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Engineering of a macromolecular scaffold to develop
specific protease inhibitors
A Allart Stoop & Charles S Craik
The specific inhibition of serine proteases, which are crucial switches in many physiologically important processes, is of value
both for basic research and for therapeutic applications. Ecotin, a potent macromolecular inhibitor of serine proteases of the S1A
family, presents an attractive scaffold to engineer specific protease inhibitors because of its large inhibitor-protease interface.
Using synthetic shuffling in combination with a restricted tetranomial diversity, we created ecotin libraries that are mutated at
all 20 amino acid residues in the binding interface. The efficacy of these libraries was demonstrated against the serine protease
plasma kallikrein (Pkal). Competitive phage display selection yielded a Pkal inhibitor with an apparent dissociation equilibrium
constant (Ki*) of 11 pM, whereas Ki* values for related proteases (such as Factor Xa (FXa), Factor XIa (FXIa), urokinase-type
plasminogen activator (uPA), thrombin, and membrane-type serine protease 1 (MT-SP1)) were four to seven orders of magnitude
higher. The adaptability of the scaffold was demonstrated by the isolation of inhibitors to two additional serine proteases, MTSP1/matriptase and Factor XIIa.

The family of human serine proteases of the trypsin fold, also known
as S1A proteases, consists currently of 98 members that share a
highly conserved (His, Asp, Ser) catalytic triad1,2. About half of these
proteases have been thoroughly studied because of their early identification and essential involvement in tightly regulated physiological
processes such as blood coagulation, fibrinolysis and host defense.
The other half have only recently been discovered and include >20
type II membrane-bound serine proteases3,4, 15 tissue kallikreins5
and 15 novel S1A proteases of unknown designation2. Although the
exact function of the majority of these proteases is unknown, several
have been implicated in cancer (including MT-SP1/matriptase/
epithin6–10, hepsin11, kallikrein 3 (ref. 12) and kallikrein 6 (ref. 13)).
Hence, S1A proteases are potential targets for therapeutic intervention as well as for elucidating biological signaling pathways. For the
analysis of these pathways, the transient and flexible properties of a
chemical-genetic approach would bypass confounding effects often
encountered in classical gene-knockout strategies14,15. However, the
subtle specificity difference of S1A proteases and their highly conserved three-dimensional architecture make it very difficult to target
a single protease specifically.
Protease inhibitors can be divided into two classes: small molecules and macromolecules. Small-molecule inhibitors use the chemical nature of the active site and extended substrate-binding pockets
to bind and inhibit the protease. Because of their small size and limited recognition determinants, these inhibitors often cannot discriminate sufficiently between closely related serine proteases16,17.
Most macromolecular inhibitors function through a standard mechanism, in which a single substratelike loop binds the protease active
site. Though making greater contacts than small molecules, these

