325 ~-V"A"KG--H" - 5
EPI-P302 (produced frorR. pastorig for PLA inhibition 0w .
) - . P326 DG"-"--S-P"F 5
properties, specificity, and stability. Figure 5A shows a
determination oK; for EPI-P302 inhibiting PLA; the least- P327 pbs"A"--K-R"- 5
squares besK; is 87 pM. From the rate-of-binding data P328 DS"A"--M-H"F 6
(Figure 5B), we obtaitk,, = 0.65 x 10°/M/s. We calculate W Do
ket = (Kikor) = 55 x 10 /s, P329 DS"T"K P " F 6
To determine the specificity of EPI-P302 with respect to P330 So o TKGRIATE e
several proteases, residual activity of various proteases was P331 DS"™A"KGK=--"- 6
measured for increasing amounts of EPI-P302. Measure- P332 DG"-"KGK-P"F 7
ments were carried out for the proteases PLA (L.7), pKAL — Position in LACI-D1 numbered by homology to BPTI. Residues
(12.9), hNE (8.5), Factor {(11), human chymotrypsin (20), that were not varied are shown as i Thosgeythat were varied and

urokinase (71), and THBN (0.54) (numbers in parenthesespaye the Con3 amino acid are shown ag.“> Named as in Table 4,
are the enzyme concentration in nM). For all of the enzymes note b. © Diffs is the number of differences from Con8Consensus
except PLA, 1G> [enzyme], conditions where K= K. of P301-P332 selected from Lib#3.

The K; for EPI-P302 inhibition of pKAL 250 nM) is
~2800-fold higher than thk; for PLA inhibition. All other
proteases tested have much highenvalues: hNE K; = Figure 6 presents the results of our experiments to test
~800 nM); Factor % (K; = ~1.3uM); human chymotrypsin the resistance of EPI-P302 to denaturation by extremes of
(Ki = ~10 uM); urokinase K; > 100 uM). For THBN, temperature (panel A), pH (panel B), and oxidation (panel

there was no inhibitionK; > 100 uM). C). The PLA-inhibition activity the inhibitor is essentially
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T_able 6: Phagg Bjnding of LACI-D1 Derivatives Selected from DISCUSSION
Lib#3 for PLA Binding Design of Lib#1 and Lib#2 We varied the two parts of

identifier phage binding the LACI-D1 amino-acid sequence shown in Figure 2: the
LACI-D1 weak P1 region, encompassing residues—2Q (because this
Eggé o includes the P1 residue and is expected to make many
P303 25 contacts to the protease), and the “second loop”, encompass-
pP312 2.6 ing positions 3139 (because this underlies the P1 region
P332 2.6 and makes some contacts with the protease). Together
P315 1.2% positions 16-21 and 32-39 comprise the end of the Kunitz
I'Zg% g'gz domain that could contact a serine protease in a manner
pP323 0.4% homologous to BPTI-trypsin.

P331 0.3& Not all of the residues in these regions were varied because
Eg%g 8%; some (iz., 12, 14, 33, 37, and 38) are essentially invariant
P319 0.0% among known Kunitz domain sequences (Table 1). It is

a Sequences of displayed Kunitz domains given in Table 2 or Table likely that at these positions the wild-type residues are
5. Phage binding is the ratio FHan/FIRepr, where FIR are measured required for the Kunitz domain to fold. When Dennis and

from a single round of slow screen against PLA-agarose bejuispp ~ Lazarus (1994a,b) varied position 12, only G was selected
is the purified phage isolate, and BPTI indicates BPTLIIl. Phage for binding F.VIl. In natural Kunitz domains, only those
binding is thus a measure of relative affinity of a purified display- having insertions or deletions nearby have a residue other
phage isolate for PLA-agarose beads. than G at position 12. Dennis and Lazarus (1994b) covaried
positions 14 and 38, but all selectants retained C at both
positions as is found in all natural Kunitz domains.

