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Abstract 
 
The classic coagulation cascade has been well-studied for many years. In the traditional 

“waterfall” model, both the contact pathway and the tissue factor pathway can trigger blood 

clotting. The contact pathway is composed of two serine protease zymogens, factor XII and 

prekallikrein, together with a non-enzymatic co-factor, high-molecular-weight kininogen. Recent 

discoveries have implicated the contact pathway in thrombosis and inflammation, while it is 

clearly dispensable for hemostasis. Due to the complexity of the enzymatic reactions and 

molecular interactions in the contact pathway, the (patho)-physiological mechanisms of contact 

pathway activation remained unclear. Previous studies suggested several molecules that may 

modulate the contact pathway, including inorganic polyphosphate. Studying how polyphosphate 

modulates the contact pathway of coagulation holds promise for developing novel drug targets for 

treating thrombotic diseases without increasing the risk of bleeding.  

Despite being found in all kingdoms of life, polyphosphate polymer lengths are highly 

variable, with shorter polymers (approximately 60-100 phosphates) secreted from human platelets, 

and longer polymers (up to thousands of phosphates) in microbes. To reveal the molecular 

mechanisms of how polyphosphate regulates individual reactions in the contact pathway, we 

conducted in vitro measurements of enzyme kinetics to investigate the ability of varying 

polyphosphate sizes, together with high-molecular-weight kininogen and Zn2+, to mediate 

individual proteolytic reactions in the contact pathway and activation of the intrinsic pathway by 

coagulation factor XII. The results suggested that polyphosphate of different sizes, together with 
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Zn2+ could activate subsets of the contact pathway reactions. The study also raised questions on 

whether the primary physiological role of coagulation factor XII is to trigger blood clotting. 

In addition, a protein engineering study has been conducted to develop a reliable 

polyphosphate probe with enhanced affinity and specificity. Currently, there is a lack of sensitive 

and specific method for polyphosphate visualization in mammalian cells and tissues. A 

recombinant protein from E. coli was used and random mutagenesis libraries for displaying on 

phage surfaces were generated for polyphosphate binding selection assays.  Next-generation 

sequencing was used to detect mutant candidates with desired polyphosphate binding features. 

These candidates may be used as a functional polyphosphate inhibitor in vivo, to prevent its ability 

of accelerating unwanted coagulation (thrombosis). 

To interrogate the role of factor XII-mediated contact pathway in vivo, a new transgenic 

mouse model was generated using CRISPR/Cas knock-in technology, where a precise point 

mutation was introduced into coagulation factor XII, leading to the loss of enzymatic functions of 

factor XIIa. Different from currently available factor XII knock-out mice, these new transgenic 

mice possess intact zymogen factor XII, which should not interfere with neutrophil functions and 

hence should be a less biased model for coagulation or inflammation studies in the future. 
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Chapter 1 General Introduction to Blood Coagulation 
 

1.1 Introduction 

The hemostatic system has evolved to maintain blood in a fluid state under physiological 

conditions, but also to react rapidly to vessel injury by sealing defects with fibrin clots through a 

process called hemostasis.1 Hemostasis is the physiological process that stops bleeding at the site 

of an injury while maintaining normal blood flow elsewhere in the circulation. Blood loss is 

stopped by formation of a hemostatic plug.2 Working together with platelets, many procoagulant 

and anticoagulant biomolecules are involved in this process. However, unlike the biologically 

beneficial clotting process, another type of blood clotting happens when the clotting cascade is 

triggered inside the lumen of a blood vessel which is termed as thrombosis. This leads to the 

formation of a thrombus that can impede the flow of blood within an intact vessel. Thrombosis, as 

the primary cause of heart attacks and strokes, can occur in the arterial or the venous circulation 

and has a major medical impact.1,3 

Two coagulation pathways are involved in triggering the blood clotting cascade, the 

extrinsic pathway (tissue factor pathway) and the intrinsic pathway (contact pathway). The tissue 

factor pathway is named for a protein called tissue factor (TF) and plays an important role in 

normal hemostasis and many types of thrombosis. The contact pathway, however, has been shown 

to be dispensable in normal hemostasis as patients deficient in contact pathway proteins do not 

show excessive bleeding,4 but may be involved in some types of thrombosis. Different modulators 

were found to regulate various parts of the coagulation system. Studying how the coagulation 
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cascade is regulated holds promises for the discovery of novel drug targets for various clotting 

disorders. 

1.2 Coagulation cascade overview 

Blood clotting, or coagulation, is an important process that prevents excessive bleeding 

when a blood vessel is injured. Platelets and proteins in plasma work together to form a fibrin clot 

over the site of vessel injury to stop bleeding. Blood clots are healthy and lifesaving when they 

stop bleeding. But they can also form when they aren't needed and cause a heart attack, stroke, or 

other serious medical problems. 

Waterfall model of coagulation cascade 

The formation of a fibrin clot is mediated by a group of well-regulated plasma proteases 

and cofactors. Although the process of blood clotting has been studied for centuries, the concept 

of the blood coagulation cascade dates back to the 1960s when Davie, Ratnoff and Macfarlane 

described the “waterfall” and “cascade” theories outlining the fundamental principle of a cascade 

of proenzymes leading to activation of downstream enzymes.5,6 These two independent studies 

clarified the sequence in which coagulation factors interacted and provided concepts that were 

readily tested in the laboratory. In both models, an important concept was introduced: the 

coagulation factors were present in blood in an inactive or precursor form and were converted to 

active enzymes in a step-by-step manner, starting from coagulation factor XII (FXII).7 FXIIa, the 

activated form of FXII, activates factor XI (FXI) to FXIa. Consequently, the downstream 

coagulation factors including factor IX (FIX), factor X (FX), prothrombin (factor II) and 

fibrinogen (factor I) are activated one by one to trigger clotting. 

The limitations of these classic waterfall models are obvious. The intrinsic pathway 

originally described by these models does not appear to be essential for in vivo hemostasis but may 
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play a role in pathologic thrombosis. It is now generally accepted that the TF pathway plays the 

major role in the initiation of blood coagulation following vascular injury and platelet plug 

formation. These models did not take into account the cellular elements that set the stage for the 

cell-based model of coagulation.8 The concept of the coagulation cascade has evolved over the 

past 60 years. Critical additions and modifications were made in the classic “waterfall cascade 

model” during the following years to incorporate new discoveries and novel mechanisms. One that 

was particularly important linked the intrinsic pathway with the extrinsic pathway of blood 

coagulation at the level of FX, which was known to be the start of the common pathway.9-11 The 

other significant change related to coagulation factor VIII (FVIII) and factor V (FV). These two 

proteins are readily activated by limited proteolysis, particularly by thrombin, but they participate 

as cofactors rather than enzymes.12-14 

From a contemporary point of view, there are three stages of normal hemostasis: initiation, 

amplification and propagation. To initiate blood clotting, the exposure of subendothelial tissue 

factor leads to the formation of the extrinsic tenase complex, in combination with factor VIIa 

(FVIIa). The amplification phase involves the conversion from extrinsic to intrinsic thrombin 

generation. Thrombin generation with fibrin deposition is referred as the propagation phase.15,16 It 

is important to notice that although the contact pathway does not participate in hemostatic reactions 

in vivo, there is recent evidence showing the potential association between the contact pathway 

and thrombosis, which will be discussed in detail later. 

Extrinsic pathway 

The extrinsic pathway consists of the transmembrane receptor TF and plasma 

FVII/FVIIa.17 Disruption of the endothelium of a blood vessel exposes blood to subendothelial 

cells expressing TF on their surface. The TF:VIIa complex catalyzes the activation of FIX and FX, 
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leading to thrombin generation and subsequently formation of a fibrin clot.18 Previous studies have 

revealed an important role of the extrinsic pathway in both hemostasis and thrombosis. TF 

knockout mice were found to be non-viable and die early in utero due to severe extravasation of 

blood cells and abnormal circulation.19 

TF, also named as coagulation factor III (FIII), is the primary initiator of the extrinsic 

coagulation cascade.20 The full length TF is a 47 kDa transmembrane glycoprotein comprising an 

extracellular domain of 219 amino acids, a transmembrane regions of 23 amino acids, and a 

cytoplasmic tail of 21 amino acids. The protein structure of TF includes 2 fibronectin type III 

repeats (termed D1 and D2), 2 disulfide bridges, and 3 glycosylation sites.21 The full-length TF is 

found in a wide range of tissues including brain, lung, placenta, heart, testis and kidneys, being 

constitutively expressed in perivascular cells, such as fibroblasts, pericytes, or epithelial cells.19,22 

Vascular cells, such as smooth muscle cells (SMCs), endothelial cells (ECs) or blood cells, do not 

express considerable amounts of TF in a quiescent state, but can be induced via different factors.23 

Found in the surrounding subendothelial tissue, one major function of TF is to maintain hemostasis 

and vessel integrity. TF has also been shown to be involved in angiogenesis, wound healing, 

apoptosis and proliferation.24-27 

The main function of FVII is to initiate the process of coagulation in conjunction with TF. 

FVII is synthesized in the liver and secreted to the blood stream as a glycoprotein with a molecular 

weight of 50 kDa. FVII, like all the coagulation serine proteases, circulates in the plasma chiefly 

as an inert zymogen. However, FVII also circulates at low levels in its active enzymatic form, 

FVIIa. Zymogen FVII is converted to its enzymatic form, FVIIa, by proteolysis of a single peptide 

bond, resulting in two disulfide-linked polypeptide chains.28 The protease(s) that is responsible for 

FVII cleavage in vivo is unclear. FXIa, FXa, FXIIa, thrombin, plasmin and TF:VIIa were all shown 
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to be able to trigger FVII activation in vitro.29-35 Clinically, FVII deficiency results in a rare 

inherited bleeding disorders.36 

During vascular injury, FVII/FVIIa binds to TF at a 1:1 ratio on the cell surface and the 

remaining FVII is rapidly converted to FVIIa.29 The assembly of TF:VIIa complex on a suitable 

phospholipid membrane surface greatly enhances the proteolytic activity of VIIa and allows rapid 

cleavage of its substrates, FX, FIX, and FVII (autoactivation).37,38 The activation of FX leads to 

the activation of the common pathway of coagulation, whereas the activation of FIX leads to partial 

activation of the intrinsic pathway of coagulation. 

Intrinsic pathway 

Apart from the TF:VIIa triggered coagulation, clotting can also be triggered by the intrinsic 

pathway. The intrinsic pathway of coagulation is triggered by the activation of the contact 

pathway. The main components of the contact pathway include FXII, FXI, plasma prekallikrein 

(PK), and a non-enzymatic cofactor, high-molecular-weight kininogen (HK). Unlike the extrinsic 

pathway which was shown to play an important role in maintaining hemostasis, the proteins in the 

contact pathway are dispensable for hemostatic function, since deficiencies of FXII and PK are 

not associated with excessive bleeding in mice or humans.39-41 However, recent studies have 

revealed associations between the contact pathway and thrombosis.42-45 

The activation of the contact pathway requires interaction with negatively charged surfaces 

or polymers, which induces a conformational change in zymogen FXII resulting in a small amount 

of active FXII (FXIIa). FXII is an 80 kDa protease zymogen synthesized in the liver and circulating 

in the blood stream at a concentration of 375 nM.46 In human, the F12 gene encoding FXII is 12 

kb in length and is composed of 14 exons.47 The single-chain FXII zymogen consists of a heavy 

chain of 353 amino acids and a light chain of 243 amino acids, forming a disulfide bond. The 
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heavy chain is located at the N-terminus and contains a fibronectin domain type II, an epidermal-

growth-factor-like (EGF-like) domain, a fibronectin domain type I, a second EGF-like domain, a 

kringle domain, and a proline-rich region. The light chain at the C-terminus contains the catalytic 

domain where the catalytic triad of the serine protease is located.48 All of the domains are 

homologous to those found in several other serine proteases, except for the proline-rich region 

which is unique to FXII. Although the complete crystal structure of FXII has not been solved, 

biochemical studies have mapped the potential surfaces on the two fibronectin domains.49-52 

Putative artificial surface binding regions were also predicted on the EGF-like domains and the 

kringle domain.53,54 Similar to most of the chymotrypsin-like serine proteases, the active site 

(catalytic triad) of FXII consists of 3 residues, H394, D442, and S544, indicating that in vivo the 

catalytic domain is globular, bringing these three amino acids in close apposition.48 

FXII can be cleaved by several serine proteases including plasma kallikrein (PKa, the 

active form of PK)55, FXIIa (via autoactivation)56,57, and plasmin58. The cleavage of FXII after 

position R353 yields an activated form α-FXIIa.59 Unlike the single-chain FXII zymogen, α-FXIIa 

has two chains (heavy chain and light chain) that are linked by a disulfide bond. The molecular 

weight of α-FXIIa remains 80 kDa. However, on a reduced protein gel, α-FXIIa migrates as two 

bands, an ~50 kDa (heavy chain) and ~30 kDa (light chain). α-FXIIa is in turn able to cleave its 

substrates PK, FXII, FXI, C1 complex60 and potentially plasminogen61. The mutual activation of 

PK and FXII is known as reciprocal-activation.62 The cleavage of FXI by α-FXIIa yields FXIa, 

which in turn cleaves FIX into FIXa and leads to blood clotting.4 Further cleavage of α-FXIIa at 

the R334 and R343 positions by PKa yields β-FXIIa, consisting of two polypeptide chains of a 2 

kDa heavy chain remnant and a 28 kDa catalytic domain covalently bonded together by the same 

disulfide bond.51 The crystal structure of β-FXIIa has been recently resolved with small molecule 



 7 

inhibitors.63 Due to the lack of the heavy chain, β-FXIIa is unable to bind to negatively charged 

surfaces and therefore is inefficient at promoting clotting.64 

PK is the circulating zymogen of PKa, encoded by the Klkb1 gene. PK is usually an 85-88 

kDa single-chain protein produced in the liver and circulates in the blood, typically bound with a 

cofactor, HK.65 Interestingly, PK and FXI are homologous and share 58% amino acid sequence 

identity with the unique feature of four tandem repeats of 90 amino acid apple domains at the N‐

termini, which harbor exosites for substrates, cofactors, and receptors.66 However, Factor XI is a 

disulfide-linked dimer whereas PK is a monomer.67,68 A recent study revealed the crystal structure 

of recombinant full length PKa. In their structure, the catalytic domain is positioned above a disc-

shaped assemblage of four apple domains in an active conformation. Contrary to the FXI structure, 

the intact disc of apple domains in the PKa structure is rotated 180° relative to the catalytic 

domain.69 

Like many serine protease zymogens, PK is synthesized as a single-chain inactive 

precursor. Once cleaved by FXII or other PK activators, PK is activated to PKa. As described 

above, FXII and PK can activate each other through a mechanism termed reciprocal activation. 

