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Abstract

Reversible serine proteinase inhibitors comprise 18 unrelated families. Each family has a distinct
representative structure but contains a surface loop that adopts the same, canonical conformation in the
enzyme–inhibitor complex. The Laskowski mechanism universally applies for the action of all canonical
inhibitors independent of their scaffold, but it has two nontrivial extrapolations. Intrascaffolding additivity states
that all enzyme-contacting loop residues act independently of each other, while interscaffolding additivity
claims that these residues act independently of the scaffold. These theories have great importance for
engineering proteinase inhibitors but have not been comprehensively challenged. Therefore, we tested the
interscaffolding additivity theory by hard-randomizing all enzyme-contacting canonical loop positions of a
Kazal- and a Pacifastin-scaffold inhibitor, displaying the variants on M13 phage, and selecting the libraries on
trypsin and chymotrypsin. Directed evolution delivered different patterns on both scaffolds against both
enzymes, which contradicts interscaffolding additivity. To quantitatively assess the extent of non-additivity, we
measured the affinities of the optimal binding loop variants and their binding loop-swapped versions. While
optimal variants have picomolar affinities, swapping the evolved loops results in up to 200,000-fold affinity
loss. To decipher the underlying causes, we characterized the stability, overall structure and dynamics of the
inhibitors with differential scanning calorimetry, circular dichroism and NMR spectroscopy and molecular
dynamic simulations. These studies revealed that the foreign loop destabilizes the lower-stability Pacifastin
scaffold, while the higher-stability Kazal scaffold distorts the foreign loop. Our findings disprove
interscaffolding additivity and show that loop and scaffold form one integrated unit that needs to be
coevolved to provide high-affinity inhibition.

© 2018 Elsevier Ltd. All rights reserved.
Introduction

Reversible serine protease inhibitors arose
through convergent evolution yielding 18 non-
homologous families. These families have distinct
representative structures, but their mode of action is
universal. Each inhibitor displays a convex surface
loop, which becomes inserted into the substrate-
binding cleft of the cognate enzyme. Regardless of
r Ltd. All rights reserved.
the overall inhibitor structure, the conformation of
this loop is essentially the same, that is, canonical.
The canonical loop conformation is stabilized by the
rest of the protein called the inhibitor scaffold.
In pioneering studies, the Laskowski laboratory

established the molecular mechanism of action of
these inhibitors, which became often referred to as
the Laskowski mechanism. They focused their
research on ovomucoid inhibitors of the Kazal family.
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Over the years, they isolated ovomucoid third
domains from 153 avian species [1–3] and charac-
terized their interaction with different serine prote-
ases [4]. Later, they used turkey ovomucoid third
domain (OMTKY3), as a model, identified 10
enzyme-contacting positions, generated all single
point mutants and characterized the binding of all
191 variants to 6 serine proteases [5–7]. They also
determined the affinity of eglin c (potato I family) P1
variants (Schechter and Berger nomenclature that
describes canonical loop (or substrate) positions
Pn–Pn′, with the scissible bond located between P1–
P1′, and corresponding Sn–Sn′ binding sites on the
enzyme [8]) to the same set of enzymes [9]. Based
on these data, they concluded that (i) besides the
P1, other contact residues may affect affinity and
specificity of the inhibitors, but non-enzyme-contact-
ing residues do not exert any effect on binding, and
(ii) the P1 side chain acts independently of the rest of
the reactive loop and even of the entire inhibitor
scaffold, and therefore, binding energy contribution
of the P1 is governed by additivity.
Additivity has been a central topic of protein

engineering since directed mutagenesis became
feasible and the concept of the double mutation
cycle was introduced by Fersht and his coworkers
[10–12]. In general terms, additivity applies when the
free energy change caused by multiple amino acid
replacements at different positions equals the sum of
individual free energy changes corresponding to the
single amino acid replacements. This requires that
the individual positions act independently.
The term intrascaffolding additivity coined by the

Laskowski group was based on their observation that
identical P1 residue substitutions in different ovomu-
coid third domain orthologs cause near identical free
energy changes when binding to the same enzyme
[6]. They introduced the term interscaffolding additivity
upon finding that analogous P1 residue replacements
on two unrelated inhibitors, OMTKY3 and eglin c, had
similar effects on enzyme binding [9]. Based on the
universal mode of canonical inhibitor action, they
suggested that interscaffolding additivity should apply
for every canonical inhibitor family, all enzyme-
contacting positions and all 20 amino acid residues
[9], and stated that the scaffold does not directly affect
the binding affinity of the inhibitor [13].
Based on association constants measured for

OMTKY3 single mutants, they constructed a se-
quence to reactivity algorithm [7,14] to predict the
affinity of any Kazal inhibitor to six proteases. Later,
they narrowed the scope of the algorithm to a subset
of Kazal sequences (those having either P2 Thr or
P1′ Glu or both) based on potential non-additivity
effects predicted by structural data [7,15]. Then, they
applied the algorithm to predict the presumably
strongest Kazal inhibitors against porcine pancreatic
elastase and Streptomyces griseus protease B,
respectively [16].
The theory of interscaffolding additivity was
based on the characterization of single P1
mutants. It has never been assessed experimen-
tally by a more general approach that could test
cooperativity between positions. Some subsequent
studies did not support universality of the inter-
scaffolding additivity model [9,17,18], but no
general conclusion for the applicability of this
theory was drawn.
We became interested in this topic when in a

directed protein evolution study we observed clear
non-additivity within the Pacifastin family of canon-
ical inhibitors [19], which disproved universality of
the less general intrascaffolding additivity model.
This finding turned our interest toward the more
general theory of interscaffolding additivity, which, if
applies, would dictate that in directed evolution
experiments the same binding loop sequence
pattern should be selected on unrelated scaffolds
against the same serine protease. In contrast, we
found that markedly different binding sites were
evolved on sunflower trypsin inhibitor versus Schis-
tocerca gregaria protease inhibitor 2 (SGPI-2) when
these inhibitors were selected against two comple-
ment lectin pathway proteinases, mannan-binding
lectin associated serine proteinase (MASP)-1 and
MASP-2 [20,21]. Nevertheless, the 14-amino-acid
sunflower trypsin inhibitor is not a representative
model of canonical inhibitors, and the highly specific
MASP enzymes are not the archetypes of serine
proteinases either.
Therefore, wedesigned this study to specifically test

interscaffolding additivity by using two classical model
enzymes and two typical, unrelated canonical inhib-
itors. We evolved optimal bovine trypsin-binding and
bovine chymotrypsin-binding inhibitory loops in the
structural context of the Kazal family serine protease
inhibitor Kazal type 1 (SPINK1) and the Pacifastin
family SGPI-2 scaffolds. We obtained characteristi-
cally different binding loop sequence patterns, which
clearly demonstrated a lack of interscaffolding addi-
tivity. To quantitatively assess the magnitude of this
non-additivity and decipher the underlying causes, we
designed individual variants including the optimal
binding loop variants and their binding loop-swapped
versions, and characterized their affinity, stability,
solution structure and dynamics.
Results

SGPI-2 and SPINK1 inhibitor variants were
selected for binding to bovine trypsin and
chymotrypsin by phage display

We subjected the canonical loop of two unrelated
inhibitors, SGPI-2 from the Pacifastin family and
SPINK1 from the Kazal family (Fig. 1), to directed
evolution. We determined the residue preferences at



Fig. 1. Overall structure of (a) SGPI-2 and (b) SPINK1.
The inhibitors are oriented to highlight the main structural
elements of the scaffolds. Disulfide bridges are shown in
yellow, and the reactive loop between the P4–P4′ amino
acids is highlighted with dark blue for SGPI-2 (PDB ID:
2XTT) and red for SPINK1 (PDB ID: 1TGS). The position
of the P1 side chain is also marked. The molecular
graphics were drawn with Chimera.
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each individual binding position in the form of char-
acteristic sequence patterns (Fig. 2), which defined
the corresponding consensus sequences.
Fig. 2. Sequence logos generated by the WebLogo progra
selected inhibitors. Sequence logo representation of (a) bovine
selected SGPI-2 variants, (c) bovine trypsin-selected SPINK
variants. Amino acids are represented by their one letter code.
of conservation. Individual symbol height shows the codon-nor
height corresponds to completely conserved amino acids, that
Both SGPI-2 and SPINK1 were fused to the p8
coat protein and displayed monovalently on the
surface of M13 bacteriophage. In both inhibitors, six
positions of the canonical loop were fully randomized
such that the structurally important Cys residues
were preserved. The size of the resulting inhibitor-
phage libraries, which comprised 7.00 × 108 SGPI-2
and 6.25 × 108 SPINK1 variants, approached the
theoretical library diversity of 326 = 1.07 × 109. Both
libraries were selected for binding to bovine trypsin
and chymotrypsin in separate experiments. Three
rounds of sorting were performed resulting in over
200-fold enrichment values in each case. Target
binding of clones from the third round was tested in
phage ELISA.

