
doi:10.1016/j.jmb.2007.04.029 J. Mol. Biol. (2007) 370, 63–79
When the Surface Tells What Lies Beneath:
Combinatorial Phage-display Mutagenesis Reveals
Complex Networks of Surface–Core Interactions in the
Pacifastin Protease Inhibitor Family

Borbála Szenthe1, András Patthy2, Zoltán Gáspári3

Adrienna Katalin Kékesi4,5, László Gráf1,2 and Gábor Pál1⁎

1Department of Biochemistry,
Eötvös Loránd University,
Budapest, H-1117, Hungary
2Biotechnology Research Group
of the Hungarian Academy of
Sciences, Eötvös Loránd
University, Budapest,
H-1117, Hungary
3Institute of Chemistry,
Eötvös Loránd University,
Budapest, H-1117, Hungary
4Department of Physiology
and Neurobiology, Eötvös
Loránd University, Budapest,
H-1117, Hungary
5Proteomics Group of the
Biology Institute, Eötvös
Loránd University, Budapest,
H-1117, Hungary
Abbreviation used: hGH, human
E-mail address of the correspondi

palgabor@elte.hu

0022-2836/$ - see front matter © 2007 E
Pacifastin protease inhibitors are small cysteine-rich motifs of ∼35 residues
that were discovered in arthropods. The family is divided into two related
groups on the basis of the composition of their minimalist inner core. In
group I, the core is governed by a Lys10–Trp26 interaction, while in group II
it is organized around Phe10. Group I inhibitors exhibit intriguing taxon
specificity: potent arthropod-trypsin inhibitors from this group are almost
inactive against vertebrate enzymes. The group I member SGPI-1 and the
group II member SGPI-2 are extensively studied inhibitors. SGPI-1 is taxon-
selective, while SGPI-2 is not. Individual mutations failed to explain the
causes underlying this difference. We deciphered this phenomenon using
comprehensive combinatorial mutagenesis and phage display. We pro-
duced a complete chimeric SGPI-1 / SGPI-2 inhibitor-phage library, in
which the two sequences were shuffled at the highest possible resolution of
individual residues. The library was selected for binding to bovine trypsin
and crayfish trypsin. Sequence analysis of the selectants revealed that
taxon specificity is due to an intra-molecular functional coupling between a
surface loop and the Lys10-Trp26 core. Five SGPI-2 surface residues
transplanted into SGPI-1 resulted in a variant that retained the “taxon-
specific” core, but potently inhibited both vertebrate and arthropod
enzymes. An additional rational point mutation resulted in a picomolar
inhibitor of both trypsins. Our results challenge the generally accepted view
that surface residues are the exclusive source of selectivity for canonical
inhibitors. Moreover, we provide important insights into general principles
underlying the structure–function properties of small disulfide-rich poly-
peptides, molecules that exist at the borderline between peptides and
proteins.
© 2007 Elsevier Ltd. All rights reserved.
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Introduction

Serine proteases are ubiquitous enzymes that
fulfil vital roles in a wide range of biological func-
tions, including food protein digestion, blood coa-
gulation, blood clot removal and immune defense
growth hormone.
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mechanisms. These processes need to be regulated,
and one of the many regulatory strategies relies on
the use of naturally evolved protease inhibitor
proteins.
There is a phylogenetically and structurally ex-

tremely diverse group of proteins with members
that nevertheless inhibit serine proteases through a
common canonical mechanism.1–4 These are the
reversible inhibitors that interact with the protease
in a substrate-like manner, forming a non-covalent
complex with the enzyme. The inhibitor in the
complex can be cleaved, but the cleavage leads to a
d.
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thermodynamic equilibrium, and the cleaved in-
hibitor remains active. Although the 18 known
families of these inhibitors are structurally unre-
lated, each possesses a common element, an exposed
surface loop. This loop forms an antiparallel β sheet
with the enzyme, and one of its side-chains, the P1
residue (for nomenclature see Schechter & Berger5)
enters the binding pocket of the enzyme. The nature
of the P1 residue correlates with the specificity of the
inhibited protease; trypsin inhibitors commonly
have arginine or lysine, while the most frequent P1
for chymotrypsin inhibitors is leucine. The scissile
peptide bond is located at the carbonyl group of P1
between the P1-P1′ residues, and the minimal
interacting region spans about six residues between
the P3-P3′ residues.
The first reversible inhibitor belonging to the

Pacifastin family was discovered about 20 years
ago in the haemolymph of the crayfish Pacifastus
leniusculus.6 Its amino acid sequence was deter-
mined ten years later and was shown to contain nine
cysteine-rich domains.7 Inhibitors with homologous
domains were isolated also from the locusts Schis-
tocerca gregaria and Locusta migratoria, and the wasp
Pimpla hypochondriaca.8–11 On the basis of the
findings of a recent bioinformatic study, we predict
that the large-scale genome projects will soon
deliver numerous additional members of this
family.12 A conserved motif emerged from the
available sequences having the following character-
istic consensus:

C1X9�12C2N C3XC4X2�3G X3�4C5T X3C6

The six cysteine residues form the following three-
disulfide bridges; C1–C4, C2–C6, and C3–C5, result-
ing in the pattern abcacb. A standard nomenclature
has been suggested for these motifs in the form of
GSPI (standing for Genus Species Pacifastin-related
Inhibitor).13 We adopt this logical terminology and,
for clarity, we also mention the original names of the
peptides.
The two major sources for the best characterized

pacifastin peptides are the two locust species L.
migratoria and S. gregaria; therefore, the correspond-
ing inhibitors are named as LMPI and SGPI,
respectively. The first 3D structures were solved by
NMR for LMPI-1 (PMP-D2),14 and LMPI-2 (PMP-
C),15,16 which revealed that while these peptides
exhibit strong structural resemblance, they belong to
two separate groups (group I and group II) mostly
on the basis of the composition of the inner core.
While globular proteins form a large, densely

packed hydrophobic core that establishes a stable
native structure, the small pacifastin peptides have
only a very small core region and acquire re-
markable thermostability through a relatively large
number of disulfide bridges. The minimalist group
I-type core of LMPI-1 is formed by a pair of
residues, in which the aliphatic segment of a lysine
side-chain at position 10 interacts with a large
hydrophobic tryptophan side-chain at position 26.
A quite different core exists in the paralogous
group II peptide LMPI-2, where there is phenylala-
nine at position 10, which is surrounded by small
hydrophobic residues, position 26 being occupied
by alanine. The same pattern emerged by solving the
NMR structures of two homologous peptides from
S. gregaria, SGPI-1 (SGTI), an ortholog of LMPI-1,
and SGPI-2 (SGCI), an ortholog of LMPI-2.17 The
functional importance of W26 in the group I core
was proved through a W26A mutation, in an LMPI
peptide, which was detrimental for the folding of
the molecule.18 The role of the interactions made
by F10 in group II inhibitors was revealed in a study
of rationally designed cyclopeptide analogs of
SGPI-2.19

The P1-P1′ sequence is R-K in SGPI-1 and L-K in
SGPI-2. Thus, formally SGPI-1 should be a trypsin
inhibitor, while SGPI-2 should be a chymotrypsin
inhibitor. When our group first studied the inhibi-
tory properties of SGPI-1 and SGPI-2 on well-
established model bovine enzymes, it turned out
that SGPI-2 is a strong chymotrypsin inhibitor with
a Ki of 6 pM, but SGPI-1 is a rather poor trypsin
inhibitor, with Ki in the low micromolar range.20