PKa further liberates kinins (the vasoactive peptides, bradykinin and kallidin) from its substrate, 

HK, via a double cleavage. The kinins mediate blood coagulation, activate inflammatory response, 

and regulate blood pressure via vasodilation.70 

Apart from being the substrate for PKa, HK is an important nonenzymatic cofactor in the 

contact pathway, since at least 75% of PK circulates bound noncovalently to HK in a 1:1 ratio in 

plasma.65,71 Binding with HK enhances the binding of PK and FXI to certain anionic surfaces.72,73 

Although there is lack of evidence showing that FXII circulates bound to HK in plasma, some 

studies indicated that HK is required in stoichiometric amounts for maximal FXIIa activation of 
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FXI in vitro.72 Zn2+ is also known to be an important cofactor in contact activation as the binding 

affinities and activities of many proteins in the contact pathway will be enhanced by Zn2+.56,74,75 

Moreover, evidence suggested that Zn2+ induces changes in folding of the HK D5 domain and also 

affects the conformation of the entire HK protein.76 Considering that the D5 domain of HK is 

responsible for Zn2+ and surface (polymer) binding77,78, Zn2+ and HK concentration dependence of 

individual reactions in the contact pathway is worth exploring in detail. The biological functions 

of the contact pathway will be discussed in a later section. 

Apart from the described contact pathway components, FXI is also an important zymogen 

in the intrinsic pathway of blood clotting. In humans, FXI is synthesized mainly in the liver79 and 

circulates in plasma at a concentration of ~30 nM (15-45 nM) almost entirely as a non-covalent 

complex with HK.80-82 Different from other coagulation factors, FXI presents as a dimer of 

identical 80 kDa subunits.68 Similar to PK, FXI monomer also contains four apple domains and a 

catalytic domain. The apple domain discs are linked to a “saucer” on which the catalytic domain 

rests. The two monomers interface through the A4 domains.83 FXI can be converted to FXIa by 

the enzyme FXIIa5,6, or FXIa (via autoactivation)84. The active protease FXIa subsequently 

activates FIX to FIXa and eventually leads to the generation of thrombin, which cleaves fibrinogen 

to fibrin.85,86 Unlike the contact pathway proteases, deficiency of FXI results in a mild bleeding 

disorder, suggesting that FXI serves a supportive role in hemostasis.87 Previous studies also 

revealed that the downstream protease, thrombin, could also cleave FXI, which may create a 

positive feedback loop to accelerate thrombin generation.88,89 These data demonstrated that FXI 

can support thrombin generation independent of the contact system, can interact with proteases in 

the contact system, or can serve as an interface of the two systems.85 
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Based on the waterfall model of coagulation, the downstream target of FXIa in the intrinsic 

pathway of coagulation is FIX.5,6 FIX is produced as a zymogen and can be cleaved to FIXa by 

FXIa (intrinsic pathway), or TF:FVIIa (extrinsic pathway).90,91 FVIII is a nonenzymatic cofactor 

of FIXa circulating in the bloodstream. The F8 gene is located on the long arm of the X 

chromosome and is almost exclusively expressed in endothelial cells.92,93 When proteolytically 

activated to FVIIIa, it interacts with FIXa to form a tight noncovalent complex.94 In the presence 

of Ca2+, membrane phospholipids, and FVIIIa, the FVIIIa-FIXa complex activates the common 

pathway by cleaving its downstream substrate FX.94 

Common pathway 

The common pathway begins at FX which is activated to FXa by either the TF:VIIa, or the 

FVIIIa-FIXa complex in the presence of phospholipid membrane and Ca2+.95 Once activated to 

FXa, it goes on to activate prothrombin into thrombin, using FVa as a cofactor. Approximately 

80% of blood FV circulates in plasma at a concentration of about 20 nM (7 μg/ml), the remaining 

20% being stored in the platelet α-granules (4600–14,000 molecules per platelet).96 Plasma derived 

FV is a 330 kDa single-chain protein, which after proteolytic removal of one domain by thrombin 

or FXa, becomes FVa, consisting of two non-covalently associated chains stabilized by a Ca2+ 

ion.97,98 FVa and FXa assemble in a Ca2+-dependent complex on phospholipid membranes, which 

enhances the rate of prothrombin activation by about 300,000-fold.96 Prothrombin is the zymogen 

of the allosteric serine protease, thrombin, which is in charge of activating fibrinogen into fibrin.99 

Thrombin can also activate other factors in the intrinsic pathway (i.e., FXI) as well as FV, FVIII 

and the fibrin stabilizing factor (FXIII).95 Fibrin subunits crosslink together to form fibrin strands, 

and FXIII acts on fibrin strands to form a fibrin mesh, which helps to stabilize the platelet plug.100 
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Regulation of the coagulation system & diseases 

The coagulation process is finely balanced in our body. A highly complex, integrated and 

dynamic system has evolved to balance procoagulant, anticoagulant and fibrinolytic forces to 

enable hemostasis without causing thrombosis.101 There are many naturally occurring 

anticoagulant proteins present in the blood stream. Many of them belong to the serpin (serine 

protease inhibitor) family, which bind specifically to their target enzymes.102 Tissue factor 

pathway inhibitor (TFPI) inhibits the TF:VIIa complex and FXa. Activated protein C and protein 

S, together with thrombin, act by inhibiting the action of the cofactors FVa and FVIIIa. 

Antithrombin inhibits thrombin, FIXa, FVIIa, FXa, FXIa, and FXIIa. C1 esterase inhibitor (C1-

INH), can inhibit FXIIa, PKa, and FXIa of the intrinsic pathway.103 Apart from inhibiting the 

proteases in the coagulation cascade, coagulation could also be regulated by dissolving the fibrin 

clot via a process called fibrinolysis. Plasminogen, tissue plasminogen activator (tPA), and 

urokinase (uPA) are the main components of the fibrinolysis pathway. Similar to the coagulation 

cascade, there are many modulators that inhibit the components in the fibrinolysis pathway, 

including plasmin inhibitors, plasminogen activator inhibitors (PAI) and thrombin activatable 

fibrinolysis inhibitor (TAFI).104 Genetic deficiency, or dysregulation of the coagulation proteins 

or inhibitors may lead to bleeding disorders or thrombotic diseases. 

Loss-of-function mutation or deficiency of coagulation factors will lead to many different 

bleeding disorders, including hemophilia A and B, von Willebrand Disease (VWD), and rare 

bleeding disorders (RBDs). Hemophilia A and B are rare (1 in 5,000 and 25,000 male births, 

respectively), X-linked Mendelian bleeding disorders characterized by a lack of one of the proteins 

involved in blood clotting.105 Functional copies of FVIII or FIX are missing in individuals with 

hemophilia A or B, respectively, usually owing to a loss-of-function mutation, deletion or gene 
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inversion.101 VWD, the most common inherited bleeding disorder with a prevalence of around 1 

in 1000 persons106, is caused by genetic variances or deficiency of a protein called von Willebrand 

Factor (VWF), whose primary function is to bind with FVIII and mediate platelet adhesion to 

wound sites.107 Nowadays, synthetic drugs or recombinant proteins have been developed to 

compensate for the deficiency of certain coagulation factors in plasma as treatments of bleeding 

disorders.108 

Acute arterial thrombosis is the proximal cause of most cases of myocardial infarction 

(heart attack) and of about 80% of strokes, collectively the most common cause of death in the 

developed world. Venous thromboembolism is the third leading cause of cardiovascular-

associated death.3 Mechanistically, thrombi can either obstruct blood flow at the site of formation 

or detach and embolize to block a distant blood vessel (e.g., pulmonary embolism, embolic stroke). 

The pathogenic changes that occur in the blood vessel wall and in the blood itself resulting in 

thrombosis are still unclear. However, studies have provided evidence to show that both intrinsic 

and extrinsic coagulation pathways109-111 can contribute to thrombosis, together with cellular 

responses involving platelets,112 monocytes,113 endothelial cells,114 etc. The current treatments for 

thrombotic diseases often target thrombin, FXa, or platelets and have side effects including 

interfering with normal hemostatic function. Since contact pathway activation can lead to 

thrombus formation via the intrinsic pathway but does not participate in normal hemostasis, 

understanding the mechanism of contact pathway action in thrombosis is crucial for developing 

safer and more effective antithrombotic drugs without major bleeding side effects. 

1.3 Contact pathway in the biological system 

The contact pathway, also known as the plasma kallikrein-kinin system (KKS), is a critical 

crosstalk mechanism between coagulation and inflammation.60,115,116 The contact pathway 
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includes circulating zymogens of the serine proteases FXII and PK, and the non-enzymatic 

cofactor for PK, HK. In many cases, zymogen FXI and the serpin C1-INH are also included as 

part of this pathway. Normally, all the zymogens circulate in blood without active enzymatic 

activity. The presence of C1-INH protects the contact pathway zymogens from slow autoactivation 

without surfaces.60,86 The contact pathway gets activated when the zymogens interact with suitable 

surfaces or polymers, such as polyphosphate117-122, nucleic acid123, collagen124, NETs125-127, 

misfolded proteins128, endothelial cell surfaces129,130, etc. In the presence of a negatively charged 

surface, FXII quickly undergoes autoactivation, resulting in a small amount of active enzyme 

FXIIa.57,131 It was also reported that PK can undergo autoactivation to form PKa under certain 

circumstances.130,132-134 The generated FXIIa then cleaves PK to produce PKa which cleaves more 

FXII to FXIIa via rapid reciprocal activation reactions to counteract the inhibitory effect of C1-

INH.86 

Contact pathway in coagulation 

Once a significant amount of FXII is activated, FXIIa can further activate the downstream 

substrate of the coagulation cascade, FXI, to produce the protease, FXIa, triggering the intrinsic 

cascade of coagulation.135 Previous in vitro experiments from our lab demonstrated that this reaction 

is very slow as compared with other enzymatic reactions in the clotting cascade, even in the presence 

of polyphosphate.117 Although the proteolytic cleavage of FXI by FXIIa has been demonstrated in 

vitro, it is unclear whether this reaction happens in vivo and plays a role in initiating clotting. In fact, 

animal studies and clinical data indicated that the contact pathway is completely dispensable for 

hemostasis, as individuals deficient in either FXII or PK do not show a bleeding tendency.39-41 This 

implies that the contact pathway is not required in trauma-induced blood clotting. In contrast, recent 

studies have shown in experimental animals that FXII deficiency is protective in both arterial42-44 and 

venous45 thrombosis models, suggesting that the contact pathway could be a potential target for 
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thromboprophylaxis. Further, contact activation by polyP or DNA may play a role in thrombotic 

diseases including myocardial infarction136,137 and stroke138. 

Contact pathway in inflammation and immunity 

The well-studied, primary physiologic function of the contact pathway is to participate in 

the inflammation and immunity response. As mentioned before, HK is not only a cofactor for PK, 

but also a substrate for PKa. PKa cleaves HK to release kallidin, which then is converted to a 9-

amino acid peptide chain, bradykinin.139,140 Bradykinin interacts with G-protein coupled kinin 

receptors (B1 and B2 receptors) at the cell surface, which elevates vascular permeability and 

causes vasodilatation of arteries and veins of the gut, aorta, uterus and urethra via different 

mechanisms.140  This response is particularly important in allergic reactions and in inflammatory 

responses. Misregulation of the contact pathway can result in hereditary angioedema (HAE), a 

disease characterized by recurrent edema attacks and swelling of mucous membranes.141 Most 

common types of HAE are caused by reduced levels or dysfunctional C1-INH present in blood, so 

that FXIIa and PKa cannot be inhibited efficiently, leading to consistent overproduction of 

bradykinin.142 The contact pathway also participates in the host-pathogen response in the immune 

system. Sepsis is an infection‐induced systemic inflammatory response syndrome that typically 

progresses to organ hypoperfusion and death within hours to days when left untreated.143 Previous 

studies showed the beneficial effects of FXII inhibition in a baboon model of E. coli sepsis.144 

Another study showed that pretreatment with a FXII inhibitor before E. coli inoculation led to 

reduced complement activation, neutrophil degranulation, and levels of tissue plasminogen 

activator and IL‐6 compared to untreated baboons.145 

Contact pathway in fibrinolysis 

The contact pathway components also participate in fibrinolysis, the process of dissolving 

fibrin clots by the enzyme plasmin. BK has been shown to induce the expression of tPA, an 
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activator of plasminogen, which cleaves plasminogen to produce plasmin.86 In addition, FXII itself 

possesses plasminogen activator activity that can be potentiated by the presence of artificial 

negatively charged polymer.61 More recently, it was reported that fibrin-bound polyphosphate 

polymers amplify this reaction.146 Conversely, plasmin can also act as a contact pathway activator 

by directly activating FXII to FXIIa147, and PK to PKa148. 

1.4 General introduction of polyphosphate (polyP) 

While many artificial surfaces are known to activate the contact pathway in vitro, the relevant 

physiologic activator for this system in vivo is not yet clear. As mentioned previously, polyP is one of 

the potential natural substances that have been reported to be able to trigger contact pathway 

activation.117-122 As are many other contact activators, polyP is a chain of highly negatively charged 

polymers, composed of inorganic phosphate. PolyP is an ancient molecule that exists in all kingdoms 

of life from bacteria to humans.149 This thesis is mainly focused on the role of polyP in modulating 

individual reactions of the contact pathway and developing a specific polyP probe and/or inhibitor. 

