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Enhancement of plasma kallikrein specificity @
of antitrypsin variants identified by phage
display and partial reversion
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Abstract

Background The naturally occurring variant Alpha-1 Antitrypsin M358R (AAT M358R), modified at the P1 position
of the reactive center loop (RCL), shifts its inhibitory protease target from neutrophil elastase to multiple coagulation
and contact proteases, including activated plasma kallikrein (Pka; KLKB1). Our aim was to increase the specificity of
AAT M358R for Pka as a potential novel therapeutic agent to treat pathological swelling arising from elevated Pka
levels in patients with Hereditary Angioedema.

Results Two AAT M358R T7Select phage display libraries randomized at RCL positions P7-P3 and P2-P3" were
iteratively probed with Pka. The most abundant Pka-inhibitory motifs from phage display were P7-P3, QLIPS; and
P2-P3’, VRRAY (mutated residues in bold). AAT variants expressing these motifs, alone or in combination, as well as
six less-mutated P7-P3 revertant proteins were expressed, purified, and characterized kinetically. Variants AAT M358R
(QLIPS) (designated 7-QLIPS-3) and 7-FLEPS-3 exhibited significantly enhanced selectivity for Pka (over factor Xla) by
factors of 6.9 and 9.2, respectively, without increasing the stoichiometry of inhibition (SI) or decreasing the inhibition
rate relative to AAT M358R. No other variants matched this profile.

Conclusions Pro substitution at P4 was found to be important for enhanced inhibition of Pka by AAT M358R. Two
novel variants with this substitution are more rapid and selective inhibitors of Pka than AAT M358R and may provide
better control of Pka in vivo than existing HAE therapeutics.

Keywords Phage display, Alpha-1 antitrypsin, Plasma kallikrein, Mutagenesis, Reactive centre loop, Hereditary
angioedema

*Correspondence:

William P. Sheffield

sheffiel@mcmaster.ca

'Department of Pathology and Molecular Medicine HSC 4H19, McMaster
University, 1280 Main Street West, Hamilton, ON L8S 4K1, Canada
2Canadian Blood Services, Innovation and Portfolio Management, Medical
Affairs and Innovation, Hamilton, ON, Canada

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12896-025-00956-8&domain=pdf&date_stamp=2025-3-12

Sivananthan et al. BMC Biotechnology (2025) 25:22

Introduction

Hereditary Angioedema (HAE) is an autosomal domi-
nant disease marked by recurrent episodes of acute
swelling affecting different body regions [12, 24, 49].
HAE is classified into three types: Type 1, arising from
quantitative genetic deficiency of Cl-esterase inhibitor
(C1INH); Type 2, arising from quantitative genetic defi-
ciency of functional C1INH; and the more rare Type 3,
arising from genetic lesions in genes other than that
encoding C1INH (C1INH) [7, 42, 54]. C1INH is a serpin
that regulates complement, coagulation, and inflamma-
tory pathways, by inhibiting various proteases, includ-
ing activated plasma kallikrein (Pka) [15, 16, 22]. Pka
catalyzes the cleavage of high molecular weight kinino-
gen, liberating bradykinin, a key mediator of vasodila-
tion and increased permeability during inflammation
[25, 29, 38, 51]. Despite C1INH being recognized as the
primary inhibitor of Pka, and replacement therapy with
C1INH concentrates being the first specific therapy to
show efficacy in ameliorating HAE [50], C1INH has limi-
tations, due to its broad-spectrum inhibition of various
proteases and its relatively slow rate of inhibition of Pka
illustrated by a mean second order rate constant (k,) of
~2.55x10* M~'s7! [21, 52]. While many pharmacologi-
cal agents have been licensed for Pka control, some suffer
from short half-lives [26, 27, 43] rendering them unsuit-
able for prophylactic administration, while other newer
agents appropriate for prophylaxis are associated with
high costs [1, 45, 48]. Opportunities remain, therefore, to
develop new molecules for the optimal control of Pka in
HAE, including engineered versions of other serpins.

The most abundant serpin in plasma, Alpha-1 Anti-
trypsin (AAT), exerts minimal influence on the contact
system and primarily targets neutrophil elastase. How-
ever, a point mutation changing M358 to R358 (M358R),
in the reactive center of AAT changes its specificity from
inhibiting neutrophil elastase to inhibiting multiple
coagulation/contact system proteases [18, 32, 37, 40, 47].
Inspired by this “experiment of nature’, researchers have
made additional modifications within the reactive center
loop (RCL) of AAT M358R to enhance specificity toward
coagulation and contact proteases [3, 8, 17, 33, 41]. One
strategy for introducing and assessing RCL mutations
involves creating serpin libraries with hypervariable RCL
positions. Such a library can be functionally screened
through phage display and biopanning, a method utiliz-
ing bait proteases in solution to probe variant proteins
expressed on the T7 phage surface [9, 11].

Herein, two AAT M358R phage display libraries hyper-
variable between P7-P3’ were screened with Pka. Novel
AAT M358R variants were expressed corresponding to
the most abundant motifs, their combination, and their
reversion towards AAT M358R. Our findings indicated
that two novel mutated proteins demonstrated enhanced
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selectivity for Pka over activated factor XI (FXIa) without
altering the rate of PKa inhibition or increasing the stoi-
chiometry of inhibition (SI) relative to AAT M358R.

