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Abstract: Coagulation factor XIa is a new serine-protease family drug target for next-
generation anticoagulants. With the snake venom Kunitz-type peptide BF9 as the scaffold,
we obtained a highly active XIa inhibitor BF9-N17K in our previous work, but it also
inhibited the hemostatic target plasmin. Here, in order to enhance the selectivity of BF9-
N17K toward XIa, four mutants, BF9-N17K-L19A, BF9-N17K-L19S, BF9-N17K-L19D, and
BF9-N17K-L19K, were further designed using the P2′ amino acid classification scanning
strategy. The anticoagulation assay showed that the four P2′ single-point mutants still had
apparent inhibitory anticoagulation activity that selectively inhibited the human intrinsic
coagulation pathway and had no influence on the extrinsic coagulation pathway or common
coagulation pathway, which indicated that the single-point mutants had minimal effects
on the anticoagulation activity of BF9-N17K. Interestingly, the enzyme inhibitor assay
experiments showed that the XIa and plasmin inhibitory activities were significantly
changed by the P2′ amino acid replacements. The XIa inhibitory activity of BF9-N17K-L19D
was apparently enhanced, with an IC50 of 19.28 ± 2.53 nM, and its plasmin inhibitory
was significantly weakened, with an IC50 of 459.33 ± 337.40 nM. BF9-N17K-L19K was the
opposite to BF9-N17K-L19D, which had enhanced plasmin inhibitory activity and reduced
XIa inhibitory activity. For BF9-N17K-L19A and BF9-N17K-L19S, no apparent changes
were found in the serine protease inhibitory activity, and they had similar XIa and plasmin
inhibitory activities to the template peptide BF9-N17K. These results suggested that the
characteristics of the charge of the P2′ site might be associated with the drug selectivity
between the anticoagulant target XIa and hemostatic target plasmin. In addition, according
to the molecular diversity and sequence conservation, a common motif GR/PCR/KA/SXIP-
XYGGC is proposed in the XIa-inhibitory Kunitz-type peptides, which might provide a new
clue for further peptide engineering. In conclusion, through P2′ amino acid classification
scanning with the snake venom Kunitz-type peptide scaffold, a new potent and selective
XIa inhibitor, BF9-N17K-L19D, was discovered, which provides a new XIa-targeting lead
drug template for the treatment of thrombotic-related diseases.
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Key Contribution: Bioactive peptides from venomous animals provided important molec-
ular scaffolds for lead drug discovery. Using P2′ amino acid classification scanning with
snake venom Kunitz-type peptide scaffold, a new potent and selective XIa inhibitor, BF9-
N17K-L19D, was discovered, which provides a new XIa-targeting lead drug template for
the treatment of thrombotic-related diseases.

1. Introduction
Blood coagulation has physiological significance in preventing bleeding in the body,

which is mainly mediated by the tissue factor (TF) and the activation of the extrinsic coagu-
lation pathway [1,2]. Additionally, blood coagulation also can be initiated by the contract
activation pathway, which is mainly mediated by exposure to negatively charged surfaces,
such as heparin, collagen, polyphosphate, and nucleic acid; over-sulfated chondroitin sul-
fate; amyloid β peptides 1–42; and exogenous negatively charged surfaces [3–5]. Because
the intrinsic coagulation pathway can be activated by many immune- and inflammatory-
related molecules and because the intrinsic coagulation-associated coagulation factors XIa,
XIIa, and PK do not cause apparent bleeding due to their deficiencies [3,6,7], the intrinsic
coagulation pathway is not thought to play the main role in preventing bleeding in the phys-
iological state. So, the intrinsic coagulation pathway, which is associated coagulation factors
and especially the coagulation factor XIa, might be inhibited to modulate the uncontrolled
coagulation response and thrombosis-associated diseases [8]. In fact, Phase 2 and Phase 3
trials have shown that XIa might be used as a target in anticoagulation therapy [9,10]. The
inhibition of XIa is associated with minimally increased rates of bleeding and the prevention
of thromboembolic events, indicating the potential role of XIa as a therapeutic modifier as
an anticoagulant of small molecules such as BAY-2433334 and BMS-986177, monoclonal
antibodies MAA868 and AB023, and two antisense oligonucleotides, ISIS-416858 and ISIS-
957943 [11,12]. So, coagulation factor XIa is thought to be a new serine-protease family
drug target for next-generation anticoagulants, which strongly interferes with the contact
activation stage of the intrinsic coagulation pathway and might have minimal effects on
the physiological coagulation pathway [10,12].

