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Summary

Background—Using TFPI-2 Kunitz domain1 (KD1), we obtained a bifunctional antifibrinolytic 

molecule (KD1L17R-KT) with C-terminal lysine (kringle domain binding) and P2′-residue arginine 

(improved specificity towards plasmin). KD1L17R-KT strongly inhibited human plasmin (hPm), 

with no inhibition of human kallikrein (hKLK) or factor XIa (hXIa). Furthermore, KD1L17R-KT 

reduced blood loss comparable to aprotinin in a mouse liver-laceration model of organ 

hemorrhage. However, effectiveness of these antifibrinolytic agents in a model of hemorrhage 

mimicking extremity trauma and their inhibition efficiencies for mouse enzymes (mPm, mKLK or 

mXIa) remain to be determined.

Objective—Determine potential differences in inhibition constants of various antifibrinolytic 

agents against mouse and human enzymes and test their effectiveness in a modified mouse tail-

amputation hemorrhage model.

Methods/Results—Unexpectedly, mXIa was inhibited with ~17-fold increased affinity by 

aprotinin (Ki ~20 nM) and with measurable affinity for KD1L17R-KT (Ki ~3 µM); in contrast, 

KD1WT-VT inhibited hXIa or mXIa with similar affinity. Compared to hPm, mPm had ~3-fold 

reduced affinity, whereas species specificity for hKLK and mKLK were comparable for each 

inhibitor. S2′-subsite variations largely accounted for the observed differences. KD1L17R-KT and 
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aprotinin were more effective than KD1WT-VT or tranexamic acid in inhibiting tPA-induced 

mouse plasma clot lysis. Further, KD1L17R-KT was more effective than KD1WT-VT and was 

comparable to aprotinin and tranexamic acid in reducing blood loss and D-dimer levels in the 

mouse tail-amputation model.

Conclusions—Inhibitor potencies differ between antifibrinolytic agents against human and 

mouse enzymes. KD1L17R-KT is effective in reducing blood loss in a tail-amputation model that 

mimics extremity injury in trauma.
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Introduction

Trauma or major surgery results in severe tissue damage and rupture of both the small and 

large vessels in the injured area. Tissue damage leads to local platelet adhesion and 

aggregation with formation of the primary hemostatic plug. The platelet plug is then 

strengthened and stabilized by a fibrin network generated through extrinsic and intrinsic 

coagulation. As the damaged vessels heal, the fibrin clot is lysed to ensure normal blood 

flow. The breakdown of the clot, fibrinolysis, is due to plasmin (Pm) generated from 

plasminogen by tissue plasminogen activator (tPA) released from the damaged endothelium 

[1–3]. However, severe trauma and major surgery frequently evoke hyperfibrinolysis 

resulting in massive hemorrhage necessitating the use of increased blood products [4–6], 

which are associated with a high risk of adverse clinical outcomes. These include morbidity 

and mortality related to transfusion-associated acute lung injury [7,8] as well as transfusion-

related immunomodulation and transfusion-associated circulatory overload [8].

Antifibrinolytic agents are useful in preventing blood loss during trauma and major surgical 

procedures such as cardiopulmonary bypass surgery as well as in reducing the risk of 

surgical revision due to post-operative bleeding [9,10]. Approximately 4–6% of these 

patients (~25,000 patients/year in the Unites States) need surgical revision due to bleeding 

following cardiac surgery [10]. Antifibrinolytic agents when used prophylactically can 

significantly reduce blood loss and the need for surgical revision as well as the intraoperative 

and postoperative requirement for allogeneic blood transfusions [9–11]. After the 

withdrawal of aprotinin (Trasylol®, bovine pancreatic trypsin inhibitor, BPTI) from the 

world market in year 2008 following the BART study [12], tranexamic acid (TXA) and ε-

amino caproic acid (EACA), are the two antifibirinolytics currently in use. However, 

emerging reports of observational clinical trials (Table S1) reveal that upsurge in the use of 

TXA [10,12–20] and EACA [10,12,18–22] in patients undergoing cardiac surgery is 

associated with seizures (1.3–10% TXA; 3.3% EACA) and renal dysfunction (1.5–20% 

TXA; 12.9–40% EACA) leading to an increase in hospital stay and mortality rate (2.5–7.5% 

TXA; 2.4–4.0% EACA). Although not in every study [23–27], seizures have also been 

observed with TXA or EACA in mice [28,29], rats [30,31], and cats [32,33], whereas renal 

injury has been observed with aprotinin in mice [34] and rats [35]. These observations 

highlight a need for development of an alternate antifibirnolytic agent that prevents blood 

loss without the serious adverse effects during surgery and trauma.
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TXA and EACA bind to the kringle-lysine binding sites (LBS) of tPA and plasminogen and 

thereby prevent their binding to the exposed C-terminal lysine residues of fibrin; as a result 

activation of plasminogen to Pm and fibrinolysis at the clot site is impeded [36,37]. Since 

currently available active site inhibitors of plasmin or the LBS inhibitors of fibrinolysis are 

associated with adverse effects, a concerted effort is directed towards development of new 

safer inhibitors of fibrinolysis [38–47]. In this context, we used Kunitz domain1 (KD1) of 

human tissue factor pathway inhibitor type-2 (TFPI-2) to obtain a specific inhibitor 

(KD1L17R-KT) of human Pm (hPm) by targeting the S2′-pocket. Further, KD1L17R-KT also 

binds to the LBS of tPA or plasminogen with ~300 nM Kd [29]. Unlike KD1 wild-type 

molecule with C-terminal valine (KD1WT-VT) or aprotinin [34], KD1L17R-KT (or KD1L17R-

VT) does not inhibit human factor XIa (hXIa) or plasma kallikrein (hKLK). Further, similar 

to aprotinin and the lysine analog TXA or EACA, KD1L17R-KT is effective in reducing 

blood loss in the mouse liver-laceration model [29]. Importantly, it does not appear to cause 

seizures in mice [29] and renal injury in mice [34] or rats [35]. Although, KD1L17R-KT is 

effective in reducing blood loss in the liver-laceration model of organ trauma, its 

antifibrinolytic potential in hemorrhage from extremity trauma has not been evaluated. 