Methods

Materials

Purified human proteases Pka and FXIa were purchased
from Enzyme Research Labs (South Bend, IN, USA).
Chromogenic substrates (S-2302 for Pka and S-2366 for
FXIa) were purchased from Diapharma (West Chester,
OH, USA). Oligonucleotides were obtained from Inte-
grated DNA Technologies (Coralville, IO, USA). Restric-
tion endonucleases, thermostable DNA polymerase and
buffers for PCR, gel extraction/purification kits, and
glutathione agarose were obtained from ThermoFisher
Scientific (Waltham, MA, USA). Nickel-nitrilotriacetic
acid (Ni-NTA) agarose resin for nickel chelate affinity
chromatography was obtained from Qiagen (Mississauga,
Canada). PreScission protease, a fusion protein of gluta-
thione sulfotransferase (GST)-human rhinovirus (HRV)
3 C protease, was acquired from ThermoFisher Scien-
tific. Phage display libraries and plasmids pBAD-Hgx,PI
M358R and pGEX-AAT M358R were generated previ-
ously by the Sheffield Laboratory [3].

DNA manipulation

Standard DNA manipulation techniques, including
restriction digestion, electrophoresis, gel purification,
ligation, and transformation of E. coli, were employed
as previously described [3]. Cloning steps involved the
use of E. coli DH5a, while E. coli BL21 was utilized for
protein expression. All AAT M358R variant plasmids
were verified by DNA sequencing at the Mobix Lab cen-
tral facility, located in the Faculty of Health Sciences at
McMaster University.

Biopanning of phage display libraries

T7Select10-3b API M358R(P7-P3ran) and T7Select10-
3b API M358R(P2-P3’ ran) bacteriophage libraries were
biopanned as previously described, with minor modi-
fications [41]. Briefly, five rounds of biopanning with or
without Pka were performed with each library, starting
with 10° pfu/ml bacteriophage in liquid lysates. Phage
populations reacting with Pka were captured using a bio-
tinylated affinity-purified rabbit anti-human kallikrein
IgG polyclonal antibody (Cusabio Technology, Houston,
USA) and streptavidin-coated magnetic beads (Dyna-
beads, Invitrogen). The phage-antibody-bead assembly
was used to infect E. coli BLT5403 cells to start subse-
quent rounds of biopanning.

To determine the phage titer in the lysate, a plaque
assay was performed. E. coli BLT5403 was inoculated in
Luria Broth (LB) with M9 salts (M9LB) and incubated at
37 °C until the ODg, reached 1.0. Phage lysate dilutions
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(in LB) were separately plated on LB with ampicillin (LB-
Amp) agar plates with E. coli BLT5403 M9LB growth
culture (250 pl), a dilution of phage lysate (100 pl), and
top agarose (4 ml). The plates were inverted, covered,
and incubated overnight at room temperature for plaque
counting.

Deep sequencing

Variant RCL sequences selected by AAT M358R phage
display were determined using deep sequencing of poly-
merase chain reaction (PCR) products, as previously
described [41]. Amplification of candidates was per-
formed using phage lysates from: the starting library,
the round 2 library selected with or without Pka, and
the round 5 library selected with or without Pka. Sense
oligonucleotides P504 and P505 were used, paired with
antisense oligonucleotides P710, P711, and P712. The
amplified products were analyzed on a 1.2% agarose gel,
purified using a gel extraction kit (GeneJet Gel Extraction
kit, ThermoFisher), and subjected to direct deep sequenc-
ing at McMaster University’s Farncombe Metagenom-
ics Facility, using an Illumina Nextra XT library kit. For
sequence analysis, Linux operating software was used to
convert FASTQ raw data files into FASTA format. The
most abundant DNA and translated protein sequences
in the phage lysate were identified using Clone Manager
7.11 software (Sci Ed Software, Westminster, Colorado,
USA).

GST expression and purification

Expression vector pGEX-AAT M358R was created pre-
viously as described [3]. Each novel variant in this study
was mobilized as a 1221 bp Sall-Ncol-ended minor frag-
ment and ligated to the 4960 bp major fragment of pGEX-
AAT M358R to create pGEX-AAT M358R(X) (where X
is the motif of interest). E. coli BL21 transformed with
pGEX-AAT M358R(X) variants were induced using
0.1mM isopropyl B-D-1-thiogalactopyranoside (IPTG),
and purified using GST and nickel chelate (Ni-NTA)
affinity chromatography purification methods, as previ-
ously described [3].

Protease inhibition assays with AAT M358R variants

The rate of inhibition of Pka or FXIa was quantified as the
second order rate constant (k,), which gives the rate as
the product of the k, and the concentrations of protease
and AAT M358R variants, as previously described, under
pseudo first order conditions, by a discontinuous method
[3]. The velocity of amidolysis of chromogenic substrates
S-2302 (for Pka) and S-2366 (for FXIa) was evaluated at
37 °C in PPNE buffer (20m M sodium phosphate (pH
7.4),0.1% (w/v) polyethylene glycol 8000, 100mM sodium
chloride, and 0.1mM disodium ethylenediaminetetraace-
tic acid) using an EIx808 Absorbance Microplate Reader
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(Biotek, Winooski, VT, USA) at 405 nm. For k, determi-
nation, reactions included 10nM Pka/FXIa and 200nM
AAT M358R variants, incubated for 8-30 s intervals
and stopped with 100uM S-2302/S-2366 chromogenic
substrate, respectively. Inhibition was also characterized
by determination of the stoichiometry of inhibition (SI),
which is an equilibrium measure of the number of inhibi-
tor molecules required to inactivate one protease mole-
cule [31]. For SI determination, reactions included 10nM
Pka/FXIa and 10-1000nM AAT M358R variants, incu-
bated for 2 h and stopped with 100uM S-2302/S-2366
chromogenic substrate. k, and SI were calculated as
described previously [3].