The enzyme-selected sequence patterns are
markedly scaffold-dependent

The number of individual target-binding clones
identified by DNA sequencing was 49 and 52 from
trypsin and chymotrypsin, respectively, in the case of
SGPI-2 and 56–56 from both trypsin and chymotryp-
sin in the case of SPINK1 (Supplementary Table 1).
m representing the P4–P4′ positions of the phage display-
trypsin-selected SGPI-2 variants, (b) bovine chymotrypsin-
1 variants and (d) bovine chymotrypsin-selected SPINK1
The overall height of a stack of letters indicates the degree
malized relative frequency of the residue. Maximal symbol
is, Cys residues and the P4 Gly in SPINK1 shown in gray.
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Based on these sequences, codon-normalized logos
were generated that illustrate the amino acid prefer-
ences of the enzymes and the level of conservation at
each randomized reactive loop position (Fig. 2).
Interestingly, both enzymes selected clearly dif-

ferent sequence patterns on the SGPI-2 versus
SPINK1 scaffold. The trypsin-selected logos show
scaffold-dependent differences at the P2, P1′, P2′
and P4′ positions (Fig. 2(a) and (c)). For example,
trypsin selected almost exclusively a Met at the P1′ of
SGPI-2, while it had no preference for any particular
residue at the same position of SPINK1. The most
notable differences between the chymotrypsin-
selected logos (Fig. 2(b) and (d)) are located at the
P1 and at the P1′–P4′ region. The most characteristic
phenomenon is the different spatial distribution of
positively charged amino acids on the two scaffolds.
On SGPI-2, these scatter across P1′, P2′ and P4′,
while on SPINK1, these selectively occur at P3′. We
will get back to this phenomenon in Discussion.
Interestingly, irrespective of the target enzyme,

Thr is dominant at the P2 of SGPI-2. The P2 position
in the Pacifastin family is strictly conserved by
natural evolution as Thr that has two important
functions: it participates in a loop-stabilizing intra-
molecular H-bond network through its hydroxyl,
while its methyl group binds into the shallow S2
pocket of the target enzymes [22] as detected in
several atomic resolution structures [21,23–27]. This
conservation was recapitulated by the in vitro
evolution. In contrast, the P2 on the SPINK1 scaffold
does not have an analogous structural role. The
selection is dictated solely by the small S2 pocket of
trypsin and chymotrypsin, and accordingly, mostly
small residues (Gly, Ala, Ser, Pro, Thr, Asp) were
selected here.
Pro was the most frequently selected both by

trypsin and chymotrypsin at P4′ of SPINK1 and is a
conserved residue in the Kazal family. Consequent-
ly, the in vitro evolution of SPINK1 recapitulated
natural evolution by conserving a P4′ Pro on both
enzymes corroborating the important structural role
of this position in the Kazal family.
The marked differences between the logos dem-

onstrate that the same enzyme prefers residues of
different chemical character, size and shape at
equivalent positions of the two different scaffolds.
This clearly demonstrates that the optimal enzyme-
binding loop sequence approximated by the con-
sensus of the sequence logos is scaffold-dependent,
which in turn indicates a lack of interscaffolding
additivity.

Affinities of Sequence Logo-Derived Recombinant
Inhibitor Variants Were Determined

We aimed to quantitate non-additivity by measur-
ing the binding affinities of the four (two scaffolds on
two targets) evolved consensus binding loop vari-
ants and by comparing these data to those of the four
binding loop-swapped versions. As we proceeded
with the study, more questions emerged that
required two additional SGPI-2 and four additional
SPINK-1 variants. So, along with the wild-types,
altogether 16 variants were constructed, produced,
isolated and tested. Equilibrium inhibitory constants
(KI) of the variants were determined for trypsin or
chymotrypsin (Table 1).
The name, binding loop sequence and a short

description of these variants are listed in Table 1.
The SGPI-2 scaffold-based variants are named
SG1-6, while the SPINK1 scaffold-based ones as
SP1-8. The consensus carrying variants are named
SG1, SG4, SP1 and SP5, while the loop-exchanged
variants are SG2, SG5, SP2, and SP6. In the loop-
exchanged SPINK1 variants, the P3′ Cys of the
donor SGPI-2 loop was substituted with Ala to
prevent the occurrence of an unpaired cysteine.
Two additional SPINK1 variants (SP3 and SP7)
were generated by introducing a P4′ Pro in the loop-
exchanged variants to test whether it contributes to
affinity and/or stability. Finally, single point mutants
of the wild-type (SG3, SG6, SP4 and SP8) were also
created, in which the original P1 was replaced with
the consensus evolved residue selected by trypsin
or chymotrypsin.

Affinity toward the target enzymes was
improved by directed evolution

Human SPINK1, previously named as PSTI
(pancreatic secretory trypsin inhibitor), is a tight-
binding trypsin inhibitor that prevents premature
trypsin activation in the pancreas [28]. Albeit weakly,
it also inhibits chymotrypsin [29]. SGPI-2 is a potent
inhibitor of bovine chymotrypsin [30], but it does not
inhibit bovine trypsin. Specificity conversion by
phage selection yielded high-affinity chymotrypsin-
inhibiting SPINK1 and trypsin-inhibiting SGPI-2
variants. Moreover, directed evolution increased
the already high affinity of SPINK1 on trypsin 5-fold
as demonstrated by the SP1 variant. On the other
hand, the already high chymotrypsin-binding affinity
of SGPI-2 could only be marginally improved by the
consensus loop represented by SG4 variant.

Swapping the consensus binding loop between
scaffolds is detrimental to binding

According to the interscaffolding additivity theory,
grafting the consensus binding loop from the original
scaffold onto another one should transfer the same
affinity along with the loop. Interscaffolding non-
additivity can be quantified as the difference of two
affinity values, both provided by the same evolved
consensus binding loop, but in one case in the context
of the original scaffold, while in the other case in the
context of the unrelated recipient scaffold. We found



Table 1. Affinity and thermostability of the SGPI-2 and SPINK1 variants

Variant Description P4–P3–P2–P1–P1′–P2′–P3′–P4′ KI (nM) Tm (°C)

Trypsin-inhibiting variants
SG1 Trypsin-selected consensus SGPI-2 variant Gly-Cys-Thr-Arg-Met-Met-Cys-Gly 0.010 71.3a

SG2 Loop-exchanged trypsin-inhibiting SGPI-2 variant Gly-Cys-Pro-Arg-Ile-Tyr-Cys-Pro 372 –
SG3 Trypsin-binding P1 variant of wild-type SGPI-2 Ala-Cys-Thr-Arg-Lys-Ala-Cys-Pro 0.4 83.8a

SPINK1 Wild-type SPINK1 Gly-Cys-Thr-Lys-Ile-Tyr-Asp-Pro 0.010 96.3b

SP1 Trypsin-selected consensus SPINK1 variant Gly-Cys-Pro-Arg-Ile-Tyr-Asp-Pro 0.002 100.2b

SP2 Loop-exchanged trypsin-inhibiting SPINK1 variant Gly-Cys-Thr-Arg-Met-Met-Ala-Gly 2.00 64.2b

SP3 Loop-exchanged trypsin-inhibiting SPINK1
variant with P4' Pro

Gly-Cys-Thr-Arg-Met-Met-Ala-Pro 0.80 84.4b

SP4 Trypsin-binding P1 variant of wild-type SPINK1 Gly-Cys-Thr-Arg-Ile-Tyr-Asp-Pro 0.016 95.9b