Moreover, SGPI-1 with its P1 Arg residue was only a
slightly better inhibitor of trypsin; on the other hand,
SGPI-2 could be readily transformed to a nanomolar
trypsin inhibitor with a simple L30R P1 mutation.
An additional K31M mutation based on the known
P1′ preference of bovine trypsin21–23 resulted in a
picomolar SGPI-2 variant trypsin inhibitor.20 It
turned out that the analogous P1′ K to M mutation
in SGPI-1 failed to increase its trypsin inhibiting
activity significantly, suggesting at that time that
SGPI-1 might not have the proper native structure to
function as a protease inhibitor. However, the
simple R to L P1 mutation transformed this peptide
into a sub-nanomolar chymotrypsin inhibitor.
This finding predicted that wild-type SGPI-1 was a
potent inhibitor, but its unknown trypsin-like
biological target had some important properties
not shared with bovine trypsin.
This hypothesis was clearly verified when our

group first demonstrated that wild-type SGPI-1 is a
picomolar inhibitor of two arthropod trypsins.24

Therefore, an unprecedented five orders of magni-
tude specificity index was found for the arthropod
versus the vertebrate trypsin inhibition. In subse-
quent work, the same phenomenon was described
for the homologous group I LMPI-1 and LMPI-3
peptides, which are poor inhibitors of vertebrate
trypsins but excellent inhibitors of a trypsin isolated
from the midgut of L. migratoria.18,25 Moreover, an
analogous finding was described for SGPI-5A,
another group I inhibitor.25

When a simple L to R P1 mutation switched the
group II chymotrypsin inhibitor SGPI-2 to a highly
potent inhibitor of both bovine and arthropod
trypsins,24 it became evident that taxon specificity
is strictly related to the group I fold.
A complete exploration of taxon-specificity ele-

ments in SGPI-1 through individual mutations
would have been difficult, as there are 16 differences
between the SGPI-1 and SGPI-2 sequences besides
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the two core positions 10 and 26. Moreover, when
completeness cannot be achieved, the decision about
which particular positions should be analyzed is
unavoidably biased by the researcher's prejudice
about what might and what might not be function-
ally important in the protein.
Therefore, we applied an approach that is able to

handle both types of problem. We produced all the
possible combinations of the SGPI-1 and SGPI-2
sequences through a combinatorial mutagenesis
regime, without judging which one of these could
be important. Then, instead of attempting to analyze
the 218 (131,072) variants individually, we applied
phage display and expressed the variants clonally
on the surface of M13 phage. Then we carried out in
vitro selections on immobilized bovine and crayfish
trypsin separately.
Sequence analysis of binding-selected clones

clearly demonstrated that the group I core of
SGPI-1 does not hinder bovine trypsin inhibition;
therefore, the core by itself cannot be responsible for
taxon specificity. It turned out that it is a particular
combination of the 20-22 TPT surface turn and the
K10-W26 core that is incompatible with inhibition
of bovine trypsin. Two individual SGPI-1 mutants
containing five or six mutations were synthesized
on the basis of this notion and were found to be
able to inhibit both the vertebrate and the arthro-
pod enzyme with high affinity. Thus, the major
cause of taxon specificity has been localized, and it
has been demonstrated that group I core variants
showing no sign of taxon specificity can be readily
created.
Figure 1. The overall scheme of the library production.
The library was produced by an elaborate strategy of
mixing two types of forward and four types of reverse
degenerate mutagenesis oligonucleotides in eight (2×4)
separate reactions as explained below. For clarity, only one
of the eight reactions is shown using, one forward and one
reverse primer. The forward and reverse primers annealed
through their 3′ end at a short region (shown as a black
box) coding for a Cys-Asn-Thr-Cys segment invariantly
present in all SGPI peptides. The light grey segment in the
forward primer and the dark grey segment in the reverse
primer illustrate regions with randomized positions (for
details see Materials and Methods). The reason for using
2×4primers was as follows. At position 10, the mixing of a
Lys codon, AAA (or AAG) and Phe codon, TTT (or TTC)
would have allowed for the occurrence of a stop codon,
TAA (or TAG). To avoid this, we used two forward pri-
mers that differed only at position 10, one with an AAA
for Lys and another one with TTT for Phe at this position.
We used four reverse primers to cover the four possible
combinations of insertions at two positions, one at
position 24 (in SGPI-2) and another one at position 36 (in
SGPI-1). In this way, each position that differed between
SGPI-1 and SGPI-2 was randomized to allow for both
SGPI-1 and SGPI-2 residue types. An in vitro second strand
synthesis produced the complete double-stranded DNA
cassette with restriction sites (dotted boxes) at the two
termini. The cassette was digested and ligated into the
phagemid vector.
Results and Discussion

Displaying wild-type SGPI inhibitors on phage

Display efficiencies of SGPI-1 and SGPI-2 were
assessed through the presence of an N-terminally
fused FLAG-tag epitope in ELISA format using an
anti-FLAG-tag monoclonal antibody. Then, func-
tionality and binding specificity of the wild-type
fusion peptides were assessed on immobilized
bovine and crayfish trypsin and on bovine chy-
motrypsin. As expected, phage-displayed SGPI-1
bound to crayfish trypsin with a high level of
efficiency, while showing very low signals on the
bovine enzymes. Phage-displayed SGPI-2, as antici-
pated, bound selectively to bovine chymotrypsin.
The FLAG-tagged and phage-displayed wild-type
forms were also analyzed in solution using standard
enzyme inhibition assays. These further validated
the applied format, as the inhibitors fully retained
their known activity and specificity. The number of
inhibitor molecules expressed per phage particle
was calculated on the basis of titration experiments
using the tightest inhibitor–enzyme pairs (crayfish
trypsin for SGPI-1 and bovine chymotrypsin for
SGPI-2). The titrations showed that for both inhibi-
tors the average number of inhibitor per phage is
about 1, therefore the display is monovalent (data
not shown).

Producing all the possible chimeras of SGPI-1
and SGPI-2 displayed on phage

There are many ways to produce a diverse phage-
displayed protein or peptide library.26 As the SGPI
gene is only 105 bp long, we decided to make a fully
synthetic DNA library. We used a DNA cassette
technology based on the use of antiparallel pairs of
forward and reverse primers that introduced the
designed randomizations at 18 predefined positions
(Figures 1 and 2). We aimed to introduce only two
types of amino acid residues at each randomized
position, but the structure of the genetic code
necessitated the inclusion of two more residue
types at several positions, as shown in Figure 2.
Although our library became binary for seven

positions and tetranomial at 11 positions, it is im-
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portant to note that at each randomized position the
initial ratio of the SGPI-1 versus SGPI-2 residue types
is 1. The theoretical size for this library is 411×27,
about 5.3×108 clones. The measured size of our
phage library was 5.8×109 individual clones, afford-
ing a greater than tenfold over-sampling of the
covered sequence space. The composition of the
randomized library is shown in Figure 2.