inhibitors target only the most conserved elements of the protease18.
Ecotin, a dimeric fold–specific, macromolecular serine protease
inhibitor from Escherichia coli19, with homologs in other microorganisms20, is an exception to this theme in that it binds not only to
the active-site pocket but also to less conserved areas of the protease.
The interaction involves four surface loops organized in primary and
secondary binding sites (Fig. 1a). Analysis of the crystal structure of
the ecotin-trypsin complex revealed that these two sites together create a very large (2,850 Å2) binding interface, helping to explain the
broad inhibition of serine proteases by ecotin20–25.
We postulate that ecotin represents an ideal scaffold to develop
highly specific inhibitors to proteases of the S1A family. By mutating
all four contact loops simultaneously, it should be possible to sculpt
the surface of ecotin so that it specifically recognizes a single protease.
As proof of principle, we chose to develop an ecotin variant specific
for plasma kallikrein (Pkal) for several reasons. First, this protease is
involved in multiple biological pathways of potential therapeutic
value26–29. Second, both small-molecule28 and macromolecular
inhibitors30,31 are available for comparison of their specificity profiles. Finally, the resulting inhibitor can be used to discover roles of
Pkal in vivo27. To demonstrate that the adaptability of the ecotin scaffold is not limited to Pkal, we also created inhibitors of MT-SP1 and
Factor XIIa.
RESULTS
Design and construction of ecotin libraries
To introduce specificity in the ecotin scaffold, we focused on mutagenizing the four surface loops (50s (positions 51–54), 60s (positions
67–71), 80s (positions 81–86) and 100s (positions 108–112)), while
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avoiding destabilizing mutations in the backbone of the scaffold.
This was accomplished by reconstituting the entire gene from ten
partially overlapping oligonucleotides in a two-step PCR reaction
that resembles DNA shuffling32, with each targeted surface loop
encoded by a single oligonucleotide (Fig. 1b). This versatile and
modular approach is guided by the structural information available
for ecotin and makes possible every combination of mutated loops. A
similar approach was recently described by Ness et al. and termed
synthetic DNA shuffling33.
If all 20 amino acid residues on the surface loops were mutated to
all possible substitutions, there would be a total of 2020 possibilities,
clearly a nonfeasible approach. Therefore, the number of tolerated
mutations at a single position was limited to four residues, which
were encoded by the same degenerate codon. To preserve the functional integrity of ecotin, we always included the wild-type (wt)
amino acid residue. Sequence alignment of ecotin homologs in
Pseudomonas aeruginosa, Yersinia pestis and Trypanosoma brucei illustrates the variation tolerated during evolution20. This naturally
occurring variation of ecotin was also incorporated into the library.
Finally, an analysis by Bogan and Thorn of the contributions of individual amino acid residues in protein-protein binding identified
those residues preferentially found in ‘hot spots’34. These ‘hot spots’
are enriched in tryptophan, tyrosine and arginine, and surrounded by
residues that are energetically less important to binding. Taking this
information into account, we chose to include specifically these
residues in combination with a smaller residue (for example serine,
threonine, alanine, valine and glycine) that may complement a neighboring large residue. The tetranomial diversity incorporated in the
library (Table 1) should present a chemical bias toward energetically
favorable residues and consequently ‘stack the deck’ for isolation of
preferential binders.
Allowing only four mutations at each position within the four loops
would result in a number that is still too large (420 = 1.1 × 1012) to
make a single, complete library. Therefore, a two-step approach was
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Figure 1 Positioning of ecotin surface loops in
crystal structure and during synthetic shuffling.
(a) Stereo view of the ecotin-trypsin complex, in
which the ecotin moiety consists of two ecotin
monomers (blue and cyan), which inhibit two
trypsin molecules (gray) in a symmetrical,
tetrameric structure. The four surface loops of
ecotin (red) that form the ecotin-trypsin binding
interface are organized in a primary and secondary
site. The substrate-mimicking 80s loop interacts
directly with the catalytic triad (yellow) of the target
protease and is supported by the 50s loop that also
has direct contacts with the protease. The 60s and
100s loops of the other ecotin molecule form the
secondary binding site with the protease and are
located distal from the catalytic triad. The complex
shown is ecotin-M84R in complex with trypsinD102N (personal communication, S. Wang).
The figure was prepared using MolScript48.
(b) Schematic representation of surface
loop–targeted mutagenesis of ecotin using partially
overlapping oligonucleotides. Ten oligonucleotides,
spanning ecotin, were used to reconstitute the
gene, with the lower numbers indicating the amino
acid positions at which the oligonucleotides begin
and end. The nucleotide variation incorporated in
the surface loops is summarized in Table 1. The
ecotin libraries were constructed by varying
combinations of mutated surface loops.