Plasma clotting tests

The effects of AAT M358R or AAT M358R(X) proteins
on in vitro clotting were assessed by measuring the
diluted Activated Partial Thromboplastin Time, as previ-
ously described [3, 8]. Briefly, STA PTTA reagent (Diag-
nostica Stago, Asnieres, France) was diluted 1:15 with
Owren-Koller buffer (Diagnostica Stago). Normal human
pooled plasma was supplemented with AAT M358R or
variant protein to 3 uM final concentration, combined
with diluted PTTA reagent, and pre-heated to 37°C.
Citrate anticoagulation was overcome the addition of 50
pL of 25 mM CaCl,, and clotting time was determined
using a STA-IV clotting analyzer (Diagnostica Stago).

Electrophoretic analysis of AAT M358R variants with Pka/
FXla interactions

The electrophoretic profiles of the interaction between
AAT M358R or AAT M358R(X) variants with Pka/FXIa
were visualized on 10% (w/vol) sodium dodecyl sulfate
(SDS)-polyacrylamide (SDS-PAGE) gels under reduc-
ing conditions. Reactions involved a final concentra-
tion of 2uM AAT M358R or AAT M358R(X) and 1uM
Pka/0.2uM FXIa in PPNE buffer and were incubated at
37 °C for 1-5-minutes. Reactions were then terminated
by adding 1/3 the reaction volume of concentrated 4x
SDS-PAGE sample buffer and samples containing the
entire reaction volume were subjected to electrophoresis.
The gels were stained with Coomassie Brilliant Blue and
destained as described previously [17]. Gels were imaged
by using a model XR GelDoc system (Bio-Rad Laborato-
ries, Mississauga, ON, Canada), and immunoblots were
imaged by using a model Azure 280 system (Azure Bio-
systems, CA, USA).

Protein modeling

The Michaelis complexes between AAT M358R or AAT
M358R(X) with Pka/FXIa were modeled separately using
PyMOL Molecular Graphics System 2.5 (https://pymol.
org/2/) and ClusPro 2.0 (https://cluspro.bu.edu/login.p
hp), as previously described [17, 23]. Protein Data Base
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Fig. 1 Schematic representation of the native AAT M358R and selected
AAT M358R variants at positions P7-P3”. Native AAT M358R P7-P3 com-
pared to (A) selected AAT M358R P7-P3 and (B) selected AAT M358R P2-P3’
obtained through phage display

(PDB) files 10PH, 2ANY, and 1ZJD were used, for AAT
M358R, the Pka catalytic domain, and the FXIa catalytic
domain, respectively. The distance between the alpha
carbon of M358R in AAT M358R or AAT M358R vari-
ants and the hydroxyl side group of S195 in Pka/FXIa was
determined in each case [10, 30, 46]. Rendered figures
were also made using PyMOL.

Statistical analysis and significance testing

Data are presented as the mean + the standard deviation
(SD). Statistical analysis was conducted using Graph-
Pad Prism version 10 (GraphPad Software, Boston,
MA, USA). A p-value of <0.05 was taken to be indica-
tive of statistical significance, with AAT M358R serving
as the comparator. For multiple comparisons, data were
assessed using Brown and Forsythe and Welch one-way
ANOVA with Dunnett’s T3 post-tests, which is a para-
metric approach assuming Gaussian distribution of data
but not equivalence of standard deviations.

Results

Phage display of AAT M358R P7-P3’ and characterization of
7-QLIPS-3 and 2-VRRAY-3’

We conducted two phage display screens to identify AAT
M358R RCL sequences that were the most enriched by
biopanning with Pka. To generate libraries amenable to
productive phage display probing, no more than five RCL
codons were randomized at a time [2, 41]. Two phage dis-
play experiments were carried out, spanning from P7-P3
(wild-type AAT sequence FLEAI) and P2-P3’ (AAT
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M358R sequence PRSIP). After five rounds of biopanning
with Pka, the most abundant P7-P3 motif was identified
as QLIPS, while the most abundant P2-P3" motif was
identified as VRRAY. The corresponding soluble purified
recombinant proteins were named for the motif being
probed, with P-numbering identified, as 7-QLIPS-3 and
2-VRRAY-3’ (Fig. 1).

These proteins were characterized by measuring k, and
SI. Table 1 presents a summary of the kinetic parameters
of AAT M358R, 7-QLIPS-3, and 2-VRRAY-3" with Pka
and FXIa. The recombinant protein bearing the motif
from P7-P3 phage display, 7-QLIPS-3, inhibited Pka
faster than AAT M358R, by 2.2-fold (p <0.0001) without
significant change to the SI. In contrast to the results with
Pka, the protease used for positive selection, 7-QLIPS-3
was significantly slower in inhibiting FXIa, as evidenced
by a 3.1-fold reduction in k,, and was also a less efficient
inhibitor, as indicated by its greatly elevated SI, 32.8-fold
higher than that of AAT M358R for FXIa. Selectivity for
Pka over FXIa was increased 9.2-fold for 7-QLIPS-3 over
AAT M358R.