Selecting functional clones from the chimera
library

When protein variants are displayed on phage
and selected for binding to an immobilized target,
there are two intertwined types of selections. One
works inside the Escherichia coli cell through pro-
teolytic degradation of variants having poor folding
properties. This effect can be amplified by using
in vitro proteolytic degradation as the selection
method.27,28 This selection promotes structurally
viable, stable variants irrespective of their functional
properties, resulting in the phenomenon called
“display bias”.29 The other type of selection is the
binding selection through the immobilized target.
This process selects for variants that are both
properly folded and functional. We used an invar-
iant N-terminal FLAG-tag epitope on each clone and
applied selection through binding to an anti-FLAG-
tag antibody to account for display bias in the
selected pool. In this way, the effects of display bias
on amino acid frequency could be deconvoluted
from the combined results of the protease-binding
selection at each randomized position, similar to the
strategy described earlier.30

Binding selections were carried out separately on
bovine and crayfish trypsin. The selection cycles
were applied on parallel plates containing either the
immobilized target, or bovine serum albumin. The
relative titer of clones eluted from immobilized
target versus albumin is the enrichment value. After
two or three selection cycles, a thousand-fold enrich-
ment was detected for all three selections. At this
stage, 96 individual clones were isolated for clonal
phage-ELISA assays for each target, as described.31

The amino acid sequence for about 30 ELISA-
positive SGPI clones was determined through DNA
sequencing for each of the three selections. The
results are shown in Figure 2.
Figure 2. Aligned sequences of binding-selected SGPI-1/S
sequences of SGPI-1 (yellow background) and SGPI-2 (blue b
background. For complete shuffling of the two wild-type s
inclusion of two additional non-wild-type residue types at seve
sequences are grouped in three blocks. In (a) the sequences
monoclonal antibody through an invariant epitope tag. In (b) a
trypsin selection, respectively. The sequences are ranked to h
simple alphabetical arrangement corresponding to the one-let
with phenylalanine (F) are listed first, followed by lysine (K). T
again in alphabetical order at position 26. The same is true f
enzyme-selected populations. By this logic, the list starts with t
W26 wild-type SGPI-1 core. Between these two, we find no
highlighted with a black frame in all three blocks. Bold and ital
the inhibited protease.
Analysis of the display-selected sequences

Figure 2(a) shows the aligned sequences of dis-
play-selected SGPI clones. The sequences are ranked
so as to highlight any patterns related to the 10-26
core as described in the Figure legend.
Dominance of SGPI-2 related cores

It is immediately apparent that clones with non
wild-type core are abundant in the population.
Nevertheless, the composition is not random.
Among the 30 sequenced clones, there are only
two with G26, while the random distribution would
dictate a quarter of 30, around seven or eight. The
remaining three amino acid types A, S and W, are
distributed more evenly, although not equally (nine
A, 13 S and six W). For cores with F10, we find nine
F10-A26 (wild-type SGPI-2), 11 F10-S26, four F10-
W26 and one F10-G26 pair. For cores with K10 we
find only two K10-W26 (wild-type SGPI-1), two
K10-S26, one K10-G26 and no K10-A26 pair. This
suggests that selection for efficient folding favors the
SGPI-2 type cores over the SGPI-1 type.
This can be explained as follows: for F10-A26, the

wild type SGPI-2 core, the F10-S26 pair should be a
proper substitute, as the small side-chains of Ala
and Ser are often interchangeable. This was demon-
strated in a recent phage-display work that com-
pared the results of Ala-scanning and Ser-scanning
of human growth hormone (hGH).32 On the other
hand, in the case of K10-W26, the wild-type SGPI-1
core, the large tryptophan has no alternative
homolog in the tetranomial set. Thus, clones with
the K10 residue are depleted. Interestingly, four
clones with F10-W26 cores were also selected,
suggesting that the volume of the core can be
increased compared to that of the wild-type.
Dominant SGPI-1 residues

From the two wild-type residue sets, display bias
prefers the SGPI-1 version at four positions. At
position 13 there is a threefold preference for the
negatively charged D over the positively charged K.
Note that the frequently selected non-wild-type E is
also acidic; therefore, two-third of the clones here
carry a negative charge. At position 18 there is a
GPI-2 chimeras. The uppermost section shows the aligned
ackground). Positions shared by both sequences have no
equences, the structure of the genetic code dictated the
ral positions. These are shown with grey background. The
were selected for efficient display based on binding to a
nd (c), the sequences are from bovine trypsin and crayfish
ighlight any patterns related to the 10-26 core. We used a
ter code of amino acid residues. At position 10, sequences
hen, when looking for the F10 sub-library, the residues are
or the K10 sub-library, and the same logic applies for the
he F10-A26 wild-type SGPI-2 core, and ends with the K10-
n-wild-type core compositions. The wild-type cores are
ic highlight the P1 residue that enters the binding pocket of
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threefold preference for N over the large R. How-
ever, it is the non-wild-type H that dominates here,
existing in more than half of the clones. Positions 20
and 22 are located at a surface loop. At position 20
there is a fourfold dominance of T over G, but the
small non-wild-type residues A, or S can readily
substitute for the slightly larger T. The negative
selection against G might again be due to its de-
stabilizing effect on the folded structure. At position
22 there is a twofold preference for T over D, but the
non-wild-type N is the most frequent residue. T and
N are of similar size and both polar residues can
form H-bonds.
Dominant SGPI-2 residues

There are five positions where display selection
favored the SGPI-2 residue type. At positions 2 and
30, the non-polar Vand L dominate over the polar Q
or R, respectively. Both positions are surface-
exposed, position 30 being the P1 residue of the
inhibitor. Therefore, the dominance of hydrophobic
residues might be unexpected. Nevertheless, a
similar effect was found in a recent comprehensive
saturation scanning of hGH.33 At position five, half
of the clones have a negatively charged E. Position
12 is also acidic due to the presence of about 50%
wild-type D and 30% non-wild-type E. At position
32, which is the P2′ site of the inhibitor, there is a
more than threefold dominance of A over G. The
higher conformational freedom of Gmight lower the
stability of the folded molecule. At position 32 we
found three sporadic threonine residues (green
background in Figure 2) that were not designed in
the library. This is a result of a guanine to adenine
mutation in the codon. As this segment of the library
was made with primers representing the non-coding
strand, the mutation could have occurred in the
oligonucleotide in the form of a cytosine to thymine
change due to oxidative deamination. Nevertheless,
only these three undesired point mutations were
detected in the entire pool of about 100 sequences.

Analysis of the bovine trypsin-selected clones

Dominant SGPI-1 residues

Figure 2(b) lists the clones selected on bovine
trypsin. There are several striking differences here,
compared to display selection. First of all, at position
30, the P1 position, the dominant L is invariantly
replaced with an R from SGPI-1. This is in perfect
accordance with the fact that the substrate-binding
pocket of bovine trypsin requires a positively
charged P1 side-chain for tight binding. Another
interesting phenomenon is the apparent dominance
of SGPI-1 character at positions 12, 13, 24 and 35.
While position 12 was quite acidic in the display
bias, two-third of the clones becomes neutral or
slightly basic due to the abundance of a wild-type Q
or a non-wild-type H. Position 13, where display
selection preferred acidic residues, increased the
proportion of these residues to 93% due to the
further selection of a wild-type D, or a non-wild-
type E. At position 24 the SGPI-1 specific gap
dominates, as the SGPI-2 specific insertion of a
lysine is eliminated selectively. As such an effect was
not detected in the display selection, it is possible
that this lysine is removed as a potential trypsin
cleavage site. The almost exclusive presence of P35
suggests that this proline contributes to binding in a
universal, core-independent manner.
Dominant SGPI-2 residues

There are two positions of this type. At position 18
there is a tenfold preference for R over N, while the
opposite trend was observed for display selection.
The most abundant residue is still the non-wild-type
H, as it was detected in the display selection. The
other phenomenon is the preference for A over G at
position 32, which was already detected in the
display selection.
The dominance of the wild-type cores