1004 B We varied positions 13 and 49 first, enriched the

110-®

100

00 4 ‘? %0 resulting population for components that have some affinity
o g for PLA, and then introduced variation at positions 31, 32,
= 80+ f "’J N 34, and 39. In designing the variegation schemes, we
E 70 4 _‘_:}’ :: considered the variability of Kunitz domains and the reported
% ‘B - ~ binding of BPTI and APP-I-D1 to PLA. BPTI is known to
= 607 & s inhibit PLA; but publishe; values range widely, including
S 50 SIS ~0.23-1.0 nM (Fritz & Wunderer, 1983), 0.20 nM (Schna-
=) 40 101 belet al, 1988), 1 nM (Wiman, 1980), 1.02 nM (Ascereti
3 R S S A AR al., 1990), and 20 nM (Sco#tt al, 1987). Scotet al. (1987)
& 30 Time (seconds) measuredK_i in very low ionic stren_gth vyhlle the quver values
NP were obtained under more physiological conditions. When
the project started, we thought that APP-1-D1 was a potent
10 1 pa PLA inhibitor, K; &~ 75 pM (Kido, 1990). A later report of
0 —— s Ki = 225 nM (Dennis & Lazarus, 1994b) and the proteins
0 25 50 75 100 125 150 175 200 225 selected in this research do not support this value. We

Volume of Inhibitor added ( /L) allowed the sequence of APP-I-D1 in the-1®1 and 3%

o S 39 regions to occur, but the selected sequences are quite
Ficure 5. Determination of inhibition constants for EPI-P302 ifferent from APP-I-D1.

inhibition of human plasmin. (A) Measurement of apparent
equilibrium constant for EPI-P302 inhibition of PLA. Solutions In Vg#1, we have allowed the most common types (LPRH

of 1.7 nM PLA and increasing concentrations of inhibitor were encoded by cNt) at position 13 (Table 1) which have very
incubated in PAB (50 mM TrigiCl, pH 7.5, 150 mM NaCl, 0.1% different properties. Positions 14 and 15 (“P1”) are con-
E(ESi’tyo.v(\)lgos/o d-(l;?é?r?]i?(;éogzl f;:bznggr]\ta; d%}[ionRg?lﬁﬂg:’ogléﬁiC stantly C and K: Lib#1 is dedicated to K-preferring enzymes.
substrate (Sigma S-0763) at 108 (ca. 0.14y). Data are fit as At position 16, most (58/71) Kunitz domains have A or G;
described in text. Solid curve is fé; = 87 pM, the least-squares ~ We allowed these types because they are small and are most
best fit. Also shown are calculated curves (dotted)Kpe= 131 likely to reduce unfavorable contacts. Dennis and Lazarus
pM (upper curve, 1.5< 87 pM) and 58 pM (lower curve, 87 pM/  (1994a) allowed all 20 amino-acid types at 16 and selected
1.5). (B) Measurement of kinetic on rate,, for PLA inhibition for binding to TF-F.VIl; all selectants had A At position

by EPI-P302. At time 0, EPI-P302 was added to a solution of . .
PLA (1.54 nM) and fluorogenic substrate (100 nM) in 2 mL of 17, the allowed set of amino acids (ACDFGHILNPRSTVY)

PAB so thatlo/E, = 1.5 (2.34 nM inhibitor). At times after the  includes the LACI-D1 wild-type (w.t.) | (seen also in BPTI)
addition of inhibitor the percent residual PLA activity remaining but not M (see in APP-I-D1). At position 19, the allowed

in the solution was determined from measurements of sample set of amino acids (AEGKLMPQRSTVW) includes K (w.t.
fluorescence. The solid curve is the fit to the data as described N, LACI-D1) and S (w.t. in APP-I-D1) but not | (w.t. in
the text.

BPTI).

At positions 31 and 32 (both tolerant of many amino-acid
unaffected (retaining more than 90% of the activity of types), Vg#2 allows E or Q. In BPTI, these residues do not
untreated material) by incubation at temperatures up to 85touch trypsin, but the presence of two acidic side groups
°C for 30 min, 18 h incubation at pH of less than 10, and 30 could hinder PLA binding. Thus, we allow charge interac-
min incubation in the presence of more than 50-fold molar tions to be eliminated by changing E to Q (Q is common at
excess of the oxidant chloramine T. these positions). Residues 34 and 39 (both tolerant of amino-
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Resistance of EPI-P302 to denaturation
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FIGURE 6: Stability of EPI-P302. Percent residual PLA-inhibition activity by EPI-P302 following various treatments is shown. Panel A
shows percent residual inhibition activity (measured at RT) of EPI-P302 after incubation for 30 min at various temperatures’ap to 85
Panel B shows percent residual inhibition activity (at RT) of EPI-P302 after incubation for 18 h°@t &7various pHs. Panel C shows
percent residual inhibition activity of EPI-P302 after incubation for 30 min at RT with various amounts of chloramine T. Experimental
details are as described in the text.