Moreover, inhibition by KD1WT-VT/KD1L17R-KT or aprotinin of mouse enzymes (mPm, 

mIXa, mKLK), the animal used for studies, is not known.

Here, we examined reduction of blood loss by KD1L17R-KT in a modified mouse tail-

amputation model, which resembles hemorrhage from extremity trauma concerning tissue, 

bone and large vessel damage. In our model, tail is amputated at 4 cm vs 0.5 cm in previous 

reports for testing systemic and topical antifibrinolytic agents [48,49]. Since animal studies 

are performed in mice, we examined specificity of human KD1WT-VT, KD1L17R-KT or 

bovine aprotinin for mouse enzymes (mPm, mXIa and mKLK). Further, aprotinin strongly 

inhibits bovine trypsin, a coagulation-type protease; thus, we examined inhibition of trypsin 

by KD1L17R-KT. We present these findings here and provide rationale for the observed 

differences between human and mouse enzymes by structural models.

Materials and methods

Materials

Citrated mouse plasma was from Innovative Research (Novi, MI). Aprotinin was from 

ZymoGenetics (Seattle, WA) and tissue plasminogen activator (tPA) was from Genentech 

(South San Francisco, CA). Pm substrate S-2251 (H-D-Val-Leu-Lys-p-nitroanilide), and 

KLK and Factor XIa substrate S-2366 (pyroGlu-Pro-Arg-p-nitroanilide) were from 

Diapharma Inc. Asserachrom D-Di ELISA kit was from Diagnostica Stago, Inc (Parsippany, 

NJ). Human α-thrombin (IIa), specific activity ~4493 U/mg (fibrinogen clotting assay), and 

mPm were from Haematologic Technologies Inc. Human alpha-XIIa was from Enzyme 

Research Laboratories. mKLK and mXI were from R&D Systems Inc. mXI (100 µg/ml) was 

activated at 37 °C by factor alpha-XIIa using a 1:20 molar ratio in 50 mM Tris-HCl, pH 7.5 

containing 100 mM NaCl (TBS) and 2 mM CaCl2. One µL aliquots were withdrawn at 

different times, diluted to 100 µL in TBS containing 0.1 mg/ml bovine serum albumin (TBS/

BSA, pH 7.5) and 2 mM CaCl2. The formation of mXIa was measured by hydrolysis of 

synthetic chromogenic substrate S2366 (330 µM). Activation was complete in 4 hrs as 
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measured by mXIa hydrolytic activity and SDS-PAGE [50]. Under reduced conditions, mXI 

(2 µg) migrated as a single band with MW of ~80,000 Da and mXIa (2 µg) migrated as two 

bands with MWs of ~45,000 Da and ~37,000 Da. The mXIa was kept on ice and used within 

24 hrs.

Expression, purification and characterization of KD1WT-VT and KD1L17R-KT

The procedures to obtain KD1WT-VT and KD1L17R-KT have been described earlier 

[29,34,51,52]. Briefly, the 73 amino acid KD1WT-VT and KD1L17R-VT were over-expressed 

as amino-terminal His6-tagged fusion proteins in E. coli strain BL21(DE3) pLysS using the 

T7 promoter system. To obtain KD1L17R with a C-terminal lysine (KD1L17R-KT), KD1L17R-

VT was incubated with IIa at a 1:50 enzyme/substrate ratio for 24 hrs at 37°C [29]. The 

His6-tag free proteins were purified using Superdex 200 gel filtration chromatography 

equilibrated with TBS as outlined [29,34,51,52]. The purified KD1WT-VT and KD1L17R-KT 

were checked for purity (SDS-PAGE) and characterized using N-terminal sequencing and 

mass spectrometry prior to performing biochemical and animal studies.

Protease inhibition assay

Reactions were carried out in TBS/BSA/2 mM Ca2+, pH 7.5. Each enzyme (mPm, mKLK 

and mXIa) was incubated with various concentrations of KD1L17R-KT, KD1WT-VT, 

aprotinin or trypsin for 1 hr at RT in a 96-well microtitration plate (total volume 100 µL). 

Synthetic substrate (5 µL) specific for each enzyme was then added (final concentration, 1 

KM) and residual amidolytic activity was measured in a Molecular Devices Vmax kinetic 

microplate reader. The inhibition constants, , were determined using the nonlinear 

regression data analysis program GraFit. Data were analyzed with an equation for a tight-

binding inhibitor (Equation 1) where vi and v0 are the inhibited and uninhibited rates, 

respectively, and [I]0 and [E]0 are the total concentrations of inhibitor and enzyme, 

respectively [53,54].