An important phenomenon not observed in the
display selection is the emerging dominance of the
wild-type cores. Here, 77% of the clones carry a
wild-type core and, although more SGPI-2 cores are
present, it is the SGPI-1 core that increased its pro-
portion significantly compared to the display
selected pool. About 20% of the clones have an
F10-S26 core, which suggests that an A26S replace-
ment is not deleterious for the functionality of the
molecule. There is no F10-G26 or F10-W26 clone,
and there is only one sporadic K10-A26 clone.
Core-specific amino acid preferences

There are some positions with obvious core-
specific amino acid preferences, suggesting that the
core and these positions are functionally coupled.
Once this phenomenon was observed, we decided
to conduct a systematic pairwise covariance analy-
sis for each residue pair and each selection as
described in Materials and Methods. The findings
of this analysis are described at the end of Results,
but the two most striking core-dependent phenom-
ena will be evaluated here and throughout the
main text. The two sections presenting well-defined
core-specific variations are the 20-22 turn and
residue 32. At the 20-22 region, clones with the
K10-W26 (SGPI-1) core clearly avoid residues P21
and T22, while those with either the F10-A26
(SGPI-2) core, or with the similar F10-S26 core are
completely insensitive to the sequence of this
segment.
This finding provides crucial information for the

understanding of the cause of species specificity. It
suggests that the K10-W26 core interacts with the
TPT turn and positions it such that it hinders
binding to bovine trypsin. It appears that the
SGPI-2-like cores do not participate in a similar
interaction.
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At position 32, which is the P2′ position of the
protease-binding loop, an SGPI-2 type A dominates
over the SGPI-1 type G residue. However, the
distribution of the G32 residues is clearly core-
specific. While clones with SGPI-1 core show equal
preference for A32 and G32, G32 is completely
missing from clones with the SGPI-2 core. Although
it is theoretically possible that the extra methyl
group on A contributes to the protease binding at
the P2′ position, it is more likely that instead of a
positive selection for alanine, there is a negative
selection against glycine. The higher conformational
freedom of G32 could destabilize the protease-
binding loop, while the K10-W26 core might some-
how attenuate this effect.

Analysis of the crayfish trypsin-selected clones

Dominant SGPI-1 residues

Sequences from the crayfish trypsin selection are
given in Figure 2(c). There are many similarities
but also important differences here compared to
the bovine enzyme selection. Similar to the bovine
enzyme, the crayfish trypsin selects exclusively for
a P1 R at position 30, slightly selects against the
display-biased negative charge at position 12, and
selects for a P at position 35.
A clear difference is the pronounced selection for T

at positions 20 and 22, which will be discussed later.
The selection against the SGPI-2 insertion K at
position 24 observed for the bovine enzyme does not
apply here, as the proportion of this K is the same as
in the display-biased pool.
Dominant SGPI-2 residues

A clear similarity to the bovine enzyme selec-
tion is the preference for R at position 18 and A at
position 32. One difference is the fourfold selec-
tion for T over D at position 8, which was not
observed in the display or in the bovine trypsin
selection.
The dominance of the wild-type cores

In this selection, the proportion of wild-type
clones is 78%, practically identical with that found
for the bovine enzyme. However, the proportions of
various core types are different within both the wild-
type and the non-wild-type categories. In the wild-
type category there are three times as many SGPI-1
type as SGPI-2 type clones, suggesting that the
K10-W26 core provides some advantage over the
other wild-type form. In the non-wild-type category
it is remarkable that, while bovine trypsin elimi-
nated any F10-W26 clone, here 12% such variant is
selected. The same proportion of F10-W26 cores was
found in the display selection, suggesting that this
core has no particular positive or negative effect on
crayfish protease inhibition. This suggests that the
crayfish protease might have greater plasticity at the
interacting site compared to the bovine enzyme, as
this protease can accommodate to the non-wild-type
core.

Core-specific amino acid preferences

The two enzymes have overlapping core-speci-
fic preferences at the 20-22 turn and at position
32, the two areas with the most obvious correla-
tions. Notably, both enzymes present the core-
dependent tolerance of a G at position 32, the P2′
site. Here, only the K10-W26 core is compatible
with G32.
Although both enzymes show core-dependent

preference at the 20-22 turn, there are important
enzyme-specific differences. The bovine enzyme
has no preference at position 20, and selectively
eliminates the SGPI-1-type P21 and T22 residues
from the K10-W26 core. The arthropod enzyme,
on the other hand, eliminates the SGPI-2-type G
and D from positions 20 and 22, respectively,
while it has no preference at position 21. Never-
theless, the SGPI-1-type residues hardly exceed
the 50% proportion at these three positions, sug-
gesting that the 20-22 TPT turn is not a significant
player in the efficient inhibition of crayfish
trypsin.
In the bovine trypsin selection, the SGPI-2-like

cores had no preference for any particular TPT
sequence. Here, the number of wild-type SGPI-2
cores is so small that no trend could be observed.
Nevertheless, it appears that clones with non-
wild-type F10-S26 or F10-W26 cores prefer P at
position 21.

Constructing an SGPI variant that has a group I
core but lacks taxon specificity

By using the information obtained from the three
types of selections, we designed an SGPI-1 variant
that was predicted to fold efficiently and to inhibit
both the vertebrate and the arthropod enzyme.
Starting with the wild-type SGPI-1 sequence, we
aimed to minimize the number of mutations while
maximizing the functional changes. An important
guideline was to omit the observed preferences for
non-wild-type residues and use only SGPI-2 residue
types.
The following mutations were introduced from

SGPI-2 into SGPI-1: T5E; N18R; T20G; P21S and
T22D. Position 5 was chosen because it was
apparent that display selection preferred E5 over
T5, and the same trend was observed for clones with
the K10-W26 core in the bovine trypsin selection.
Therefore, we believe that this mutation somehow
stabilizes the SGPI-1 fold. The N18R mutation was
introduced on the basis of the notion that N18 is
perfectly eliminated by the bovine enzyme selection
and, although a non wild-type H is the most
preferred, the second most abundant residue is
R18. At the 20-22 turn it was clear that positions 21
and 22 should be switched to the SGPI-2 type based
on their dominance over the SGPI-1 type. At
position 20, the two types are equally represented,
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but the SGPI-2 type G20 increases its frequency
compared to the display selection, suggesting that it
has a functional role in protease binding. The (T5E;
N18R; 20-22 TPT→GSD) variant of SGPI-1 was
chemically synthesized and named SGPI-1-PO-1
(standing for Schistocerca Gregaria Protease Inhibi-
tor-1-Phage Optimized 1). The inhibitory constants
for this variant were determined on bovine and
crayfish trypsin, and the values were compared to
those obtained previously for the wild-type SGPI-1
and SGPI-2 forms. The data and the corresponding
peptide sequences are shown in Table 1.
On bovine trypsin the SGPI-1-PO-1 shows a

60-fold improvement over the parent SGPI-1 mole-
cule, demonstrating that the predictions were cor-
rect. With this improvement, the variant acquired
an inhibitory constant in the nanomolar range.
What is more important, this SGPI-1 variant has
practically the same inhibitory efficiency as the
SGPI-2 L30R P1 mutant. Moreover, the picomolar
range Ki values of SGPI-1-PO-1 and SGPI-2 L30R
are practically identical on crayfish trypsin. There-
fore, we produced a group I core variant, which
is isofunctional with a group II core variant on
both enzymes. As SGPI-1-PO-1 lost its dramatic
taxon specificity, we can state that the group I
core cannot by itself be responsible for taxon
specificity.