Chymotrypsin-inhibiting variants
SGPI-2 Wild-type SGPI-2 Ala-Cys-Thr-Leu-Lys-Ala-Cys-Pro 0.027 76.4a

SG4 Chymotrypsin-selected consensus SGPI-2 variant Asp-Cys-Thr-Met-Lys-Met-Cys-Lys 0.022 75.4a

SG5 Loop-exchanged chymotrypsin-inhibiting SGPI-2 variant Gly-Cys-Thr-Phe-Ile-Leu-Cys-Pro 0.101 64.0a

SG6 Chymotrypsin-binding P1 variant of wild-type SGPI-2 Ala-Cys-Thr-Met-Lys-Ala-Cys-Pro 0.110 82.0a

SP5 Chymotrypsin-selected consensus SPINK1 variant Gly-Cys-Thr-Phe-Ile-Leu-Lys-Pro 0.0005 83.7b

SP6 Loop-exchanged chymotrypsin-inhibiting SPINK1 variant Asp-Cys-Thr-Met-Lys-Met-Ala-Lys 15 69.8b

SP7 Loop-exchanged chymotrypsin-inhibiting SPINK1
variant with P4' Pro

Asp-Cys-Thr-Met-Lys-Met-Ala-Pro 126 89.1b

SP8 Chymotrypsin-binding P1 variant of wild-type SPINK1 Gly-Cys-Thr-Phe-Ile-Tyr-Asp-Pro 0.054 95.8b

SGPI-2 variants and SPINK1 variants are named SG and SP, respectively. Inhibition constants (KI) are provided in nanomolar units.
a Determined by spectroscopy.
b Determined by differential scanning calorimetry.
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that loop transfer weakened the interaction in all four
instances. Affinity loss was the largest, 186,000-fold,
when the trypsin-binding optimized SPINK1 loop was
transferred onto the SGPI-2 scaffold (SP1 versus
SG2). The other three cases resulted in affinity drops
ranging from 202-fold to 682-fold (Table 1).
Low performance of the transferred loop can also

be quantified by comparing the affinity of the inhibitor
carrying its own phage-optimized consensus to that
of a variant having the same scaffold, but carrying a
consensus evolved on another scaffold. This mea-
sures how much the foreign loop underperforms the
one optimized in the context of the recipient scaffold.
In 3 of the 4 cases, the affinity difference determined
this way was 3 to 4 orders of magnitude. The most
significant drop in affinity belongs again to SG2. It
carries the consensus trypsin-binding loop selected
on SPINK1 and inhibits the enzyme 37,000-fold
more weakly than the consensus SG1 variant.
These results verify that differences of the se-

quence logos represent scaffold-dependent prefer-
ences of the target enzymes at analogous positions of
unrelated scaffolds. The observed several orders of
magnitude affinity drops prove that optimal enzyme-
binding loop sequences are inhibitor scaffold specific,
which disproves the interscaffolding additivity theory.

Restoration of P4′ Pro in loop-exchanged SPINK1
inhibitors does not significantly alter affinity

Natural evolution conserved a P4′ Pro in Kazal
inhibitors [31], and directed evolution recapitulated
the same results on both target enzymes. This Pro
was lost in both binding loop-swapped SPINK1
variants, SP2 and SP6. In the corresponding SP3
and SP7 variants, we reconstituted this P4′ Pro to
test whether it would enhance affinity.
Restoring P4′ Pro improved binding of SP3 to

trypsin only 2.5-fold, while the equivalent substitution
in SP7 resulted in an 8.4-fold affinity drop on
chymotrypsin. A possible explanation is that the
removal of the P4′ Lys eliminates an advantageous
electrostatic interaction with Asp64 of chymotrypsin
[32], which cannot be fully compensated by the
stabilizing effect of Pro. In conclusion, restitution of
the P4′ Pro had only minor effects on affinity,
indicating that the several orders of magnitude
affinity reduction of loop-exchanged SPINK1 in-
hibitors was not due to the loss of this conserved
residue.

Introducing phage-optimized P1 residue into
tight-binding wild-type does not improve affinity

As the interscaffolding additivity model was based
mostly on single P1 mutant OMTKY3 variants, we
created two single-mutant variants of both wild-type
inhibitors each carrying a trypsin- (SG3 and SP4) or
chymotrypsin-selected (SG6 and SP8) consensus
P1 residue (see Table 1).
As expected, when the wild-type P1 was unsuit-

able for trypsin or chymotrypsin inhibition, introduc-
ing the phage-optimized P1 boosted affinity resulting
in a subnanomolar SGPI-2 trypsin inhibitor and a
tight-binding SPINK1 chymotrypsin inhibitor. How-
ever, when the wild-type inhibitor was already a tight
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binder of the target protease, replacing the wild-type
P1 with the phage-selected consensus residue
caused a slight (1.6-4.1-fold) decrease in affinity.
Although the effects are small, they show that the
energetic contribution of the P1 is context depen-
dent, which suggests a low level of intrascaffolding
non-additivity.

Scaffold-disrupted inhibitors lose their function
and become substrates

To further clarify the role of the inhibitor scaffold,
we analyzed the functional consequences of native
structure disruption by reducing the disulfide brid-
ges. The consensus (SG4 and SP5) and the loop-
exchanged (SG5 and SP6) chymotrypsin-binding
variants were treated by the strong reducing agent,
TCEP. Inhibitory potency of the reduced and native
proteins was compared in enzymatic assays con-
taining large (40- to 100-fold) molar excess of the
inhibitors (Supplementary Fig. 1). Native conforma-
tion inhibitors completely blocked chymotrypsin
activity, while the reduced forms provided only 0 to
12% inhibition. UPLC-MS analysis demonstrated
that a 10-min incubation with chymotrypsin left the
native inhibitors intact, while 100% of the reduced
molecules were cleaved into peptide fragments
(Supplementary Fig. 2). Importantly, the P1–P1′
scissile bond was cleaved in all reduced forms.
This finding clearly demonstrates that a native
conformation scaffold is essential for the inhibitory
function.

Substitutions in the reactive loop affect
thermostability of the inhibitors

To better understand the molecular background of
the observed non-additivity effects, biophysical and
structural experiments were carried out by circular
dichroism (CD) spectroscopy, differential scanning
calorimetry (DSC), NMR spectroscopy and molecu-
lar dynamics (MD) simulations.
Thermostability of the variants was determined by

monitoring thermal denaturation either by far UV CD
spectroscopy or by DSC (Table 1, Supplementary
Figs. 3 and 4). Having a Tm of 96.3 °C, SPINK1 was
found to be more stable than the smaller SGPI-2
having a Tm of 76.4 °C. The consensus variants,
except SP5, have Tm values within a 6 °C range of
the wild-type. In contrast, all loop-exchanged vari-
ants show a marked change in thermostability
compared to their respective wild-types and consen-
sus variants, as follows. There is an over 10 °C drop
in the Tm values of two loop-exchanged variants,
SG5 and SP6, while the other two variants, SG2 and
SP2, did not exhibit cooperative denaturation. CD
spectra taken at 10 °C intervals (Supplementary
Fig. 5(a–d)) show that their structure becomes
gradually disordered upon heating.
Introducing Pro at P4′ of the loop-exchanged
variants resulted in Tm values nearly 20 °C higher
than those of their parent molecules. This stability
increase is in line with observations that Pro at the
edges of the reactive loop can contribute to loop
rigidity, which in turn can increase the affinity. This
could be the case for SP3. However, as demon-
strated by SP7, extra stability is not necessarily
accompanied by more potent inhibition. Altogether,
data on the affinity and thermostability of loop-
exchanged SPINK1 P4′ variants imply that P4′ Pro
primarily provides stability instead of directly affect-
ing enzyme-binding.
Substituting the P1with themost frequently selected

residue did not change thermostability of SPINK1
variants. In contrast, both SGPI-2 P1 variants, SG3
and SG6, have higher than wild-type Tm.