PolyP in prokaryotes and unicellular eukaryotes 

The functions of polyP in prokaryotes and unicellular eukaryotes have been well studied 

over the past several decades. PolyP was first isolated in yeast150 and then a high concentration of 

polyP was found in volutin granules, acidocalcisomes, nuclei and mitochondria in yeast, together 

with divalent metal ions including Ca2+, Mg2+, and Zn2+.151,152 The length of polyP in 

microorganisms usually ranges from hundreds to thousands of phosphate units.149 PolyP is 

believed to be synthesized by polyP kinase (PPK), a highly conserved enzyme across 

microorganisms that catalyzes the transfer of terminal phosphate from ATP to the end of a polyP 

chain. The reaction is reversible, making polyP an important energy reservoir for ATP synthesis 

in bacteria.149 Therefore, PolyP is associated with cell viability, proliferation, virulence and stress 

resistance in prokaryotes and yeast. 152,153 
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PolyP in mammals 

The function of polyP in mammals has only recently been studied. In 1995, polyP was 

found in various rodent tissues with various lengths including brain, heart, kidney, liver, and 

lung.154 The study also reported that polyP in brain was predominantly about 800 phosphate units 

in length. In mammalian models, polyP is involved in ion channel activation155,156, cell signaling 

pathways157,158, mitochondrial activities159, rRNA transcription160, DNA repair161, cell 

apoptosis162, blood clotting163, inflammation120, and bone mineralization164.165 

In human platelets, polyP was first reported as present in dense granules at a high 

concentration of approximately 130 mM (0.74 ± 0.08 μmol polyP monomer per 1011 platelets).166 

PolyP was also found in mouse RBL-2H3 mast cells.167 PolyP can be secreted from platelets into 

the blood stream after activation. Unlike microbial polyP, platelet secreted polyP is smaller and 

much more homogeneous in size, with polymer lengths of approximately 60 to 100 phosphate 

units.120,166 Recent studies demonstrated that membrane-associated polyphosphate in a 

nanoparticle state was located on the surface of activated platelets.168 Our lab previously showed 

that polyP exerted differential effects on blood clotting, depending on its polymer size.163 Long-

chain polyP (ranging from less than a hundred to thousands of phosphate units) accelerates blood 

clotting at four steps: initiating the contact pathway activation, facilitating FV activation and 

abrogating TFPI function, accelerating FXI activation by thrombin, and enhancing fibrin 

polymerization. In contrast, platelet releasate polyP (less than 100 phosphate units) cannot 

efficiently activate the contact pathway.149 Further studies revealed that long-chain polyP was in 

particular required for the FXII autoactivation reaction, but not for other proteolytic reactions in 

the contact pathway.169  
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Chapter 2 Polyphosphate, Zn2+ and High-molecular-weight Kininogen Modulate 
Individual Reactions of the Contact Pathway of Blood Clottinga 

 

2.1 Introduction 

The contact pathway of blood clotting—also known as the plasma kallikrein-kinin 

system—includes the circulating serine protease zymogens, FXII and PK, as well as HK, the non-

enzymatic cofactor for PK and a substrate for PKa.86,170 This pathway, a schematic of which 

appears in Figure 2.1, is initiated when blood or plasma is exposed to certain charged polymers or 

suitable surfaces.131 This interaction is thought to induce a conformational change in FXII that 

produces small amounts of enzymatically active FXIIa via autoactivation (more precisely, 

activation of FXII by FXIIa).57 FXIIa then cleaves PK to PKa, which can reciprocally activate 

more FXII to FXIIa.60 PK was also reported to undergo autoactivation to form PKa in the presence 

of a suitable polymer or surface.132 Once significant concentrations of FXIIa accumulate, FXIIa 

activates FXI to FXIa, triggering the intrinsic cascade of coagulation that leads to thrombin 

generation and fibrin formation.135 The contact pathway is also a critical connection for crosstalk 

between coagulation and inflammation.116,139,170 However, this pathway is completely dispensable 

for hemostasis, as individuals deficient in either FXII39,40 or PK41 have no bleeding tendencies. On 

the other hand, animal studies have shown that targeting FXII or PK is protective in thrombosis 

                                                 

a This chapter has been adapted from a research article published in the Journal of Thrombosis and Haemostasis and used in 
accordance with the publisher’s copyright privileges for publication in a dissertation thesis. Full citation: Wang, Y., Ivanov, I., 
Smith, S. A., Gailani, D., & Morrissey, J. H. (2019). Polyphosphate, Zn2+ and high molecular weight kininogen modulate individual 
reactions of the contact pathway of blood clotting. Journal of thrombosis and haemostasis : JTH, 17(12), 2131–2140. 
https://doi.org/10.1111/jth.14612 
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models,42-45,171 suggesting that the contact pathway could contribute to the development of 

thrombosis in humans. 

While several artificial surfaces and polymers may activate the contact pathway in vitro, 

the relevant (patho)physiologic activators for this system in vivo have only recently been 

suggested.86 Long-chain polyphosphate (polyP), in particular, has emerged as an especially potent 

trigger of the contact pathway.163 In this study, we aimed to investigate the ability of various sizes 

of polyP, together with two important cofactors, HK and Zn2+, to modulate four proteolytic 

reactions of the contact pathway: FXII autoactivation, FXII activation by PKa, PK activation by 

FXIIa, and PK autoactivation. 

PolyP is a highly negatively charged polymer of inorganic phosphates that varies in length, 

depending on biological source. PolyP released from platelets has a fairly narrow size range of 

approximately 60-100 phosphates long,166 while unicellular organisms contain heterogeneous 

polyP that can range up to thousands of phosphates in length.172 Roles for polyP in prokaryotes 

and unicellular eukaryotes have been extensively studied150 but only recently have polyP’s 

functions been explored in multicellular eukaryotes (particularly in mammals). Our previous work 

demonstrated that polyP acts at multiple stages of the clotting cascade, with pro-hemostatic, pro-

thrombotic and pro-inflammatory effects that are highly dependent on polyP chain length.163,173 In 

particular, we reported that optimal triggering of plasma clotting via the contact pathway requires 

very long polyP polymers,163 although the polymer length-dependence of each individual reaction 

of the contact pathway was not investigated. In the present study we investigated the details of the 

requirement for very long-chain polyP to trigger clotting via the contact pathway. Individual 

enzyme reactions within the contact pathway can contribute to the complement cascade, 

fibrinolysis, bradykinin generation and inflammation.86,170 Accordingly, we hypothesized that the 
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polyP length requirement might not be the same for all four of the individual reactions in Figure 

2.1, with platelet-sized polyP possibly supporting subsets of these reactions. We now report that 

only FXII autoactivation required very long-chain polyP, while the reciprocal enzyme activation 

reactions (FXII activation by kallikrein, and prekallikrein activation by FXIIa) were accelerated to 

significant extents by platelet-sized polyP. Furthermore, HK and Zn2+ are required only for specific 

subsets of these reactions. 

 

Figure 2.1 Overview of the contact pathway of blood clotting. The following numbered reactions that contribute to initiation of 
the contact pathway of blood clotting were examined in this study: 1, Activation of FXII by FXIIa (FXII autoactivation); 2, 
Activation of FXII by PKa; 3, Activation of PK by PKa (PK autoactivation); and 4, Activation of PK by FXIIa. Propagation of the 
clotting cascade happens when FXIIa activates FXI, leading ultimately to thrombin generation. 

 

2.2 Materials and methods 

Materials 

Polybrene (hexadimethrine bromide), polyethylene glycol and soybean trypsin inhibitor 

were from Sigma (St. Louis, MO). Human FXII, α-FXIIa, PK, PKa and single-chain HK were 

from Enzyme Research Laboratories (South Bend, IN). CTI was from Haematologic Technologies 

(Essex Junction). Polyclonal goat anti-human PK antibody (IgG) was from Affinity Biologicals 

(Ancaster, Canada). The chromogenic substrate for FXIIa or PKa, H-D-Pro-Phe-Arg-pNA (L-
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2120), was from Bachem (Bubendorf, Switzerland). Chelex® 100 Resin was from Bio-Rad 

Laboratories (Hercules, CA). Ultra-Low Attachment microplates were from Corning Inc 

(Tewksbury, MA). 

Two preparations of heterogeneous, long-chain polyP employed in this study were 

prepared starting from chemically synthesized, high-molecular-weight polyP (Sigma-Aldrich). 

One preparation, termed polyP700, had a modal length of 700 phosphates (range, 200 to 1300 

phosphates) and was solubilized from high-molecular-weight polyP as described.174 The other, 

termed polyP1200, had a modal length of 1200 phosphates (range, 595 to 1935 phosphates). It was 

produced from solubilized high-molecular-weight polyP174 after precipitation with 10 mM NaCl 

and 25% isopropanol. Narrowly size-fractionated polyP preparations were produced from 

chemically synthesized polyP by preparative PAGE as previously described,163,175 and are referred 

to by their polymer lengths, which were: 28, 42, 65, 68, 79, 110, 143, 211, 315 and 415 phosphates. 

PolyP concentrations were quantified by measuring inorganic phosphate following hydrolysis in 

1 M HCl at 100°C for 10 min.175 Throughout this study, polyP concentrations are given in terms 

of molar concentrations of phosphate monomer. 

FXII autoactivation 

Reactions were performed at 37°C in ultra-low attachment microplate wells with 100 nM 

FXII in HBSP solution (20 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES)-

NaOH (pH 7.4), 100 mM NaCl, and 1% w/v polyethylene glycol, 8000 MW). Pilot experiments 

evaluating the polyP dose dependence included 5 µM ZnCl2 in the presence of 0 to100 µM 

polyP1200 or polyP79. Experiments evaluating the polyP size dependence included 5 µM ZnCl2 in 

the absence or presence of 10 µM narrowly sized-fractionated polyP. Experiments evaluating the 

impact of ZnCl2 included 10 µM polyP1200 and either 2 mM EDTA or 0 to 20 µM ZnCl2. 
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Experiments evaluating the impact of HK included 10 µM polyP1200, 5 µM ZnCl2, and 0 to 900 

nM HK. Timed aliquots (10 µL) were removed and quenched in 70 µl ice-cold Quench Buffer I 

(20 mM HEPES-NaOH (pH 7.4), 5 mM EDTA, and 1 M NaCl). Following quenching, FXIIa 

amidolytic activities were quantified by measuring A405 at 37°C and converting to FXIIa 

concentrations by reference to a standard curve. Second-order rate constants for FXII 

autoactivation were calculated according to the method of Tans et al.,132 based on the equation, 

d[FXIIa]/dt = k2[FXII][FXIIa]. 

FXII activation by PKa 

These reactions were also conducted in HBSP at 37°C in ultra-low attachment microplate 

wells. Pilot experiments evaluating the polyP dose dependence contained 100 nM FXII, 100 pM 

PKa, 100 nM HK, and 10 µM ZnCl2, in the presence of 0 to 100 µM polyP1200 or polyP79. 

Experiments evaluating the polyP size-dependence contained 100 nM HK and 10 µM ZnCl2, in 

the absence or presence of 10 µM narrowly size-fractionated polyP. Experiments evaluating the 

impact of ZnCl2 included 10 µM polyP1200, 100 nM HK, and either 2 mM EDTA or 0 to 20 µM 

ZnCl2. Experiments evaluating the impact of HK included 10 µM polyP1200, 10 µM ZnCl2, and 0 

to 900 nM HK. Timed aliquots (10 µL) were removed and quenched in 70 µl ice-cold Quench 

Buffer II (20 mM HEPES-NaOH pH 7.4, 5 mM EDTA, 50 µg/ml soybean trypsin inhibitor, and 

15 µg/ml polybrene). Following quenching, FXIIa amidolytic activities were quantified by 

measuring A405 at 37°C and converting to FXIIa concentrations by reference to a standard curve. 

PK activation by FXIIa 

These reactions were also conducted in HBSP at 37°C in ultra-low attachment microplate 

wells. Pilot experiments evaluating the polyP dose dependence contained 100 nM PK, 100 pM 

FXIIa and 10 µM ZnCl2, in the presence of 0 to 100 µM polyP1200 or polyP79. Experiments 
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evaluating polyP size-dependence included 10 µM ZnCl2, in the absence or presence of 10 µM 

narrowly size-fractionated polyP. For experiments evaluating the impact of ZnCl2, HBSP was 

pretreated with Chelex® 100 resin (buffered to pH 7.4) to deplete trace divalent metal ions. These 

assays included 10 µM polyP1200 and either 0 to 10 mM EDTA or 0 to 10 µM ZnCl2. Experiments 

evaluating the impact of HK included 10 µM P1200, 10 µM ZnCl2, and 0-900 nM HK. Timed 

aliquots (10 µL) were removed and quenched in 70 µl ice-cold Quench Buffer I. Following 

quenching, amidolytic activities were quantified by measuring A405 at 37°C (to prevent 

temperature-dependent auto-inhibition of PKa).176 Amidolytic activities were converted to PKa 

concentrations by reference to a standard curve. 

PK autoactivation 

Apparent PK autoactivation was evaluated by quantifying PKa after incubating 100 nM 

PK with 100 nM HK, 10 µM ZnCl2, 10 µM polyP1200, and 0 to 2.5 µM CTI in HBSP at 37°C. 

Timed, 10 µL-aliquots were quenched in 70 µl ice-cold Quench Buffer I. Following quenching, 

PKa amidolytic activities were quantified by measuring A405 at 37°C and converting to PKa 

concentrations by reference to a standard curve. 

Additional experiments employed an inactive mutant form of PK with the active-site serine 

replaced with alanine (PK-S559A).121 PK-S559A cDNA177 was expressed in HEK293 cells using 

vector pJVCMV under serum-free conditions, and PK-S559A protein was purified by anion-

exchange chromatography as described.121 Enzymatic reactions were then conducted in 

polypropylene tubes coated with polyethylene glycol (20,000 MW). 200 nM PK-S559A, with or 

without 70 µM polyP700, 200 nM HK, or 25 nM PKa, was incubated at 37°C in HBSP containing 

10 µM ZnCl2 and 50 nM of the blocking anti-FXII(a) monoclonal antibody, 1B2.178 At various 

time points, aliquots were removed and mixed with reducing SDS sample buffer. Samples were 
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resolved on SDS-PAGE (12% acrylamide) and transferred to nitrocellulose membranes. Blots 

were probed with polyclonal IgG to PK. Detection was with a horseradish peroxidase-conjugated 

secondary antibody and chemiluminescence. 