A P1′ mutation further improves bovine trypsin
inhibition

It was known that bovine trypsin prefers methio-
nine over lysine at the P1′ position; thus, we
synthesized a P1′ K to M mutant of SGPI-1-PO-1
and named it SGPI-1-PO-2. The Ki values for this
Table 1. Comparative inhibitory data of SGPI variants on bo
sequences

For clarity, the sequences of the inhibitor variants are color-coded: SGP
specified here but are indicated in Figure 2. A P1′ residue type, M not p
background. Note that we use consensus numbering.

a The names, SGPI-1-PO-1 and SGPI-1-PO-2, stand for the two phage-
Optimized-1 and 2. Equilibrium inhibition constant (Ki) values for thes
compared to those previously published for wild-type and P1-P1′mutant
variants are highlighted as bold. As the parentmolecule of the phage optim
obtained on this variant.
variant were also determined on both trypsins, and
the data are shown in Table 1.
It was previously shown that in the SGPI-2 L30R

framework the P1′ K31M mutation boosted the
bovine trypsin inhibitory efficiency over 1100-fold,
while in the SGPI-1 framework it had only a
moderate sevenfold effect. In the context of SGPI-
1-PO-1, this mutation causes a 175-fold improve-
ment. There is a sixfold difference (1100-fold versus
175-fold) between the effects of the same P1′
mutation on the interaction of SGPI-2 L30R and
SGPI-1-PO-1 with bovine trypsin. This suggests that,
in spite of having the same Ki on bovine trypsin,
there might be subtle differences in the binding
mechanisms of these two inhibitor variants. The
same conclusion might apply for the interaction
with crayfish trypsin as, while the P1′ mutation
decreased the inhibitory efficiency of SGPI-1-PO-1
about twofold, the samemutation actually increased
the efficiency of SGPI-2 L30R with the same
magnitude. Nevertheless, as these effects are small,
even high-resolution structures might not shed light
on the underlying causes.

Chimera mutagenesis detects complex
networks of residue interactions

Once it became evident that residues are not
selected independently of one another, we decided
to conduct a systematic pairwise covariance
analysis for each residue pair and each selection
as described in Materials and Methods. The
pairwise covariance values and the corresponding
P values for statistical significance are shown in
Figure 3, while the complex networks based on the
statistically significant residue pair co-variations
vine and crayfish trypsins and the corresponding peptide

I-1, orange; SGPI-2, cyan. Residues shared by both types are not
resent in wild-type SGPI-1 or SGPI-2 is highlighted with magenta

optimized variants, Schistocerca Gregaria Protease Inhibitor-1-Phage
e two forms were determined on bovine and crayfish trypsin and
SGPI variants20,24. Comparative data related to the phage-optimized
ized variants iswild-type SGPI-1, allKi values are compared to those



Figure 3. Pairwise covariance of positions detected in binding selected SGPI pools. The covariance for each
randomized position pair was analyzed using the formula described in Materials and Methods. The lower quadrant
shows the calculated covariance scores. The upper quadrant shows the P-values for the null-hypothesis that the two
positions vary independently. The P-values were calculated on the basis of a bootstrap analysis, as described in Materials
and Methods. A P-value of 0.02 means,= that there is only 2% probability for the observed covariance scores being due to
stochastic error, e.g. random sampling. The following cutoff values were applied: P<0.02, red; 0.02≤P<0.06, orange;
0.06≤P<0.1, green. These colors are used as the background for each residue pair in both quadrants to highlight the level
of functional dependence of pairs. Blocks in (a)–(c) correspond to display-selected, bovine trypsin-selected and crayfish
trypsin-selected populations, respectively. The networks of residue pairs are illustrated in Figure 4.
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Figure 4. Networks of functional dependences based on covariance of residue pairs. Using the covariance values and
coloring scheme from Figure 3, the networks of suggested functional dependence were drawn using two schemes. In the
upper section, the positions are shown in a circular arrangement so as to easily locate identical connections from the three
selections: (a) for folding efficiency, (b) for bovine trypsin binding and (c) for crayfish trypsin binding. In the lower section,
the networks are arranged such that the number of crossing lines would be minimized. This arrangement better illustrates
the structure of the network. The coloring scheme for the lines is the same as in Figure 3. The positions are colored
according to the highest ranked connection they make.
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are shown in Figure 4. Note that no information
can be obtained for interactions that involve non-
randomized positions.
It was readily apparent that results on the protease-

selected clones nicely corroborated the structural
information about the interaction between residues
10 and 26. Notably, the display selection did not
detect a similarly strong correlation between these
two positions.While the composition of the 10-26 pair
is not fully random, its covariance in display selection
is not statistically significant. It suggests that many
residue pairs allow for a native-like structure, but
proteases select for more stable scaffolds afforded
only by a more limited set of residue pairs.
Besides the 10-26 core, there are signs of covar-

iance between numerous other positions. So far we
have mentioned only those that are coupled to the
core, and we believe these are the most important
ones. However, there are many other pairs that
require further experimental studies to be inter-
preted. Nevertheless, we can state, at least at a
descriptive level, that display selection provokes a
widely distributed and loosely organized network
of residue interactions, in which two smaller groups
of residues are detached from the rest of the network
(Figure 4). Although this network is large, covering
all but two randomized positions, none of the
interactions is highly significant.
The two enzymes, on the contrary, select for

tight networks of residue interactions, in which
many interactions have very high significance
levels. From the two enzyme selections, the one
on the bovine protease appears to be slightly
more stringent, as the numbers and significance
levels of co-varying pairs are higher for the
vertebrate enzyme. Also, the bovine network is
more compact, as 13 of the randomized 18 positions
participate in the network, while this number is
16in the crayfish trypsin selection. There are only
three positions, 3, 10 and 26, that participate in
highly significant interactions in both enzyme
selections.
The complex nature of the enzyme-selected net-

works fits nicely to the results of a recent NMR
titration experiment, which revealed that local
binding provokes long-range structural and
dynamic changes in SGPI-2.34
Conclusions

As it was recently reviewed, essentially three
types of hypotheses existed to explain the taxon
specificity phenomenon.

The nature of the P1′ residue

The P1′ residue of SGPI-1 is a lysine (K). This K is
suboptimal for binding to vertebrate trypsins,
because these enzymes usually have a K at a
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contacting surface loop (the so-called 60's loop) and
the two positively charged lysine residues repulse
one another. This hypothesis turned out to be
partially right, as a K to M mutation increases the
efficiency of pacifastin inhibitors on vertebrate
enzymes. However, this effect was small at the
group I inhibitors, suggesting that the major factor is
located elsewhere.20,24

Rigidity differences between inhibitors of the
group I or group II folds

Hydrogen/deuterium exchange andNMR studies
have investigated the dynamics of group I and
group II inhibitors.16,17,34,35 In a dynamics study on
recombinant 15N-labeled inhibitors, we found that,
compared to SGPI-1, SGPI-2 exhibits enhanced
motions on the micro- to millisecond timescale.17,35

This led to the hypothesis that the relatively high
rigidity of SGPI-1 might hinder its steric accommo-
dation to the vertebrate enzyme while not affecting
its binding to the arthropod enzyme.24 For this
hypothesis, we assumed that the vertebrate en-
zymes having larger number of disulfides would be
more rigid than the arthropod proteases. The issue is
more complicated, as a post-translational fucosyla-
tion exists in natural SGPI-2 and LMPI-2, which, at
least in the latter inhibitor, provides extra rigidity to
the molecule.16