CD measurements suggest unfolding of
β-stranded regions in loop-exchanged
SGPI-2 variants

Loop-exchange-induced structural changes were
studied using far UV CD spectroscopy. CD spectra
of the wild-types, consensus variants and loop-
exchanged variants were measured for each
enzyme-scaffold pair (Fig. 3(a–d)) and the data
were analyzed using BeStSel [33] (Table 2). One
should consider that accurate estimation of the
secondary structure content of small, disulfide-
bonded proteins based on CD spectra is challenging
as their structures can tolerate moderate distortions.
Compared to the wild-type SPINK1, SP1 showed a

decrease in the β-sheet content, while the α-helix
content was increased. This observation, together
with SP1 having the highest Tm, suggests that the
loop optimization had an effect on the scaffold and
increased its stability. In the case of the phage-
display-optimized SG1, a 3% increase in antiparallel
β-sheet content was observed.
In contrast, CD spectra of both loop-exchanged

SGPI-2 variants are different from those of the wild-
types and the consensus variants. Grafting the
trypsin-selected SPINK1 loop on the SGPI-2 scaffold
yielded SG2 that has markedly less β-sheet content
compared to the consensus variant SG1, accompa-
nied by the appearance of a short α-helical region.
The 37,200-fold drop of trypsin-binding affinity of
SG2 compared to SG1 might be due to these
observed structural changes.
Significant structural adjustments also occurred

when the chymotrypsin-binding SPINK1 loop was
placed on the SGPI-2 scaffold generating SG5: the
ratio of β-sheet content decreased, while only the ratio
of turns and “others” increased, indicating that a part of
the molecule, possibly one β-strand, became disor-
dered. Interestingly, this readily detectable structural
change is paired with only amodest 4.6-fold reduction
in affinity (Table 1).



Fig. 3. Structural differences between the wild-type proteins, the consensus variants and the loop-exchanged variants
monitored by CD spectroscopy. CD spectra of trypsin-binding SGPI-2 variants (a), trypsin-binding SPINK1 variants (b),
chymotrypsin-binding SGPI-2 variants (c) and chymotrypsin-binding SPINK1 variants (d).
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In contrast, incorporating the SGPI-2-based bind-
ing loops had no effect on the antiparallel β-sheet
content in SPINK1, but affected its α-helix, which is
linked to the loop by a disulfide bridge at P3 (Fig. 1).
Intriguingly, we can observe a correlation between
Table 2. Estimated proportions of secondary structure
elements in the variants obtained by BeStSel analysis of
the CD spectra

Variant Estimated secondary structure content (%)

α-Helix Antiparallel β Parallel β Turn Others Tm

SPINK1 16.1 29.0 0.0 14.1 40.7 96.3
SP1 20.0 21.6 0.0 12.1 46.4 100.2
SP2 9.5 27.7 0.7 14.7 47.4 64.2
SP5 11.7 28.9 0.0 13.5 43.4 83.7
SP6 13.2 29.1 0.0 15.5 42.2 69.8
SGPI-2 3.2 28.5 0.0 17.7 50.8 76.4
SG1 4.2 31.8 0.9 16.1 47.1 71.3
SG2 7.3 22.7 0.0 19.1 50.8 –
SG4 2.0 30.2 0.0 18.5 49.3 75.4
SG5 1.5 23.2 0.0 20.8 54.5 64.0

Melting temperatures from thermal denaturation experiments are
also presented.
the α-helix content and the Tm values reflecting the
stability (Table 2, r = 0.87, Pearson correlation
coefficient). Nevertheless, the inhibitory activity of
the loop-exchanged SPINK1 variants, SP2 and SP6,
is reduced by 3-4 orders of magnitude.
In summary, accomodating a binding loop evolved

on a different scaffold caused structural changes
that are readily detected by CD spectroscopy. The
less stable SGPI-2 structure suffered more exten-
sive changes than the more stable SPINK1 struc-
ture. Nonetheless, there is no simple relationship
between the degree of structural changes and the
extent of affinity loss.

NMR spectroscopy localizes the structural
change in loop-exchanged variant SG5

NMR analysis was performed for unlabeled SG4
and SG5 variants. Secondary chemical shifts and
corresponding Secondary Structure Propensity
(SSP) scores [34] were calculated from the assigned
Hα chemical shifts. A plot against the amino acid
sequence reveals the secondary structural motifs
(Fig. 4(a)).



Fig. 4. Structural differences between SGPI-2 and SPINK1 variants detected by NMR spectroscopy. Calculated SSP
scores (a) and corresponding tentative structures (b) (based on PDB ID: 1KGM) for SG4 (cyan) and SG5 (violet). SSP
scores of SPINK1 variants (c): wild-type SPINK1 (red), SP5 (violet), SP6 (blue) and backbone relaxation data (T1/T2 ratio)
for SP5 (d). Increased negative SSP values suggest β-strand formation, while increased positive tendency reveals an α-helix.
We defined β-strands for regionswith SSP b −0.5, indicating that 50% of the conformational ensemble adopts a β-structure at
that position [34].
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For SG4, the G7–D12, T16–R18 and K24–T29
regions are β-strands and the K13–N15 and S21–
G23 parts show turn-like behavior. These motifs are
in accordance with previously published data for the
structure of wild-type SGPI-2 [23], which consists of
a rigid hydrophobic core, 3 antiparallel β-strands
(between residues F10–K11, T16–C19 and A26–
C28) forming a β-sheet and flexible loops and turns
connecting the β-strands.
In contrast, the structure of the loop-exchanged

SG5 variant is different from that of the wild-type and
SG4. Replacement of the hydrophilic MKMCK loop
region of SG4 with the more hydrophobic FILCP
sequence in SG5 leads to the disappearance of the
third β-strand and the C-terminus becomes unstruc-
tured (Fig. 4(a), (b)). These results are consistent
with the decrease in β-sheet content indicated by
CD spectroscopy. Comparison of the SSP scores
for SG4 and SG5 shows no significant structural
changes in the N-terminal region; however, the
second β-strand of SG5 is slightly less structured
than the corresponding region in SG4.
In conclusion, NMR spectroscopy localized

and identified the structural changes indicated by
CD spectroscopy, namely, the unfolding of the third
β-strand in the loop-exchanged variant SG5.

Loop exchange does not alter the overall
structure of the SPINK1 scaffold

CD spectroscopy analysis showed very similar
secondary structure contents for the wild-type
SPINK1, the consensus variant SP5 and the loop-
exchanged SP6, while their KI values for the inhibition
of chymotrypsin differ by several orders of magnitude.
In order to decipher the reasons for this phenomenon,
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structural and dynamical residue-based analyses
were performed. Full assignment is provided for
wild-type SPINK1 and SP5, while it is 80% complete
for SP6 due to significant line broadening (see
Supplementary Fig. 6 for the 1H–15N HSQC spectra).
Wild-type SPINK1, SP5 and SP6 present similar

SSP variations (Fig. 4(c)). The N-terminus (D1–
P22), which hosts the enzyme-binding loop, is
mostly unstructured, although the L3–A7 region
shows a turn-like behavior, followed by a disordered
section in the C9–P22 part. For SP5, regions V23–
G25 and N29–T30 display two β-strands, and an α-
helix is detectable in the V36–R44 region. Based on
X-ray crystallography of PSTI-3 [35] and a previous
NMR study of PSTI-7 [36], there is a third β-strand in
the I50–S53 region, where we only found a minor
turn-like propensity for all three studied variants, and
this is also valid for analysis of the PSTI-7 data. The
structure of the loop-exchanged SP6 variant is
similar to that of SP5, but a slightly weaker helical
content is detected. In both cases, increased line
broadening is observed in the loop part, and in the
case of SP6, also at the beginning of the α-helix.
In conclusion, the structures of the three SPINK1

variants are similar, neither the binding loop nor the
scaffold shows significant structural changes. This is
in accordance with the analysis of the CD spectra of
these variants.