2.3 Results 

The four individual enzyme activation reactions that can contribute to activation of plasma 

clotting via the contact pathway are numbered in Figure 2.1. The goal of the present study was to 

understand how the polymer length of polyP influences its ability to accelerate these four enzyme 

reactions individually. Since HK and Zn2+ are known modulators of the contact pathway, we also 

examined their contributions to each reaction, together with polyP. Pilot experiments were 

performed to determine the optimal concentrations of long-chain and platelet-size polyP to drive 

individual reactions of the contact pathway (Supplementary figures 2.1, 2.3 & 2.4). For all three 

reactions, we used 10 µM polyP (in terms of phosphate monomer), which was within the 

concentration range that gave maximal reaction rates. 

PolyP length-requirement for contact pathway reactions 

PolyP accelerated FXII autoactivation in a manner that was strongly dependent on polyP 

polymer length and concentration (Figure 2.2A & Supplementary figure 2.1). Under the 

experimental conditions tested (100 nM FXII in the presence of 5 µM ZnCl2, examined in a 20-

minute endpoint assay), only 0.15 ± 0.03 nM FXIIa was generated in the absence of polyP, whereas 

420-fold more FXIIa was generated in the presence of polyP1200. Platelet-size polyP (79 

phosphates) supported only about fourfold more FXIIa generation than in the absence of polyP. 

As compared to polyP1200, platelet-size polyP did not detectably support this reaction in a 45-

minute kinetic assay (Supplementary figure 2.2). Our finding that the amount of FXII 

autoactivation increased continually with increasing polyP polymer length is highly reminiscent 



 23 

of the polymer length-dependence by which polyP triggers plasma clotting via the contact 

pathway.163 It is also consistent with our previous finding that platelet-size polyP is very weak at 

triggering clotting via the contact pathway.163 

 

Figure 2.2 The ability of polyP to accelerate the individual reactions of the contact pathway depends on its polymer length. 
In each panel, reactions were conducted without () or with 10 µM polyP (,). Data points for size-fractionated polyP 
preparations () are plotted on the x-axes according to their polymer lengths, while data points for heterogeneous polyP1200 () 
are plotted on the x-axes at the modal length of this preparation (1200 phosphate units). In each panel, a pink rectangle represents 
the approximate length range of platelet polyP (60-100 phosphates) 166, and a yellow rectangle indicates the length range of 
microbial polyP 179. (A) PolyP length requirement for FXII autoactivation. In an endpoint assay (stopped at 20 min), 100 nM FXII 
was incubated with 5 µM ZnCl2 without polyP () or with 10 µM polyP (,). HK was not included in this experiment. (B) 
PolyP length requirement for FXII activation by PKa. In an endpoint assay (stopped at 4 min), 100 nM FXII was incubated with 
100 pM PKa, 100 nM HK and 10 µM ZnCl2, without polyP () or with 10 µM polyP (,). (C) PolyP length requirement for 
PK activation by FXIIa. In an endpoint assay (stopped at 3 min), 100 nM PK was incubated with 100 pM FXIIa and 10 µM ZnCl2, 
without polyP () or with 10 µM polyP (,). HK was not included in this experiment. Data in all panels are mean ± S.E. (n ≥ 
3).  

 

PolyP was required for efficient FXII activation by PKa, in a manner that depended on 

polyP polymer length and concentration (Figure 2.2B & Supplementary figure 2.3). In a 4-minute 

endpoint assay (employing 100 nM FXII with 100 pM PKa, 100 nM HK, and 10 µM ZnCl2), only 

0.72 ± 1.11 nM FXIIa was generated in the absence of polyP. Inclusion of polyP1200 increased 

FXIIa generation approximately 77-fold. In contrast to FXII autoactivation, however, the effect of 

polyP polymer length on activation of FXII by PKa showed signs of plateauing at longer polymer 

lengths. Furthermore, platelet-size polyP (79 phosphates) supported 16-fold more FXIIa 
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generation than in the absence of polyP. These data demonstrated that platelet-size polyP can 

accelerate FXII activation by PKa, although the reaction was fastest with long-chain polyP. 

PolyP was not absolutely required for PK activation by FXIIa, although the reaction was 

accelerated by polyP (Figure 2.2C & Supplementary figure 2.4). Under the experimental 

conditions tested (100 nM PK with 100 pM FXIIa in the presence of 10 µM ZnCl2, examined in a 

3-minute endpoint assay), 1.67 ± 0.03 nM PKa was generated in the absence of polyP, whereas 

10-fold more PKa was generated in the presence of polyP1200. As a function of polyP polymer 

length, this reaction tended to plateau at even shorter polyP polymer lengths (approximately 315 

phosphates) compared with FXII activation by PKa. Platelet-size polyP (79 phosphates) supported 

approximately 3.8-fold more PKa generation than in the absence of polyP. Thus, as with FXII 

activation by PKa, these data demonstrated that platelet-size polyP can accelerate FXII activation 

by PKa, although the reaction was fastest with longer-chain polyP. 

Influence of Zn2+ on contact pathway reactions 

Varying the ZnCl2 concentration (in the absence of HK) demonstrated that Zn2+ was 

required for polyP-mediated FXII autoactivation (Figure 2.3A). FXII autoactivation was 

essentially undetectable in the presence of 2 mM EDTA in the 20-minute endpoint assay, while 

the optimal ZnCl2 concentration was approximately 3 to 7.5 µM. Since Zn2+ was required for this 

reaction, 5 µM ZnCl2 was included in FXII autoactivation reactions unless otherwise noted. 

FXII activation by PKa in the presence of HK was also Zn2+-dependent, and only minimal 

amounts of FXIIa (2.74 ± 0.36 nM) were generated in the presence of EDTA in the 4-minute 

endpoint assay (Figure 2.3B). Optimal ZnCl2 concentrations were 4 µM or higher, resulting in 

FXIIa generation that was approximately 20-fold higher than in the absence of ZnCl2. Accordingly, 

10 µM ZnCl2 was included in reactions of FXII activation by PKa, unless otherwise noted. 
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Figure 2.3 Zn2+ differentially influences the ability of polyP to accelerate individual reactions of the contact pathway. (A) 
Zn2+ requirement for polyP-mediated FXII autoactivation. In an endpoint assay (stopped at 20 min), 100 nM FXII without HK was 
incubated with 10 µM polyP1200 in the presence of either 2 mM EDTA () or varying ZnCl2 concentrations (). (B) Zn2+ 
requirement for polyP-mediated FXII activation by PKa. In an endpoint assay (stopped at 4 min), 100 nM FXII and 100 pM PKa 
were incubated with 100 nM HK and 10 µM polyP1200 in the presence of either 2 mM EDTA () or varying ZnCl2 concentrations 
(). (C) Zn2+ requirement for polyP-mediated PK activation by FXIIa. In an endpoint assay (stopped at 3 min), 100 nM PK and 
100 pM FXIIa without HK were incubated with 10 µM polyP1200 in divalent metal ion-depleted buffer to which varying ZnCl2 
concentrations were added. (D) EDTA inhibits polyP-mediated PK activation by FXIIa in a concentration-dependent manner. In 
an endpoint assay (stopped at 3 min), 100 nM PK and 100 pM FXIIa without HK were incubated with 10 µM polyP1200 in the 
presence of varying EDTA concentrations. Data in all panels are mean ± S.E. (n ≥ 3). 

 

Activation of PK by FXIIa in the absence of HK was not modulated significantly by added 

ZnCl2, even when we used solutions that had been pretreated with Chelex beads to deplete trace 

amounts of divalent metal ions (Figure 2.3C). On the other hand, inclusion of 2 mM EDTA 

decreased the amount of FXIIa generated by 44% compared to the absence of added ZnCl2 (data 

not shown). To further investigate this, PK activation by FXIIa was studied in an endpoint assay 

in the presence of varying EDTA concentrations (Figure 2.3D). We observed that EDTA inhibited 

this reaction in a concentration-dependent manner over the range of 0 to 10 mM EDTA. We 

propose that anionic EDTA molecules may compete with polyP for interaction with PK and/or 

FXIIa, independent of the ability of EDTA to chelate divalent metal ions. 
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Influence of HK on contact pathway reactions 

Although FXII is not thought to circulate bound to HK in vivo, we tested if HK could 

influence rates of polyP-mediated FXII autoactivation (Figure 2.4A). Without HK, polyP1200 

readily supported FXII autoactivation in the presence of 5 µM ZnCl2. Progress curves for FXII 

autoactivation were sigmoidal (Supplementary figure 2.2), consistent with models of this process 

56,180. Second-order rate constants for FXII autoactivation were derived from analyses of the 

reaction data replotted in Figure 2.4B, then given in Figure 2.4C versus HK concentration. 

Although HK was not required for polyP-mediated FXII autoactivation, up to 100 nM HK 

accelerated the reaction somewhat, while higher concentrations were inhibitory.  

 
Figure 2.4 HK differentially influences the ability of polyP to accelerate individual reactions of the contact pathway. (A) 
Influence of HK on polyP-mediated FXII autoactivation. FXIIa levels were measured as a function of time after incubating 100 
nM FXII with 10 µM polyP1200 in the presence of 5 µM ZnCl2 and 0 (), 50 (), 100 (), 200 (), 300 (), 500 (), or 900 
() nM HK. (B, C) Calculation of second-order rate constants of polyP-mediated FXII autoactivation at various HK 
concentrations. Data from panel (A) (time course of FXII autoactivation) were replotted in panel (B) as ln(FXII/FXIIa) values 
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versus time, to which lines were fitted by linear regression. Second-order rate constants, k2, were derived from the slopes of these 
lines as described in Experimental Procedures, and plotted in panel (C) as a function of HK concentration. (D) Influence of HK on 
polyP-mediated FXII activation by PKa. FXIIa levels were measured as a function of time after incubating 100 nM FXII and 100 
pM PKa with 10 µM polyP1200 in the presence of 10 µM ZnCl2 and varying HK concentrations. Initial FXII activation rates are 
plotted as nM FXII activated per min divided by nM PKa used. (E) Influence of HK on polyP-mediated PK activation by FXIIa. 
PKa levels were measured as a function of time after incubating 100 nM PK and 100 pM FXIIa with 10 µM polyP1200 in the 
presence of 10 µM ZnCl2 and varying HK concentrations. Initial PK activation rates were plotted as nM PK activated per min 
divided by nM FXIIa used. Data in all panels are mean ± S.E. (n ≥ 3). 

 

HK substantially increased rates of polyP-mediated FXII activation by PKa (Figure 2.4D). 

Thus, in the absence of HK, the FXII activation rate was only 10.44 ± 4.36 nM/min/nM, while in 

the presence of 50-200 nM HK, this rate was accelerated approximately 13.4-fold relative to no 

HK. As little as 0.5 nM HK supported the reaction to a detectable level (~ 3.2-fold increase over 

no HK), while HK concentrations of 300 nM and higher reduced the reaction rate. Since the 

activation of FXII by PKa was readily accelerated by HK, 100 nM HK was generally included in 

other studies of this reaction. 

While HK was not required for polyP-mediated PK activation by FXIIa, the reaction was 

stimulated by about 34% in the presence of 200 to 400 nM HK (Figure 2.4E). Higher HK 

concentrations were inhibitory. 

PK autoactivation 

Autoactivation of PK has been reported to occur in the presence of anionic substances such 

as dextran sulfate or sulfatides,132 so it was of interest to examine whether polyP could mediate 

PK autoactivation. Initial experiments showed that incubating 100 nM PK with 100 nM HK plus 

10 µM polyP1200 resulted in time-dependent generation of readily detectable PKa (Figure 2.5A). 

We observed no detectable PKa in the absence of HK (data not shown), indicating that this reaction 

was highly HK-dependent. We noted, however, that the progress curve for PKa generation was 

not sigmoidal (Figure 2.5A), as would have been expected for autoactivation kinetics. We 

therefore considered the possibility that plasma-derived HK might be contaminated with traces of 
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FXII or FXIIa. If so, we may be observing PK activation by traces of FXIIa, and/or reciprocal 

activation of PK and contaminating FXII. To test this hypothesis, we examined the effect of 

including corn trypsin inhibitor (CTI) in this same experiment (Figure 2.5A). CTI inhibits FXIIa 

activity with minimal effect on the enzymatic activity of PKa.181,182 Including 0.5 or 2.5 µM CTI 

in this reaction reduced the amount of PKa generated at 90 min by 38% or 83%, respectively. 

 
Figure 2.5 The apparent autoactivation of PK in the presence of polyP and HK appears to be due to contamination of HK 
with traces of FXII(a). (A) Apparent PK autoactivation was inhibited by CTI.  PKa levels were measured as a function of time 
after incubating 100 nM PK with 100 nM HK, 10 µM polyP1200 and 10 µM ZnCl2 in presence of 0 (), 0.5 () or 2.5 () µM 
CTI. Data are mean ± S.E. (n ≥ 2). (B) In the presence of an inhibitory FXII antibody, activation of PK-S599A was undetectable 
by western blot. Left panel: 200 nM PK-S599A without HK was incubated with or without 70 µM polyP700 in the presence of 10 
µM ZnCl2 and 50 nM anti-FXII IgG (1B2). At indicated times, samples were removed into reducing SDS sample buffer. Proteins 
were resolved by SDS-PAGE, followed by western blot analysis with a polyclonal antibody to human PK. Right panel: Parallel 
time courses of the same reaction conditions as in the left panel, but performed in the presence of 200 nM HK. In both panels, t=0 
represents the reaction before addition of polyP or HK. (C) In the presence of an inhibitory FXII antibody, cleavage of PK-S599A 
by added PKa, in the presence or absence of polyP, was undetectable by western blot. Left panel: 200 nM PK-S599A and 25 nM 
purified PKa were incubated without polyP or HK, in the presence of 10 µM ZnCl2 and 50 nM anti-FXII IgG (1B2). Samples were 
analyzed by western blot with the same polyclonal antibody to human PK as in panel B. Right panel: Parallel time courses of the 
reaction performed in the presence of 70 µM long-chain polyP700, with or without 200 nM HK. In both panels, t=0 represents the 
reaction without HK or polyP before addition of PKa. Purified PKa is included in both panels for comparison purposes. 

 

In further experiments, we employed recombinant PK with the active-site serine mutated 

to alanine (PK-S559A). In the presence of an antibody that specifically inhibits FXIIa enzymatic 
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activity (preventing reciprocal PK activation in the presence of FXII), this mutant PK zymogen 

remained single-chain over a 3-hr period, as visualized on western blot, whether incubated in the 

presence or absence of polyP or HK (Figure 2.5B). Even when 25 nM PKa was co-incubated with 

200 nM PK-S559A (in the presence or absence of polyP or HK), no PK-S559A cleavage was 

observed over a 3-hr time course (Figure 2.5C). These findings argue against polyP supporting 

detectable PK activation by PKa, and that contamination with traces of FXII(a) was responsible 

for the apparent PK autoactivation in the presence of polyP plus HK. 