acid changes) could directly contact the target, so all amino G accounts for 10/32 selectants, but the scatter of the other
acids were allowed. DNA sequences of isolates from the types shows that this position is not very sensitive to positive
third round of Lib#1 against PLA (Figure 3A) showed selection for PLA binding.
significant sequence variation, and we infer that greater Design of Lib#3 We used information in the amino-acid
variation was present in the round 2 population. sequences selected from Lib#2 in the design of Vg#3 which
Lib#2 Selectants One class of selectants from Lib#2 variegates the P1 region. Vg#3 was designed with three
yields amino-acid sequences characterized by the sequencaleas in mind: (a) limiting variability at strongly selected
H1sckGTAS;o—S,3 (or similar). Neither the purified clonally  residues increases the likelihood that new variants will bind
pure phage isolates that display such protein variants northe same site on PLA as did the isolates from Lib#2 and
the isolated proteins themselves exhibit binding to PLA reduces the library size, (b) allowing variation at new
immobilized on agarose beads.,3$ not seen in natural  positions may generate better binding, and (c) specifically
Kunitz domains; only Y and F are seen here. We did not excluding the HzC14kisGieT17A18S19 Sequence from the
find this mutation in any other phage from Lib#2, and it is library. The consensus of Lib#2 PLA-binding selectants:
possible that this mutation is needed for the binding property P;s—A16R17F18E10—E31Q32 matches BPTI at positions 13, 16,
that allows these phage to be selected. Our finding that H and 17 and APP-I-D1 at positions 13 and 16. Vg#3 allows
ckGTAS—S,;3 phage persist at about 40% through both slow variation at positions 10, 11, 15, and 21, which were fixed
and quick screens but do not take over in a slow screenin Vg#l. LACI-D1 has Qg—Dj1; while BPTI has Yo—T11
argues against their having a simple growth or infectivity and APP-1-D1 has f&—T1:. Although residue 10 may not
advantage. When Lib#1 and derivative libraries were touch the target, charged group could act at longer range to
screened for binding to THBN and pKAL, no selectants that affect binding. Thus, we allowed residue 10 to be acidic
lack affinity for the target were found. These observations (D, E), neutral (N), or basic (K). D, E, and N occur at
suggest that the binding site fori#idkGTAS—-S,; phage position 10 in natural Kunitz domains. At position 11, we
involves both PLA and the LACI-D1 derivatives havingP allowed small (G, A), acid (D), neutral hydrophilic (S, T,
CkARFEy (or similar). N), and aliphatic (V, I) types. Of these, V and N have not
The PLA-binding selectants from Lib#2 show various been observed at position 11 in natural Kunitz domains. At
levels of selection at the varied positions. At positions 13, position 13, P had been strongly selected from [P, H, R, L]
16—19, 31, and 32 the selection is quite strong and may and the 2 nM binding of EPI-P211 shows that P is compatible
indicate that these side groups contribute positively to the with good binding, so we now tested a different set (SPTA)
binding. At positions 34 and 39, the selection is weaker including P; only A has not been observed at position 13.
and may show only that certain amino-acid types are Nonbasic amino acids at position 15 are unlikely to give
incompatible with high-affinity binding. high-affinity PLA binding, so we allowed only K or R.
At position 34, T, V, and | (each having side groups that Limitation of variability at position 15 helps to keep the
branch at ¢) are the most common types and account for library “pointed at” the active site; Dennis and Lazarus
18/32 of the sequences; T is most common. D, F, and R (1994a) also restricted the amino-acid menu at position 15.
occur once each. No C, E, G, K, M, N, P, Q, or W is seen At position 16 we continued to allow G and A.
at position 34; C, E, G, and M have not been seen here in Even though R was strongly selected at position 17
natural Kunitz domains. The brancheg-#nino acids may  (matching BPTI), we allowed the seven amino acids (IMT-
contribute to binding. NKSR). M and K had not been allowed at position 17 in
At position 39, no C, I, P, S, T, W, or Y is observed in Vg#l. Our reasoning was as follows. APP-I-D1 hag; M
Lib#2 selectants; the amino acids A, C, F, I, S, T, V, W, and was reported to bind PLA better than BPTI. If M and
and Y have not been seen here in natural Kunitz domains.R could give high-affinity binding, then added diversity
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should be tested. At position 18, we allowed F and | since  For EPI-P302 and PLA%,, = 0.65 x 10f/M/s andk.s =
F had been strongly selected but both BPTI and APP-I-D1 5.5 x 10°%s. Ascenzet al. (1990) reporK, andk,, values
have ks. At 19, we allowed 20 amino acids. APP-I-D1 has for BPTI with several modified forms of plasmin. For Glu
W at 21, so we allowed (FWCL). plasmin, they reporK, = 9.8 x 108/M, equivalent toK; =