The difference in the P6-P10 loop

The third potential source of taxon specificity was
considered to be the difference of sequence and
conformation of the P6-P10 loops (residues 20–25) in
the group I and group II paralogs. SGPI-1 and its
homologous peptides have P at position 21, where
there is S in the SGPI-2 homologs. On the basis of the
crystal structure of the complex formed between
LMPI-2 and bovine chymotrypsin, this P21 was
close to G173 in the enzyme.36 Modeling experi-
ments suggested that in the analogous LMPI-1
vertebrate trypsin complexes, this proline would
clash with P173 in these enzymes. Group I LMPI
peptides, on the other hand, were good inhibitors of
a trypsin from the fungus Fusarium oxysporum,
which lacked proline at this segment.18 These data
logically pointed towards the steric clash model.
However, as the fungal enzyme is a very distant
relative of the vertebrate proteases, only cautious
conclusions could be drawn about the exact func-
tional differences between these enzymes at selected
areas.
Our comprehensive phage display approach

pinpointed the cause of taxon specificity in the
pacifastin family. We localized it as an incompat-
ibility of the K10-W26 core with the TPT turn for
vertebrate trypsin inhibition. The profoundly differ-
ent positions of the turns in group I and group II
inhibitors are observed both in the protease-bound
and in the free forms, as illustrated in Figure 5.
Apparently, the K10-W26 core positions the TPT
turn in an orientation in which a steric clash between
P21 and the surface of bovine trypsin hinders the
interaction. Therefore, our experimental results
corroborate the third hypothesis.
The point mutations in our SGPI variant are

restricted to surface residues; therefore, one might
think that the dynamic properties of this variant
should be similar to those measured for SGPI-1. If
this was the case, rigidity would not play a major
role in taxon specificity. Nevertheless, our results do
not rule out dynamics as a possible factor. The
dynamics of our mutants need to be investigated
experimentally to answer this question.
Recently, our group presented an exceptionally

high-resolution structure for the complex between
SGPI-1 and crayfish trypsin.37 The structure showed
that the interaction extends significantly beyond the
typical P3-P3′ region, as additional contact sites
were found at the P12-P4 and P4′-P5′ segments. On
the basis of in silico binding energy calculations, we
suggested that this extended binding site, including
the 20-22 TPT turn, contributes to the higher affinity
of SGPI-1 to the crayfish versus the bovine enzyme.
While high-resolution structures contribute

immensely to our understanding of molecular
interactions, it remains valid that structural epitopes
and functional epitopes are not identical.38 The X-
ray structure between SGPI-1 and crayfish trypsin
portrayed an impressive extended binding site.
However, it turned out that a large portion of
these interactions, the one through N18 and those
through the TPT turn, can be readily replaced with
very different interactions (an R18 residue and a
GSD segment) without affecting the binding affinity.
One important conclusion is that only well-designed
mutagenesis experiments can identify which struc-
tural interactions contribute to binding, i.e. which
parts of the structural epitope constitute the func-
tional epitope.
An important issue that requires further study is

the effect of the minimalist core on the functional
properties of the inhibitor. On the basis of an
extremely thorough and large-scale investigation,
universal rules have been proposed to exist for the
canonical serine protease inhibitors.39 It was sug-
gested that in naturally occurring canonical inhibi-
tors the surface residues, and especially those
located at the binding loop, have an almost exclusive
impact on the affinity of the inhibitor to the
proteases. A sequence to reactivity algorithm was
established on the basis of an immense number of
measurements. An important model emerged, in
which individual binding loop positions contribute
to the overall binding energy in an additive fashion.
While most measurements were done on Kazal-type
inhibitors, it was demonstrated that findings on a
Kazal-type scaffold are about 70% valid on the
unrelated eglin C scaffold.40 Based on similar
studies that included BPTI, a Kunitz-type inhibitor,
the authors concluded that interscaffolding addi-
tivity may not be perfectly universal, as it might
depend on the sequential and conformational
similarities of the two inhibitory regions being
compared.



Figure 5. Structural comparisons of the 20-22 turns from group I and group II Pacifastin inhibitors. Structures of
inhibitors in (a) are from protease–inhibitor complexes and were solved by X-ray crystallography. The free structures
of inhibitors in (b) were solved by NMR. For clarity, only the 13-36 segment is shown. (a) Structural comparison of the
group I type SGPI-1 (SGTI, colored orange, PDB ID 2F91, chain B) and the group II type LMPI-2 (PMP-C, colored
blue, PDB ID 1GL1, chain I). Structures were superimposed at the backbone atoms of the strictly conserved segment
13–16 and residues of the protease binding loop 28-33 (consensus numbering). Positions of the strictly conserved
Asn15 and the P1 residue (position 30) on the binding loop, as well as side-chains on the 20-22 turn are indicated.
Note that LMPI-2 has alanine at position 21. This residue is serine in SGPI-2. (b) Structural comparison of the free
forms of SGPI-1 (SGTI, colored orange, PDB ID 1KGM) and SGPI-2 (SGCI, colored blue, PDB ID 1KJ0) using the 10-
conformer ensembles deposited in the PDB. Structures are superimposed as described above. Positions of the
conserved Asn15 and the P1 residue are indicated. The structures were superimposed and the Figures were generated
with MOLMOL.49
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We found an important example for this refined
model as, through measuring the effects of the P1′
K31M mutation, we detected non-additive effects
even between two closely related inhibitors that
belong to the same inhibitory family. The network of
co-varying residues also supports this notion. The
effects found in our system originate mainly from
differences between the two types of minimalist
cores of these peptides. On the basis of these results
and those mentioned above for the larger Kazal and
Kunitz-type inhibitors, we argue that the smaller
the core is, the larger its effect might be on the over-
all structural–functional behavior of the inhibitor
molecule.
The pacifastin family motifs represent a typical

size range that exists at the borderline between
marginally stable peptides and small, but stable
globular proteins. While the native structure of a
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globular protein is organized around and stabi-
lized by a densely packed non-polar inner core, a
35 residue peptide cannot afford a similar core
simply because of topology reasons. These pep-
tides have a minimalist core, but the stable native
structure requires strategically positioned disul-
fides. Moreover, while the distinction of “core”
and “surface” is a well-established paradigm for
globular proteins, it might not be as feasible for
these motifs.
It is the first time that inhibitors from the

pacifastin family have been functionally displayed
on phage. We believe that this achievement opens
new dimensions for structure–function studies
within this interesting family of inhibitors. Combi-
natorial mutagenesis approaches combined with
structure–function studies on individual mutants
should soon build a rich knowledge base for better
understanding the properties of these molecules.
Small size, high stability and high potency of these
inhibitors render them an excellent system for
macromolecular interaction analysis. Moreover,
these molecules could serve as starting points for
protease-inhibiting drug design.
Materials and Methods

Materials and bacterial strains

The DNA-modifying enzymes were from Fermentas
and New England Biolabs. Oligonucleotides were from
Integrated DNA Technology. All common laboratory
reagents were from Sigma Aldrich. DNA isolation was
done using the appropriate kits from QIAgen. DNA
sequencing reactions were done by using the ABI
PRISM BigDye v3.0 Kit (Applied Biosystems), and the
reactions were run on an ABI PRISM 3700 equipment
(Applied Biosystems). Bovine trypsin (TPCK-treated)
and bovine chymotrypsin (TLCK-treated) were from
Sigma Aldrich, while the crayfish enzyme was isolated
as described.37,41 The Anti FLAG-tag antibody was
from Affinity BioReagents. MaxiSorp plates from Nunc
International were used for target immobilization. The
bacterial strains XL1-Blue, CJ236 and SS320 were from
Stratagene, New England Biolabs and Genentech,
respectively. The M13-KO7 helper phage was from
New England Biolabs.
The Tag-pGP8 phagemid construction