2.4 Discussion 

We reported previously that polyP is a novel trigger of plasma clotting via the contact 

pathway,183 that polyP is orders of magnitude more potent at triggering clotting than other 

proposed pathophysiologic contact activators such as nucleic acids,118 and that the longer the 

polyP, the greater its ability to activate clotting via the contact pathway.163 As summarized in Table 

2.1 , we now report how the individual enzyme reactions responsible for initiating the contact 

pathway are influenced by polyP, Zn2+ and HK. We found that FXII autoactivation, FXII activation 

by PKa, and PK activation by FXIIa were all profoundly accelerated by polyP, in a manner that 

was dependent on polyP polymer length. In contrast, we found no evidence of detectable PK 

autoactivation in the presence of polyP, with the apparent autoactivation reaction most likely due 

to trace contamination of FXII(a) in the HK preparation.  

Efficient FXII autoactivation required very long polyP polymers, with a dependence on 

polyP length that was highly reminiscent of the polyP length-dependence for triggering the clotting 

of plasma via the contact pathway.163 In contrast, we found that the two reciprocal enzyme 

activation reactions (FXII activation by PKa, and PK activation by FXIIa) exhibited patterns of 

polyP length dependence that differed from that of FXII autoactivation. In particular, platelet-size 
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polyP accelerated both FXII activation by PKa, and PK activation by FXIIa, but had little effect 

on FXII autoactivation. Our findings suggest that FXII autoactivation is the step in the initiation 

of the contact pathway that is critically dependent on polyP polymer length, and that it is the 

inability to readily promote FXII autoactivation that underlies the low plasma clotting activity of 

platelet-size polyP.163 

Table 2.1 The influence of polyP size, HK and ZnCl2 on the contact pathway reactions. 
 

 

Although a recent study reported that platelet polyP can potently activate the contact 

pathway,168 that study employed silica-based methods for isolating polyP, which we have now 

shown can result in contamination with highly procoagulant silica particles.118,174 Furthermore, 

decades of studies have shown that activated platelets only very weakly activate the contact 

pathway of clotting.184 

It has long been assumed that any enzymatic activity of preparations of zymogen FXII 

derived from plasma were due to contamination of these preparations with traces of FXIIa. 

However, when Ivanov et al. used recombinant FXII proteins that were locked in an uncleavable 

conformation, they reported weak proteolytic activity of single-chain FXII, which was enhanced 

by the presence of polyP.121 In the present study, we observed polyP-mediated conversion of FXII 

to FXIIa, as quantified by quenching the reactions to displace bound polyP. The polyP-mediated 

   Optimal Condition 

Reaction 
Number 

on 
Figure 

2.1 

Enzyme Substrate 
PolyP length 

(phosphates) 

HK 

(nM) 

ZnCl2 

(µM) 

1 FXIIa FXII 1200 Not required 3-7.5 

2 PKa FXII 400-1200 50-200 4-20 

3 PKa PK No reaction No reaction No reaction 

4 FXIIa PK 300-1200 Not required Not required 
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autoactivation we observed could be initiated by the weak proteolytic activity of single-chain FXII 

bound to polyP, traces of FXIIa in the FXII preparation, or both. 

One may wonder why maximal rates of FXII autoactivation required such long polyP 

polymers. The molecular mass of FXII(a) is about 80 kDa, with an estimated diameter of 5-6 nm, 

assuming a spherical shape.185 A polyP polymer of 1200 phosphates would have a fully extended 

length of about 240 nm,186 which is some fortyfold longer than the diameter of FXII. A possible 

explanation is that efficient FXII autoactivation may require assembly of many FXII and FXIIa 

molecules together on the same polyP scaffold. Another possibility is that Zn2+ binding to polyP 

alters its structure such that it does not exist in a fully extended conformation. A parallel finding 

from a previous study is that hairpin-forming RNA oligomers are more procoagulant than linear 

RNA, and in particular, structure-forming RNA aptamers were much better at mediating PK 

autoactivation.187 There are at least 4 putative Zn2+ binding sites on the heavy chain of FXII,48 so 

interactions between Zn2+, polyP and FXII(a) could be quite complex. 

Zn2+ enhances the binding affinities and proteolytic activities of many of the proteins in 

the contact pathway.56,74,75 Zn2+ induces conformational changes in HK,76 and a binding site for 

Zn2+ has been described in the D5 domain of HK, which also contains the binding site for anionic 

polymers.77,78 As summarized in Table 2.1, we found that micromolar concentrations of ZnCl2 

greatly enhanced both of the enzymatic reactions in which FXII was the substrate (i.e., polyP-

mediated FXII autoactivation and activation of FXII by PKa), but ZnCl2 had little effect on the 

enzymatic reaction in which PK was the substrate (i.e., polyP-mediated activation of PK by FXIIa). 

Interestingly, although we found no requirement for ZnCl2 in supporting polyP-mediated PK 

activation by FXIIa, this reaction was inhibited by EDTA in a concentration-dependent manner 

(Fig. 3D). EDTA chelates divalent metal ions, but it also contains 4 anionic carboxylate groups. 
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We suspect that millimolar concentrations of anionic EDTA might compete with anionic polyP 

for binding to PK, FXIIa or both. Indeed, higher polyP1200 concentrations progressively reduced 

the inhibitory effect of EDTA (Supplementary figure 2.5). 

In the present study, HK played different roles in each reaction in the contact pathway 

(Table 2.1). In fact, the only reaction strongly requiring HK was the one in which PKa served as 

the enzyme (i.e., polyP-mediated activation of FXII by PKa). This is consistent with our previous 

finding that at physiologic salt concentrations, PKa did not bind appreciably to polyP unless HK 

was present 117. HK was not required in reactions in which FXIIa was the active enzyme (i.e., 

polyP-mediated FXII autoactivation and FXIIa activation of PK), although HK did modulate these 

reactions to some degree. In all three reactions investigated in this study, higher HK concentrations 

(≥ 500 nM) were inhibitory. HK circulates at a plasma concentration of about 650-900 nM 188, 

which falls in the range that inhibited polyP-driven contact pathway reactions. However, one 

should note that in plasma, much of the HK circulates bound to FXI and PK (and possibly other 

partners), so the free HK concentration is not known with certainty. In this study, the 

concentrations of HK and ZnCl2 were chosen to optimize the biochemical assays and not 

necessarily mimic physiologic concentrations. The negative effect of HK on FXII autoactivation 

at high concentrations might be particularly surprising, since binding interactions between HK and 

FXII(a) have not been shown. However, one could rationalize the effect of HK on FXII 

autoactivation by postulating that HK competes with FXII(a) for binding to polyP, so that high 

HK concentrations would alter the effective concentration of polyP available to interact with FXII. 

This might also explain the mildly stimulatory and inhibitory effects of HK on polyP-mediated PK 

activation by FXIIa, depending on HK concentration. Exploring this further would require 

systematically varying both the polyP and HK concentrations. Reaction rates reported here are 
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maximal rates under fixed conditions and rates in vivo may vary. In particular, the apparent ability 

of high HK concentrations to inhibit reactions such as FXII autoactivation is likely to be reversed 

at higher polyP concentrations, although it was not practical to explore all possible combinations 

of reactant concentrations in the present study. 

In summary, this study shows that three of the four possible enzyme activation reactions 

involved in triggering the contact pathway of clotting were greatly accelerated by polyP, in a 

manner that depended strongly on polyP polymer length. Of these three polyP-mediated reactions, 

Zn2+ was only required when FXII was the substrate, while HK was only required when PKa was 

the enzyme. PolyP polymer lengths are known to vary substantially depending on the biological 

source, with shorter polyP chains (60 to 100 phosphates long) secreted from activated platelets, 

mast cells and basophils.166,189 On the other hand, microbial polyP polymers can range in length 

up to thousands of phosphates,172 and mammalian brain is also reported to contain long-chain 

polyP (approximately 800 phosphates long).154 Furthermore, platelets secrete Zn2+, such that the 

local concentration of this metal ion in the vicinity of platelet aggregates could greatly exceed that 

of normal plasma.75,190 

Our findings therefore identify conditions under which these three polyP-mediated 

reactions (FXII autoactivation, FXII activation by PKa, and PK activation by FXIIa) may be 

differentially regulated via secretion of shorter-chain polyP and Zn2+. Thus, platelets, mast cells 

and basophils may be able to orchestrate subsets of the contact pathway reactions that could lead, 

for example, to bradykinin generation without activation of the final common pathway of the 

clotting cascade. Mechanisms for activating subsets of these enzyme reactions without necessarily 

triggering plasma clotting could have implications for inflammatory reactions and diseases such 

as HAE, which are driven by highly dysregulated bradykinin formation via the contact pathway, 
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but without thrombosis.86,170,191 Other precedents for this exist. For example, previous studies have 

reported that endothelial cell prolyl carboxypeptidase can activate PK independent of FXIIa.192,193 

On the other hand, elaboration of long-chain polyP from microbes may be capable of activating 

the contact pathway to participate in both inflammatory reactions and the full plasma clotting 

system as part of the innate immune response. 
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2.5 Supplementary figures 

 

 
Supplementary figure 2.1 The dose dependence of polyP to accelerate FXII autoactivation. In an endpoint assay (stopped at 
20 min), 100 nM FXII without HK was incubated with varying concentrations of polyP1200 () or polyP79 () in the presence of 
5 µM ZnCl2. Timed aliquots (10 µL) were removed and quenched in 70 µl ice-cold Quench Buffer I Data in all panels are mean ± 
S.E. (n ≥ 3). 

 

 

 
Supplementary figure 2.2 The progress curve of polyP-mediated FXII autoactivation. FXIIa levels were measured as a 
function of time after incubating 100 nM FXII without HK but with 2.5 (), 10 () µM polyP1200, 10 () or 100 () µM polyP79 
in the presence of 5 µM ZnCl2. Data in all panels are mean ± S.E. (n ≥ 3). 
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Supplementary figure 2.3 The ability of long-chain and platelet-size polyP to accelerate FXII activation by PKa depends on 
polyP concentration. In an endpoint assay (stopped at 4 min), 100 nM FXII and 100 pM PKa were incubated with 100 nM HK 
and with varying concentrations of polyP1200 () or polyP79 () in the presence of 10 µM ZnCl2. Data in all panels are mean ± 
S.E. (n ≥ 3). 

 

 
Supplementary figure 2.4 The ability of long-chain and platelet-size polyP to accelerate FXII activation by PKa depends on 
polyP concentration. In an endpoint assay (stopped at 3 min), 100 nM PK and 100 pM FXIIa without HK were incubated with 
varying concentrations of polyP1200 () or polyP79 () in the presence of 10 µM ZnCl2. Data in all panels are mean ± S.E. (n ≥ 3). 
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Supplementary figure 2.5 Influence of EDTA on polyP-mediated PK activation by FXIIa. PKa levels were measured as a 
function of time after incubating 100 nM PK and 100 pM FXIIa and varying concentrations of polyP1200 without HK in the presence 
of 0 () or 5 () mM EDTA. Initial PK activation rates were plotted as nM PK activated per min divided by nM FXIIa used. Data 
in all panels are mean ± S.E. (n ≥ 3). 
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Chapter 3 Factor XI Activation by Factor XIIa is Modulated by Polyphosphate and Zn2+ 
 

3.1 Introduction 

FXII is an 80 kDa protease zymogen synthesized in the liver that circulates at a 

concentration of 375 nM.194 It is a key component in the contact pathway of blood clotting, which 

includes the circulating serine protease zymogens, FXII and PK, as well as a non-enzymatic 

cofactor for PKa, HK.86,170 The contact pathway can be triggered when plasma contacts certain 

(typically, anionic) polymers or surfaces,131 thereby inducing a conformational change in FXII that 

leads to the generation of a small amount of FXIIa via autoactivation.57 FXIIa then cleaves PK to 

generate initial amounts of PKa.60 FXII(a) and PK(a) undergo reciprocal activation to generate a 

burst of active enzymes. Once significant FXIIa accumulates, it cleaves the downstream substrate, 

FXI, leading ultimately to thrombin generation and fibrin formation.135 The contact pathway is a 

crosstalk between coagulation and inflammation and is also known as the plasma kallikrein-kinin 

system.116,139,170 In particular, PKa can proteolyze HK to release the vasoactive peptide, 

bradykinin, an important inflammation mediator.140  

For a long time, FXII was not thought to play an essential role in blood clotting, since its 

deficiency is not associated with bleeding.39-41 More recently, animal studies and clinical data 

indicate that the contact pathway is dispensable for hemostasis, as individual deficient in either 

FXII or PK do not show a bleeding tendency,116,139,170 implying that FXII-mediated activation of 

FXI is not required in trauma-induced blood clotting. However, recent studies have shown in 

experimental animal models that FXII deficiency is protective in both arterial42-44 and venous45 
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thrombosis models, suggesting that the activation of FXI by FXIIa could be a potential target for 

thromboprophylaxis. Although the proteolytic cleavage of FXI by FXIIa has been demonstrated in 

vitro, it is unclear how fast this reaction happens with the presence of its physiological activators and 

whether it plays a role in initiating clotting in vivo. 

While several artificial surfaces and polymers may activate the contact pathway in vitro, 

the relevant (patho)physiologic activators for this system in vivo have only recently been 

suggested.86 PolyP is a highly negatively charged polymer of inorganic phosphates that varies in 

length, depending on biological source.149,154 PolyP released from platelets has a fairly narrow size 

range of approximately 60-100 phosphates long,166 while unicellular organisms contain 

heterogeneous polyP that can range up to thousands of phosphates in length.172 Our previous work 

demonstrated that polyP acts at multiple stages of the clotting cascade, with pro-hemostatic, pro-

thrombotic and pro-inflammatory effects that are highly dependent on polyP chain length.149,163 

Long-chain polyphosphate (polyP), in particular, has emerged as an especially potent trigger of 

contact pathway activation163 and the activation of FXI by thrombin.195 In this study, we aimed to 

investigate the ability of various concentrations and sizes of polyP, together with two important 

cofactors, HK and Zn2+, to modulate the activation of FXI by FXIIa. We also aimed to compare 

the ability of FXIIa on FXI activation with two other proteases, human α-thrombin and trypsin. 