In contrast, the recombinant protein bearing the motif
from P2-P3’ phage display, 2-VRRAY-3’, was a signifi-
cantly less rapid inhibitor of Pka than AAT M358R, on
average by 2.1-fold (Table 1). Nevertheless, its selectiv-
ity was increased 10.6-fold, on average, due to its greater
loss of anti-FXIa activity (23.2-fold) than anti-Pka activ-
ity. The efficiency of Pka inhibition by 2-VRRAY-3" was
diminished with respect to AAT M358R, as evidenced by
its 2.2-fold increase in SI.

The reactions of AAT M358R, 7-QLIPS-3, and
2-VRRAY-3" with Pka and FXIa were next examined
separately using electrophoresis (Fig. 2). Purified AAT
M358R and purified 7-QLIPS-3 migrated as single poly-
peptide bands of ~ 45 kDa. When reacted in molar excess
with either Pka or FXIa, a portion of these recombinant
AAT proteins was converted into covalent AAT-protease
complexes of 75-80 kDa, with concomitant disappear-
ance of the catalytic light chains of the proteases from
the gel profile. No differences were noted in reaction
profiles of AAT M358R or 7-QLIPS-3 with Pka, while
with FXIa, 7-QLIPS-3 exhibited a more rapidly migrat-
ing polypeptide band of ~41 kDa likely representing
7-QLIPS-3 cleaved at R358-S359, consistent with the

Table 1 Kinetic characterization of protease inhibition by AAT M358R, 7-QLIPS-3, and 2-VRRAY-3’

Name Second order rate constant  Second order rate con- Selectivity Stoichiometry of inhi-  Stoichi-
(k,) versus Pka (x10° stant (k,) versus FXla (x10°  (Pkaky:FXlak,)  bition (SI) for Pka ometry of
MTs™) M~'s™) inhibition
(SI) for FXla
AAT M358R 0.394+0.019 2.18+0.084 0.181 321£0.10 347+0.36
7-QLIPS-3 0.870£0.077 **** 0.696 £ 0.049 **** 1.25 2.92+042 113427 %%
2-VRRAY-3 0.180+0.012 **** 0.094040.0055 **** 191 7.14+£042 *** 104 £1.7 ****

Results are the mean of 5 determinations, + SD. ***, p<0.001**** p <0.0001 versus AAT M358R
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Fig. 2 Electrophoretic profile of reactions of AAT M358R, 7-QLIPS-3, and 2-VRRAY-3’ with Pka or FXla. Reactions of 2uM (A) AAT M358R, (B) 7-QLIPS-3, or (C),

2-VRRAY-3"with Pka (1uM) or FXla (0.2 uM), for 1-5 min
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Fig. 3 Schematic diagrams of reversion mutations and combination of selective AAT M358R mutants. Reversion of (A) phage-selected 7-QLIPS-3 to origi-
nal AAT M358R, (B) phage-selected 2-VRRAY-3"to original AAT M358R, and (C) the combination of 7-QLIPS-3 and 2-VRRAY-3' (7-QLIPSVRRAY-3")

elevated SI of 7-QLIPS-3 for FXIa inhibition (Table 1). In
contrast, 2-VRRAY-3" was heterogeneous, comprising a
major full-length ~45 kDa polypeptide and a minor small
polypeptide of ~41 kDa. While it formed similar high
molecular weight complexes with Pka and FXIa, these
were also more heterogeneous than AAT M358R-prote-
ase complexes.

Characterization of revertants and combinatorial
mutagenesis of selected variants

The mutational strategy involved starting with 7-QLIPS-3
and 2-VRRAY-3’, each containing four unique amino
acid substitutions between P7-P3’, compared to AAT
M358R, and systematically reversing the mutations, one
at a time, back toward the AAT M358R sequence. This
generated a total of 6 revertant variants from 7-QLIPS-3
and 2-VRRAY-3: 7-FLIPS-3, 7-FLEPS-3, 7-FLEAS-3,

2-PRRAY-3’, 2-PRSAY-3’, and 2-PRSIY-3" (Fig. 3A and
B). In addition, the combined variant 7-QLIPSVRRAY-3’
was also expressed (Fig. 3C).

Table 2 summarizes the kinetic activity of AAT
M358R, 7-FLIPS-3, 7-FLEPS-3, 7-FLEAS-3, 2-PRRAY-3/,
2-PRSAY-3’, 2-PRSIY-3’, and 7-QLIPSVRRAY-3" with Pka
and FXIa for both k2 and SI. Revertants of 7-QLIPS-3
were without exception found to be more rapid inhibitors
of Pka and FXIa than revertants of 2-VRRAY-3'. Their
average k, values for.

Pka inhibition were between 1.6-fold and 4.5-fold
greater than that of AAT M358R. In contrast revertants
of 2-VRRAY-3’ on average only exhibited 9.6-18.3% of
the k, value of AAT M358R for Pka inhibition. Selectiv-
ity for Pka was somewhat more favourable due to even
greater losses in anti-FXIa activity, with all revertants
found to have enhanced selectivity for Pka over FXlIa,
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Table 2 Kinetic characterization of back mutants and combinatorial mutagenesis