Backbone dynamics reveal conformational
motions in the canonical loop

As no structural changes were observed in the
SPINK1 scaffold to explain the differences in
inhibitory effect, 15N backbone dynamic studies
were performed on SP5.
T1 and heteronuclear nOe values provide informa-

tion on fast scale motions (ns–ps), T2 values report on
slow time scale motions including slower conforma-
tional exchanges (Supplementary Fig. 7(a–c)) [35,36].
The motional anisotropy is eliminated if we monitor
the T1/T2 ratio (Fig. 4(d)). The higher-than-average
values, found for the binding loop region and for
the end part of the α-helix (K43–S47), are indicative of
residues undergoing chemical or conformational
exchange.
The experimentally determined T1 values are fairly

constant along thepolypeptide chain (average: 0.52 s),
with the exception of the highly mobile N-terminus
(Supplementary Fig. 7(a)). A disulfide bridge restricts
the flexibility of the C-terminus. These variations are
reflected in the heteronuclear nOe values as well
(Supplementary Fig. 7(c)), where the lowest num-
bers reveal the most flexible parts of the molecule:
the N-terminus and the disordered C9-K21 part,
which contains the canonical loop.
In order to highlight the residues undergoing

conformational exchange, the relaxation data were
further analyzed using the Lipari–Szabo model-free
formalism [37,38] for axial anisotropy case. Since
there is high structural similarity between Kazal
family members, we used the available SPINK1
variant structure [32] to calculate the S2 order
parameters (see Supplementary Fig. 7(d)) and the
rotational correlation time (3.1 ns). The obtained S2

order parameters are lowest for the mobile regions:
C9–K21, which includes the canonical loop and
Q45–I48, while the highlighted residues are charac-
terized by Rex (1/s) values—in accordance with their
involvement in conformational motion.
In conclusion, NMR data show that although the

loop exchange did not alter the SPINK1 scaffold, it
might affect the mobility of the binding loop, where
conformational motions are detected. In order to test
this possibility and highlight the differences between
the flexibility of the variants, MD simulations were
performed.

MD simulations highlight differences of the
dynamics of SPINK1 variants

All the SPINK1 and SGPI-2 variants were subject-
ed to 1-μs MD in explicit water model. The global
SPINK1 scaffold was found to be stable in all
variants (Fig. 5(a) and Supplementary Figs. 8
and 9). The three characteristic β-strands (residues
26–28, 33–34 and 53–56) remained unaltered
throughout the simulations. The α-helix (residues
37–47) was clearly present in all variants; however,
variant-dependent fluctuations in its length were
observed. The helix was most stable in wild-type
SPINK1 and its SP8 variant (Supplementary Fig. 9),
while in SP1, SP4 and SP5, it was more dynamic.
The α-helix showed the highest level of fluctuation in
the loop-exchanged SP2 and SP6 variants, some-
times resulting in complete helix unfolding. This
observation is consistent with the decreased melting
temperatures (Table 1) and lower α-helix content
(Table 2) of SP2 and SP6. Moreover, NMR
experiments also detected signs of helix destabili-
zation upon loop exchange.
The flexibility of the polypeptide chain was

calculated as described earlier [40]. Generally, we
found that the six N-terminal residues showed highly
increased mobility compared to the rest of the
molecule in all SPINK1 variants (Fig. 5(a)). This
observation is supported by the NMR experiments,
which showed that the seven N-terminal residues of
SP5 exhibit increased dynamics. To a lesser extent,
the C-terminal part of the α-helix also showed
increased dynamics (Fig. 5(b), (c)), which was also
confirmed for SP5 by NMR.
Comparison of the average structures of the

SPINK1 variants shows that the largest conforma-
tional differences are mapped to the reactive loop
(Fig. 5(a)), which might explain the large diversity
of the binding affinity values. Wild-type SPINK1
forms a relatively stable 310-helix at residues 16–18



Fig. 5. MD simulations of SPINK1 and SGPI-2 variants. (a) Superimposed representative structures of the SPINK1
variants presented by tube models. The diameter of the tube reflects the β-factor values derived from the local fluctuations
(RMSF values) [39]. (b) Representative structures of chymotrypsin specific SPINK1 variants with tubes representing the
volume explored by the structural ensemble during the simulations. The X-ray structure of the SPINK1–chymotrypsinogen
complex (PDB ID: 1CGI) and the structural models of the variants were superimposed. P1 side chains are represented by
sticks. (c) Comparison of the loop conformations of trypsin-specific SPINK1 variants to that of the available SPINK1–
trypsinogen complex (PDB ID: 1TGS). P1 side chains are shown with sticks. Note that the molecules in panels b and c are
presented in different orientations for better visibility. (d) Representative conformers of SGPI-2 variants differing in the
number and extent of β-strands. (e) SGPI-2 third β-strand conformers superimposed to the enzyme–inhibitor complex
structure. Green: enzyme–inhibitor complex, red: short third β-strand, blue: long third β-strand state. P1 side chains are
shown as ball and stick.
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(Supplementary Fig. 8(a)), which is also present in
SP5. However, the other variants only show traces
of it for short fractions of time and the loop-
exchanged SP6 completely lacks this structural
feature (Supplementary Fig. 9(a), (b)).

Loop transfer to the SPINK1 scaffold distorts the
canonical loop conformation dislocating the P1
side chain

The X-ray structure of the SPINK1–chymotrypsin-
ogen complex (PDB ID: 1CGI) and the representative
structures of the chymotrypsin-specific SP5, SP6 and
SP8 variants were superimposed (Fig. 5(b)). The
P1 side chains of the tight-binding inhibitor variants
SP5 and SP8 are located close to that of the wild-type
complex and oriented properly, while the P1 of loop-
exchanged SP6 and SP7 are shifted either to the
location of P1′ or toward P2 of the complex,
respectively, suggesting that the loop conformations
of SP6 and SP7 are inappropriate for high-affinity
binding to the enzyme.
Comparing the loop conformations of trypsin-

specific SPINK1 variants to that of the available
SPINK1–trypsinogen complex (PDB ID: 1TGS), we
found that the P1 side chains of the wild-type
SPINK1 and the phage-optimized SP1 and SP4
variants, which are all high-affinity inhibitors, are
located in close proximity to the P1 of the complex
(Fig. 5(c)). In contrast, the reactive loop of the loop-
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exchanged SP6 variant is completely distorted, and
the P1 side chain is located far from the favorable
position presented in the complex, explaining its
poor affinity for the enzyme.

Loop-exchange shifts the distribution of SGPI-2
conformers toward low-affinity forms with
altered β-sheet content

MD simulations of the SGPI-2 variants showed
highly fluctuating, dynamic structures. We could
observe characteristic conformers differing in the
number of β-strands, namely structures having no β-
strands, two or three β-strands forming one β-sheet,
and four β-strands forming two β-sheets (Fig. 5(d)).
Generally, the structures of the variants were
fluctuating between these states during the MD
simulations. The distribution between these con-
formers, shown in Supplementary Figures 10, 11
and 12, highly depended on the variants.
Assuming that the different conformers exhibit

different stability, a function between the distribution
of the conformers upon the trajectories and the
melting temperatures of the variants was calculated
(Supplementary Fig. 12) in a way, that each
conformer has a characteristic melting temperature,
and the Tm of the SGPI-2 variant is the linear
combination of the conformers' melting temperature
weighted by the partitioning times. High correlation
was found between the distributions of the con-
formers and the melting temperatures determined by
CD spectroscopy, showing that the three-β-strand
state is the most stable one with an apparent melting
temperature of 88 °C.
Time-averaged secondary structure content was

also calculated from the MD trajectories for the
SGPI-2 variants (Supplementary Fig. 12). The
results correlate well with CD spectroscopy, showing
that the loop-exchanged variants SG2 and SG5
have the lowest β-sheet and highest disordered
contents, which is also in agreement with the NMR
results on SG5.
To assess the inhibitory potential of the SGPI-2

variants, we compared the different conformer
structures of the variants to the X-ray structure of
the picomolar affinity SGPI-1–trypsin complex (PDB
ID: 2XTT). We found that the three-β-strand con-
former having a short C-terminal β-strand is the most
compatible structure for binding to the enzyme
(Fig. 5(e)), and it has a canonical loop conformation
matching the one in the tight-binding complex. Thus,
we may expect that the portion of time a variant
spends in this compatible state should correlate with
the value of the inhibition constant. A longer than
wild-type third β-strand distorts the loop conforma-
tion possibly resulting in weaker binding affinity. The
two-strand form, although not ideal, might be flexible
enough to accommodate to the enzyme surface
upon binding and can still result in relatively high
affinity. The four-β-strand form is entirely incompat-
ible with enzyme binding, and the other extreme, the
β-strand-free form might be too disordered for high-
affinity binding. These assumptions fit the MD results
well explaining the low-affinity of SG2 for trypsin and,
compared to wild-type SGPI-2 and the SG4 variant,
weaker chymotrypsin-binding affinity of SG5 and
SG6.
Discussion