Equation 1

Ki values were obtained by correcting for the effect of substrate according to Beith [53], 

using Equation 2, where [S] is substrate concentration and KM is specific for each enzyme.

Equation 2

Fibrinolysis (clot lysis) assay

Ten µL of each test compound or saline control was added to 240 µL of mouse plasma; 225 

µL of this mixture was then added to 25 µL IIa and tPA in TBS/BSA containing 25 mM 

CaCl2. The final concentration of IIa was 0.15 µg/ml, and of tPA was 1 µg/ml. Clot 
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formation and lysis were monitored (OD405) with a Molecular Devices microplate reader 

(SPECTRAmax 190) as described earlier [29,34].

Mouse tail-amputation model

A protocol using the tail-amputation mouse model was approved by the UCLA Chancellor’s 

animal research committee. In this model, tail is amputated at 4 cm from the tip that involves 

cutting the bone, which we hypothesize will increase local activation of the fibrinolytic 

system due to enhanced vascular and tissue trauma. Five groups of C57BL/6 mice (~20 gm 

in weight) of both sexes were used for saline control, positive controls (aprotinin and TXA) 

and experimental drugs (KD1L17R-KT and KD1WT-VT). Animals were fed standard rodent 

chow and water, and housed in a vivarium room maintained at 20–24 °C and 12-h light-dark 

cycles. Dosage of aprotinin was comparable to that used in humans, i.e. 4 µg/g adjusted for 

mouse weight [55]. A calculated blood level (based on 10 ml volume of distribution) 

achieved by this dose was ~8 µg/ml (~1 µM). Since KD1WT-VT and KD1L17R-KT are 

homologs of aprotinin, a similar dose of each KD1 variant was used.

Variable concentrations of TXA have been used in different animal models [23–27]. We 

used 10 µg/g adjusted for mouse weight (calculated TXA blood level ~20 µg/ml or ~125 

µM) based upon the dose used in one regimen to prevent blood loss in a major surgical 

procedure [55]. Such dose has also been reported to be adequate to prevent systemic 

fibrinolysis and local fibrinolytic bleedings [56].

All animals were run in a single big randomized experiment and all compounds including 

saline were tested during each batch. Anesthesia was induced using 5% isoflurane via 

nosecone. Following induction of anesthesia, mice were placed on a heating pad to maintain 

rectal temperature at 37 °C. Drugs were injected via tail vein in 100 µL of sterile, balanced 

salt solution. Care was taken to avoid extravasation and to avoid injecting the drug close to 

the site of amputation so as to minimize the potential local effect of any extravasated drug. 

After allowing two minutes for circulation, tail was amputated at 4 cm from the tip using a 

sharp, sterile, #11 scalpel blade. Anesthesia was maintained with 2% isoflurane via 

nosecone during the entire experiment. Blood was allowed to flow freely into preweighed 

eppendorf tubes. Care was taken not to disturb the bleeding tip. Total time of observation 

was 1 hour, based on the literature and the preliminary experiments during which normal 

controls demonstrated any significant recurrence of bleeding, potentially from alternate 

constriction and dilation of the central artery [57].

Bleeding time varied between 8 to 13 min with minimal recurrent bleeding except in the 

saline group that lasted occasionally up to 30 min. The plasma half-life of TXA in humans, 

rats and dogs is ~120 min [58]. The half-life of the two KD1 variant homologs (aprotinin 

and Ecallantide) is also ~120 min [59,60] in humans, whereas of aprotinin in mice, rats or 

dogs is ~70 min [61]. The half-life of each KD1 variant could also be similar to aprotinin/

Ecallantide. Based upon these data, adequate concentration of each drug is presumed to exist 

up to the cessation time of bleeding. No deaths were observed in any of the five groups. At 

the end of the experiment, citrated blood was obtained from the lateral saphenous vein for 

D-dimer assay by venipuncture. After removing the RBC, mouse plasma was obtained by 

centrifugation for 15 min at 1500g, 4 °C. The data were combined after the completion of all 
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experiments and analyzed. Since all animals were similar in weight and treated alike, 

potential temporal effects were minimized and no correction was applied. Primary outcome 

was total blood loss and plasma D-dimer levels.

Statistical methods

We compared mean total blood loss across all five treatment groups using factorial one-way 

analysis of variance (ANOVA). The p-values for comparing any two means were computed 

using post-hoc tests and adjusted for multiple comparisons using Tukey’s adjustment. For 

the D-dimer data, Levene’s F-test revealed that the homogeneity of variance was not met. As 

such, the Welch’s F-test was used and Games-Howell post-hoc procedure was conducted to 

determine which pairs of the five mean D-dimer levels differ significantly. All statistical 

analysis was performed using SPSS V23 (IBM Corp., Armonk, NY, USA).

Molecular modeling

The MODELLER program [62] was employed to model the protease domains of mPm, 

mXIa and mKLK using PDB entries 1BUI (hPm), 1ZJD (hXIa) and 2ANY (hKLK) as 

templates [63]. The modeled structures were energy minimized with backbone restraints 

using CHARMM [64] and were free of Ramachandran outliers. The complexes of KD1WT-

VT, KD1L17R-KT and BPTI with mPm, mXIa and mKLK were modeled as described earlier 

[34,51,52] and energy minimized with backbone restraints using CHARMM prior to 

analysis. The trypsin-BPTI complex (2PTC) and trypsin-KD1WT-VT complex (1ZR0) were 

used for structural analysis. The electrostatic potentials were calculated using ABPS module 

implemented in PyMOL [65,66].