Name Second order rate constant  Second order rate Selectivity Stoichiometry of inhi- Stoichi-
(k,) versus Pka (x10° constant (k,) versus FXla  (Pka k,: bition (SI) for Pka ometry of
M~Ts™7) (x10°M™'s™") FXla ky, inhibition (SI)
for FXla
AAT M358R 0394+0.019 2.18+0.084 0.181 3.18+0.10 348+0.36
7-FLIPS-3 0.620+0.035 *** 0.244+0.017 **** 2.54 5.78£0.317%*** 185£9.2%x**
7-FLEPS-3 1.76+0.13 *** 1.06£0.14 **** 1.66 3.18+0.085 87.7 £1.0%**
7-FLEAS-3 1.33£0.081 **** 324+0.18 *** 0410 1.79£0.035%%* 149+0.028**
2-PRRAY-3" 0.0400+0.0077 **** 0.020+0.01 **** 2.00 19.942.4%** 28.8+£8.2%
2-PRSAY-3" 0.038040.0045 **** 0.060+0.01 **** 0.633 16.941.9%** 14.2 £0.84****
2-PRSIY-3’ 0.0720£0.0045 **** 0.096+0.006 **** 0.750 11.2£0.54%%* 9.44£0.24**
7-QLIPSVRRAY-3’ 0.164£0.0055 **** ND ND 10.7 £0.14%*** 31104290

Results are the mean of 5 determinations, + SD. **, p<0.01, ***, p<0.001, **** p <0.0001 versus AAT M358R

ranging from 0.66 to 2.00 compared to 0.18 for AAT
M358R. This increase in selectivity was offset not only
by the decreased rate of inhibition but also by decreased
efficiency, as indicated by increased mean SI values rang-
ing from 5.7 to 19.9 (versus 3.18 for AAT M358R).

All three 7-QLIPS-3 revertants exhibited increased
rates of Pka inhibition, coupled in two cases (7-FLIPS-3
and 7-FLEPS-3) with decreases in the rate of FXIa inhi-
bition (of 8.9- and 2.1-fold, respectively). 7-FLEAS-3 was
the only revertant in which the rate of FXIa inhibition
was increased relative to AT M358R, by ~ 1.5-fold. While
the SI for Pka inhibition increased 3.8-fold for 7-FLIPS,
7-FLEPS-3 showed no change in SI. Both 7-FLIPS-3 and
7-FLEPS-3 were inefficient inhibitors of FXIa, as judged
by substantial increases in SI for FXIa inhibition of 53.2-
and 25.2-fold, respectively.

Combining the two motifs in 7-QLIPSVRRAY-3’
resulted in a 2.4-fold decrease in Pka inhibition and abol-
ished detectable k, determination of anti-FXIa activity.
Furthermore, the SI of 7-QLIPSVRRAY-3’ for Pka and
FXIa inhibition increased by 3.36- and 894-fold, respec-
tively. For these reasons the combined variant was not
further modified or investigated.

The reactions of all revertant proteins and the double
motif combination variant were next examined sepa-
rately using electrophoresis (Fig. 4). In general, the elec-
trophoretic profiles were consistent with the kinetic
analysis. All six revertants formed SDS-stable complexes
with both Pka and FXIa, as observed with AAT M358R,
7-QLIPS-3, and 2-VRRAY-3’, with or without the appear-
ance of the ~41 kDa cleaved AAT polypeptide, depend-
ing on the conditions selected for the 1- or 5-minute
reactions (Fig. 4A and F). In contrast, 7-QLIPSVRRAY-3’
showed little or no complex formation with FXIa, and
greater cleaved AAT with either Pka or FXIa than any of
the revertant proteins, consistent with the remarkably
elevated SI values measured for this double motif combi-
nation (Fig. 4G).

Additional insights into 7-QLIPS-3 and 7-FLIPS-3
were sought using 7-FLIAI-3 (Supplementary Tables 1

and Supplementary Fig. 1) but it was found to be het-
erogenous after purification. The variant formed cova-
lent complexes with Pka and FXIa (Supplementary
Fig. 1). Estimates of its kinetic parameters were obtained
(Supplementary Table 1) but they must be treated with
caution given the heterogeneity and the unknown con-
sequences of the contaminating proteins. At face value, a
significant but minor contribution of the E362I mutation
in 7-QLIPS-3 and 7-FLIPS-3 to enhanced selectivity for
Pka (2.6-fold, on average) at the cost of a similar decrease
in the rate of Pka inhibition was observed.

AAT  M358R, 7-QLIPS-3,  7-FLEPS-3, and
7-QLIPSVRRAY-3" all exhibited anticoagulant activity
in plasma, as indicated by all variants mediating a sig-
nificant prolongation of the diluted APTT. AAT M358R
prolonged clotting the most, followed by 7-QLIPS-3
and 7-FLEPS, which had equivalent activity, followed by
7-QLIPSVRRAY-3’ (Supplementary Fig. 2).

Molecular modeling suggests correlation between the
distance and activity

We sought molecular explanations for the selectivity of
AAT M358R variants for Pka/FXIa. Utilizing the ClusPro
2.0 web server, we docked modeled AAT M358R vari-
ants to modeled protease catalytic domains and selected
the lowest free energy version of ten modeled encoun-
ter complexes to gain insights into potential molecular
explanations. Table 3 delineates the distances (in ang-
stroms, A) between the alpha carbon of M358R in AAT
M358R variants and the hydroxyl side chain of S195 in
Pka/FXIa, as one potential measure of the ease or diffi-
culty of proceeding along the reaction pathway following
formation of an initial complex between these protein
reactants.