The interscaffolding additivity model was well
founded by the following observations: (i) the 18
non-related inhibitor scaffolds are evolved to carry a
loop having identical, canonical conformation in
enzyme complexes; (ii) the canonical loop provides
the majority of the binding contacts; and (iii) all 18
families have the same mechanism of action.
The first studied inhibitor–proteinase interactions,

for example, bovine pancreatic trypsin inhibitor/
trypsin, were described by the lock and key model.
Later, it was shown for several cases including the
SPGI-2/chymotrypsin interaction that the binding
loop is flexible and the canonical conformation
becomes stabilized only upon binding to the enzyme
[24,41,42]. Also, several proteinases, for example,
MASP-2 [21], undergo conformational changes
upon complex formation. Nevertheless, along with
the intrascaffolding and interscaffolding additivity
models, the lock and key model also remained
widely accepted. Although the Laskowski group
discovered several exemptions from their own
additivity rules [6,7,9,15,17,43,44], some backed by
structural explanations [43], and while others also
reported similar cases [45–47], these were consid-
ered as exceptions to the general rule.
In order to settle this uncertainty, we decided to

test the validity of the additivity principle by system-
atically studying the whole binding loop. As the
combinatorial sequence space for the six loop
positions cannot be tested through individual vari-
ants, we used combinatorial mutagenesis and
directed protein evolution. We selected SGPI-2 and
SPINK1 variants (Fig. 1) for binding to trypsin or
chymotrypsin. Affinity selection resulted in picomolar
inhibitors and preserved wild-type-like stability and
structural features of the proteins (Table 1).
The first important result was that in vitro evolution

yielded characteristically different, that is, scaffold
dependent sequence patterns on the two inhibitors
against both enzymes (Fig. 2). Loop swapping
allowed for quantitative assessment of this observed
interscaffolding non-additivity. The largest non-
additivity (186,000-fold affinity drop) was measured
when the trypsin-selected consensus SPINK1 loop
was transferred onto the SGPI-2 scaffold (SP1
versus SG2). This transfer replaced the conserved
P2 Thr of SGPI-2 with a Pro erasing the critically
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important H-bond network between the loop and the
scaffold resulting in non-cooperative unfolding of the
SG2 variant.
We introduced the term direct interscaffolding non-

additivity for this and similar trivial cases when a
position has dual roles: (i) binding to the enzyme and
(ii) establishing an intramolecular, scaffold-dependent
contact.
A good control to this was when the chymotrypsin-

selected SPINK1 loop from SP5 was grafted onto
SGPI-2 resulting in an only 202-fold affinity drop. In
the corresponding SG5 variant, the P2 Thr and the
cooperative unfolding mechanism were preserved.
The observed affinity drop might be due to the
replacement of the optimal P1′ Lys with a disfavored
Ile on SGPI-2.
In the simplest case, each side chain from each

canonical loop position enters a separate dedicated
binding site. However, neither trypsin nor chymo-
trypsin has separate S1′ and S3′ binding sites as
these form a combined S1′/S3′ site that can be
reached by side chains both from the P1′ and P3′
positions [48]. For binding to this site, SGPI-2 can
use only its P1′, as its P3′ is occupied by a disulfide-
forming Cys conserved in the Pacifastin family. At
the SGPI-2 P1′, trypsin selected a Met, which is also
optimal for trypsin in small synthetic substrates [48],
while chymotrypsin preferred the above-mentioned
P1′ Lys, which is also the optimal residue for
chymotrypsin in small substrates [48]. On SPINK1,
the P1′ and P3′ were simultaneously randomized
and could compete for the S1′/S3′ binding site. From
the two enzymes, only chymotrypsin showed clear
positional preference by strongly selecting a Lys or
Arg at the P3′ site and being indifferent for residue
types at the P1′. It means that on the SPINK1
scaffold, the P3′ is better positioned for binding to the
chymotrypsin S1′/S3′ site. The positively charged
P3′ residue interacts with Asp64 of chymotrypsin as
shown in crystal structures of SPINK1 variants in
complex with the enzyme [32]. A similar interaction is
seen for anotherKazal inhibitor, OMTKY3 [49], and for
the unrelated eglin c [50]. When the chymotrypsin-
selected SGPI-2 consensus was transferred to
SPINK1 (SG4 versus SP5) resulting in a 682-fold
affinity drop, the SPINK1 optimum P3′ Lys was
replaced with an Ala (note that SGPI-2 has a
disulfide-forming Cys here), and in a sense, this Lys
was relocated from the preferred P3′ to the disfavored
P1′ position.
Altogether, this means that the P1′ could freely

evolve on both inhibitors, and yet, they utilized it in a
scaffold-dependent manner. We call this phenome-
non indirect interscaffolding non-additivity, as the
scaffold-dependent use of the P1′ site is due to a
nontrivial combination of three phenomena: (i) a
combined binding site on the enzyme that can
be reached from more than one loop positions,
(ii) enzyme-dependent preference between these
loop positions and (iii) scaffold-dependent loop
stabilization through one of these positions.
The combination of CD and NMR spectroscopy,

DSC and MD simulations provided a consistent
model on how directed evolution and subsequent
loop exchange affected the overall structure, stability
and dynamics of the proteins. CD and NMR
spectroscopy showed that directed evolution con-
served the wild-type structure in the phage-
optimized proteins (SP1 being an exemption with
increased α-helix and decreased β-sheet content),
loop exchange marginally perturbed the β-sheet of
SPINK1 affecting only its α-helix but significantly
decreased the β-sheet-content of the SGPI-2 struc-
ture up to the pointwhere the third, C-terminalβ-strand
has been lost. These results are consistent with the
thermostability measurements that found SPINK1
more stable than SGPI-2.
Thermodynamic measurements also demonstrat-

ed that even though only the α-helix content has
changed in the SPINK1 structure, loop exchange
caused a marked drop in the stabilities of the
corresponding variants, which could be reversed
by reinstituting the structurally important P4′ Pro. On
the other hand, re-stabilization did not improve
inhibitory efficiency.
NMR backbone dynamics revealed conformation-

al motions of the SPINK1 binding loop and the C-
terminal part of the α-helix, which can influence
affinity. The MD results were consistent with the CD
spectroscopy, stability and NMR data and provided
additional details about the mechanisms leading to
affinity drop upon loop exchange. In essence, MD
simulations showed that on the SGPI-2 scaffold,
loop exchange dramatically destabilized the β-sheet
structure generating a wide variety of non-wild-type
conformations incompatible with high-affinity en-
zyme binding and decreasing thermodynamic sta-
bility. In conclusion, the loop, evolved on the SPINK1
scaffold, destabilized the inherently less stable
SGPI-2 scaffold.
In contrast, the loop, evolved on the SGPI-2

scaffold, did not alter the overall structure of the
high-stability SPINK1 scaffold. Instead, the foreign
loop was forced into a position incompatible with
high-affinity enzyme binding. The P14′ Gly/Ala
mutation in OMTKY3 was reported to cause a similar
hinged rotation of the reactive loop relative to the
scaffold accompanied with intrascaffolding non-
additivity effects [43]. Moreover, it was already
reported that loop transfer between Kunitz family
members can result in loss of proper intramolecular
loop-scaffold stabilizing contacts converting the
inhibitor to substrate [45,46].
In this study, we revealed an incompatibility of

wild-type scaffolds and “non-self” loops, in which the
functional outcome was invariably low affinity, while
the structural outcome depended on the inherent
stability of the scaffold. Our findings clearly show that
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scaffold and binding loop are not autonomous units
that could be recombined without negative energetic
effects. Instead, the two units cooperate, and this
cooperation is scaffold specific. For wild-type inhib-
itors, the cooperation is inherently achieved by
natural evolution, which coevolves these two parts.
The same applies for directed evolution, which, even
when focusing only on the binding loop region,
evolves it in the context of the scaffold and can
therefore generate stable, high-affinity variants,
many times with significantly altered specificity
[20,21,51–61].
We used loop transfer as a research tool to

quantitate interscaffolding non-additivity. However,
loop transfer is also an important practical tool in
developing therapeutic monoclonal antibodies. Hu-
manized antibodies are generated by CDR transfer
from mouse antibodies to a human scaffold. This, in
most cases, results in significant affinity drop and is
therefore usually followed or even bypassed by
structure-based directed evolution using phage dis-
play, approaches and technologies recently acknowl-
edged by a Nobel prize in chemistry for their utmost
importance [62–66].
There is an interesting topological relationship

between antibody humanization and loop transfer
between unrelated canonical inhibitors. In humani-
zation, the donor and acceptor scaffolds are
homologous, while the loops exchanged are unre-
lated representing an intra-scaffold scenario. Struc-
tural similarity of the scaffolds should facilitate
maintaining the conformation and binding properties
of the transferred loops. Moreover, the antibody
scaffolds had been evolved to carry many different
loops. The case of canonical inhibitors is just the
opposite representing an inter-scaffold scenario:
loops having almost identical conformations are
exchanged between unrelated scaffolds that had
been evolved to carry these almost identical loops.
The results of our study unequivocally demon-

strate that interscaffolding additivity, a non-evident
extrapolation of the Laskowski mechanism, is not a
valid model for canonical inhibitor action. This should
be valuable information for those aiming to develop
serine proteinase inhibitors with novel specificities
either for academic research or therapeutic use.
Materials and Methods