Vg#3 allows the APP-I-D1 sequence at residues-20 1.02 nM, andk,, = 0.16 x 10°/M/s. Ascenziet al. are in
and the BPTI sequence at residues-20. Note that the ~ good agreement with Wiman (1980), who repdfis= 1
variegation scheme does not allow the occurrence;gbH nM andkon = 0.09 x 10°/M/s. Thus, EPI-P302 has a 4.3-
A5 and so should exclude the class of sequences with poorfold advantage irko, and a 2.7-fold advantage ks over
PLA-binding properties obtained from Lib#2. BPTI [using values of Ascenat al. (1990)] or a 7.2-fold

Lib#3 Selectants Not surprisingly, the larger the library ~advantage ke and a 1.6 advantage lay [using values of

the more varied the selectants. However, the selectants fromWiman (1980)]. In either case, EPI-P302 shows improve-

Lib#3 share strong similarities both to each other and the MeNtS in bothke andkoy. . .
PLA-binding selectants from Lib#2. The sequences in Table EPI'P30.2 IS a_h|g.hly specific PLA |nh|b|tor. We d'q not
5 are presented in order of increasing divergence from theS?le.Ct against blndlng to any prote.ase while selecting for
consensus. Note that in 32 sequences there is no examplc?Indlng to PLA [in the way that Dennis and Lazarus (1994b)

. lected against binding to FXIPLA, and pKAL while
of the consensus sequence and no absolute repeats; howevet® €€t -
all are similar. At position 10, and acidic side group is IS:e\llelftml%lf;r b'rllg‘j\rlg to -(Ij—F'IEI—\QIsl] 'Hhelenzymest.)g]
selected (like APP-I-D1 and unlike BPTI). Since position * =" '& K P R ’ ?)ri Schech a &cBeave Sulgsggatesd
10 is probably at the edge of the interface, the selection of containing K or R at (Schechter erger, ) an

an acidic side group is probably for a positive contribution have highly _si_milar S1 specifi_city pockets. At_the th?”y
to binding rather than avoiding an unfavorable contact. In protease positions corresponding to BPTI-touching residues

contrast, at position 11 an acidic amino acid does not occur. of trypsin, PLA and pKA_L-differ at 12 .positions while F.\I
T,1 is most cF:)ommon matching APP-I and BPTI and F.X|, differ at 11 positions. Dennis and Lazarus (1994b)

. . . . selected, from a F.Viibiased library, a protein that combines
The selection of R over K at 15 is consistent with data 2.7 nM affinity for TF—F.VII, with 500 nM affinity for

for BPTI and BPTI(K15R) (Scotet al, 1987; Fritz &
Wunderer, 1983; Wiman, 1980), and with some data on APP-
I-D1 variants having Ks (Dennis & Lazarus, 1994byide

F.Xl,, wviz., 200-fold discrimination. The biased library
allowed G4 and Gg to change, but only w.t. emerged. No

. ) other new (relative to librariesHlll) positions were varied.
Infra). Figis very strongly selected ovejl Althoughthere 56 of the selectants had as much affinity for-TEVII,

is no consensus at position 19, there are no examples of th“:'r:ls the designed protein TF71-C. Several of their proteins