We now report that FXI activation by FXIIa was accelerated by polyP in a size-dependent manner. 

Zn2+ was also an important modulator of this reaction. However, FXIIa was not a very efficient 

enzyme for FXI activation, even with the presence of optimal dose of polyP, which implies that 

the primary role of FXIIa may not be triggering blood clotting. 
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3.2 Materials and methods 

Materials 

Polybrene (hexadimethrine bromide) and polyethylene glycol were from Sigma (St. Louis, 

MO). Human FXI, FXIa, α-FXIIa, and single-chain HK were from Enzyme Research Laboratories 

(South Bend, IN). Human α-thrombin and corn trypsin inhibitor were from Haematologic 

Technologies (Essex Junction, VT). Trypsin (treated with N-tosyl-L-phenylalanine chloromethyl 

ketone) was from Worthington Biochemical Corporation (Lakewood, NJ). The chromogenic 

substrate for FXIa, Pyr-Pro-Arg-pNA (L-2145), was from Bachem (Bubendorf, Switzerland). 

Ultra-Low Attachment microplates were from Corning Inc (Tewksbury, MA). 

A heterogeneous, long-chain polyP preparation (polyP1200) was prepared as described.169 

It ranged in polymer length from about 595 to 1935 phosphates, with a modal length of 1200 

phosphates. Narrowly size-fractionated polyP preparations were produced from chemically 

synthesized polyP by preparative PAGE as described,163,175 and are referred to by their polymer 

lengths, which were: 28, 42, 68, 79, 110, 143, 211, 315 and 415 phosphates. PolyP concentrations 

were quantified by measuring inorganic phosphate after complete hydrolysis, as described.175 

Throughout this study, polyP concentrations are given in terms of molar concentrations of 

phosphate monomer. 

FXI activation assays 

Reactions were performed at 37°C in ultra-low attachment microplate wells in HBSP 

solution (20 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES)-NaOH (pH 7.4), 

100 mM NaCl, and 1% w/v polyethylene glycol, 8000 MW). Experiments evaluating the polyP 

dose dependence included 1 nM FXIIa, 100 nM FXI, and 10 µM ZnCl2 in the presence of 0 to100 

µM polyP1200. Experiments evaluating the polyP size dependence included 1 nM FXIIa, 100 nM 
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FXI, and 10 µM ZnCl2 in the absence or presence of 10 µM narrowly sized-fractionated polyP or 

polyP1200. Experiments evaluating the impact of ZnCl2 included 1 nM FXIIa, 100 nM FXI, 10 µM 

polyP1200 and either 2 mM EDTA or 0 to 20 µM ZnCl2. Experiments evaluating the impact of HK 

included 1 nM FXIIa, 100 nM FXI,10 µM polyP (polyP79, polyP211 or polyP1200), 10 µM ZnCl2, 

and 0 to 200 nM HK. Timed aliquots (10 µL) were removed and quenched in 70 µL ice-cold 

Quench Buffer I (20 mM HEPES-NaOH (pH 7.4), 5 mM EDTA, and 1 M NaCl). 

Experiments comparing the ability of FXIIa, trypsin and α-thrombin to activate FXI 

included 1 nM activator (FXIIa, trypsin or α-thrombin), 100 nM FXI, 10 µM ZnCl2, 0 or 10 µM 

polyP1200, and 0 or 100 nM HK. Timed aliquots (10 µL) were removed and quenched in 70 µL ice-

cold Quench Buffer II (20 mM HEPES-NaOH (pH 7.4), 5 mM EDTA, 500 nM corn trypsin 

inhibitor, and 15 µg/mL polybrene). Following quenching, FXIa enzymatic activities were 

evaluated by measuring A405 in a microplate reader at room temperature after adding Pyr-Pro-Arg-

pNA substrate, and converting the initial rates to FXIa concentrations by reference to a standard 

curve. 

3.3 Results 

Long-chain polyP is a potent trigger of plasma clotting via the contact pathway,183 so we 

wanted to understand how polyP modulates the individual reactions of this pathway. In our recent 

study in Chapter 2,169 we reported how polyP, together with Zn2+ and HK, accelerates the three 

reactions in the triggering phase of the contact pathway: FXII autoactivation, activation of PK by 

FXIIa, and activation of FXII by PKa. In the classical view of the clotting cascade, the connection 

between the contact pathway and the final common pathway of blood clotting is through FXI 

activation by FXIIa. Accordingly, in the present study, we now examine how polyP, Zn2+ and HK 

modulate FXI activation by FXIIa. 
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PolyP concentration-requirement for FXI activation by FXIIa 

We first examined whether long-chain polyP modulated FXI activation by FXIIa. We 

found that although polyP was not absolutely required for this reaction, long-chain polyP 

accelerated FXI activation by FXIIa in a manner that was highly dependent on polyP1200 

concentration (Figure 3.1 & Supplementary figure 3.1). Under the experimental conditions tested 

(an endpoint assay in which 100 nM FXI was activated by 1 nM FXIIa in the presence of 10 µM 

ZnCl2), the reaction was optimal at 10 to 20 µM polyP1200, which resulted in approximately tenfold 

more FXIa product formed than in the absence of polyP. We therefore chose to employ 10 µM 

polyP in the rest of our experiments, unless otherwise noted. 

 

Figure 3.1 The dose dependence of polyP to accelerate FXI activation by FXIIa. In an endpoint assay (stopped at 10 min), 100 
nM FXI and 1 nM FXIIa without HK were incubated with varying concentrations of polyP1200 () in the presence of 10 µM ZnCl2. 
Timed aliquots (10 µL) were removed and quenched in 70 µl ice-cold Quench Buffer I. Data are mean ± S.E. (n ≥ 3). 

 

PolyP length-requirement for FXI activation by FXIIa 

Given that the polymer size of polyP varies considerably depending on biological source,149 

we were interested to see how polyP polymer length affects its ability to support FXI activation 

by FXIIa. We therefore quantified initial rates of FXIIa-dependent FXI activation in the presence 

of 10 µM polyP of varying sizes, all in the presence of 10 µM ZnCl2. We found that rates of FXI 
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activation increased with polyP polymer length (Figure 3.2 & Supplementary figure 3.2). PolyP 

polymers of the size range secreted by platelets (~60 to 100 phosphates long) enhanced the rate of 

FXIa generation approximately six-fold compared to no polyP, while long-chain polyP (polyP1200) 

enhanced this rate approximately 14-fold relative to no polyP. These data show that even platelet-

size polyP could accelerate FXI activation by FXIIa, although the reaction was fastest with long-

chain polyP. 

 

Figure 3.2 The ability of polyP to accelerate FXI activation by FXIIa depends on its size. In an endpoint assay (stopped at 10 
min), 100 nM FXI was incubated with 1 nM FXIIa and 10 µM ZnCl2 without polyP () or with 10 µM polyP (,). HK was not 
included in this experiment. Data points for size-fractionated polyP preparations () are plotted on the x-axis according to their 
polymer lengths, while data point for heterogeneous polyP1200 () is plotted on the x-axis at the modal length of this preparation 
(1200 phosphate units). The pink rectangle represents the approximate length range of platelet polyP (60-100 phosphates), and the 
yellow rectangle indicates the length range of microbial polyP. Data are mean ± S.E. (n ≥ 3). 

 

Influence of Zn2+ on FXI activation by FXIIa 

Zn2+ is well known to modulate the contact pathway, and in our previous study (Chapter 

2) on the effect of polyP on the individual reactions in the triggering phase of the contact pathway 

we reported that Zn2+ was required in reactions in which FXII was the substrate.169 In the present 

study, we found that Zn2+ was not absolutely required to support FXI activation by FXIIa in the 

presence of polyP, and in fact we found measurable rates of FXI activation even in the presence 

of EDTA (Figure 3.3 & Supplementary figure 3.3). Nonetheless, micromolar concentrations of 
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Zn2+ substantially accelerated FXI activation by FXIIa, with an optimal Zn2+ concentration of 10 

µM. This optimal Zn2+ concentration resulted in a 15.6-fold higher rate of FXI activation by FXIIa 

(in the presence of 10 µM polyP1200) compared to the rate in the absence of ZnCl2. Since Zn2+ 

greatly accelerated FXI activation by FXIIa, 10 µM ZnCl2 was included in all FXI activation 

reactions unless otherwise noted. 

 

Figure 3.3 Zn2+ influences the ability of polyP to accelerate FXI activation by FXIIa. FXIa levels were measured as a function 
of time after incubating 100 nM FXI and 1 nM FXIIa with 10 µM polyP1200 in the presence of 2 mM EDTA () or various 
concentrations of ZnCl2 (). Initial FXI activation rates were plotted as nM FXI activated per min divided by nM FXIIa used. Data 
are mean ± S.E. (n ≥ 3). 

 

Influence of HK on FXI activation by FXIIa 

Because FXI largely circulates bound to HK in vivo, we tested if HK could influence the 

rate of polyP-mediated FXI activation by FXIIa using three different sizes of polyP (Figure 3.4 & 

Supplementary figure 3.4). Although HK was not required for this reaction, it moderately 

stimulated FXI activation by FXIIa in the presence of 10 µM ZnCl2. Thus, with the inclusion of 

100 nM HK, the amount of FXIa generated in 10 minutes was increased by about 150%, 72.5% or 

18% in the presence of polyP79, polyP211 or polyP1200, respectively (Figure 3.4). 
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Figure 3.4 HK influences the ability of polyP to accelerate FXI activation by FXIIa. In the presence of 10 µM ZnCl2, 100 nM 
FXI and 1 nM FXIIa were incubated with 10 µM polyP79, polyP211, or polyP1200 without HK (left) or with 100 nM (middle) or 200 
nM HK (right). Timed aliquots (10 µL) were removed and quenched in 70 µl ice-cold Quench Buffer I at 10 min. Data are mean ± 
S.E. (n ≥ 3). 

 

Ability of FXIIa versus α-thrombin and trypsin to activate FXI 

In our previous study of the ability of polyP to support the individual reactions in the 

triggering phase of the contact pathway, we used comparable substrate concentrations (100 nM) 

as in the present study, and similar concentrations of polyP and Zn2+. However, we observed far 

higher rates of enzyme activation than we observed in this study of the activation of FXI by 

FXIIa.169 Thus, in our previous study, the optimal rate of polyP-mediated FXII activation by PKa 

was approximately 140 nM/min/nM. Similarly, the optimal rate of polyP-mediated PK activation 

by FXIIa in our previous study was approximately 80 nM/min/nM. In sharp contrast, even under 

optimal conditions, the fastest rate of FXI activation by FXIIa we observed in this study was about 

0.3 nM/min/nM (Figures 3.2 & 3.3). Strikingly, this rate is hundreds of times slower than the rates 

of the reciprocal activation reactions involving FXII and PK. The relatively weak ability of FXII 

to activate FXI may help explain why it is necessary, in a typical aPTT clotting test, to preincubate 

citrated plasma with the aPTT reagent for 2 or 3 minutes before recalcifying. Presumably, this 
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relatively long preincubation time is necessary to generate enough FXIIa so that the FXIIa-

mediated FXI activation reaction can still yield measurable clotting times. 

These results made us consider how FXIIa compared to other potential activators of FXI. 

Accordingly, we performed a side-by-side comparison between the ability of 1 nM FXIIa, α-

thrombin and trypsin to activate 100 nM FXI in a 10-minute-long endpoint assay, with or without 

polyP or Zn2+ (Figure 3.5 & Supplementary figure 3.5). Without polyP, thrombin resulted in no 

detectable FXIa generation while trypsin resulted in 2.15 ± 0.102 nM FXIa and FXIIa resulted in 

0.13 ± 0.01 nM FXIa. Inclusion of 10 µM polyP1200 resulted in readily measurable FXIa generation 

by thrombin, consistent with our previous studies showing that polyP accelerates this reaction 

some 3000-fold.195,196 

 

Figure 3.5 The ability of polyP to accelerate FXI activation by various proteases. In the presence of 10 µM ZnCl2, 100 nM 
FXI and 1 nM thrombin, trypsin, or FXIIa were incubated with no polyP or HK (black), 10 µM polyP1200 (yellow), 100 nM HK 
(blue) or with both polyP and HK (green). Timed aliquots (10 µL) were removed and quenched in 70 µl ice-cold Quench Buffer II 
at 10 min. Data are mean ± S.E. (n ≥ 3). 

 

3.4 Discussion 

We reported previously that polyP is an important modulator of plasma clotting via the 

contact pathway in a size dependent manner183 and it is much more potent at triggering clotting 
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than other pathophysiologic activators such as nucleic acids.118 In this study, we report that FXI 

activation by FXIIa, the reaction linking the contact pathway and blood clotting, is influenced 

greatly by polyP, Zn2+ and moderately by HK. Platelet-size polyP can trigger the reaction although 

long-chain polyP is more potent. ZnCl2 greatly accelerated this reaction by as much as 15-fold. 

We also found that compared with two other proteases, trypsin and α-thrombin, FXIIa did not have 

an overwhelming advantage in activating FXI, even at its optimal reaction condition. 

In the reaction where FXI, FXIIa and polyP were incubated together, there were in fact 

four different reactions going on: FXI autoactivation, FXI activation by FXIIa, FXIIa autolysis 

and FXIa autolysis. Demonstrated in our previous study, polyP accelerates all four reactions in a 

size and dose-dependent manner.117,195 Due to technical reasons in a microplate-based assay 

setting, it was inevitable to have FXI autoactivation, FXIIa and FXIa autolysis going on while 

FXIIa is activating FXI. Because of the complicated nature of these serine proteases, we did not 

report second-order rate constants for this reaction. A more quantitative measurement may be 

achieved by generating an inactive mutant version of FXI with the active site serine being to 

alanine. However, this should not prevent the potential FXIIa autolysis while the reaction is going 

on. We believe that this could explain why some of the reaction progress curves were in convex 

shape while some were in linear shape (Supplementary figure 3.1), as with lower concentration of 

polyP, FXIa autolysis might be dominant and mask out FXI activation. 