Reagents and bacterial strains

Restriction enzymes were from Thermo Scientific
and New England Biolabs, trypsin and chymotrypsin
used for phage display selections and phage ELISA
were from Sigma Aldrich, and trypsin and chymo-
trypsin used for KI determinations were from Sigma
Aldrich and Worthington, respectively. DNA se-
quencing was done by the ABI PRISM BigDye v3.1
Kit. The following Escherichia coli strains were used:
XL1-Blue (Stratagene), SS320 (Lucigen), CJ236
and SHuffle T7 Express (New England Biolabs).
The M13KO7 helper phage was from New England
Biolabs.

Library construction

The synthetic gene encoding human SPINK1
(UniProt: P00995) was purchased from Genscript
and was subcloned into a phagemid vector to be
fused to the M13 p8 coat protein gene. Then, six
codons corresponding to binding loop positions P2–
P4′ were replaced with stop codons by Kunkel
mutagenesis. Next, in a combinatorial mutagenesis
step, the stop codons were replaced by NNK codons
encoding all 20 amino acids to produce the SPINK1-
phagemid library.
The SGPI-2 library was based on the Tag-SGPI-2-

pGP8 phagemid vector [19] and created exactly as
described in Refs. [21,51,52]. The P4, P2, P1, P1′,
P2′ and P4′ positions were fully randomized, while
the disulfide-bonded P3 and P3′ Cys residues were
kept as wild-type.
The phagemid libraries were electroporated into

E. coli SS3320 cells and superinfected by M13KO7
helper phage to produce the inhibitor-phage libraries.

Selection of the SGPI-2 and SPINK1 libraries
against bovine trypsin and chymotrypsin by
phage display

Phage display selections were carried out as
described in Ref. [67]. Briefly, bovine trypsin or
chymotrypsin was immobilized on MaxiSorp (Nunc)
plates. Phage particles were obtained with the PEG/
NaCl precipitation method and applied to the
blocked wells. Following thorough washing, bound
phages were eluted. E. coli XL1-Blue was used to
amplify the eluted phages to be used in a next round
of selection. After three selection and amplification
cycles, the libraries were enriched over 100-fold
compared to the control obtained on blocked wells
containing no target enzymes.

Phage ELISA and sequence analysis

Individual clones from the third round of selection
were tested for binding to their cognate enzyme in
phage ELISA experiments, and positive clones were
sequenced (Supplementary Table 1) as described in
Ref. [67]. Unique DNA sequences were used to build
codon-normalized amino acid sequence logos (Fig. 2)
by theWeblogo program [68] as described inRef. [51].

Expression and purification of inhibitor variants

Six SGPI-2 and eight SPINK1 variants (Table 1)
were designed. The genes encoding these variants
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were created using either PCR-based or Kunkel
mutagenesis. The variants were produced along
with wild-type SGPI-2 and SPINK1 as described
earlier [52]. The inhibitors were expressed in E. coli
SHuffle T7 Express fused to the His-tagged disulfide
isomerase DsbC, purified by Ni2+ affinity chroma-
tography and cleaved off their fusion partner by
tobacco etch virus protease. Afterward, DsbC was
allowed to correct any non-native disulfides. His-
tagged tobacco etch virus protease and DsbC were
removed in a second affinity chromatography step.
The inhibitors were purified to homogeneity by
reversed phase HPLC.

15N-labeled SP5, 15N-labeled SP6 and 13C,15N-
double-labeled SP5 were produced for subsequent
NMR measurements. SHuffle T7 Express cells
transformed with the appropriate expression plasmid
were grown in LB medium to OD600 = 0.8, washed
two times in 10× concentrated M9 minimal salts and
suspended in M9 minimal medium containing 15N
NH4Cl (Cambridge Isotope Laboratories, NLM-467-
1) or 15N NH4Cl and U-13C6 D-glucose (Cambridge
Isotope Laboratories, CLM-1396-1), respectively.
Expression was induced with 500 μM IPTG and
lasted 6 h. Purification of the labeled inhibitors was
carried out as already described for the unlabeled
proteins.

Determination of protein concentrations

Bovine trypsin and bovine chymotrypsin were
active-site titrated according to Jameson et al. [69].
The concentration of SPINK1, SP1, SP4 and SG1
was determined by titration against trypsin using N-
benzoyl-DL-arginine-4-nitroanilide. Wild-type SGPI-
2, SG4, SG6, SP5 and SP8 were titrated against
chymotrypsin using Suc-Ala-Ala-Pro-Phe-pNA. Be-
cause of the low affinity of the remaining variants,
their concentration was measured using Micro BCA
Protein Assay Kit (Thermo Fisher Scientific) using
active-site titrated SP4 and SG4 as internal stan-
dards for SPINK1 and SGPI-2 variants, respectively.

Equilibrium binding assays

The binding affinity of the variants for their cognate
enzymes was determined by measuring the equilib-
rium inhibitory constants (KI) according to Empie
and Laskowski [4]. Increasing amounts of inhibitor
were pre-incubated with fixed concentrations of the
enzyme until equilibrium was reached. Suc-Ala-Ala-
Pro-Phe-AMC or Z-Gly-Pro-Arg-AMC was added to
measure the residual activity of chymotrypsin or
trypsin, respectively. The following equation was fitted
to the data: y = E − (E + x + K − sqrt((E + x + K)2 −
4Ex))/2, where x designates the total inhibitor con-
centration, y represents the free protease concen-
tration in equilibrium, K is KI, and E stands for the
total protease concentration. KI values presented
here (Table 1) represent the average of three
measurements.

Comparative protease inhibition assays using
disulfide-reduced and native inhibitors

Chymotrypsin inhibiting variants SG4, SG5, SP5
and SP6 were treated with 50-fold excess of TCEP
(Tris(2-carboxyethyl)phosphine) for 20 min in 20 mM
Tris–HCl, 10 mM CaCl2 and 0.005% Triton X-100
(pH 8.0) buffer. Two micromolars of treated SG4,
SG5 or SP5 was incubated with 50 nM chymotryp-
sin, and 5 μM of treated SP6 was incubated with 10
nM chymotrypsin for 10 min. Aliquots of the mixtures
were removed for subsequent mass spectrometry
analysis. The pH of these samples was immediately
set to 2.5 with formic acid to stop the enzymatic
reactions, and the aliquots were stored at −20 °C.
Residual enzyme activity in the mixtures was
determined spectrophotometrically by adding Suc-
AAPF-pNA to a final concentration of 500 μM.
Control reactions contained the same concentra-
tions of untreated inhibitors. For inhibitor samples
not treated with TCEP, 100% enzyme activity was
defined by using a chymotrypsin containing sample
free of TCEP. For TCEP-treated samples, 100%
enzyme activity was defined by measuring chymo-
trypsin activity in the presence of 100 μM TCEP for
SG4, SG5 and SP5 or 250 μM TCEP for SP6.