Kunitz-type peptides from venomous and blood-sucking animals are natural sources
of XIa peptide inhibitors [13–15]. Improving the specificity and exploring the common
structural characteristics of these inhibitors remain challenging scientific problems, but
molecular design combined with natural Kunitz-type XIa inhibitor discovery might be
two effective methods to overcome these problems, using BF9 and Fasxiator from the snake
Bungarus fasciatus [16–18], PN2KPI from the human protease nexin 2 [19,20], WPK5 from
the Leech Whitmania pigra [21], DAKS1 from the snake Deinagkistrodon acutus [22], Ir-CPI
from the tick Ixodes Ricinus [13], desmolaris from the vampire bat Desmodus rotundus [14],
and some artificially designed Kunitz-type peptides Fasxiator-N17R-L19E, DX-88mut,
BF9-N17K, BF9-N17R, PN2KPI-M17D, and WPK5-mut [17,21,23–25]. BF9 is a Kunitz-type
anticoagulation peptide from snake venom with weak XIa inhibitory activity [16]. In our
previous work, through P1 site amino acid classification scanning with different kinds of
amino acids, such as polar amnio acids, nonpolar amino acids, acidic amino acids, and
basic amino acids, a new XIa inhibitor, BF9-N17K, was discovered, which has significantly
enhanced inhibitory activity toward XIa when compared to that of the wild-type template
peptide BF9 [24]. However, the inhibitory activity of BF9-N17K toward plasmin, an opposite
hemostatic target, was also increased, which might cause significant hemostatic side effects
in real application scenarios [17,26].
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Here, in order to enhance the selectivity of Kunitz-type scaffold peptide BF9-N17K
from snake venom toward XIa, four BF9-N17K analogues were further designed using the
P2′ site amino acid classification scanning strategy, and a new potent and selective XIa
inhibitor, BF9-N17K-L19D, was found. Our work provides a new XIa-inhibitory lead drug
with a snake venom Kunitz-type peptide scaffold and highlights the potential application
of the P2′ site scanning strategy to enhance the selectivity of Kunitz-type peptides toward
specific serine proteases.

2. Results
2.1. Molecular Design of Four Single-Point Mutants with Snake Venom Kunitz-Type Peptide
Scaffold BF9-N17K

Kunitz-type peptides adopt a conserved pear-shaped structural scaffold that is stabi-
lized by three conserved disulfide bridges [15]. The first functional loop of Kunitz-type
peptides that corresponds to the P4-P4′ site plays a vital role in its serine protease inhibitory
activity [27]. In our previous work, via P1 site scanning, we engineered a highly activity XIa
inhibitor, BF9-N17K, with a weak-activity snake venom peptide BF9 as the scaffold [16,24].
However, although the natural snake venom peptide BF9 had weak activity toward plas-
min, the designed BF9-N17K had enhanced plasmin inhibitory activity, which limited its
application as a new anticoagulant. Here, on the basis of BF9-N17K, the P2′ site amino
acid classification scanning strategy was further used to optimize its selectivity toward
the coagulation factor XIa [28–30]. According to the basic classification of 20 amino acids,
4 representative amino acids were selected to replace the P2′ site of the template peptide
BF9-N17K, which were nonpolar amino acid A, polar amino acid S, acidic amino acid D, and
basic amino acid K (Figure 1). Using a similar protein expression and purification system
to those of the template peptide BF9-N17K, as we have described before [16,18,24,31,32],
the four newly designed peptides, BF9-N17K-L19A, BF9-N17K-L19S, BF9-N17K-L19D,
and BF9-N17K-L19K, were expressed and purified successfully. High-performance liquid
chromatography showed that all four engineered peptides had a single peak at about
14–16 min (Figure S1), which were collected manually and were preserved by freeze-drying
after BCA quantification.