The same effect on reaction progress curves has also been seen with the inclusion of HK 

(Supplementary figures 3.4 & 3.5). HK moderately enhanced the activation of FXI but also 

seemingly enhanced FXIa autolysis. This is probably due to the “template effect” of polyP. HK 

contains the binding site for anionic polymers such as polyP on its light chain77,197, which implies 
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that the presence of HK will change the effective polyP concentration to bind with FXI and FXIIa 

in the solution. 

Zn2+ enhances the binding affinities and proteolytic activities of many of the proteins in 

the contact pathway.56,74,75 Although there are at least four putative Zn2+ binding sites on FXII(a),48 

our previous study showed that ZnCl2 had little effect on the activation of PK by FXIIa.169 The 

structure of FXI and PK are similar, so we did not expect the activation of FXI by FXIIa to be Zn2+ 

dependent. Intriguingly, ZnCl2 greatly enhanced the reaction rate of FXI activation by FXIIa. This 

is probably due to the complicated interaction between FXI, polyP, HK and Zn2+ as HK is required 

for optimal FXI binding to activated platelets in the presence of Zn2+.68 The interaction with Zn2+ 

induces conformational changes in HK,76 and the D5 domain of HK also contains a putative 

binding site for Zn2+.77,78 

  



 49 

3.5 Supplementary figures 

 

 

Supplementary figure 3.1Dose dependence of polyP to accelerate FXI activation by FXIIa. (A) FXIa levels were measured as 
a function of time after incubating 100 nM FXI and 1 nM FXIIa with 0 (), 0.1 (), 0.5 (), 1 (), 2 (), 5 (), 10 (), 20 
(), 50 () or 100 () µM polyP1200 in the presence of 10 µM ZnCl2 without HK. Data points were either connected (solid lines) 
or fitted by linear regression (dashed lines). (B) For those progress curves fitted with linear regression, the initial FXI activation 
rates were plotted as nM FXI activated per minute divided by nM FXIIa used. Data are mean ± S.E. (n ≥ 3). 

 

 

Supplementary figure 3.2 The size dependence of polyP to accelerate FXI activation by FXIIa. (A) FXIa levels were measured 
as a function of time after incubating 100 nM FXI and 1 nM FXIIa without polyP () or with 10 µM polyP28 (), polyP42 (), 
polyP68 (), polyP79 (), polyP110 (), polyP143 (), polyP211 (), polyP315 (), polyP415 () or polyP1200 () in the presence 
of 10 µM ZnCl2 without HK. Data points were fitted by linear regression (dashed lines). (B) Initial FXI activation rates were plotted 
as nM FXI activated per minute divided by nM FXIIa used. Data points for no polyP () or size-fractionated polyP preparations 
() were plotted on the x-axis according to their polymer lengths, while data point for heterogeneous polyP1200 () was plotted 
on the x-axis at the modal length of this preparation (1200 phosphate units). The pink rectangle represents the approximate length 
range of platelet polyP (60-100 phosphates), and the yellow rectangle indicates the length range of microbial polyP. Data are mean 
± S.E. (n ≥ 3). 
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Supplementary figure 3.3 Zn2+ differentially influences the ability of polyP to accelerate FXI activation by FXIIa. FXIa 
levels were measured as a function of time after incubating 100 nM FXI and 1 nM FXIIa with 10 µM polyP1200 in the presence of 
2 mM EDTA () or 0 (), 0.1 (), 0.5 (), 1 (), 2 (), 5 (), 7.5 (), 10 (), 15 (), 20 () µM ZnCl2. Data points were 
fitted by linear regression (dashed lines). Data are mean ± S.E. (n ≥ 3). 

 

 

Supplementary figure 3.4 HK moderately influences the ability of polyP to accelerate FXI activation by FXIIa. FXIa levels 
were measured as a function of time after incubating 100 nM FXI and 1 nM FXIIa with 10 µM polyP79 (supplemented with 0 (), 
100 (), or 200 () nM HK), polyP211 (supplemented with 0 (), 100 (), or 200 () nM HK), or polyP1200 (supplemented with 
0 (), 100 (), or 200 () nM HK) in the presence of 10 µM ZnCl2. Data points were connected to show the progress curves. 
Data are mean ± S.E. (n ≥ 3). 
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Supplementary figure 3.5 The ability of polyP to support FXI activation by various proteases. FXIa levels were measured as 
a function of time after incubating 100 nM FXI and 1 nM thrombin (with no polyP or HK (), 10 µM polyP1200 (), 100 nM HK 
(◒) or both (◐)), trypsin (with no polyP or HK (), 10 µM polyP1200 (), 100 nM HK () or both ()), or FXIIa (with no polyP 
or HK (⬖), 10 µM polyP1200 (), 100 nM HK () or both (⬘)) in the presence of 10 µM ZnCl2. Data points were connected to 
show the progress curves. Data are mean ± S.E. (n ≥ 3). 
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Chapter 4 Directed Evolution of the E. coli Exopolyphosphatase Polyphosphate Binding 
Domain Using Phage Display and Next-generation Sequencing 

 

4.1 Introduction 

PolyP is a polymer of inorganic phosphate residues linked by high-energy 

phosphoanhydride bonds. It exists in all kingdoms of life and has been found to play important 

roles in different organisms depending on its location and size. In bacteria and yeast, 

polyphosphate kinases are responsible for reversibly synthesizing polyP from ATP172 under 

specific conditions, implying that polyP may serve as an energy reservoir for the synthesis of ATP 

in these organisms.152 PolyP can also be degraded by polyphosphatases.198,199 PolyP has been 

shown to be important for cell proliferation,157,200 apoptosis,162,201 stress responses165,202 and 

virulence.153,203 In higher eukaryotes, polyP has been shown to be present in the human brain154, 

granulocytes,204 fibroblasts,205 platelets,166,168 rat liver nuclei206 and mitochondria,207 with various 

sizes and abundance levels154; however, until recently the functions of polyP in mammals remained 

unclear. Apart from its functions in cell survival, proliferation and apoptosis 153,203, polyP in 

mammalian cells was also demonstrated to modulate inflammation,208 blood clotting,163 

angiogenesis,209 calcification,210 bone mineralization,211 amyloid fibril formation212 and tumor 

metastasis.213 Targeting polyP may hold promises for the treatment of thrombotic diseases, 

infectious diseases, neurodegenerative diseases and cancer. 

Given polyP’s known and potential functions in the mammalian system, there is an urgent 

need for better methods to inhibit or probe polyP in vivo. Current polyP probes are limited to 

synthetic small molecules that bind to polyP, or recombinant polyP binding proteins, both of which 
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are known to have drawbacks. One of the most widely used polyP probes, 4',6-diamidino-2-

phenylindole (DAPI)214-220, undergoes a shift of its fluorescent emission spectra when bound to 

polyP.219  However, this staining method for polyP has been recently called into question, as both 

RNA221 and inositol phosphates222 cause a similar fluorescence shift bound to DAPI. Other polyP 

probes, including toluidine blue (TBO)223 and synthetic fluorescent molecules224 have similar non-

specific binding issues. Additionally, it is unknown if these small molecule polyP binders inhibit 

the (patho)physiological functions of polyP. 

 

Figure 4.1 Structure illustration of E. coli PPX. (A) Image was adapted from Rangarajan et al. where electrostatic potential of 
E. coli PPX (PDB 2FLO) was calculated and mapped to the molecular surface, showing regions of positive potential (blue) within 
the putative polyP binding cleft.225 (B) Amplicon 1 and 3-5 were highlighted on the crystal structure of E. coli PPX dimer (PDB 
2FLO). The catalytic domains were shown in gray, amplicon 1 regions of PPXbd were shown in red, whereas amplicon 3-5 were 
highlighted in yellow. 

 

Several recombinant proteins have also been developed for polyP labeling, including the 

conserved histidine α-helical domain (CHAD)226 at the C-terminus of the bacterial triphosphate 

tunnel metalloenzyme ygiF,227 and the recombinant polyphosphate binding domain (PPXbd)228-231 

of E. coli exopolyphosphatase (PPX) that catalyzes polyP degradation.198,232  PPXbd is a 24.5 kDa 

domain from the PPX enzyme that has been used for both polyP visualization167,228-230 and 

inhibition.231,233-236 E. coli PPX is a 58 kDa exopolyphosphatase, that forms dimers in solution, 

and catalyzes polyP degradation.198,232 Limited proteolysis of E. coli PPX indicated two functional 

domains, an N-terminal catalytic domain (structural domain I and II), and the C-terminal polyP 

https://www-sciencedirect-com.proxy.lib.umich.edu/science/article/pii/S0022283606004955?via%3Dihub#!
https://www-sciencedirect-com.proxy.lib.umich.edu/topics/immunology-and-microbiology/static-electricity
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binding domain PPXbd (structural domain III and IV).232 The binding of polyP to PPXbd is driven 

by charge-charge interactions.225 A crystallographic study revealed a deep S-shaped canyon 

extending along the dimer interface and lined with basic residues, suggesting the possible polyP 

binding site (Figure 4.1A).225,237 Computational models have also proposed a similar polyP binding 

scheme on PPX.238 Like small molecule probes, the significant challenge of using these naturally 

occurring polyP binding protein domains is nonspecific binding. Both CHAD226 and PPXbd were 

shown to bind with heparin, a heavily negatively charged glycosaminoglycan (GAG) molecule 

that is enriched in basophils239 and mast cells240,241 in all mammals. 

In this study, we coupled phage display assisted directed evolution with next-generation 

sequencing (NGS) to engineer PPXbd with enhanced polyP affinity and specificity.  PPXbd 

mutational libraries were displayed as a fusion protein on the surface of M13 filamentous phage. 

Enriched mutants in phage libraries after polyP binding selection were determined by NGS and 

their characteristics confirmed using recombinantly expressed PPXbd variants (Figure 4.2). 

 

Figure 4.2 General workflow of PPXbd directed evolution. We aimed to screen for PPXbd mutants with enhanced polyP affinity 
in the first round evolution and screen for mutants with enhanced specificity in the second round evolution. Since the interaction 
between polyP and PPXbd is known to be charge dependent, a PPXbd mutation enhanced interaction with polyP might also increase 
affinity towards other negatively charged molecules such as heparin. Similarly, mutations on PPXbd leading to decreased binding 
to other negatively charged targets might also inevitably affect its affinity towards polyP. There was a fine balance between affinity 
and specificity. To prevent dramatic decreases of polyP affinity when we were screening for PPXbd mutants using common, 
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negatively charged molecules as competitors, we constructed a new library (phage library B) starting from mutants that were known 
to have an improved polyP affinity compared with wtPPXbd. 

 

4.2 Materials and methods 

Materials 

Phagemid pAYE-FE (Genbank #MW464120)242,243 was constructed based on previously 

described method.244 Helper phage M13KO7 was from GE Life Sciences (Chicago, IL). 

SlickSeal™ microcentrifuge tubes were from VWR (Radnor, PA).The QIAquick PCR Purification 

Kit, QIAquick Gel Extraction Kit, Plasmid Maxi Kit and Plasmid Mini Kit were from Qiagen 

(Hilden, Germany). Primers were from Integrated DNA Technologies IDT (Newark, NJ). Q5 

High-Fidelity DNA polymerase, Proteinase K, Amylose Resin, BL21(DE3) Competent E. coli, 

NEB 5-alpha Competent E. coli, NEBNext® Ultra™ End Repair/dA-Tailing Module, NEBNext® 

Ultra™ II Ligation Module, AMPure XP beads, enterokinase light chain, NotI-HF® and AscI 

restriction enzymes were from New England Biolabs (Ipswich, MA). XL1-Blue cells, XL1-Blue 

Supercompetent Cells, XL1-Blue Electroporation-Competent Cells, GeneMorph II Random 

Mutagenesis Kit, Herculase II Fusion DNA Polymerase and Bioanalyzer DNA 1000 Kit were from 

Agilent (Santa Clara, CA). T4 DNA Ligase, QuantiFlour® dsDNA System and GoTaq® Green 

Master Mix were from Promega Corporation (Madison, WI). Streptavidin, Pierce™ streptavidin-

HRP, Dynabeads™ MyOne™ Streptavidin T1, B-per™ Complete Bacterial Protein Extraction 

Reagent, 1-step™ Ultra TMB-ELISA Substrate and monoclonal anti-Maltose Binding Protein 

(MBP) antibody conjugated with horseradish peroxidase (HRP) were from Thermo Fisher 

Scientific (Waltham, MA). MiSeq Reagent Kit was from Illumina (San Diego, CA). GlycoBlue™ 

Coprecipitant was from Invitrogen (Carlsbad, CA). NEXTFLEX® DNA Barcodes was from 

PerkinElmer (Waltham, MA). Heparin sodium was from APP Pharmaceuticals, LLC 

(Schaumburg, IL). Anti-M13 antibody [B62-FE2] (HRP) was from Abcam (Cambridge, UK). 

https://www.google.com/search?newwindow=1&rlz=1C1GCEA_enUS810US810&sxsrf=ALeKk01eEtjxOdTZHRE4rsmJWZrM8DJDYQ:1607210818250&q=Hilden&stick=H4sIAAAAAAAAAOPgE-LUz9U3sDQ2z7JQAjON401yk7S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtY2Twyc1JS83awMgIAWRJGP1AAAAA&sa=X&ved=2ahUKEwiwkprv_rftAhVCGM0KHX3vANQQmxMoATAiegQIHhAD
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Anti-fd Bacteriophage antibody, mouse Genomic DNA, heparan sulfate, chondroitin sulfate, 

hyaluronic acid and cOmplete™ EDTA-free Protease Inhibitor Cocktail Tablets were from 

Millipore Sigma (Burlington, MA). Biacore™ consumables, Sensor Chip SA and Sensor Chip 

CM4 were from Cytiva (Marlborough, MA). High Bind Stripwell™ Microplate and Black Round 

Bottom Plate were from Corning Inc. (Corning, NY). 

The biotinylated polyP was prepared starting from chemically synthesized, high-

molecular-weight polyP (Sigma-Aldrich). Termed as bitoin-polyP560, the narrowly size-

fractionated polyP had a modal length of 560 phosphates (range, 475 to 695 phosphates). It was 

solubilized from high-molecular-weight polyP using base hydrolysis followed by isopropanol 

precipitation,174 followed by a preparative PAGE as previously described,163,175 and was then 

biotinylated in the presence of EDAC and amine-PEG2-biotin.245 PolyP concentrations were 

quantified by measuring inorganic phosphate following hydrolysis in 1 M HCl at 100°C for 10 

min.175 Throughout this study, polyP concentrations are given in terms of molar concentrations of 

phosphate monomer. 