Vg#3-allowed residues.(.:, F 1, .K’ L, M, .T’ V., W, or Y'. E " show 1000-fold discrimination between FF.Vll,and F.X]
and D are found at position 19 in 12/32 isolates (consistent but with reduction in TF-F.VII, binding. PLA and pKAL

with nearly unanimous selection oifrom Lib#2) while a 0 nearly as similar as are F.y#nd F.Xk Without using

basic group occurs only once. Thussodn the Liba3 pKAL for counterselection, we obtained EPI-P302 which
selected. [CONSENsus means roughly: .aC|d|c (best). S"Tna"shows a 25-fold improvement in binding over EPI-P211 and
hydropilic, or P, b.Ut not large aromatic (F, W, Y), basic about 2800-fold discrimination between PLA and pKAL. It
(K or R), or aliphatic (L, I, M, V). is likely that the high degree of discrimination is due in large
Ranking of Lib#3 SelectantsThe rankings of display-  part to the very high PLA affinity. The features that confer
phage binding to PLA beads and PLA inhibitory activity of yery high PLA affinity on EPI-P302 do not increase the
derived proteins were not identical, but the trend was similar. pinding to other similar proteases.
The best binder on phage is an extremely potent PLA  Ep|-P302 Stability EPI-P302 retains the high degree of
inhibitor as a free protein. Discrepancies may result from stapility characteristic of Kunitz domain proteins. Although
uncertainties in free EPI-protein concentrations or (more gp|-P302 is stable over a wide range of pH, it is not so pH-
likely) from the effects of the large phage particles on the stable as is BPTI (data not shown). The PLA-inhibiting
kinetic properties of displayed proteins. activity of EPI-P302 is highly resistant to oxidants even
EPI-P302 PLA Affinity, Kinetics, and SpecificitAmong though the molecule contains two methionines @vid Msy).
the Lib#3 selectants we analyzed in display phage and freeWe presume that these are oxidized at least to the sulfoxide
protein assays, EPI-P302 appeared to merit further study agConcettiet al, 1989), but this does not change the PLA
a potential therapeutic or imaging agent. We usedRhe  binding because they are far from the binding interface. The
pastorisexpression system to produce greater amounts of combination of small size, high affinity, specificity, and
the protein for subsequent analysis. Our measurements usingtability make EPI-P302 an attractive candidate for develop-
the P. pastorisproduced purified protein confirmed our ment as a therapeutic or imaging agent.

preliminary conclusions, based on thecerevisiae-produced Plasmin Binding Determinants Table 7 gives partial
protein, that EPI-P302 is a potent inhibitor of PLA. The sequences in and around the presumed PLA-contact region
solid curve in Figure 5A represents the best ff,= 87 of domains having a range of PLA inhibitory activities.

pM. The two dashed curves in Figure 5A are calculated Molecules with very different chargesig., BPTI, BPTI-

with K; values that differ from the best by factors of 1.5. (K15R), and EPI-P302] are potent inhibitors. Total charge
The upper curve correspondskp= 131 pM, and the lower  does not control affinity, and this is consistent with the
curve corresponds ti; = 58 pM. The observed data are catalytic domain of PLA being approximately neutral. The
(with a few exceptions at low amounts of inhibitor) all to placement and nature of charged groups appear to be
one side of either these lines and we estimate that the “besimportant. The 25-fold improvement in affinity from EPI-
value” of 87 pM has a margin of error of not more than P211 to EPI-P302 is probably mostly determined by differ-
about 20%. ences at three positions: 11, 15, and 32. EPI-P302 has T



8056 Biochemistry, Vol. 35, No. 24, 1996 Markland et al.

Table 7: Partial Amino-Acid Sequences of Kunitz Domain Proteins and Fador PLA

position in Kunitz domain®

11 111111122 33333 3444 44 K; for
identifier 9 012345678901 123459012 46 PLA (pm)  charge”
EPI-P302 a ETgPcRARFDIrwWeefiy egng r e 87 0

BPTI(KISR)* pytgpcRakiirygtfvy rakr nk 130 +6
BPTI* pytgpckakiirygtfvy rakr nk 1000 +6
IV-51C* ae PgPcKalMRrwapfY¥Yy Ygnr nd 1700 -2