chosen. In the first step, three ecotin libraries were made, using two
surface loop–targeting oligonucleotides in each library. This resulted
in a maximum of 11 residues being varied at a time (411 = 4.2 × 106).
The reconstituted ecotin genes were expressed on phage and the following libraries were made: 50/80 (3.5 × 107 colony forming units,
c.f.u.), 60/80 (4.2 × 107 c.f.u.) and 100/80 (3.1 × 107 c.f.u.), respectively.
To enrich for surface loop variation that is compatible with Pkal binding, we subsequently subjected all three libraries to two rounds of lowstringency, phage display selection for Pkal binders. The second step
consisted of recombining the three previously selected libraries into a
single library by DNA shuffling (8.7 × 107 c.f.u.), creating ecotin
mutants with varying degrees of mutated loops. DNA sequence analysis of 20 clones confirmed that recombination of the three libraries
had occurred: clones containing one (20%), two (55%), three (20%)
and four (5%) loops mutated were identified.
Isolation of specific and potent inhibitors of Pkal
To select specific inhibitors from the shuffled ecotin library, we displayed the mutants on phage and subjected them to competitive panning for Pkal binders. Ecotin-displaying phage were preincubated
with increasing concentrations of a mixture of five related proteases
(FXa, FXIa, FXIIa, uPA and MT-SP1), followed by addition of
biotinylated Pkal and pull-down onto neutravidin-coated microtiter
plates. By doing the selections with protease in solution, we assure a
proper conformation of the protease, and the use of biotin rather
than an antibody-mediated pull-down assures selective capture of
Pkal from a mixture of highly related proteases. In addition, direct
infection of E. coli by bound phage abolishes the need for the harsh
elution conditions that are necessary to dissociate the most tightly
bound phage, a serious problem with tight binders such as ecotin.
During the sequential rounds of phage display selection, we monitored the development of specificity by expressing the pool of selected
clones and analyzing the ecotin protein extracts for inhibition of
either Pkal or FXIa (Fig. 2a). The phage isolated after the seventh
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round of panning were recloned, and 36 individual clones were
expressed. These crude protein extracts were screened for inhibition
of either Pkal or FXIa, and the ratios between the dilutions necessary
to inhibit 50% of each protease activity were plotted (Fig. 2b). The
ratios ranged from 3.5 times for ecotin wt to 530–1,900 times for the
six ecotin variants with the highest ratios.
The six ecotin variants with the highest Pkal/FXIa inhibition ratio
were found to be unique by DNA sequence analysis. Purified protein
of these six variants was used to profile the inhibition of six proteases
(Pkal, FXa, FXIa, FXIIa, MT-SP1 and plasmin) (Table 2). The ecotin
mutant 7-29, which contained eight amino-acid substitutions in the
50s, 80s and 100s loops (H53P, S82W, T83N, M84R, M85R, A86S,
R108S and N110S), was the most specific Pkal inhibitor and was
renamed ecotin-Pkal. Detailed analyses of the apparent equilibrium
dissociation constants (Ki*) of ecotin wt and ecotin-Pkal were conducted for Pkal and nine related serine proteases: FXa, FXIa, FXIIa,
thrombin, MT-SP1, plasmin, uPA, tissue-type plasminogen activator
(tPA) and rat trypsin. Comparison of ecotin wt to ecotin-Pkal
demonstrated that whereas the Ki* of ecotin-Pkal for Pkal decreased
sixfold (from 66 ± 5 pM to 11 ± 2.5 pM), the Ki* of ecotin-Pkal for all
other proteases increased by at least two orders of magnitude (FXIIa)
and in many cases by four orders of magnitude (for example, FXa,
MT-SP1 and rat trypsin) (Fig. 3 and Supplementary Table 1 online).
The inhibition profile of ecotin-Pkal itself shows that FXIIa is the only
other protease inhibited, albeit with a 260-fold lower affinity than
Pkal, whereas inhibition of all other proteases tested was four to seven
orders of magnitude less potent.
Adaptability of the ecotin scaffold to other proteases
To demonstrate that the adaptability of the ecotin scaffold is not limited to Pkal, we set out to isolate additional ecotin-based inhibitors
for the serine proteases MT-SP1 and FXIIa. To this end, a naive
ecotin mutant library was constructed by oligonucleotide synthesis,
using the restricted tetranomial diversity described earlier while targeting all four loops simultaneously (50/60/80/100). This library
contained 1.5 × 108 c.f.u., which represents <0.01% of the possibilities theoretically available for the diversity used. Within this modestsize library, six rounds of competitive phage display selection, with a
subsequent functional screen for either MT-SP1 or FXIIa inhibition,
yielded ecotin variants that preferentially inhibit each of these proteases (Fig. 4 and Supplementary Table 2 online). MT-6 contained
mutations in three loops (W67R, G68W, D70Y, Y71I, V81R, M84K,
M85R, A86G, R108S and K112N) and increased affinity fourfold for
MT-SP1 (66 pM vs. 250 pM for ecotin wt) while losing affinity for
FXa, FXIIa and Pkal by more than two to four orders of magnitude.
The variant XII-18, with mutations in two loops (V81M, T83Y,
M85R, A86S, R108S and K112S), did lose sevenfold affinity for FXIIa
(200 pM vs. 30 pM), but far more affinity was lost for related proteases (29,600-fold against MT-SP1, 13,000-fold against FXa, and
370-fold against Pkal). Although these variants are not as specific for
their respective target proteases as ecotin-Pkal, the mere selection of
these variants within an incomplete, though chemically biased,
library underlines the potential both of the tetranomial diversity
allowed in the surface loops and of ecotin as a scaffold for the engineering of specific inhibitors.
DISCUSSION
Previous attempts to re-engineer ecotin’s specificity toward uPA
have been successful at increasing potency for the target protease,
but failed to create specificity35,36. An explanation was that in those
experiments only a single loop was mutated at a time, albeit to all 20
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Table 1 Overview of mutations incorporated at indicated position
within ecotin
Position