2.2. Anticoagulation Functional Characterization of Four BF9-N17K Mutants

The anticoagulation function of the four designed peptides was evaluated firstly
through APTT, PT, and TT experiments. The APTT experiments showed that all four
designed peptides still had apparent anticoagulation activity toward the intrinsic coagula-
tion pathway that was similar to that of the template peptide BF9-N17K (Figure 2). This
suggested that the replacement of the P2′ site with different kinds of amino acids, including
the nonpolar amino acid A, polar amino acid S, acidic amino acid D, and basic amino
acid K, had no apparent influence on anticoagulation through the intrinsic coagulation
pathway of the Kunitz-type peptide BF9-N17K. Additionally, the PT and TT experiments
showed the all four peptides showed no apparently inhibition activity toward the extrinsic
coagulation pathway or the common coagulation pathway (Figures S2 and S3), which
is also similar to that of the template peptide BF9-N17K. In summary, the single-point
mutation of the P2′ site of BF9-N17K had minimal effects on its anticoagulation activity or
anticoagulation profile.
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Figure 1. Molecular design of four BF9-N17K mutants via P2′ site scanning with different kinds of 
amino acids. (A) Snake venom Kunitz-type peptide BF9 was the template for designing new potent 

Figure 1. Molecular design of four BF9-N17K mutants via P2′ site scanning with different kinds
of amino acids. (A) Snake venom Kunitz-type peptide BF9 was the template for designing new
potent and selective anticoagulants targeting XIa with low plasmin inhibitory activity. + means
weak activity, and ++ means strong activity. (B) Amino acid sequence alignments of four BF9-N17K
mutants produced via P2′ site scanning with different kinds of amino acids, A, S, D, and K. I–VI
showed that there are six classical cysteines in the Kunitz-type peptide BF9 and its analogues.
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Figure 2. Intrinsic coagulation pathway inhibitory activity of BF9-N17K and four designed analogues
tested through APTT experiments. (A) Intrinsic coagulation pathway inhibitory activity of BF9-N17K;
(B) intrinsic coagulation pathway inhibitory activity of BF9-N17K-L19A; (C) intrinsic coagulation
pathway inhibitory activity of BF9-N17K-L19S; (D) intrinsic coagulation pathway inhibitory activ-
ity of BF9-N17K-L19D; (E) intrinsic coagulation pathway inhibitory activity of BF9-N17K-L19K;
(F) structural and intrinsic coagulation pathway inhibitory function comparison of BF9-N17K and
four designed analogues.
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2.3. Evaluation of XIa, Plasmin, and Other Serine Protease Inhibitory Activity of Four
BF9-N17K Mutants