The modeled distance between the catalytic domain of
Pka S195, and the reactive bond of R358 in AAT M358R,
was 11.5A. Conversely, the modeled distance between
the catalytic domain of FXIa and S195, and the reactive
bond of R358 in AAT M358R, was 3.3A. For 7-QLIPS-3
and the revertants representing faster reactions for Pka
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Fig. 4 Electrophoretic profile of reactions of revertants and combination variant with Pka and FXla. Reaction of (2uM) AAT variants (identified above the
stained gel images) with Pka (1uM) or FXla (0.2 uM) for times specified below each panel

and slower reactions for FXIa, shorter distances between
RCL and Pka, and longer distances between RCL and
FXIa, were observed. For instance, there was a reduction
of 71.3% in this distance between 7-FLEPS-3 and Pka,
while an increase of 8.3% was noted between 7-FLEPS-3
and FXIa. Conversely, for 2-VRRAY-3’ and the revertants
representing slower reactions for both Pka and FXIa, lon-
ger distances between RCL and Pka/FXIa were modeled;
between 2-PRRAY-3" and Pka, this distance increased by
135.6%, and by 1230% between 2-PRRAY-3"and FXIa.
Figure 5 represents a close-up model of the initial,
non-covalent encounter complex of the light chain cata-
lytic domain of Pka/FXIa (cyan/purple) docked to AAT

M358R or 7-FLEPS-3 or 2-PRRAY-3’ RCL (green, orange
for changed residues). This figure provides visual insight
into the differences among the initial, optimal, and least
favorable interactions for the three selected mutants.

Discussion

The current study sought to replicate the success of a
previous strategy of biopanning phage-displayed hyper-
variable AAT libraries with a bait protease, combinatorial
mutagenesis, and partial reversion of mutant sequences
toward the wild-type, substituting Pka for FXIa [3] Our
previous work using FXIa identified AAT-RC-2, a form
of AAT M358R with three additional mutations (P7-P3’
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Table 3 Modeled distances between alpha carbon of R358 and
S195 hydroxyl side chain in AAT M358R and variant encounter
complexes

Name of inhibitor protein  Pka distance (A)  FXla distance (A)

AAT M358R 11.5 33
7-QLIPS-3 44 49
7-FLIPS-3 6.3 8.7
7-FLEPS-3 33 36
7-FLEAS-3 34 3.1
2-VRRAY-3" 12.8 18.2
2-PRRAY-3" 271 439
2-PRSAY-3" 270 239
2-PRSIY-3’ 234 15.0
7-QLIPSVRRAY-3" 15.6 549

Pka
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FLEAEPRSTE, substitutions bolded) as being 25-fold
more selective for FXIa over Pka than AAT M358R, and
470-fold more selective for FXIa over thrombin than
AAT M358R [17]. AAT RC-2 was the most FXIa-specific
inhibitor of a set of four candidate proteins comprising
two motifs selected by phage or bacterial display (AAT-
RC) and stepwise revertants (AAT RC-1, 2, and - 3) that
changed the AAT RC RCL sequence back towards AAT
M358R one residue at a time. AAT-RC-2’s increased
selectivity towards FXIa was achieved with a 31%
increase in its rate of FXIa inhibition and no increase
in SI for FXIa compared to those kinetic parameters of
AAT M358R [17]. In the current study, the analogous
optimal variant was 7-FLEPS-3, a revertant of the phage

FXla

AAT M358R

7-FLEPS-3|\

2-PRRAY-3’

Fig. 5 Molecular models of Pka and FXla encounter complex to AAT M358R variants. Crystal structures of the catalytic domain of Pka (cyan, PDB 2ANY)
or catalytic domain of FXla (purple, PDB 12JD), and AAT M358R (original sequence in green; variants in orange, PDB 10PH) were docked using ClusPro 2.0
as described in Methods. Yellow dashed lines indicate distance (A) predicted between the alpha carbon of R358 in AAT M358R variants and the hydroxyl

side chain of S195 in Pka/FXla
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display-selected motif 7-QLIPS-3. 7-FLEPS-3 was 9.2-
fold more selective for Pka over FXIa than AAT M358R,
a gain in selectivity achieved with a concomitant 4.5-fold
increase in the rate of Pka inhibition and no significant
increase in SI. In contrast to our previous studies, no
gain in selectivity was achieved by combining the RCL
motifs identified by separate biopanning campaigns in
7-QLIPSVRRAY-3’, although the possibility that step-
wise reversion of the combined motif towards the AAT
M358R might have yielded gains in selectivity cannot be
excluded.

RCL motifs identified using T7 phage display of AAT
are subject to several uncertainties. They may behave dif-
ferently with respect to their interaction with proteases
when expressed in the molecular context of a stand-alone
soluble protein than when expressed as a coat protein-
serpin fusion protein on the bacteriophage surface [6].
Although we formally demonstrated that AAT M358R
fused to T7 bacteriophage coat protein 10 formed a
covalent complex with thrombin [41] this may not be
the case with other bait proteases, for which a high affin-
ity non-covalent encounter complex may be sufficient
for selection. Moreover, because the screened library
is hypervariable, not all mutations in the selected motif
may contribute to enhanced interactions with the bait
protease, and stepwise reversion may reveal variants with
superior properties than the full selected motif.