Wt

Mut 1

Mut 2

Mut 3

Codon

51

Asn

Ser

Tyr

Thr

WMY

52

Leu

Arg*

Trp

Met

WKG

53

His

Gln*

Arg

Ser

MRY

54

Arg

Met*

Thr*

Lys

ANG

67

Trp

Ser

Arg

Thr

WSG

68

Gly

Ser

Trp

Ala

KSG

69

Tyr

Phe*

Asp

Val

KWY

70

Asp

Ser*

Tyr

Ala

KMY

71

Tyr

Asn

Phe

Ile

WWY

81

Val

Met*

Arg

Gly

RKG

82

Ser

Thr*

Trp

Arg

WSG

83

Thr

Asn

Tyr

Ser

WMY

84

Met

Arg*

Lys

Thr

ANG

85

Met

Arg*

Lys

Thr

ANG

86

Ala

Ser*

Trp

Gly

KSG

108

Arg

Ser

Trp

Thr

WSG

109

Tyr

Ser

Asp

Ala

KMY

110

Asn

His

Arg

Ser

MRY

111

Ser

Gly

Trp

Ala

KSG

112

Lys

Gln*

Arg*

Ser

ARN

Wt denotes amino acid residue found in ecotin wt. Asterisks denote amino acid residue
found in an ecotin homolog (Pseudomonas aeruginosa, Yersinia pestis or Trypanosoma
brucei). Codon indicates the nucleotide codon used to obtain the indicated mixture of
amino acid residues. DNA degeneracies are represented in the IUB code: N, A/C/G/T;
W, A/T; M, A/C; Y, C/T; K, G/T; R, G/A; S, C/G.