Results and Discussion

Molecular characterization of KD1WT-VT and KD1L17R-KT molecules

The KD1WT-VT preparation is homogeneous and has C-terminal Val73 as determined by 

SDS-PAGE, mass spectrometry and N-terminal sequence analysis (Fig. 1A). Isolated 

KD1L17R-KT has C-terminal Lys72 (~92%) with minor proteolysis at the N-terminus 

between residues Ala3↓Gln4, Gln4↓Glu5, and Thr7↓Gly8 (Fig. 1B). Since Kunitz domain 

starts at residue 10 (number 1 in BPTI, Fig. 1), the inhibitory domain of KD1L17R-KT is 

intact and only ~8% of the preparation has C-terminal Val73 that is devoid of binding to the 

kringle domains of tPA and plasminogen. These data indicate that KD1L17R-KT preparation 

is suitable for use as a dual reactivity antifibrinolytic agent, which can inhibit the active site 

of Pm as well as bind to the kringle domains of tPA and plasminogen.

Inhibitory properties of KD1WT-VT, KD1L17R-KT and aprotinin (BPTI) against mPm, mXIa, 
mKLK and bovine trypsin

KD1L17R-KT inhibits hPm effectively without inhibiting hXIa and hKLK [34]. Since 

potency of KD1L17R-KT is tested in a mouse bleeding model, we determined its inhibitory 

proficiency against mPm, mXIa and mKLK, and compared such data obtained with KD1WT-

VT and aprotinin. Further, S2′-pocket of trypsin lacks acidic residues, which is a hallmark of 

Pm [34]; however, aprotinin (P2′ Arg17) inhibits trypsin with pM affinity [67]. We sought 

an explanation for this observation and examined whether KD1L17R-KT also inhibits trypsin.
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Inhibition of mPm by KD1WT-VT, KD1L17R-KT and aprotinin—mPm was inhibited 

by KD1WT-VT with ~18 nM Ki, by KDL17R-KT with ~4 nM Ki, and by aprotinin with ~1.5 

nM Ki (Fig. 2A and Table 1). Thus, as compared to hPm, affinity of each inhibitor is reduced 

by ~3 to 4-fold for mPm. To understand these uniform differences in affinity of each 

inhibitor for mPm versus hPm, we obtained molecular models of the protease domains of 

hPm and mPm complexed with each inhibitor. Although, protease domains of hPm and 

mPm share ~83% sequence identity [68,69], the notable difference between the S2′-pocket 

of these two proteases is the presence of Met39 in hPm versus Gln39 in mPm. This is shown 

in Fig. 3A and Fig. 3B. In hPm, Leu17 of KD1WT-VT or Arg17 side chain hydrocarbons of 

KD1L17R-KT or BPTI are involved in hydrophobic contacts with Met39; however, such 

interactions are not possible in mPm due to the presence of Gln39 instead of Met39 (Fig. 3A 

and 3B). Further, Glu73 and Glu143 of hPm/mPm make salt-bridges with P2′ Arg17 of 

KD1L17R-KT or BPTI; such interactions are not possible for KD1WT-VT. As compared to 

KD1WT-VT, these additional interactions provide a reasonable explanation for the higher 

affinity of KD1L17R-KT or BPTI for hPm/mPm.

Inhibition of bovine trypsin by KD1WT-VT, KD1L17R-KT and aprotinin—Trypsin 

was inhibited by KD1WT-VT with ~17 nM Ki, by KDL17R-KT with ~7 nM Ki, and by 

aprotinin with ~0.07 nM Ki (Fig. 2B and Table 1). These data are in agreement with a Ki of 

~13 nM for KD1WT-VT [51] and a very strong inhibition of trypsin by aprotinin [70]. 

Similar to the coagulation proteases [34], trypsin has a hydrophobic S2′-pocket that is 

devoid of acidic residues [52,70]. However, multiple sequence alignment of trypsin with 

coagulation proteases and plasmin reveal that Tyr39 and Tyr151 are unique to trypsin and 

are situated at the entrance of the S2′-pocket (Fig. 3C). Further, examination of the X-ray 

structures of trypsin in complex with KD1WT-VT [52] or aprotinin [70] reveal overall similar 

interactions except encompassing the S2′-pocket and the 90-loop. As shown in Fig. 3C, the 

P2′ Leu17 of KD1WT-VT makes hydrophobic contacts with Tyr39 and Tyr151 of trypsin 

[52]. The P2′ Arg17 of aprotinin makes a hydrogen bond with the main chain carbonyl of 

His40 as well as π-interactions with the phenyl ring of Tyr151 [70]. Moreover, as 

experimentally observed with aprotinin [70], P2′ Arg17 of KD1L17R-KT makes similar 

interactions with His40/Tyr151 of trypsin (Fig. 3C).

Additionally, Arg39 of BPTI is involved in hydrogen bond interactions with the main chain 

carbonyls of Asn97 and Thr98 in the 90-loop of trypsin [70]. As compared to trypsin, the 

90-loop in hPm/mPm has four-residue deletion, which prevents such interactions between 

aprotinin and Pm (Fig. 3C). These differences could be a reason for stronger inhibition of 

trypsin versus hPm/mPm by aprotinin (Table 2). Interestingly, residue 39 is Glu in KD1WT-

VT or KD1L17R-KT, which precludes its interactions involving the 90-loop of trypsin (or 

hPm/mPm). Thus, existence of interactions involving the 90-loop could explain the 

difference in affinity of aprotinin versus KD1WTVT or KD1L17R-KT for trypsin.