The QLIPS motif yielded a more active Pka inhibitor
than the VRRAY motif when expressed as soluble AAT
M358R proteins 7-QLIPS-3 and 2-VRRAY-3'. Reverting
7-QLIPS-3 to 7-FLIPS-3 yielded higher selectivity for
Pka at the cost of increased SI. While the SI is theoreti-
cally 1, reflecting perfect 1:1 covalent complex inhibition
of a target protease, recombinant engineered serpins
frequently display higher SI values, for instance due to a
branched pathway yielding both covalent serpin-inhib-
itory complex and cleaved serpin products [14]. Revert-
ing 7-FLIPS-3 to 7-FLEPS-3 produced the most selective
Pka inhibitor of the P7-P3’ mutants, without increasing
SL. Finally, reverting 7-FLEPS-3 to 7-FLEAS-3 enhanced
FXIa inhibition more than Pka inhibition, eliminating
most of the gains in selectivity achieved with 7-FLEPS-
3. This comparison identifies the P4 mutation A355P as
being the most important contributor to the increased
Pka selectivity of 7-QLIPS-3, 7-FLIPS-3, and 7-FLEPS-3.
This mutation has not previously been described in the
literature, either in mutagenesis studies [39] or in patients
with AAT deficiency [44]. Pigment epithelium-derived
factor (PEDF) is the only serpin known to contain a pro-
line at P4, and it is non-inhibitory [35]. Proline residues
are helix-breaking, and the increased peptide rigidity
they elicit could lock the 7-FLEPS-3 RCL into a favour-
able conformation for interacting with Pka, especially in
combination with Pro357 at P2. 7-FLEPS-3 was the most
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selective variant tested whose selectivity was not gained
at the cost of increased SI. Increased SI is undesirable
given that it indicates not only reduced efficiency as an
inhibitor, due to cleavage rather than complexation, but
also the possibility of promoting inflammation, given that
cleaved AAT has been shown to be pro-inflammatory in
cell culture [28].

Our results overlap with some previous studies of
wild-type AAT. Previously Phe352 was mutated to Glu
in the wild-type AAT background without decreasing
its rate of elastase inhibition, consistent with our find-
ing that F352Q in the 7-QLIPS-3 (AAT M358R) context
was functional. Mutations to the P5 Glu residue in wild-
type AAT were also previously shown to increase the SI
by ~4-fold [5], consistent with our findings that restora-
tion of P5 Glu in 7-FLEPS-3 reduced the SI relative to
7-FLIPS-3, although the similar SI of 7-QLIPS-3 argues
for cooperativity between residues in that context. RCL
cooperativity has been noted in previous mutagenic stud-
ies of AAT [19].

The VRRAY motif selected via biopanning of the sec-
ond phage display library was not as effective as the
QLIPS motif when recreated in soluble recombinant
2-VRRAY-3". While this variant formed covalent com-
plexes with Pka and FXIa and inhibited the proteases at
measurable rates, its rate of inhibition of Pka was 2.5-
fold lower than AAT M358R and its increased selectiv-
ity was achieved at the cost of an elevated SI. There are
no natural serpins with a natural Arg-Arg reactive cen-
tre. AAT variants with P2-P1’” sequences of RRS, PRR,
and RRC were found to be more efficient inhibitors of
Activated Protein C than a KRK variant [36] Reversion
of 2-VRRAY-3’ to PRRAY-3’ further reduced the rate
of inhibition of Pka, and SI values were elevated for all
VRRAY-related variants, including 2-PRSIY-3’, which is
a single residue mutant (P361Y). Given the preference of
Pka for cleaving substrates C-terminal to Arg residues [4,
13, 53], it is possible that the observed SI elevation could
have arisen from Pka cleavage at either P1-P1’or P1"-P2’,
with the latter leading to substrate rather than inhibitor
behaviour of 2-VRRAY-3". This feature may have led to
enhanced recognition in biopanning of phage exhibiting
this motif that was not reproduced when transferred to
soluble serpin form. Alternatively, the VRRAY-bearing
phage may have harboured an unforeseen growth advan-
tage that along with their reactivity with Pka promoted
their abundance in the Pka-selected pool.

Our approach was to alter AAT to make it a specific
inhibitor of Pka, like other therapeutic agents used to
treat or control HAE or envisioned for such use. Others
have sought to make AAT simultaneously able to inhibit
Pka, FXIIa, and FXIa, and not other proteases, reasoning
that such an engineered protein could have multiple clin-
ical uses in disorders related to thromboinflammation [8]
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The AAT variant with the most potent inhibition of the
three target proteases, SLLR/V (P4-P1’), perhaps unsur-
prisingly, has no overlap to the QLIPS or VRRAY series
of variants described in this study. The 7-FLEAS-3 vari-
ant, intriguingly, inhibited both Pka and FXIa with rate
constants higher than AAT M358R, in both cases, and
could be considered as a candidate for control of throm-
boinflammation. A consideration for all mutagenesis
studies is that the more modifications are introduced into
a human protein, the greater the likelihood of eliciting an
immune response in patients; 7-FLEAS-3 has only two
variant residues compared to five in SLLR/V.

We found that the overall fitness of our variant AAT
molecules as Pka inhibitors correlated reasonably well
with the ClusPro 2.0-modeled distance to the active site
S195 of Pka, suggesting that we had selected for effective
encounter complex formation. In the serpin mechanism,
nucleophilic attack by the active site serine of the prote-
ase on the carbonyl carbon of the serpin P1 residue in the
P1-P1’ peptide bond is an essential step in the progres-
sion from encounter complex to tetrahedral intermedi-
ate to acyl intermediate to stable serpin-enzyme complex
[20]. We assumed that a modeled complex in which the
protease hydroxyl group of the protease serine residue
was closer to its reactive centre target in an AAT variant
would predict faster inhibition rates than for a variant
in which this distance was greater. Our assumption was
supported by the measured distances, because variants
with shorter distances than in AAT M358R between the
key reactive groups were faster inhibitors of the modeled
protease than AAT M358R and those with longer dis-
tances inhibited the modeled protease less rapidly. How-
ever, the modeled distance between the groups in AAT
MB358R, for Pka, was a substantial 11.5 A, which indicates
that energy-minimized ClusPro 2.0 modeling provides
only an early model of a reversible encounter complex,
one which must evolve to bring the reactant groups into
closer proximity. While compatibility between RCL resi-
dues and protease active sites would seem a more criti-
cal parameter in assessing encounter complex fitness
than the distance on which we focused, our modeling
did not identify electrostatic or hydrophobic interactions
between these residues that were strengthened by accel-
eratory variants, unlike in our previous use of ClusPro 2.0
to rationalize AAT M35R variant interactions with FXIa.
The latter approach identified the facilitation of hydrogen
bonds to K192 in FXIa as correlating with enhanced rates
of FXI inhibition [17]. Thus, the modeled distances serve
only as a rough guide to variant fitness as an inhibitor,
especially for distances of 20 A or more.