In our previous work, we designed an anticoagulant BF9-N17K that had signifi-
cantly higher anticoagulation activity than the wild-type snake venom peptide BF9. How-
ever, the plasmin inhibitory activity of BF9-N17K was also very strong, with an IC50 of
16.33 ± 7.54 nM [24]. In this work, we obtained four new anticoagulants with similar
intrinsic coagulation pathway inhibitory activities via P2′ site scanning. Whether there
was a significant change in the inhibitory activity of the four new anticoagulants toward
serine proteases remained to be studied. So, the XIa and other associated serine protease
inhibitory activities of these four mutants were further evaluated. The enzyme inhibition
activity experiments showed that BF9-N17K-L19A had apparent inhibitory activity toward
XIa and plasmin, with IC50 values of 63.33 ± 5.31 nM and 7.00 ± 1.21 nM, respectively
(Figures 3 and S4), which are similar to those of the template peptide BF9-N17K and one
analogue BF9-N17K-L19S. The similar serine protease inhibitory activities of three pep-
tides, BF9-N17K, BF9-N17K-L19A, and BF9-N17K-L19S, were consistent with their similar
anticoagulation activities (Figure 2), which suggested that the single-point mutation at the
P2′ site with nonpolar amino acid A and polar amino acid S had minimal influences on the
anticoagulation activity and serine protease inhibitory activity of the template Kunitz-type
peptide BF9-N17K. Interestingly, when the P2′ site was replaced with charged amino acids,
such as D and K, the situation was completely different (Figure 4). BF9-N17K-L19D showed
higher XIa inhibitory activity than the template peptide BF9-N17K, and the inhibitory
activity of BF9-N17K-L19D toward plasmin was also significantly reduced, with an IC50 of
459.33 ± 337.40 nM. However, the inhibitory activity of BF9-N17K-L19K toward plasmin
was significantly enhanced, with an IC50 of 6.60 ± 3.40 nM, and its inhibitory activity
toward XIa was reduced, with an IC50 of 321.67 ± 41.88 nM. Similar to the template peptide
BF9-N17K, all the four P2′ site mutants had no inhibitory activity toward two classical
anticoagulant targets, Xa and IIa (Figures 5 and 6), which indicated that BF9-N17K is a
good template for engineering selective XIa inhibitors, and the P2′ site amino acid clas-
sification scanning of BF9-N17K did not influence its insensitivity to the two classical
anticoagulant targets Xa and IIa. In conclusion, these results indicated that through P2′

amino acid classification scanning with a snake venom Kunitz-type peptide scaffold, a new
potent and selective XIa inhibitor, BF9-N17K-L19D, was discovered, which provides a new
XIa-targeting lead drug for the development of new anticoagulants.

2.4. Structure and Function Relationship of BF9-N17K-L19D with XIa

Through P2′ amino acid classification scanning with a snake venom Kunitz-type
peptide scaffold, we obtained a new potent and selective XIa inhibitor, BF9-N17K-L19D,
with an IC50 of 19.28 ± 2.53 nM. In order to further characterize its structure and function
relationship and its selectivity toward XIa, the XIa and plasmin inhibitory activity of five
Kunitz-type peptides, BF9-N17K, BF9-N17K-L19A, BF9-N17K-L19S, BF9-N17K-L19D, and
BF9-N17K-L19K were compared (Figure 7). The results showed that BF9-N17K, BF9-N17K-
L19A, and BF9-N17K-L19S had similar inhibitory activities toward XIa and plasmin, but
BF9-N17K-L19D had enhanced inhibitory activity toward XIa, and BF9-N17K-L19K had
enhanced inhibitory activity toward plasmin. The inhibitory activity profile of BF9-N17K-
L19D and its analogues suggested that the characteristics of the charge of the P2′ site might
be associated with the drug selectivity between the anticoagulant target XIa and hemostatic
agent target plasmin. The noncharged amino acid at the P2′ site might have similar effects
on XIa and plasmin inhibitory activity, such as the polar amino acid S and nonpolar amino
acids A and L. Our results showed that the replacements with charged amino acid might
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be an effective strategy to enhance drug selectivity toward the coagulation factor XIa and
the hemostatic target plasmin [17,23,26,30].
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inhibitory activity of BF9-N17K; (B) XIa inhibitory activity of BF9-N17K-L19A; (C) XIa inhibitory
activity of BF9-N17K-L19S; (D) XIa inhibitory activity of BF9-N17K-L19D; (E) XIa inhibitory activity
of BF9-N17K-L19K; (F) structural and XIa inhibitory function comparison between BF9-N17K and
four designed analogues.
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(A) Plasmin inhibitory activity of BF9-N17K; (B) plasmin inhibitory activity of BF9-N17K-L19A;
(C) plasmin inhibitory activity of BF9-N17K-L19S; (D) plasmin inhibitory activity of BF9-N17K-L19D;
(E) plasmin inhibitory activity of BF9-N17K-L19K; (F) structural and plasmin inhibitory function
comparison between BF9-N17K and four designed analogues.
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BF9-N17K-L19K; (F) structural and Xa inhibitory function comparison between BF9-N17K and four
designed analogues.
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3. Discussion
The development of new anticoagulants to prevent pathologic thrombi has enormous

clinical application value [33]. The success of anticoagulants targeting Xa and IIa has
indicated that research on specific inhibitors is important for the development of new
anticoagulants [34–36]. Before our work, several potent XIa inhibitors with Kunitz-type
scaffold have been found in venomous animals, blood-sucking animals, and the human
body; through artificial design; and from other resources [37–39].