Inhibition of mXIa by KD1WT-VT, KD1L17R-KT and aprotinin—KD1WT-VT inhibits 

mXIa and hXIa with similar affinity with Ki ~20 nM (Fig. 2C and Table 1). Although 

protease domains of hXIa and mXIa share ~78% sequence identity [71,72], the 39-loop in 

mXIa has a 3-residue deletion including Arg39D present in the S2′-pocket of hXIa. 
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However, P2′ Leu17 of KD1WT-VT is suitably placed in the S2′-pocket of mXIa (Fig. 4A) 

or hXIa [34] without interference from Arg39D. In contrast, KD1L17R-KT inhibits mXIa 

with Ki ~3 µM as compared to no inhibition observed upto 10 µM for hXIa (Fig. 2C and 

Table 1). A plausible explanation for this observation is the unfavorable interaction between 

Arg39D of hXIa and P2′ Arg17 of KD1L17R-KT and the absence of Arg39D in mXIa (Fig. 

4B). Consequently, KD1WT-VT illustrates no difference in inhibition mXIa or hXIa, whereas 

KD1L17R-KT inhibits mXIa weakly.

Strikingly, aprotinin inhibits mXIa with Ki ~20 nM as compared to Ki ~350 nM for hXIa 

(Fig. 2C and Table 1). Similar to KD1L17R-KT, P2′ Arg17 of aprotinin is unfavorable to 

interact with Arg39D of hXIa; however, absence of Arg39D in mXIa abrogates this 

unfavorable interaction. Further, Arg39 of aprotinin interacts via salt-bridge with Glu98 and 

Glu217 of hXIa/mXIa, and these interactions are not possible for KD1WT-VT or KD1L17R-

KT (Fig. 4C). Thus, as compared to hXIa, a ~17-fold increase in inhibition potential of 

aprotinin for mXIa primarily stems from the absence of unfavorable interactions between 

P2′ Arg17 and the S2′-pocket.

Inhibition of mKLK by KD1WT-VT, KD1L17R-KT and aprotinin—No significant 

differences were observed for inhibition of mKLK or hKLK by KD1WT-VT, KD1L17R-KT 

and aprotinin (Fig. 2D and Table 1). Although the protease domain of hKLK has Arg39 [73] 

instead of Thr in mKLK [74], P2′ Leu17 of KD1WT-VT is optimally placed in the S2′-

pocket of either enzyme (Fig. 5A). The P2′ Arg17 of KD1L17R-KT or aprotinin is 

unfavorable to interact with Arg39 of hKLK (Fig. 5B), whereas it is not involved in any 

interaction with the S2′-pocket of mKLK. Note that unlike mXIa, the 39-loops of mKLK 

and hKLK have the same number of amino acids. Further, Arg39 and Tyr10 of aprotinin 

interact with Glu217 of hKLK/mKLK, and such interactions are not possible for KD1L17R-

KT (or KD1WT-VT) (Fig. 5C). Thus, the presence of additional interactions allow aprotinin 

to inhibit hKLK/mKLK and their absence make KD1L17R-KT a non-inhibitor of hKLK/

mKLK.

Fibrinolysis assay

Fibrinolysis data are presented in Fig. 6A–D. Addition of IIa to mouse plasma results in an 

increase in OD405 reflective of a stable clot formation (curve 1); however, simultaneous 

addition of tPA results in a biphasic curve with an initial increase in OD405 (fibrin 

formation), which is followed by a rapid decrease associated with the fibrinolytic activity 

(curve 2) induced by Pm that is formed by the action of tPA on plasminogen. The data 

presented in Fig. 6A–D reveal that similar to the human system [34], antifibrinolytic agents 

inhibit mouse plasma clot fibrinolysis in a dose dependent manner. Complete inhibition of 

fibrinolysis in this kinetic assay was achieved at ~20 µM for KD1WT-VT, at ~2 µM for 

KD1L17R-KT, at ~4 µM for aprotinin and at ~500 µM for TXA. Although aprotinin inhibits 

mPm with higher affinity than KD1L17R-KT (Fig. 2), the inhibition efficiency of each in 

preventing fibrinolysis is comparable (Fig. 6). These results indicate that the KD1L17R-KT 

prevents clot lysis by a dual mechanism especially at concentrations ≥1 µM; one, by 

inhibiting active site of plasmin and two, by inhibiting generation of plasmin at the clot site 

[29].
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Blood loss and D-dimer levels in mouse tail-amputation model

Next, we studied the effect of KD1L17R-KT on blood loss and plasma D-dimer levels in the 

mouse tail-amputation model. The effects of all four antifibrinolytics on blood loss are 

depicted in Fig. 7A. There is a significant difference in the mean blood loss between groups 

as determined by one-way ANOVA (F(4,45)=12.88, p=0.001). A Tukey post-hoc test 

revealed that compared to saline, the mean blood loss was significantly lower for each 

antifibrinolytic group. Compared to saline, the mean blood loss was reduced by 190 mg for 