Altering serpin specificity via protein engineering is
a task with multiple molecular hurdles. The engineered
serpin must form an encounter complex with the target
protease efficiently, ideally by engaging the active site
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without clashes, and its reactive centre must be efficiently
cleaved. The engineered RCL must then integrate into
the underlying B sheet of the serpin rapidly; failure to
do so will allow escape of the trapped protease. Incom-
patibilities in the last step can underlie SI elevation [17].
Modelling the fitness of the variant inhibitor for SI eleva-
tion would require advanced molecular dynamics model-
ling beyond the scope of this study and the capabilities of
our laboratory.

Others have used structural modeling a priori to design
AAT mutagenesis [34], or a combination of cleavage pref-
erence information and functional testing of a protein
library to change AAT specificity [8, 36]. All strategies
have yielded novel variants with desired or more opti-
mal properties for the biotechnological problem at hand;
it is therefore not possible to endorse one method over
another as being more efficient or successful.

Conclusion

Purified C1INH products are currently used to prevent
or treat HAE, despite C1INH'’s relatively slow rate of Pka
inhibition of ~2.6x10* M~1s™! [21, 52]. Our results in
this study suggest that 7-FLEPS-3, an AAT M358R vari-
ant with two additional substitutions, is a candidate for
further testing in animal models of HAE, given its 7-fold
faster rate of Pka inhibition. Further, while we found
that phage display and subsequent refinement of variant
sequences by reversion mutagenesis were successful in
identifying this promising variant, combining different
RCL motifs identified in separate parts of the RCL was
more effective when FXIa was the target than when Pka
was employed [17].

Abbreviations

AAT Alpha-1 Antitrypsin

AAT M358R Alpha-1 Antitrypsin M358R

APC Activated protein C

7-FLEAS-3 Alpha-1 Antitrypsin 1356S, M358R

7-FLEPS-3 Alpha-1 Antitrypsin A355P, 1356S, M358R
7-FLIAI-3 Alpha-1 Antitrypsin E3541, M358R

7-FLIPS-3 Alpha-1 Antitrypsin E354l, A355P, 13565, M358R
2-PRRAY-3 Alpha-1 Antitrypsin M358R, S359R, I360A, P361Y
2-PRSAY-3 Alpha-1 Antitrypsin M358R, I360A, P361Y
2-PRSIY-3 Alpha-1 Antitrypsin M358R, P361Y

7-QLIPS-3 Alpha-1 Antitrypsin F352Q, E3541, A355P, 13565,

M358R

7-QLIPSVRRAY-3

Alpha-1 Antitrypsin F352Q, E3541, A355P, 13565,
P357V, M358R, S359R, I1360A, P361Y

2-VRRAY-3 Alpha-1 Antitrypsin P357V, M358R, S359R, 1360A,
P361Y

CTINH Cl-inhibitor

Coomassie Brilliant Blue  0.1% Coomassie R-250 in 40% ethanol and 10%
acetic acid

Destain 10% acetic acid and 50% methanol

E. coli Escherichia coli

FXla Activated Factor XI

FXlla Activated Factor XII

h Hour

HAE Hereditary Angioedema

IPTG Isopropyl 3-D-1-thiogalactopyranoside

k2 Second-order rate constant
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kDa Kilodalton

LB Luria broth

LB-amp Luria broth with ampicillin

MOILB M9 salts in Luria broth

M Molar

M—1s—1 Moles per liter per second

mM Millimolar

min Minute

mg Milligram

Hg Microgram

ul Microliter

UM Micromolar

ml Milliliter

nM Nanomolar

PBS Phosphate buffered saline

PEDF Pigment epithelium-derived factor
pfu Plaque forming units

PPNE Buffer 20mM sodium phosphate (pH 7.4), 0.1%

(w/v) polyethylene glycol 8000, 100mM
sodium chloride, and 0.1mM disodium
ethylenediaminetetraacetic acid

Pka Plasma kallikrein (KLKB1)

RCL Reactive center loop

rpm Revolutions per minute

RR Arginine-Arginine

S Second

S-2302 Chromogenic substrate for activated plasma
kallikrein

S-2366 Chromogenic substrate for activated Factor XI

SD Standard deviation

SDS Sodium dodecyl sulphate

SDS Buffer 0.2 M Tris-HCl (pH 6.8), 0.4 M DTT, 277mM SDS,
6mM bromophenol blue, and 4.3 M glycerol

Sl Stoichiometry of inhibition

v/vV Volume/volume

w/v Weight/volume

A Angstrom

°C Degree in Celsius

% Percentage

+ Plus or minus
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