Through P2′ site amino acid classification scanning, we enhanced the selectivity of
a reported XIa inhibitor, BF9-N17K, successfully, suggesting that molecular design is a
useful strategy to optimize Kunitz-type peptide [40]. Before our work, using the natural XIa
inhibitor Fasxiator as Kunitz-type peptide template, Kang’s research team from Singapore
designed a mutant peptide FasxiatorN17R, L19E with an IC50 of about 1 nM toward XIa and
a selectivity over 100-fold higher towards plasmin, which showed a good balance between
potency and selectivity [17]. With the natural XIa inhibitor PN2KPI as a Kunitz-type peptide
template, William P. Sheffielda’s research team from Canada designed a mutant peptide
PN2KPI-M17D, which also had high selectivity toward XIa [19,23,27,41]. These studies
indicated that the acidic amino acids D and E at the P2′ site might favor potent and selective
inhibitory activity toward the new anticoagulant target XIa. These data are also consistent
with our present work in that BF9-N17K-L19D had better selectivity toward XIa than the
template peptide BF9-N17K and three analogues BF9-N17K-L19A, BF9-N17K-L19S, and
BF9-N17K-L19K. This might be a new clue regarding XIa-inhibitory macrocyclic-peptide
and small-molecule mimics, especially for the P2′ site [42–44].

In addition to the P2′ site, the other sites in Kunitz-type peptides might also contribute
the potency and selectivity toward XIa [21,25,43]. In order to explore a possible common
motif of Kunitz-type peptides regarding XIa inhibitory activity, the reported XIa inhibitors
with a Kunitz-type structural fold were collected and analyzed. The sequence alignments
showed that the sequences in loop 1 and loop 2 of these XIa-inhibitory Kunitz-type peptides
were conserved, and the sequences located in the alpha-helix and beta-sheet regions were
not conserved [13,14,17,20–22,24] (Figure 8). Based on the sequence characteristics, a
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common motif GR/PCR/KA/SXIP-XYGGC is proposed according to these reported XIa-
inhibitory Kunitz-type peptides and our present work. Based on the common motif of
XIa-inhibitory Kunitz-type peptides, two X sites in the motif might be the major sites that
can be engineered for enhancing drug selectivity and maintaining potent drug activity
toward XIa, and the other eleven sites might provide only very limited choices for XIa
inhibitor design. This might also be a new clue regarding the potency and selectivity of XIa
inhibitors, not only for the designing peptides, but also for mimicking macrocyclic peptides
and small molecules [42–45].
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fold; (B) potential functional loops 1 and 2 of BF9-N17K-L19D; (C) detailed residues of functional
loops 1 and 2 of BF9-N17K-L19D; (D) a common motif GR/PCR/KA/SIP-XYGGC of XIa inhibitors
with Kunitz-type structural fold, where X means any 1 of the 20 amino acids.

4. Conclusions
In conclusion, with a snake venom Kunitz-type scaffold as a template, we designed a

potent and selective XIa inhibitor, BF9-N17K-L19D, via the P2′ site amino acid classification
scanning strategy, highlighting that two acidic amino acids, D and E, might be suitable
choices for the P2′ site of selective XIa inhibitors with a Kunitz-type scaffold. In addition, a
common motif, GR/PCR/KA/SXIP-XYGGC, was proposed for the XIa-inhibitory Kunitz-
type peptides, which might provide a new clue for further peptide engineering.