possible residues, in an approach similar to that used to optimize
peptides and Kunitz-type domain inhibitors37,38. However, the latter have a far smaller protease-inhibitor interface than ecotin, where
all four loops contribute critically to protease inhibition39. It is for
this reason that we compromised diversity, by incorporating only
four different residues at a given position, so as to allow targeting of
multiple loops at the same time.
By limiting the diversity at a given position, one risks not including the optimal residue in the library. On the other hand, by choosing a diversity that is independent of the target protease, the same
library can be used to isolate inhibitors to different proteases, as we
demonstrate for Pkal, MT-SP1 and FXIIa. In this study, all mutations
identified in the MT-SP1-, FXIIa- and Pkal-specific ecotin variants
were encoded by the tetranomial diversity allowed, except for a single
His→Pro mutation at position 53 in ecotin-Pkal. This position was
included in the library, but the variation of a proline was not. A
mutation in a single base pair most likely occurred during either
gene reconstruction from oligonucleotides or DNA shuffling,
processes known to introduce low levels of random mutations32,40.
The enrichment of such a rare mutation can be explained by the
large influence of the H53P mutation on Pkal-specific inhibition
(data not shown). Overall, the isolation of ecotin-Pkal and an analysis of the energetic contributions of each loop to specificity (data to
be reported elsewhere) underscored the principle that specific inhibition by the ecotin scaffold requires fine-tuning of multiple loops
simultaneously, whereas a restricted tetranomial diversity suffices to
generate initial specificity for a single protease.
Noncovalent, small-molecule inhibitors are usually the preferred
choice when targeting serine proteases17, because of their pharmacological properties. However, obtaining highly specific and potent
inhibitors for therapeutic purposes has proved a serious challenge,
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these inhibitors, whereas the ecotin-based
inhibitor was found despite searching only
a limited amount of the possible sequence
space. This implies ample opportunity for
further optimization of the inhibition profile of ecotin-Pkal upon complete mutagenesis at the positions identified in this study.
In support of this proposal, MT-SP1 and
FXIIa inhibitors were isolated from the
same tetranomial diversity as was used for
ecotin-Pkal selection. Hence, this further
Figure 2 Analysis of the development of ecotin to inhibit Pkal preferentially over FXIa for either pools
establishes ecotin as an adaptable scaffold
of variants during sequential rounds of phage display selection or individual variants after seven rounds
for macromolecular inhibitor design of serof selection. (a) At the indicated rounds of selection, crude ecotin extracts were made of the entire
ine proteases.
pool of selected phage and the dilution necessary to obtain 50% inhibition of either Pkal or FXIa was
Here we demonstrate that, in addition to
determined. The ratio of these values is interpreted as a measure of specificity toward Pkal. FXIa was
being a potent scaffold for serine protease
chosen because it is structurally the most closely related protease to Pkal (ref. 49), whereas the affinity
inhibitors, ecotin can be engineered to be
of ecotin wt toward FXIa is considerably less than for Pkal. (b) After the seventh round of competitive,
phage display selection, 36 individual clones were expressed and their crude protein extracts were
a highly specific active site inhibitor. This
analyzed for the ability to differentiate between Pkal and FXIa. Dilution ratios are plotted on a
approach combines the advantages of
logarithmic scale; the six variants with the largest differentiation are highlighted.
ecotin, including very high expression levels
in E. coli (>100 mg/l) and extreme stability
(stable at 100 °C), with specificity comparawith limited successes for the coagulation proteases thrombin and ble to that of monoclonal antibodies. Ecotin-Pkal has a specificity
FXa16. A Pkal inhibitor, P8720 (Bz-Pro-Phe-boroArg-OH), has profile that allows its use in biological systems to investigate the
been described23, which is potent (150 pM) and reasonably selec- functions of Pkal in vivo. In this context, the observed cross-reactive (100-fold toward plasmin and 300- to 600-fold for thrombin, tivity with FXIIa will not obscure any Pkal-mediated effect because
FXa and FXIIa). The inhibitor was used to study Pkal-mediated FXIIa and Pkal are part of the same proteolytic cascade and are
inflammatory reactions in rats28,29, but was not pursued therapeu- reciprocal activators41. Consequently, any inhibitor of Pkal will
tically because of its toxicity.
always lower the concentration of FXIIa, and vice versa. Initial
Two Kunitz-type domain scaffolds, the Alzheimer’s amyloid β- experiments with the inhibitor are under way to assess the funcprotein precursor inhibitor (APPI) and the lipoprotein-associated tions of Pkal during mammary gland involution and wound healcoagulation inhibitor (LACI), were used to develop macromolecu- ing in mice.
lar inhibitors of Pkal by phage display30,31. Both Pkal inhibitors
The potential of the ecotin scaffold for therapeutic purposes has
based on these scaffolds were potent (15–284 pM) and highly spe- yet to be determined. Clearly, the origin of the scaffold is nonhuman,
cific as judged by cross-reacting with only one other tested pro- and because no human homolog is present, ‘humanizing’ the scaffold
tease. Specificity, however, is a relative property of protease is not an option. It is not yet known whether the scaffold will elicit an
inhibitors, because it largely depends on which proteases are tested. immune response. Ecotin is constantly present in the human gasThe identification of many S1A proteases has further increased the trointestinal tract. Furthermore, there are examples of nonhuman
possibilities for cross-reactivity with untested proteases. When proteins that are currently used therapeutically, such as hirudin42,
examining the cross-reactivity of the macromolecular Pkal isolated from Hirudo medicinalis (European leeches), or that are in
inhibitors, the proteases that demonstrate cross-reactivity with the clinical trials, such as nematode anticoagulant peptide c2 produced
Kunitz-type inhibitors (that is, FXIa and plasmin) are not inhibited by Ancylostoma caninum43. Other options include reducing antiby ecotin-Pkal, whereas FXIIa is inhibited by ecotin-Pkal but not by genicity by identifying and replacing the responsible residues, as was
the APPI-based inhibitor. However, it should be taken into consid- done for staphylokinase44. Future applications of the ecotin-based
eration that the inhibition profile of the Kunitz-type inhibitors was inhibitors include their use as tools for the dissection of complex
obtained by searching the complete sequence space available to biological pathways and possibly as therapeutics in human disease.
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Table 2 Analysis of rate of inhibition of six related proteases by ecotin wt and six ecotin mutants
Ecotin
variant