LC-MS analysis of the protease treated inhibitors

LC-MS analysis was performed on a Thermo
Scientific Q Exactive Focus, high-resolution and
high-mass accuracy, hybrid quadrupole-orbitrap
mass spectrometer (Bremen, Germany) using online
UPLC coupling. UPLC separation was performed on
a Dionex 3000 UPLC system using aWaters Acquity
C18 column (2.1 × 150 mm, 1.7 μm). Linear gradient
elution (0 min 2% B, 1 min 2% B, 17 min 90% B) with
eluent A (0.1% formic acid in water, v/v) and eluent B
(0.1% formic acid in acetonitrile/water, 80:20, v/v)
was used at a flow rate of 0.3 mL/min at 40 °C. High-
resolution mass spectra were acquired in the 300–
1600 m/z range.

CD spectroscopy

CD spectra of the wild-type SPINK1 and SGPI-2,
trypsin-binding variants SG1, SG2, SP1 and SP2 and
chymotrypsin-binding variants SG4, SG5, SP6 and
SP7 were recorded between 180 and 260 nm on a
Jasco J-810 spectropolarimeter at 10-nm/min scan-
ning speed with 1-nm band width, 0.2-nm data pitch
and 8-s response time. Three scans were accumu-
lated. SG1, SG2, SP1 andSP2weremeasured at 2.5-
12.2 mg/ml in 20 mM Na-phosphate buffer at pH 7.0,
while the wild-type proteins and SG4, SG5, SP5 and
SP6 were measured in 10 mMMES and 50 mMNaCl
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(pH 6.5) buffer at 4.6-9.7 mg/ml in a 0.001-cm quartz
cell. Data were analyzed with the BeStSel program
[33].
Besides the high-protein concentration measure-

ments, CD spectra of the latter four mutants were
also determined at 0.1 mg/ml concentration in 5 mM
MES and 5 mM NaCl (pH 6.5) buffer in a 0.1-cm
cuvette. Comparison of the corresponding spectra
confirmed that increased protein concentrations,
used in the subsequent NMR experiments, do not
result in any detectable aggregation or structural
change.
CD spectrum of wild-type SPINK1 was also

recorded at pH 3.5, 4.5 and 5.5 to test for any
structural changes at low pH values to be used in the
NMR experiments. Measurements were carried out at
7 mg/ml in 50 mMNa-phosphate buffer in a 0.001-cm
quartz cuvette. Comparison of these spectra to the
spectrum recorded at pH 6.5 indicates that no
structural changes take place between pH 3.5 and
6.5.

Thermostability measurements

CD spectroscopy was used to characterize the
thermostability of wild-type SGPI-2 and its variants.
Thermal denaturation was monitored at 202 nm in a
Jasco J-810 spectropolarimeter equipped with a
PTC-514 temperature controller. Protein samples of
0.1 mg/ml in 20 mM Na-phosphate and 20 mM NaCl
(pH 6.5) buffer were heated from 10 to 110 °C with a
slope of 2 °C/min in a 0.1-cm cuvette. Data were
recorded with 2-nm band width, 0.2 °C data pitch and
a response time of 16 s. The equation describing
two-state thermal denaturation [70] was fitted to the
data except for SG2, which did not show cooperative
denaturation. ΔCp was fixed at 1000 J mol−1 K−1. Tm
values of the variants are provided in Table 1.
Thermal denaturation of wild-type SPINK1 and its

variants was not accompanied with a sigmoidal
signal change in the far UV CD spectra. Therefore,
for these variants, and also for SG2, DSC was used.
The experiments were carried out using a MicroCal
VP-DSC calorimeter at 0.2–0.5 mg/ml protein
concentrations in 20 mM Na-phosphate and 20 mM
NaCl (pH 6.5) buffer. The samples were heated from
7 to 125 °C at 1.5 °C/min, cooled down and re-
scanned. The denaturation turned out to be irrevers-
ible for each variant, which allowed us to use the
second runs as references. MicroCal ITC Origin
software was used to calculate Tm values by fitting a
non-two-state model (Table 1). Aggregation of the
proteins at high temperatures thwarted accurate
determination of the enthalpy of denaturation.
Structural changes in SG2, SP2 and SP8 induced

by increasing the temperature were also followed by
recording the CD spectra in the 190- to 260-nm
range at 10 °C intervals for SG2 and SP2 and only at
three temperatures, 10, 65 and 108 °C, for SP8.
NMR measurements

Typical sample composition of the unlabeled
SGPI-2 variants SG4 and SG5 was 1 mM protein
in 10 mM MES buffer and 50 mM NaCl at pH 6.5.
Similar composition was used for the 15N-labeled
SPINK1 variants SP5 and SP6, measured at pH 3.0
and pH 6.5. The 0.5 mM 13C, 15N-labeled SP5
variant was studied at pH 3.1 and 4.1 in 50 mM
phosphate buffer. The wild-type SPINK1 variant
sample contained 1 mM protein in 50 mM phosphate
buffer at pH 5.5 and 3.5. All samples contained 10%
D2O and DSS (4,4-dimethyl-4-silapentane-1-
sulfonic acid) as an internal chemical shift reference.
NMR spectra were recorded on a Bruker Avance

III 700 spectrometer operating at 700.05 MHz using
a 5-mm room-temperature TXI, z-gradient probe-
head, and a Prodigy TCI H&F-C/N-D, z-gradient
probehead. 1H chemical shifts were referenced to
the internal DSS standard, whereas 15N and 13C
chemical shifts were referenced indirectly via the
gyromagnetic ratios. Temperature was calibrated
against the methanol standard sample; measure-
ments were done at 298 K.
For unlabeled SGPI-2 variants SG4 and SG5,

resonance assignment and sequential connectivities
were determined from 2D homonuclear (TOCSY,
NOESY, COSY) measurements. For the 15N-
labeled SPINK1 variants SP5 and SP6, 3D HSQC–
TOCSY and HSQC–NOESY (mixing time = 120 ms)
were acquired, while for 13C,15N-labeled SP5,
sequence-specific assignment of HN, N, C′, Cα, Cβ
and further side-chain resonances were obtained
from BEST type 3D-HNCA, HN(CO)CA, HNCACB,
HN(CO)CACB, HN(CA)CO, HNCO and standard
CCCONH measurements. T1 relaxation time mea-
surements were measured in 11 steps with a
variable delay between 0.1 and 4 s, while T2
relaxation time measurements were measured in
12 steps using delays between 0.017 and 1.018 s; in
both cases, one delay has been recorded twice to
check data reproducibility. 1H–15N heteronuclear
nOe measurements were carried out with and
without proton saturation using a 7-s relaxation
delay. Relaxation times were evaluated from single
exponential decays using peak intensities, and
heteronuclear nOes were calculated from the inten-
sity ratios of individual peaks with and without proton
saturation. All spectra were processed with TopSpin
and analyzed with CARA [71], Sparky [72], Dynam-
ics Center and CCPN software [73]. Backbone
relaxation data were further analyzed by FAST-
Modelfree [74].

MD simulations

SGPI-2 and SPINK1 variants were subjected to
MD simulations as implemented in GROMACS [40]
using the AMBER-ff99SB*-ILDNP force field [75].
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ForSGPI-2 variants, the startingmodelswere prepared
on the basis of the PDB ID: 1KGM NMR structure of
Gáspári et al. [23] using SwissPDBViewer [76] and
Chimera for side-chain replacements and initial energy
minimization. In the case of the SPINK1 scaffold, the
PDB ID: 1HPT X-ray structure [35] served as a basis.
For MD, the system was solvated by water molecules
with TIP4P parametrization [77]. The total charge of the
system was neutralized, and the physiological salt
concentration was set by placing Na+ and Cl− ions.
Energyminimization of starting structures was followed
by sequential relaxation of constraints on protein atoms
in threestepsandanadditionalNVTstep (all for 200ps)
to stabilize pressure. Pne-microsecond trajectories of
NPT simulations at 300 K at 1 bar were recorded
(collecting snapshots at every 20 ps). The first 100 nsof
the simulations were taken as final equilibration, and
the 100-ns to 1-μs part was used for evaluation.
Secondary structure compositions of the frames of the
trajectories were determined by the DSSP algorithm
[78]. Molecular graphics were performed with the
UCSF CHIMERA package (University of California,
San Francisco) [79].

Accession numbers

NMR assignment data have been deposited in the
BioMagResBank with accession number 27491 for
SG4, 27492 for SG5, 27500 for SP5, 27501 for SP6
and 12020 for wild-type SPINK1.
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