5. Materials and Methods
5.1. Peptide Design, Recombinant Plasmids, and Recombinant Peptides

The P2′ site of BF9-N17K was optimally designed considering different amino acid
types, and the natural site L19 was mutated into nonpolar aliphatic amino acids (alanine),
polar neutral amino acids (serine), acidic amino acids (aspartate), and alkaline amino acids
(lysine). Four recombinant plasmids, BF9-N17K-L19A, BF9-N17K-L19S, BF9-N17K-L19D,
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and BF9-N17K-L19K, were constructed by GenScript (Nanjing, China). Four recombinant
peptides were expressed and purified using similar methods with the template peptide
BF9-N17K [16,24,39,46]. The atomic structures of all Kunitz-domain peptides were mod-
eled using the SWISS-MODEL server (https://www.swissmodel.expasy.org/, accessed on
9 November 2024).

5.2. Serine Protease Inhibitory Activity Assay

Using the fluorogenic substrate method the coagulation factors (FXIa, FXa, and FIIa)
and fibrinolytic enzyme (plasmin), which play a key role in the coagulation process, were
detected as we have described before [16,24,39,46]. The XIa-selective anticoagulation pep-
tides with better anticoagulation activity were screened. The experiment was repeated three
times, and the results are presented the mean and standard deviation (SD) of quadruplicate
tests. The curve of serine protease inhibitory activity was generated in SigmaPlot 12.5
software, and the IC50 was calculated according to the following equation (four-parameter
logistic curve): y = min + (max − min)/(1 + (x/IC50) − Hillslope).

5.3. Anticoagulation Activity Assay

Partial thromboplastin time (APTT), prothrombin time (PT), and thrombin time (TT)
of 4 mutant peptides were detected by the turbidity method following the method that we
have described before [16,24,39,46], and the anticoagulant function of the peptides with
better anticoagulation function was screened. The experiment was repeated three times, and
the results are presented as the mean and standard deviation (SD) of quadruplicate tests.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins17010023/s1, Figure S1. Purification of BF9-N17K and four
designed analogues by high-performance liquid chromatography (HPLC). A, Purification of peptide
BF9-N17K by HPLC; B, purification of peptide BF9-N17K-L19A by HPLC; C, purification of peptide
BF9-N17K-L19S by HPLC; D, purification of peptide BF9-N17K-L19D by HPLC; E, purification of
peptide BF9-N17K-L19K by HPLC. Figure S2. Extrinsic coagulation pathway inhibitory activity of
BF9-N17K and four designed analogues tested via PT experiments. A, Extrinsic coagulation pathway
inhibitory activity of BF9-N17K; B, extrinsic coagulation pathway inhibitory activity of BF9-N17K-
L19A; C, extrinsic coagulation pathway inhibitory activity of BF9-N17K-L19S; D, extrinsic coagulation
pathway inhibitory activity of BF9-N17K-L19D; E, extrinsic coagulation pathway inhibitory activity
of BF9-N17K-L19K; F, structural and extrinsic coagulation pathway inhibitory function comparison
of BF9-N17K and four designed analogues. Figure S3. Common coagulation pathway inhibitory
activity of BF9-N17K and four designed analogues tested through TT experiments. A, Common
coagulation pathway inhibitory activity of BF9-N17K; B, common coagulation pathway inhibitory
activity of BF9-N17K-L19A; C, common coagulation pathway inhibitory activity of BF9-N17K-L19S;
D, common coagulation pathway inhibitory activity of BF9-N17K-L19D; E, common coagulation
pathway inhibitory activity of BF9-N17K-L19K; F, structural and common coagulation pathway
inhibitory function comparison of BF9-N17K and four designed analogues. Figure S4. Serine protease
XIa inhibitory activity difference of BF9-N17K and four designed analogues. A, Serine protease XIa
inhibitory activity of BF9-N17K with low concentration peptides. B, Serine protease XIa inhibitory
activity of BF9-N17K-L19D with low concentration peptides. C, The comparison of XIa inhibitory
activities of BF9-N17K and four designed analogues with their IC50 values.
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