EPI-P21ll addgPckARFETrf EQEfYy Dgng r e 2000 o]
IV-36B°* aePgPcKaLMKrwapfVy Ygn n d 6800 -2
TF7I-C° a e PgPcRalLTIL wapfFy Ygnr nd 40000 -3
IV-31B* aePgPcRalLMKRWapfVy Fgnr nd 115000 -2
APP-I-D1®* aetgpckamisrwapffy ggnr nd 225000 -3
EA::LACI-D1 addgpckalImkrf eefiy egng re >10° 0

a Positions numbered by homology to BPTI. Residues shown in upper case were selected from varied pool; those in lower case were not varied.
bSum of K+ R+ H — D — E (assumes H protonated and amino and carboxy termini bal&fe®m Auerswaldet al. (1988).9 From Wiman
(1980). Fritz and Wunderer (1983) report 230 pM; Schnabell. (1988) report 200 pM; Ascenait al. (1990) report 1.02 nM; and Scait al.
(1987) report 20 nM®¢ From Dennis and Lazarus (1994b).

while EPI-P211 has Q (w.t.). This change is probably 40-42, 44, and 46. Libraries in which the consensus of P1
important because no selectant from Lib#3 has an acidic region and second loop (Figure 2) are allowed and having
amino acid at position 11. (Note that all selectants from variability at these additional positions could yield selectants
Lib#3 have an acidic amino acid at position 10; PLA binding having better binding.

of BPTI might be improved by Y10E or Y10D.) In BPTI,

K15R gives only about 2-fold improvement in PLA binding CONCLUSIONS

(Scottet al, 1987) and K15R is less strongly selected than
is the elimination of @y, suggesting that K15R is less
important. Dennis and Lazarus (1994b) gisgPLA] values

for APP-I-D1 and 16 variants. Remarkably, all of the
variants are better PLA binders than APP-I-D1, although,
for the proteins having a designation ending in “C”, the
experimental protocol was designed to select against PLA
binding. The best PLA-binding APP-I-D1 variant is IV-
51C with K; = 1.7 nM and havingKis. The best PLA-
binding APP-I-D1 variant having 8is TF7I-C withK; =

40 nM. On these data, one would suppose tKaf is
superior to Rs in conferring PLA binding on a Kunitz
domain. The optimum residue at position 15 is, however,
context dependent. The contexii®oP13Ci14—Ael17 iS
superior to the context of;&5,P13C14—A16M17 in conferring
PLA binding; all reported APP-I-D1 variants having;lbind

PLA better than any APP-I-D1 variant having;M In the
context R1G1oP13C1a—A16l17, Kis giVGS better PLA bldlﬂg
than does R (IV-51C, IV-55C, 1V-32B, 1V-58C, 1V-48C,
and IV-36B versuslV-31B and 1V-54C). In the contexts  Ascenzi, P., Amiconi, G., Bolognesi, M., Mengatti, E., & Guarneri,

We used relatively small phage display libraries, in an
iterative process, to search a much larger sequence space
involving variation at thirteen positions and selected increas-
ingly better PLA inhibitors with each iteration. We obtained
small, stable, Kunitz domains having nearly human sequences
and with high affinity and specificity for PLA. These
molecules are candidate therapeutics, candidate imaging
agents, or lead compounds for drug development. The best
inhibitor against PLA, based on the first Kunitz domain of
the human LACI molecule and following two iterations of
variegation and selection, has a dissociation constant of 87
pM, which is about 25-fold better than the best candidate
from a single iteration and at least 12 500-fold better than
the parental molecule. Further iterations might improve the
affinity even further but with greater departure from the
human amino-acid sequence.

REFERENCES

T11G12P13Cra—AreR17F1e and T1iGioP13Cra—AreRi7l1s, the M. (1990) Binding of the Bovine Basic Pancreatic Trypsin
reverse is true Inhibitor (Kunitz) to Human Gl&, Lys’’-, Val**% and
: . . Val*¢1-Plasmin: A Comparative Studiochim Biophys Acta
EPI-P211 has § while EPI-P302 has & (w.t.). Since 1040 134-136.