In order to express all possible SGPI-1 and SGPI-2
chimeras on phage, first we had to construct a phagemid
vector that would allow for the monovalent display of
properly folded, functional wild-type SGPI-1 and SGPI-2
on the surface of M13 phage. We started with the pS1607
phagemid vector developed at Genentech for the mono-
valent display of hGH fused to p8, themajor coat protein of
theM13 phage.42 The vector had to bemodified slightly for
our purpose. We deleted a unique XhoI restriction site by
opening the vectorwith XhoI at position 1864 andwith SalI
at position 1625. The two enzymes create identical sticky
ends but, after vector religation, neither of them cleaves the
ligated sequence. Then we introduced an adaptor contain-
ing a new unique XhoI site between existing unique NsiI
and BglII sites using the following oligonucleotides: 5′
TCGGATTATAAAGACGATGATGACAAACTCGAGA3′
and 5′GATCTCTCGAGTTTGTCATCATCGTCTTTA-
TAATCCGATGCA3′ the XhoI site is underlined. The
adaptor replaced the first half of the hGH gene with a
DNA segment coding for a small linear epitope,
(DYKDDDDK) a FLAG-tag. The N terminus of the tag
became fused to the C terminus of the PhoA periplasmic
signal peptide. We also introduced an Acc65I (KpnI) site
upstream from a Ser-Gly coding linker region that connects
the recombinant peptides to the N terminus of the p8 coat
protein. This site (underlined) was introduced through
Kunkel mutagenesis with the mutagenesis primer:43 5′
GGCAGCTGTGGCTTCGGTACCGGTGGAG -
GATCCGG3′ from IDT. Then, the XhoI site of the linker
and the Acc65I site were used for directional cloning of the
synthetic wild-type SGPI-1 and SGPI-2 genes into the
vector.
Synthesis of wild-typeSGPI-1 and SGPI-2 genes and
cloning into the pGP8 phagemid

Wild-type SGPI-1 and SGPI-2 genes were constructed
through pairs of synthetic primers that had overlapping
complementary 3′ termini (Figure 1). The following
oligonucleotides were ordered from IDT:

WT-SGPI-1-forward: 5′GTG TGT CTC GAG CAG GAA
TGC ACC CCG GGT CAG ACC AAA AAA CAG GAT
TGC AAC ACC TGC AAC TGC ACC C3′
WT-SGPI-1-reverse: 5′GTG TGT GGT ACC ATG CGG
CGG GCA GCC TTT GCG GGT GCA CGC CCA CAC
GCC GGT CGG GGT GCA GTT GCA GG3′
WT-SGPI-2-forward: 5′GTG TGT CTC GAG GTG ACC
TGC GAA CCG GGTACG ACC TTT AAA GATAAA
TGC AAC ACC TGC CGT TGC GG3′
WT-SGPI-2-reverse: 5′GTG TGT GGT ACC CTG CGG
GCA CGC TTT CAG GGT GCA CGC CGC GCT TTT
GCC ATC GCT ACC GCA ACG GCA GG3′

The forward and reverse primer pairs having com-
plementary 3′ termini were annealed to each other and
extended to generate a double-stranded DNA product
using a single PCR cycle. The two products were
digested with XhoI and Acc65I, purified on a GenElute
PCR Clean Up column (QIAgen) and ligated into the
Tag-pGP8 vector opened with the same enzymes. The
right clones were identified through restriction site
analysis and DNA sequencing.
ELISA and activity assays of Tag-wtSGPI-1 and
Tag-wtSGPI-2 phages

XL1-blue cells harboring Tag-wtSGPI-1-pGP8 or Tag-
wtSGPI-2-pGP8 phagemids were infected with M13-KO7
helper phage, and the inhibitor-phage particles were
isolated as described.31 The presence of SGPI-1 or SGPI-2
on the phage surface was assessed by using as targets
bovine chymotrypsin (1 μg/well), crayfish trypsin (1 μg/
well) or Anti FLAG-tag antibody (250 ng/well) immo-
bilized on MaxiSorp plates. The phage ELISA was
performed as described.31 Solution inhibitory activity of
the inhibitor-phage particles were measured as follows.
In a 1 ml final volume 10−10 M active-site titrated bovine
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chymotrypsin or crayfish trypsin was incubated with
increasing concentrations of inhibitor-phage. The assay
buffer was 50 mM Tris-HCl (pH 8.0), 10 mM CaCl2,
0,001% (v/v) Triton-X100. For trypsin, 50 μM Succ-Ala-
Ala-Pro-Lys-AMC, and for chymotrypsin 50 μM Succ-
Ala-Ala-Pro-Tyr-AMC were used as fluorogenic sub-
strate. The excitation and emission wavelengths were
380 nm and 460 nm, respectively. The activity measure-
ments were done on a Spex FluoroMAX spectrofluori-
meter. The same amount of M13 KO7 helper phage was
used as a negative control. The background-normalized
residual activity was plotted as a function of phage
particle number. At this concentration of enzyme it
yielded a linear plot for the SGPI-1 crayfish trypsin and
SGPI-2 chymotrypsin pairs, which bind to each other
with picomolar binding affinities.
Synthesis of the chimera SGPI-1/SGPI-2 phage library

Nucleotide degeneracy is indicated using the IUPAC
code as follows: A, C, G, T, R (A or G), Y (C or T), M (A or
C), K (G or T), B (C, G or T), D (A, G or T), H (A, C or T), V
(A, C or G) or N (A, C, G or T). Six degenerated library
oligonucleotides were used in the arrangement of two
forward and four reverse primers. The construction of the
DNA cassette was done essentially as described for the
wild-type genes. The following primers were used:

Chimera-forward-1: 5′GTG TGT CTC GAG SWG RMG
TGC RMG CCG GGT MMG ACC AAA AAA SAK
RAW TGC AAC ACC TGC3′
Chimera-forward-2: 5′GTG TGT CTC GAG SWG RMG
TGC RMGCCGGGTMMGACC TTTAAA SAK RAW
TGC AAC ACC TGC3′
Chimera-reverse-1-K24;H35: 5′GTG TGT GGT ACC ATG
CKG CGG GCA GSC TTTAMG GGT GCA CGC CSM
GMY TTT GCC GKY CGR GSY GCA AYK GCA GGT
GTT GCA3′
Chimera-reverse-2-K24;H35del: 5′GTG TGT GGT ACC
CKG CGG GCA GSC TTTAMG GGT GCA CGC CSM
GMY TTT GCC GKY CGR GSY GCA AYK GCA GGT
GTT GCA3′
Chimera-reverse-3-K24del;H35: 5′GTG TGT GGT ACC
ATG CKG CGG GCA GSC TTTAMG GGT GCA CGC
CSM GMY GCC GKY CGR GSY GCA AYK GCA GGT
GTT GCA3′
Chimera-reverse-4-K24del;H35del: 5′GTG TGT GGTACC
CKG CGG GCA GSC TTTAMG GGT GCA CGC CSM
GMY GCC GKY CGR GSY GCA AYK GCA GGT GTT
GCA3′.