KD1L17R-KT (95% CI, 104–275; p=0.001), 176 mg for aprotinin (95% CI, 90–261; 

p=0.001), 112 mg for TXA (95% CI, 26–197; p=0.005), and 87 for KD1WT-VT (95% CI, 

15–172; p=0.044). Further, as compared to KD1WT-VT, the mean blood loss was 

significantly reduced for KD1L17R-KT (95% CI, 17–188, p=0.011) or BPTI (95% CI, 4–175, 

p=0.037). However, differences in the mean blood loss reduction between KD1L17R-KT and 

aprotinin (95% CI, -71–99, p=0.991) as well as between KD1L17R-KT and TXA (95% CI, 

-7–162, p=0.092) or KD1L17R-VT and TXA (95% CI, -110–60, p=0.917) were statistically 

not significant. Notably, three of the ten animals treated with TXA depicted generalized 

seizures shortly after injection of the drug. The nature of the seizures were similar to those 

observed previously with EACA [29]. Further, KD1L17R-KT at the dose tested is comparable 

to TXA or aprotinin in minimizing the blood loss without observable seizures or renal injury 

[29,34,35].

All four antifibrinolytics also reduced plasma D-dimer levels (Fig. 7B). Compared to saline, 

the mean plasma D-dimer levels were reduced by 65 ng/ml for KD1L17R-KT (95% CI, 18–

113, p=0.008), 60 ng/ml for aprotinin (95% CI, 11–108, p=0.015) and 55 ng/ml for TXA 

(95% CI, 6–105, p=0.026). Although the mean D-Dimer levels were reduced by 45 ng/ml 

for KD1WT-VT, it was statistically not significant (95% CI, -5–95, p=0.091) from saline. 

Importantly, these data indicate that the fibrinolytic system is activated in this model and 

KD1L17R-KT is comparable to aprotinin or TXA in inhibiting Pm-induced fibrinolysis.

Aprotinin is more potent (~3-fold) inhibitor of mPm than KD1L17R-KT; however, reduction 

in blood loss by both inhibitors is similar in the mouse liver-laceration [34] or the tail-

amputation model. An explanation for this observation could be that aprotinin also 

attenuates intrinsic clotting by inhibiting mXIa (KI ~20 nM) and mKLK (Ki ~10 nM), 

whereas inhibition of these enzymes by KD1L17R-KT is negligible (Table 1). Further, 

KD1L17R-KT could also inhibit fibrinolysis by impeding generation of Pm by tPA. It is also 

worth noting that two Pm inhibitors (Ecallantide and MDCO-2010), which inhibit KLK 

were unsuccessful in phase-3 clinical trials [42,44].

Conclusions

Employing enzyme assays and in silico modeling coupled with the existing crystallographic 

data [52,70], we provide structural explanations for strong inhibition of mXIa and mKLK by 

aprotinin and for negligible inhibition by KD1L17R-KT. Structural basis are also provided for 

inhibition of bovine trypsin by aprotinin and KD1L17R-KT despite the presence of P2′-Arg 

residue in these inhibitors. The bifunctional KD1L17R-KT is effective in reducing blood loss 

in mouse tail-amputation and liver-laceration hemorrhage models [29]. Although these 

mouse models have limitations as compared to the extremity trauma and internal organ 
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hemorrhage in humans, these models are suitable for initial testing the potency of KD1L17R-

KT. However, appropriately expressed KD1L17R-KT without the His-tag and with intact C-

terminal Lys is essential such that proteolysis is eliminated after purification. We are 

currently exploring several possibilities for expressing such KD1L17R-KT molecules with 

one or two additional mutations to perform dose dependent studies in order to test their 

efficacies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Essentials

Current antifibrinolytics—Aminocaproic acid and tranexamic acid can cause seizures or 

renal injury

KD1L17R-KT, aprotinin and tranexamic acid were tested in a modified mouse tail-

amputation model

S2′-subsite variations between human and mouse FXIa result in vastly different 

inhibition profiles

KD1L17R-KT reduces blood loss and D-dimer levels in mouse with unobserved seizures 

or renal injury
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Fig. 1. SDS-PAGE, MALDI-TOF-ESI mass spectrometry and amino acid sequences of KD1WT-
VT and KD1L17R-KT
Mass spectrometry data were obtained using an Applied Biosystems Voyager DE-STR. (A) 

KD1WT-VT. The mass was 8843 Da and the N-terminal sequence was GSHMDAA at ~80 

pmol level. Combined mass spectrometry and sequence data reveal EKVPKV sequence at 

the C-terminus of KD1WT-VT. For comparison, amino acid sequence alignment of KD1WT-

VT with BPTI is presented to indicate that the residue Asn10 in KD1WT-VT represents 

residue Arg1 in BPTI. Thus, KD1WT-VT has nine extra residues at the N-terminus excluding 

GSHM. The P1 residue Arg (15 in BPTI numbering, residue 24 in KD1WT-VT) and P2′ 
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residue Arg (17 in BPTI and 26 in KD1WT-VT) are indicated. Inset, SDS-PAGE (15% 

acrylamide). Lane 1, reduced EZ-Run protein markers (Fisher Bioreagents); lane 2, reduced 

KD1WT-VT (5 µg). (B) KD1L17R-KT. Mass spectrometry revealed three minor (peaks 1–3, 

~8% each) and one major molecular species (peak 4, ~75%). The N-terminal sequence was 