Qs Was fairly strongly selected, we think Fhat IMPOsSING ON€ A\ erswald, E.-A., Hoerlein, D., Reinhardt, G., Schroeder, W., &
of E32Q or E32A on EPI-P302 could improve its PLA  schnabel, E. (1988) Expression, Isolation and Characterization
binding. Having an acidic amino acid at position 31 was  of Recombinant [Aréf,GIu®q Aprotinin, Biol. Chem Hoppe-
strongly selected; thus Q31E might improve the PLA binding _ Seyler 369Suppl.), 27-35. _

of BPTI. The F21W mutation carried by EPI-P302 might Bar, K. A, Hopkins, S. A., & Sreekrishna, K. (1992) Protocol for
be important, as it considerably increases exposed hydro- Efficient Secretion of HSA Developed fromichia pastoris

. . Pharm Eng 12, 48-51.
phobic surface. The selection ofsfover hs suggests that Bieth, J. G. (1984)n vivo Significance of Kinetic Constants of

PLA binding of BPTI would be improved by 118F. Protein Proteinase Inhibitor8iochem Med 32, 387—397.

Other positions that could influence binding and which clackson, T., & Wells, J. A. (1994 vitro Selection from Protein
show variability in natural Kunitz domains include 9, 20, and Peptide Librariesrends Biotechnoll2, 173-184.



Iterative Optimization of Plasmin Inhibitors

Clackson, T., & Wells, J. A. (1995) A Hot Spot of Binding Energy
in a Hormone-Receptor InterfaceScience 26,7383-386.

Colman, R. W., Hirsh, J., Marder, V. J., & Salzman, E. W., Eds.
(1987) Hemostasis and Thrombosignd ed., J. B. Lippincott
Company, Philadelphia, PA.

Concetti, A., Angeletti, M., Fioretti, E., & Ascoli, F. (1988)
Selective Oxidation of Methionine Residues in Kunitz-Type
Protease InhibitorsBiol. Chem Hoppe-Seyler 370723-728.

Dennis, M. S., & Lazarus, R. A. (1994a) Kunitz Domain Inhibitors
of Tissue Factor VU I. Potent Inhibitors Selected from
Libraries by Phage Display, Biol. Chem 269, 22129-22136.

Dennis, M. S., & Lazarus, R. A. (1994b) Kunitz Domain Inhibitors
of Tissue Factor VI 1l. Potent and Specific Inhibitors by
Competitive Phage Sectiod, Biol. Chem 269, 22137-22144.

Fritz, H., & Wunderer, G. (1983) Biochemistry and Applications
of Aprotinin: The Kallikrein Inhibitor from Bovine Organs,
Arzneim-Forsch 33, 479-494.

Girard, T. J., Warren, L. A., Novotny, W. F., Likert, K. M., Brown,
S. G., Miletich, J. P., & Broze, G. J. (1989) Functional
Significance of the Kunitz-Type Domains of Lipoprotein-
Associated Coagulation InhibitoNature 338 518-520.

Hynes, T. R., Randal, M., Kennedy, L. A., Eigenbrot, C., &
Kossiakoff, A. A. (1990) X-ray Crystal Structure of the Protease
Inhibitor Domain of Alzheimer’'s Amyloig3-Protein Precursor,
Biochemistry 2910018-10022.

Kido, H., Fukutomi, A., Schilling, J., Wang, Y., Cordell, B., &
Katunuma, N. (1990) Protease-Specificity of Kunitz Inhibitor
Domain of Alzheimer's Disease Amyloid Protein Precursor,
Biochem Biophys Res Commun 167, 716—721.

Ladner, R. C. (1996) irPhage Display of Peptides and Protein
Domains: A Laboratory Manual (Kay, B., Winter, J., &
McCafferty, J., Eds.) Chapter 10, Academic Press, San Diego,
CA.

Ladner, R. C., & Guterman, S. K. (1990) Directed Evolution of
Novel Binding Proteins, Pat. Appl. WO90/02809.

McLafferty, M. A, Kent, R. B., Ladner, R. C., & Markland, W.
(1993) M13 Bacteriophage Displaying Disulfide-Constrained
Microproteins,Gene 12829-36.

Markland, W., Roberts, B. L., Saxena, M. J., Guterman, S. K., &
Ladner, R. C. (1991) Design, Construction and Function of a
Multicopy Display Vector Using Fusions to the Major Coat
Protein of Bacteriophage M1&ene 10913-109.