A total of eight library cassettes were generated through
the 2 ×4 PCR reactions. The cassettes were ligated into the
pGP8 vector and, after a desalting step, were electro-
porated separately into SS320 cells to generate phage
libraries as described.31
Selection of inhibitor phages on FLAG-tag antibody,
bovine trypsin and crayfish trypsin

Bovine chymotrypsin (1 μg/well), bovine trypsin (1 μg/
well), crayfish trypsin (1 μg/well) or Anti FLAG-tag
antibody (250 ng/well) were immobilized on MaxiSorp
plates and blocked with bovine serum albumin. The
control plates did not contain target, but were blocked by
serum albumin. Four cycles of selection and amplification
were conducted exactly as described.31 The inhibitor-
phage titers eluted from target and control plates were
compared to see how the selection proceeded.
Phage ELISA of selected library members

The phage ELISA of individual clones was performed as
described.31 Clones for this assay were from the second
round of the FLAG-antibody selection and the third round
of the protease selection. Clones producing an ELISA
signal threefold higher than the background were
collected for DNA sequencing.
DNA sequencing

The sequencing reactions were done using a strategy as
described.30 The gene of the library member was
amplified with the following PCR primers annealing to
invariant vector sequences. Forward primer, pTacUp35T7:
5′CGAAATTAATACGACTCACTATAGGGCTATAG-
GGTCTGGATAATGTTTTTTGCGCC3′ and reverse pri-
mer, pVIII-rev: 5′GTTATGCTAGTTATTGCTCAGCGGCT-
TGCTTTCGAGGTGAATTTC3′
The forward PCR primer was designed to contain the

sequence of the T7-pro sequencing primer: 5′CGAAAT-
TAATACGACTCACTATAGGG3′, which was then used
for the sequencing reaction.

Pairwise covariance analysis of selected sequences

We applied the observed minus expected squared
(OMES) covariance algorithm.44 The sequences were
aligned and for every pair of columns (column i versus
column j), we generated a list L of all distinct pairs of
amino acids. There were two gaps in the alignment that
were also included in the analysis. The score (S) for each
column pair i, j is calculated by the following equation:

S ¼
XL

1

ðNobs �NexpÞ2
N

where Nobs is the observed number of the residue pairs,
Nexp is the expected number of residue pairs, and N is the
number of sequences in the alignment. For an X-Y residue
pair at positions i and j, the Nexp is calculated simply
through the number of occurrences of the two residue
types, X and Y at positions i and j (CX,i and CY,j) and the
number of sequences in the alignment as follows:

Nexp ¼ ðCX,i CY,jÞ=N

The statistical significance of the observed scores was
assessed by a bootstrap analysis as follows.45 For each
binding selected pool, the same number of random
sequences was generated such that at each residue
position the frequencies of the individual amino acid
types were kept exactly the same as in the pool of the real
selected sequences. With this shuffling of sequences, any
co-selected residue pairs were uncoupled. Then, S was
calculated for the shuffled dataset. This shuffling proce-
dure was repeated 100,000 times, generating 100,000
statistical S′ scores for each position pair. A significance
value was determined for each real S score as follows. The
number of S′ scores having values equal to or higher than
the observed S score was counted and divided by 100,000.
Therefore, a P value of ≤0.05 means that only 5% of
shuffled pairs had the same or higher covariance scores
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than those observed, meaning that there is only a 5%
chance that the observed value is generated randomly.
†www.labfit.net
Peptide synthesis

Solid-phase peptide synthesis was performed using
the standard Fmoc (N-(9-fluorenyl)methoxycarbonyl)
chemistry. Cleavage from the resin and simultaneous
de-protection were carried out by the trifluoroacetic acid
(TFA) method (using 1,2-ethanedithiol, thioanisole, water
and phenol as scavengers). After concentrating the
solvent to near-dryness and adding cold diethyl ether,
the precipitate was dissolved in water and lyophilized.
The crude peptides (0.1 mg/ml) were air-oxidized in
water (pH adjusted to 8–9 with N,N-diisopropyl
ethylamine) without preliminary purification. The com-
pleteness of oxidation was checked by HPLC and
mass spectrometry. As the synthesis of peptides with
C-terminal PX (where X is any amino acid) is often
problematic, we extended the sequence with an extra
C-terminal alanine. This boosted the yield but, as
comparative inhibitory assays on SGPI-1 revealed, did
not affect the functional properties of the inhibitor (data
not shown).

Mass spectrometry

Mass spectrometry analysis was performed on aHP1100
series HPLC-ESI-MS system using the flow-injection
method with the following buffer: 10 mM ammonium
formiate in 9:1 (v/v) distilled water/ (pH 3.5). The flow
rate was 0.2 ml/min. The parameter settings for MS were
as follows: nitrogen was used as drying and nebulizing
gas. The drying gas flow rate was 10 l/min, the drying
gas temperature was 300 °C, the nebulizing gas pressure
was 30 PSI (1 PSI≈6.9 kPa) and the capillary voltage was
3500 V. The total ion current (TIC) chromatogram was
obtained in positive ion mode by scanning in the 100–1500
mass/charge range. The mass information was evaluated
with Agilent ChemStation software.

Determination of the inhibitory constant (Ki) values

Bovine and crayfish trypsin stock solutions were made
by dissolving the proteins in 10 mM HCl, 10 mM CaCl2
or in distilled water, respectively. Active enzyme
concentration was determined by active-site titration46

using fluorescent burst titrant 4-methylumbelliferyl p-
guanidinobenzoate. The Spex FluoroMAX spectrofluori-
meter was calibrated with methylumbelliferone. For the
determination of active inhibitor concentration, incre-
mental amounts of inhibitor were incubated with trypsin
in 50 mM Tris–HCl (pH 8.0), 10 mM CaCl2, 0.005%
Triton X-100 for 10 min at ambient temperature. The
final concentration of the enzymes was 1 μM. Residual
enzyme activities were measured with 1 mM Nα-
Benzoyl-DL-arginine p-nitroanilide hydrochloride. The
active inhibitor concentration was determined by linear
regression analysis. The equilibrium inhibitory constants
(Ki) were determined as described.47,48 The protease was
incubated at a concentration close to, but higher than the
estimated Ki value with incremental amounts of inhi-
bitor up to about a two- to threefold excess of the
inhibitor. After reaching equilibrium, incubation mix-
tures were assayed by the addition of a substrate most
appropriate for determination of the concentration of the
free enzyme. The buffer was the same as above. For
enzyme–inhibitor pairs with Ki in the 10−9 M range, the
enzyme concentration was 5 nM, and 0.25 mM of the
photometric substrate CBZ-Gly-Pro-Arg-pNA was used
on a Shimadzu spectrophotometer. For enzyme–inhibitor
pairs with Ki in the 10−12 M range, the enzyme
concentration was 0.1 nM, and 50 μM Succ-Ala-Ala-
Pro-Lys-AMC was used on a Spex FluoroMAX spectro-
fluorimeter. The excitation and emissionwavelengthswere
380 nm and 460 nm, respectively. Numerical Ki values
were determined from two parallelmeasurements through
non-linear regression analysis using the LabFit software†
and the following equation:

½E�
½E�0

¼ 1�
½E�0 þ ½I�0 þ Ki �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½E�0 þ ½I�0 þ KiÞ2 � 4½E�0½I�0

q

2½E�0
In the equation [E], [E]0 and [I]0 represent the molar
concentrations of the free enzyme, total enzyme and total
inhibitor, respectively.
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