DAAQEPT at the ~90 pmol level and the other N-terminal sequences (Cycle 1, ~8 pmol; 

cycle 2, ~6 pmol and cycle 3, ~5 pmol) were QEP, EPT and GNN. Combined mass 

spectrometry and sequence data revealed that the three molecular species (peaks 1, 3 and 4) 

each has C-terminal Lys72 and constitutes ~92% of the total mass; only peak 2 (~8%) has C-

terminal Val73. The difference in molecular mass results from proteolysis by IIa or a 

contaminating protease. For comparison, the sequence alignment of KD1L17R-KT with BPTI 

is given. Inset, SDS-PAGE (15% acrylamide). Lane 1, reduced EZ-Run protein markers; 

lane 2, reduced KD1L17R-KT (5 µg).
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Fig. 2. Determination of equilibrium inhibition constants (Ki) of KD1WT-VT, KD1L17R-KT, and 
aprotinin with mPm, mXIa, mKLK and bovine trypsin
(A) Percent activity of 3 nM mPm remaining in the presence of various concentrations of 

KD1L17R-KT (●), KD1WT-VT (ο) and aprotinin (△). (B) Percent activity of 2 nM bovine 

trypsin remaining in the presence of various concentrations of KD1L17R-KT (●), KD1WT-

VT (ο), and aprotinin (△). (C) Percent activity of 1 nM mXIa remaining in the presence of 

various concentrations of KD1L17R-KT (●), KD1WT-VT (ο), and aprotinin (△). (D) Percent 

activity of 1 nM mKLK remaining in the presence of various concentrations of KD1L17R-KT 

(●), KD1WT-VT (ο), and aprotinin (△).
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Fig. 3. Interactions between the protease domains each of hPm, mPm and bovine trypsin with 
KD1WT-VT, KD1L17R-KT and BPTI
(A) Interaction between the P2′ residue of KD1WT-VT, KD1L17R-KT or BPTI with S2′-

pocket of hPm. Left, hydrophobic interactions between Leu17 of KD1WT-VT with Met39 

and Glu143 hydrocarbon side chain of hPm. Middle, salt-bridge interactions of Arg17 of 

KD1L17R-KT with Glu73 and Glu143 as well as hydrophobic contacts with Met39 of hPm. 

Right, similar to KD1L17R-KT, interactions of Arg17 of BPTI with Glu73/Glu143 and 

Met39 of hPm. (B) Interaction between P2′ residue of KD1WT-VT, KD1L17R-KT or BPTI 

with S2′-pocket of mPm. Left, hydrophobic contact between Leu17 of KD1WT-VT and 
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Glu143 side chain of mPm. Middle, interactions between Arg17 of KD1L17R-KT involving 

salt-bridge with Glu73 and Glu143 of mPm. Right, similar to KD1L17R-KT, interactions of 

Arg17 of BPTI with Glu73/Glu143 of mPm. (C) Interaction between the P2′ residue of 

KD1WT-VT, KD1L17R-KT or BPTI with S2′-pocket of trypsin and additional interactions of 

trypsin with BPTI. Left, hydrophobic interactions between Leu17 of KD1WT-VT with Tyr39 

and Tyr151 of trypsin. Middle, interactions of Arg17 of KD1L17R-KT or BPTI involving π-

interactions with Tyr151 and hydrogen bond with His40 main chain of trypsin. Right, 

additional hydrogen bond interactions between Arg39 of BPTI with Thr98 and Asn97 of 

trypsin. hPm or mPm 90-loop (green) is short and has no interactions with BPTI. KD1WT-

VT is shown in dark green, KD1L17R-KT in sand, BPTI in cyan, hPm in dark yellow, mPm 

in light blue and trypsin in wheat. The hydrogen bonds are shown in black dashed lines, π-

interaction in magenta dashed line and the hydrophobic interactions by arcs with spokes 

radiating toward the contact atoms.
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Fig. 4. Modeled interactions between the protease domains each of mXIa and hXIa with 
KD1WT-VT, KD1L17R-KT and BPTI
(A) Interaction between P2′ Leu17 of KD1WT-VT with S2′-pocket of mXIa. Similar to 

hXIa [34], Leu17 of KD1WT-VT is situated in a vastly hydrophobic S2′-pocket environment 

of mXIa. Pymol generated map of the electrostatic potential at the solvent-accessible surface 

of the mXIa catalytic domain near residue Leu17 of KD1WT-VT is shown. The mXIa 

residues within 6 A radius of Leu17 of KD1WT-VT were selected for display. Blue 

represents positive, red represents negative and white represents hydrophobic surface 

potential. (B) P2′ Arg17 of BPTI or KD1L17R-KT and S2′-pockets of hXIa and mXIa. Left, 
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the longer 39-loop and the presence of Arg39D in hXIa disfavor the interaction with Arg17 

of BPTI or KD1L17R-KT. Right, the short 39-loop and the absence of a basic residue in 

mXIa relieves the repulsive interaction with Arg17 of BPTI or KD1L17R-KT. The capital 

letter followed by the residue number, e.g., R39D or G39A indicates insertion. (C) 

Additional interactions of hXIa (or mXIa) with BPTI and their absence in KD1WT-VT or 