53

82

83

84

85

7-6

-

Trp

7-7

-

Trp

7-10

-

Trp

Tyr

7-19

-

Trp

Ser

7-28

-

Trp

Asn

7-29

Pro

Trp

Asn

Wt

His

Ser

Thr

86

108

110

Pkal

FXa

FXIa

FXIIa

MT-SP1

Tyr

Lys

Arg

Ser

Asn

Arg

Lys

Ser

Arg

Lys

Ser

Pro

-

Lys

Met

Ser

-

-

Arg

Arg

Ser

-

-

++

Arg

Arg

Ser

Ser

Ser

Met

Met

ala

Arg

Asn

Plasmin

-

-

+++

+

--

+++

++

-

-

-

++

+

--

+++

++

---

++

+

--

++

+

---

+++

++

-

+++

+

--

+

-

+++

+

---

+++

-

--

+

--

---

+++

+++

+

+++

+++

---

The six different ecotin mutants were selected after seven rounds of competitive phage display selection. The amino acid mutations present in each of the variants are indicated
and compared to the sequence in ecotin wt. Symbols are indicative of approximately the following Ki* values: +++, <0.5 nM; ++, 0.5–5 nM; +, 5–50 nM; -, 50–500 nM; —,
0.5–5 µM; —-, >5 µM.

1066

VOLUME 21 NUMBER 9 SEPTEMBER 2003 NATURE BIOTECHNOLOGY

© 2003 Nature Publishing Group http://www.nature.com/naturebiotechnology

ARTICLES

Figure 3 Graphic representation of the Ki* values determined of ecotin
wt and ecotin-Pkal for ten proteases. The proteases analyzed are (1) FXa,
(2) rat trypsin, (3) FXIIa, (4) Pkal, (5) MT-SP1, (6) FXIa, (7) thrombin,
(8) uPA, (9) tPA and (10) plasmin. Ki* values are shown on a logarithmic
scale in nM. Values were determined using at least ten different inhibitor
concentrations for each Ki* value, as described in Methods. For exact
values see Supplementary Table 1 online.

Figure 4 Graphic representation of the Ki* values determined of ecotin
wt, MT-6, XII-18 and ecotin-Pkal for four highly related proteases. The
proteases analyzed are (1) MT-SP1, (2) FXa, (3) Pkal and (4) FXIIa. Ki*
values are shown on a logarithmic scale in nM. Values were determined
using at least ten different inhibitor concentrations for each Ki* value,
as described in Methods. For exact values see Supplementary Table 2
online.

METHODS

incubation, cells were removed, plated on 2YT plates and grown overnight.
Scraped cells were grown, infected with VCSM13 helper phage (Stratagene) and
the procedure repeated for another round of selection. Competitive selections
for MT-SP1 and FXIIa inhibitors were carried out similarly to those for Pkal,
using biotinylated MT-SP1 and FXIIa instead.