Markland, W., Roberts, B. L., & Ladner, R. C. (1996) Selection
for Protease Inhibitors Using Bacteriophage Displsigthods
Enzymol 263 28—-51.

Miyajima, A., Bond, M. W., Otsu, K., Arai, K.-1., & Arai, N. (1985)
Secretion of Mature Mouse Interleukin-2 [§accharomyces
cerevisiae Use of a General Secretion Vector Containing
Promoter and Leader Sequences of the Mating Pheromone
Factor,Gene 37 155-161.

Robbins, K. C. (1987) irHemostasis and Thrombosi&nd ed.,
(Colman, R. W., Hirsh, J., Marder, V. J., & Salzman, E. W.,
Eds.) J. B. Lippincott Company, Philadelphia, PA.

Biochemistry, Vol. 35, No. 24, 199@057

Roberts, B. L., Markland, W., Ley, A. C., Kent, R. B., White, D.
W., Guterman, S. K., & Ladner, R. C. (1992a) Directed Evolution
of a Protein: Selection of Potent Neutrophil Elastase Inhibitors
Displayed on M13 Fusion Phageroc. Natl. Acad Sci U.SA.

89, 2429-2433.

Roberts, B. L., Markland, W., Siranosian, K., Saxena, M. J.,
Guterman, S. K., & Ladner, R. C. (1992b) Protease Inhibitor
Display M13 Phage: Selection of High Affinity Neutrophil
Elastase InhibitorsGene 1219—-15.

Schechter, K., & Berger, A. (1968) On the Active Site of Proteases.
Ill. Mapping the Active Site of Papain; Specific Peptide
Inhibitors of PapainBiochem Biophys Res Commun32, 898—
902.

Schnabel, E., Reinhardt, G., Schroeder, W., Tschesche, H., Wenzel,
H. R., & Mehlich, A. (1988) Enzymatic Resynthesis of the
“Reactive Site” Bond in the Modified Aprotinin Derivatives
[Seco-15/16]Aprotinin and [Di-seco-15/16,39/40]Aprotiriiol.
Chem Hoppe-Seyler 36461—-468.

Scott, C. F., Wenzel, H. R., Tschesche, H. R., & Colman, R. W.
(1987) Kinetics of Inhibition of Human Plasma Kallikrein by a
Site-Specific Modified Inhibitor Argl15-Aprotinin: Evaluation
Using a Microplate System and Comparison with Other Pro-
teasesBlood 69 1431-1436.

Smith, G. P., & Scott, J. K. (1993) Libraries of Peptides and Proteins
Displayed on Filamentous Phadéethods EnzymoR17, 228—
257.

Stoll, V. S., & Blanchard, J. S. (1990) Buffers: Principles and
Practice Methods Enzymoll82 24—38.

Szardenings, M., Vasel, B., Hecht, H.-J., Collins, J., & Schomburg,
D. (1995) Highly Effective Protease Inhibitors from Variants of
Human Pancreatic Secretory Trypsin Inhibitor (hPSTI): An
Assessment of 3-D Structure-Based Protein Destgotein Eng
8, 45-52.

Vedvick, T., Buckholtz, R. G., Engel, M., Urcam, M., Kinney, S.,
Provow, S., Siegel, R. S., & Thill, G. P. (1991) High Level
Secretion of Biologically Active Aprotinin from the YeaBtchia
pastoris J. Ind. Microbiol. 7, 197-202.

Verstraete, M. (1985) Clinical Application of Inhibitors of Fibrin-
olysis, Drugs 29 236—-261.

Wagner, S. L., Siegel, R. S., Vedvick, T. S., Raschke, W. C., &
Van Nostrand, W. E. (1992) High Level Expression, Purification,
and Characterization of the Kunitz-Type Protease Inhibitor
Domain of Protease Nexin-2/Amyloi@-Protein Precursor,
Biochem Biophys Res Commun 186, 1138-1145.

Wells, J. A. (1990) Additivity of Mutational Effects in Proteins,
Biochemistry 298509-8517.

Wiman, B. (1980) On the Reaction of Plasmin or Plasmin-
Streptokinase Complex with Aprotinin ag-Antiplasmin,Thromb
Res 17, 143-152.

BI19526286