KD1L17R-KT. Left, Arg39 of BPTI makes salt-bridge with Glu98 and Glu217 of hXIa or 

mXIa. Right, the presence of Glu39 in KD1WT-VT or KD1L17RKT disfavor these 

interactions.
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Fig. 5. Modeled interactions between the protease domains each of mKLK and hKLK with 
KD1WT-VT, KD1L17R-KT and BPTI
(A) Interaction between P2′ Leu17 of KD1WT-VT with S2′-pocket of mKLK. Similar to 

hKLK [34], Leu17 of KD1WT-VT is situated in a vastly hydrophobic S2′-pocket 

environment of mKLK. Pymol generated map of the electrostatic potential at the solvent-

accessible surface of the mKLK catalytic domain near residue Leu17 of KD1WT-VT is 

shown. The mKLK residues within 6 A radius of Leu17 of KD1WT-VT were selected for 

display. Blue represents positive, red represents negative and white represents hydrophobic 

surface potential. (B) P2′ Arg17 of BPTI or KD1L17R-KT and S2′-pockets of hKLK and 
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mKLK. Left, Arg39 in hKLK unfavorable for interaction with Arg17 of BPTI or KD1L17R-

KT. Right, Short side chain of Thr39 in mKLK can accommodate Arg17 of BPTI or 

KD1L17R-KT. (C) Additional interactions of hKLK (or mKLK) with BPTI and their absence 

in KD1WT-VT or KD1L17R-KT. Left, Tyr10 and Arg39 of BPTI make hydrogen bond and a 

salt-bridge with Glu217 of hKLK or mKLK. Right, the presence of Asp10 and Glu39 in 

KD1WT-VT or KD1L17R-KT disfavor these interactions.
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Fig. 6. Effect of KD1WT-VT, KD1L17R-KT, aprotinin or TXA on fibrinolysis in mouse plasma
IIa was added to mouse plasma to initiate clot formation, which is associated with an 

increase in OD405 (curve 1 in A–D, ο). Simultaneously added tPA converted plasminogen to 

Pm, which dissolved the fibrin clot completely within ~18 min, as indicated by an initial 

increase followed by a decrease in OD405 (curve 2 in A–D, ●). Addition of KD1WT-VT, 

KD1L17R-KT, aprotinin or TXA inhibited fibrinolysis in a dose dependent manner. (A) 

Effect of KD1WT-VT; 0.5 µM (curve 3△), 1 µM (curve 4▲), 2 µM (curve 5□), 5 µM, (curve 

6■), 10 µM (curve 7▽), and 20 µM (curve 8▼). (B) Effect of KD1L17R-KT; 0.2 µM (curve 

3△), 0.4 µM (curve 4▲), 0.5 µM (curve 5□), 0.75 µM, (curve 6■), 1 µM (curve 7▽), and 2 

µM (curve 8▼). (C) Effect of aprotinin; 0.1 µM (curve 3△), 0.2 µM (curve 4▲), 0.4 µM 

(curve 5□), 1 µM, (curve 6■), 2 µM (curve 7▽), and 4 µM (curve 8▼). (D) Effect of TXA; 

10 µM (curve 3△), 20 µM (curve 4▲), 50 µM (curve 5□), 100 µM, (curve 6■), 250 µM 

(curve 7▽), and 500 µM (curve 8▼).
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Fig. 7. Effect of KD1WT-VT, KD1L17R-KT, aprotinin, and TXA in tail-amputation haemorrhage 
model
Animals were treated with saline, KD1WT-VT, KD1L17R-KT, aprotinin or TXA by 

intravenous bolus injection. The antifibrinolytic agents and saline were free of 

lipopolysaccharide, as tested using the Limulus amebocyte lysates kit (Bio Whittaker Inc., 

Walkersville, MD). After allowing two minutes for circulation of the drug, the tail was 

amputated at 4 cm from the tip using a sharp, sterile, #11 scalpel blade. Blood was allowed 

to flow freely and drip into preweighed eppendorf tubes. Total blood loss was the difference 

in the weight of eppendorf tube before and after blood collection. At the end of the 

experiment, citrated blood samples were obtained from lateral saphenous vein for D-dimer 

assay by venipuncture. Blood was processed immediately to obtain plasma. The plasma D-

dimer concentration was measured using the Asserachrom D-Di kit from Diagnostica Stago. 

Scatter plot showing blood loss (A) and D-dimer levels (B) in different groups. Black bars 

represent the mean and the 95% CI (confidence interval). Tukey and Games-Howell post-

hoc tests were used to obtain p-values between the different groups for blood loss and the D-

dimer levels, respectively. The p-values that are significant between different groups are 

listed. The D-dimer concentration of unamputated normal mouse plasma was 18 ± 3 ng/ml, 

which agrees well with the value reported by Castellino and coworkers [75].
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Table 1

Ki values for the inhibition of mPm, mXIa and mKLK

Enzyme
Ki Values (nM)a

KD1WT-VT KD1L17R-KT BPTIc

hPmb 6 ± 0.5 0.9 ± 0.1 0.5 ± 0.1

mPm 18 ± 2 4 ± 0.5 1.5 ± 0.3

hXIab 18 ± 2 NM 346 ± 25

mXIa 21 ± 3 3400 ± 300 20 ± 2

hKLKb 25 ± 3 NM 18 ± 2

mKLK 20 ± 3 NM 10 ± 2

Bovine Trypsin 17 ± 2 7 ± 1 0.07 ± 0.01

a
Ki values represent an average of three independent measurements and were determined using the tight binding equilibrium equation [54]. 

values were corrected [53] for the effect of synthetic substrate used for measuring the active concentration of each enzyme employed. 
Concentration of mPm used was 3 nM, of bovine trypsin was 2 nM and of mXIa or mKLK was 1 nM.

b
The Ki values for hPm, hXIa and hKLK for each inhibitor are from reference 34. NM, not measurable upto 10 µM;

c
BPTI, Bovine pancreatic trypsin inhibitor (aprotinin).
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