Library construction. Three ecotin mutant libraries (50/80, 60/80, 100/80)
and a naive (50/60/80/100) library were made by gene reconstruction from
oligonucleotides. To that end, six SDS-PAGE–purified oligonucleotides
(Invitrogen) forming the backbone (Ec1, Ec2, Ec3, Ec7, Ec9 and Ec10) and the
desired combination of mutated or wt surface loop coding oligonucleotides
(Ec50, Ec60, Ec80 and Ec100) (for sequence of oligonucleotides see
Supplementary Table 3 online) were mixed at 5 pmol each in 50 µl, containing
200 µM dNTPs, 1 × Pfx amplification buffer and 1 unit Pfx polymerase.
Reassembly was done over 25 cycles (1 min at 95 °C, 1 min at 55 °C, 1 min at
68 °C), and the reaction was then amplified with flanking oligonucleotides
XhoF and SpeHisR, using the same PCR cycles just mentioned. Amplification
resulted in single bands, which were ligated with XhoI-SpeI, in phagemid vector pComb3∆ (ref. 45). DNA fragmentation and shuffling of three ecotin
mutant libraries (50/80, 60/80 and 100/80) was done using regular protocols
for DNA shuffling32,46. Briefly, ecotin DNA was digested with DNase I, and
50-bp fragments were isolated and reassembled using the same conditions
mentioned earlier, amplifying with XhoF and SpeR oligonucleotides.
Phage display selection of Pka1 binders. Ecotin phage were prepared as
described35. Phage display selection of in-frame ecotin variants was carried out
by incubating 3 × 1011 ecotin-displaying phage with 40 µl Ni-agarose (Qiagen),
using washing and elution conditions provided by the manufacturer. The number of eluted phage counted was always >2 × 107, ensuring no loss of diversity.
Nonstringent selection for Pkal binders was done by incubating 1 × 1011 phage
with 5 nM Pkal in 50 µl for 2 h, with subsequent pull-down on microtiter plates
coated with 2 µg of sheep anti-human prekallikrein (Enzyme Research
Laboratories). Bound phage were washed, eluted at pH 2.2, used to infect 200 µl
XL-1 Blue cells, counted and amplified on 2YT plates. Competitive phage pannings of the shuffled ecotin library were done with biotinylated Pkal. Pkal was
biotinylated with EZ-Link Sulfo-NHS-LC-LC-biotin (Pierce) according to the
manufacturer’s instructions, and the level of biotinylation was verified to be
∼3 biotin molecules/Pka1 molecule. For these pannings, 1 × 1011 phage were
incubated for 1–2 h with a mixture of FXa, FXIa, FXIIa, MT-SP1 and uPA, at
individual protease concentrations of 5 nM (rounds 1 and 2), 10 nM (rounds 3,
4 and 5), 25 nM (round 6) and 50 nM (round 7). Subsequently, Pkal-biotin was
added at decreasing concentrations (2 nM for round 1 to 0.5 nM for round 7),
and incubated for 1 h. The mixture was added to Reacti-Bind NeutraAvidincoated polystyrene plates (Pierce), incubated for 1 h and washed with TBS +
0.01% Tween-20, after which XL-1 cells were added to the well. After 30 min
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Protein expression and purification. Ecotin variants isolated by phage display
were amplified by PCR with the oligonucleotides AatIIlong-F and BsiWI-R,
and cloned into the pTacTac vector21. Protein expression and purification were
carried out essentially as described39 in an ecotin-deficient strain (IM∆ecoJ).
SDS-PAGE analysis verified ecotin purity, and ecotin concentrations were
determined by A280 using 21,860 M/cm (ecotin wt) and 27,550 M/cm (ecotinPkal). For crude protein extracts, cells transformed with the ecotin plasmid
were grown overnight in the presence of isopropyl-β-D-thiogalactoside, harvested, treated with lysozyme (0.75 mg/ml) in a solution containing 25%
sucrose (w/v)–10 mM Tris (pH 8.0)–2 mM EDTA, and the periplasmic fraction
isolated.
Screening of ecotin variants. Ecotin variants were screened by incubating
10 nM Pkal or FXIa with dilutions of crude ecotin protein extract in the
range of 1:10 to 1:20,000. After 15 min the fluorescent substrate (0.1 mM)
H-Pro-Phe-Arg-AMC (Pkal) or Boc-Phe-Ser-Arg-AMC (FXIa) (Bachem
AG) was added, and residual protease activity was determined by measuring
fluorescence. For each clone the dilution necessary to obtain 50% inhibition
of either Pkal or FXIa was determined and these values were divided to
obtain a specificity ratio.
Determination of Ki* values against various proteases. Measurements of
ecotin inhibition constants were carried out as described23. Briefly, fixed
protease concentrations in the range of 1–4 nM were incubated for extended
periods (as long as 6 h, depending on time needed to reach equilibrium)
with at least ten different ecotin concentrations. Subsequently, residual protease activity was determined by adding fluorescent substrates (0.1 mM) for
Pkal (H-Pro-Phe-Arg-AMC), FXIa (Boc-Phe-Ser-Arg-AMC) and plasmin
(H-D-Ala-Leu-Lys-AMC), all from Bachem AG, or chromogenic substrates for
FXa (0.1 mM), FXIIa (0.2 mM), MT-SP1 (0.1 mM), thrombin (0.1 mM) and
tPA (0.1 mM) (for all these enzymes Spectrozyme-TPA was used), as well as
uPA (0.1 mM, Spectrozyme-UK, American Diagnostica), and change in fluorescence or absorbance was measured. To determine apparent equilibrium dissociation constants (Ki*), plots of the fractional rate versus inhibitor
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concentration were fit by nonlinear regression analysis using equation (1)
derived for reversible tight-binding inhibitors47.
Vi/V0 = 1 – ([E0] + [I0] + Ki* – (([E0] + [I0] + Ki*)2 – 4[E0][I0])0.5) / 2[E0] (1)
where Vi/V0 is the ratio of the inhibited rate versus the uninhibited rate, [E0] is
the total enzyme concentration and [I0] is the total inhibitor concentration.

© 2003 Nature Publishing Group http://www.nature.com/naturebiotechnology

Note: Supplementary information is available on the Nature Biotechnology website.
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