Phage display vector and library construction 

E. coli PPXbd (wild-type) cDNA sequence was previously codon optimized and 

synthesized byGenScript Corporation (Piscataway, NJ) and subcloned into a pACYCT2 plasmid 

from Addgene (Watertown, MA) (Supplementary table 4.1). To display the wtPPXbd on the 

surface of filamentous phage M13, the wtPPXbd was then cloned into the pAY-FE vector at 

restriction sites AscI-NotI, using standard PCR and subcloning techniques (Figure 4.3A). In this 

case, the N-terminal wtPPXbd was fused to a FLAG tag and E tag followed by the C-terminus of 

the pIII coat protein at the C-terminus. To increase the expression of PPXbd on the phage surface, 

the original amber stop at the N-terminus of the fusion protein was replace by Gln. As control, a 
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∆PPXbd phagemid was constructed with most of the wtPPXbd sequence deleted, leaving only 12 

residues fused from each end (MEGRF from the N-terminal end and STPEIAA from the C-

terminal end). The ligation mixes were transformed into XL1-Blue Supercompetent Cells.  

 

Figure 4.3 Construction of phagemid, plasmid and expression of M13 phage vector. (A) Expression of cloned wtPPXbd or 
PPXbd mutagenesis libraries in pAYE-FE phagemid was driven by the lac promoter. An amber stop which was initially placed 
between the TorTss and the insert gene in the pAYE-FE phagemid was mutated into Gln. The cloned wtPPXbd or PPXbd libraries 
were C-terminally fused to a FLAG tag and an E tag and a tandem, truncated M13 pIII coat protein composed of a glycine-serine 
rich linker and the pIII anchor domain. (B) PPXbd-FLAG-pIII fusion protein was expressed on the surface of an M13 filamentous 
phage. The FLAG tag was susceptible for enterokinase cleavage. Expression of the pAYE phagemid bearing wtPPXbd or PPXbd 
libraries on the surface of M13 phage required the infection of XL-1 blue cells by helper phage M13KO7 (not included in the 
figure), which induced proper phage packaging and phage secretion. (C) Due to the size limit of the NGS platform chosen in this 
study, the PPXbd gene was divided into 7 overlapping amplicons, each with 150 bp, while preparing for NGS sequencing. (D) 
Expression of selected PPXbd mutants selected from NGS data analysis was driven by the T7 promoter. The cloned wtPPXbd or 
PPXbd mutants was N-terminally fused to an AviTag, MBP for purification, and a TEV cleavage sequence. 

 

To construct phage library A to be used in the first round of directed evolution (positive 

selection), wtPPXbd fusion protein was randomly mutagenized using GeneMorph II Random 

Mutagenesis Kit. Primers used for library construction are listed in Supplementary table 4.2. The 

PPXbd library was then subcloned into pAYE-FE phagemid (containing an ampicillin resistance 

cassette) at the AscI and NotI restriction sites. The ligation mix was electroporated into XL1-Blue 

Ultracompetent Cells.246 

To construct phage library B to be used in the second round of directed evolution 

(competitive selection), site directed mutagenesis was performed on wtPPXbd phagemid to 
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generate three mutants (Q95R, A176E and E187K). Random mutagenesis was performed on 

individual PPXbd mutant phagemids. The ligation mixes were pooled together and 

transformed into Ultracompetent XL1-Blue cells.  

The depth of both libraries was determined by quantifying the number of ampicillin 

resistant colonies. Mutation frequencies were estimated by Sanger sequencing of the PPXbd inserts 

from randomly selected individual colonies (n = 22 for library A and n = 49 for library B) and 

represented as number of nucleotide mutations per clone. 

Expression, purification and titer of phage 

Phage were prepared as previously described.244 Briefly, E. coli harboring wtPPXbd or 

∆PPXbd phagemid were grown in LB Broth supplemented with 2% glucose and ampicillin (100 

μg/mL) at 37°C. During mid-log phase (OD 600 0.3-0.4), bacteria were infected with M13KO7 

helper phage at a multiplicity of infection of ~100, followed by growth for an additional 1 h at 

37°C. Cells were pelleted by centrifugation (4250 × g for 10 minutes at 4 oC), resuspended in 

2xYT media (16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl) supplemented with ampicillin 

(100 μg/mL), kanamycin (30 μg/mL) and IPTG (0.4 mM) to induce expression of PPXbd fusion 

protein, and grown for 16 hours at 37°C. Phage were precipitated by the double precipitation 

method,247 with polyethylene glycol-8000 (2.5% w/v) and NaCl (0.5 M) at 4°C. The phage pellets 

were resuspended with filtered TBS solution (50 mM Tris-HCl (pH 7.4), 150 mM NaCl). 

Expression and purification of phage libraries followed a similar protocol, except that 2 

mL of XL-1 blue glycerol stock was directly added into a 100 mL culture, and the phage expression 

process shortened from 16 hours to 4 hours to minimize biased enrichment due to growth 

advantages. Phage titer was determined using XL-1 blue cells following standard procedures.247 
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Verification that wtPPXbd pIII fusion protein retains polyP binding 

An ELISA was performed to ensure that wtPPXbd displayed on phage surface had polyP 

binding ability. Anti-phage antibody was diluted in 50 mM carbonate buffer (pH 9.6) and added 

into a high bind microplate. Wells were washed 3 times in wash buffer I (20 mM 20 mM N-2-

hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES) (pH 7.4), 100 mM NaCl, 0.05% v/v 

TWEEN® 20). After a blocking step, M13KO7 helper phage, ∆PPXbd phage or wtPPXbd phage 

(all possess an amber stop before the PPXbd region) were diluted in blocking buffer I (20 mM 

Hepes (pH 7.4), 5% BSA, 0.05% Tween® 20) and added into corresponding wells. In the 

experiment to test the binding between anti-phage antibody and phage, anti-phage antibody 

conjugated with HRP was diluted 200-fold and added into the wells. In parallel experiments, 

biotin-polyP560 was diluted to 50 µM, preincubated with 1 µg/mL streptavidin-HRP, and added to 

the wells. TMB substrate was used to quantify the amount of PPXbd bound to each well and 2 M 

sulfuric acid was added to stop the reaction before A450 values were measured in a microplate 

reader. 

Bio-panning 

For wtPPXbd displayed on the phage surface, 25 µL Dynabeads per tube were suspended 

in SlickSeal™ microcentrifuge tubes and washed 3 times in balancing buffer (50 mM Tris-HCl 

(pH 7.4), 1 M LiCl, 1 mM EDTA). 0.5 mL of 250 µM biotin-polyP560 was added to the tube and 

mixed with the beads on a rotor at room temperature for 1 hour. The beads were then washed 3 

times in wash buffer I. Approximately, 4 x 1010 wtPPXbd phage or ∆PPXbd phage were diluted 

in 1 mL phage buffer I (wash buffer I supplemented with 1% w/v bovine serum albumin (BSA)) 

and added to each tube. After incubation with rotation at room temperature for 2 hours, the beads 

were washed 3 times in wash buffer I and the bound phage were cleaved overnight at 4°C by 40 

https://us.vwr.com/store/product/12217180/slicksealtm-microcentrifuge-tubes-national-scientific-supply
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µL diluted enterokinase in enterokinase buffer I (20 mM Tris-HCl (pH 7.4), 50 mM NaCl, 2 mM 

CaCl2). Cleavage by enterokinase at the FLAG tag should only release the phage body bound 

through PPXbd (Figure 4.3B). Phage bodies were eluted with an extra 60 µL of TBST solution 

(TBS with 0.05% TWEEN 20). The selected phage titers were quantified and reported as cfu/mL. 

For round one positive selection (library A, n = 2), the bio-panning was conducted in a 

buffer with 140 mM NaCl and 5 mM KCl, similar to the salt conditions in plasma. 50 µL 

Dynabeads per tube were suspended in SlickSeal™ tubes and washed 3 times in balancing buffer. 

Vehicle or 250 µM biotin-polyP560 was added to corresponding tubes at a volume of 0.5 mL and 

mixed with the beads on a rotor at room temperature for 1 hour. After washing, 0.5 mL block 

buffer II (20 mM HEPES-NaOH (pH 7.4), 140 mM NaCl, 5% BSA) was applied for 1 hour to 

minimize non-specific binding. Phage library A was diluted in phage buffer II (20 mM HEPES-

NaOH (pH 7.4), 140 mM NaCl, 5 mM KCl, 0.05% TWEEN® 20, 5% BSA) and added to each 

tube, aiming at a total number of 5 x 109 clones. The binding reactions were incubated at room 

temperature for 2 hours followed by 3 washes using phage buffer II. Enterokinase was diluted to 

400 units/mL in enterokinase buffer II (enterokinase buffer I with 5% BSA). The enzyme cleavage, 

phage elution and titer steps were performed. 

The round two competitive selection (library B, n = 3) was performed similarly with the 

following modifications. In this experiment, 30 µL per tube Dynabeads and 25 µM biotin-polyP560 

were used. Phage library B was added to each tube together with various competitors (25 or 50 

U/mL heparin, 10 ng/µL mouse genomic DNA, 2 µg/mL heparan sulfate, 25 µg/mL hyaluronic 

acid, or 25 µg/mL chondroitin sulfate). 

https://us.vwr.com/store/product/12217180/slicksealtm-microcentrifuge-tubes-national-scientific-supply
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NGS library preparation 

The ssDNA was extracted from the input and selected phage libraries using phenol-

chloroform and precipitated with isopropanol. 15 µL of phage were mixed with 85 µL TE buffer 

(20 mM Tris-HCl (pH 7.4), 1 mM EDTA) and 5 µL diluted Proteinase K, incubating at 55°C for 

at least 3 hours. 100 µL phenol-chloroform-alcohol (v/v 25:24:1) was added into the mixture 

followed by vigorous vortex for 1 minute. The liquid mixture was then centrifuged at 20,000 x g 

for 10 minutes at room temperature. 75 µL of aqueous upper layer was collected and added into 

7.5 µL 3M Na-Acetate solution (pH 5.0). GlycoBlue (1 µL) solution was added into the tube 

together with 85 µL isopropanol. DNA was extracted and precipitated overnight at -70°C. 

Precipitated DNA was collected by centrifugation at 20,000 x g for 20 minutes at 4°C, washed by 

1 mL 70% pre-cold ethanol, followed by another round of centrifugation. After removing all the 

ethanol, the DNA pellet was resuspended in 10 µL H2O. 

Due to the read length limitations of the NGS platform used in this study, the PPXbd region 

in the phage libraries was divided into 7 overlapping amplicons (150 bp each) which were then 

PCR amplified using nested PCR and barcoded for NGS (Figure 4.3C). Mutation frequency PCR 

primers and Q5 polymerase were mixed with used 100 ng extracted phage DNA to amplify the 

PPXbd region. After 30 cycles, the PCR product was purified, quantified and used as template for 

amplicon PCR. During the amplicon PCR, 10 ng purified nested PCR product was added into the 

PCR reaction mix with Q5 polymerase and individual primer pairs (Supplementary table 4.3). To 

prevent laddered products, 18 cycles of nested PCR were performed. PCR amplicon products were 

gel purified and prepared using NEBNext DNA Library Prep Master Mix Kit. NextFlex 

sequencing adapters containing barcodes were ligated for indexing and sequencing as previously 

described.246 Sample purity and length were verified  by the Bioanalyzer 2100 before NGS using 
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the Illumina MiSeq at the University of Michigan or the Illumina HiSeq platform at MedGenome, 

Inc. (Foster City, CA). HTS data were analyzed using DESeq2.248 

Recombinant protein production 

To validate the NGS data, selected PPXbd mutants were expressed as a soluble fusion 

protein AviTag-MBP-PPXbd in E. coli (Figure 4.3D).  A synthetic peptide containing the AviTag 

biotin acceptor peptide (GLNDIFEAQKIEWHE) was cloned into a wtPPXbd containing 

plasmid229 at NcoI and XbaI (performed by Epoch Life Sciences). Site-directed mutagenesis was 

performed to create specific single mutations in PPXbd. Plasmids containing wtPPXbd or PPXbd 

mutants were then transformed into BL21-DE3 cells for expression. E. coli colonies bearing each 

plasmid were inoculated into 5 mL of LB media supplemented with kanamycin (30 μg/mL). The 

overnight starter culture was added to 1 L of NZY media (14 g NZ-Amine A, 7.5 g yeast extract, 

5 g NaCl, pH 7.5) and protein expression was induced by adding 0.4 mM IPTG at an OD600 of 0.4-

0.6. After overnight expression at 15°C, the bacteria were then pelleted at > 5,000 × g and lysed 

by B-per reagent supplemented with protease inhibitor tablet. The fusion PPXbd proteins were 

purified on amylose resin at 4°C according to the manufacturer’s instructions and quantified based 

on the absorption at 280 nm. 

Surface plasmon resonance 

The binding of recombinant PPXbd (wild type and variants) to polyP was quantified by 

surface plasmon resonance (SPR) using a Biacore™ 3000 instrument (GE healthcare). Biotin-

polyP560 was immobilized on the experimental flow cell of a SA sensor chip or a CM4 chip coated 

with streptavidin. Excess biotin was added to block extra biotin binding sites on streptavidin. 

PPXbd was diluted into various concentrations (0-200 nM) in the Biacore buffer (20 mM HEPES 

(pH 7.4), 140 mM NaCl, 5 mM KCl, 1 mM EDTA, 0.005% v/v Surfactant P20) and added to both 
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experimental and reference flow cell (without biotin-polyP560). After each cycle, the chip was 

regenerated by regeneration buffer (1 M NaCl, 1 mM EDTA) to ensure the removal of PPXbd 

from polyP. Maximal RU values at steady state equilibrium from the experimental flow cell were 

subtracted by the values from the reference cell and data were exported into Graphpad Prism 8 for 

further analysis. Background measurements (baseline levels) were subtracted before determining 

dissociation constants (Kd) by applying one-site total binding equation (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 ×

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ÷ (𝐾𝐾𝑑𝑑 + 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) + 𝑁𝑁𝑁𝑁 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵), in which nonspecific 

binding (NS) was assumed to be proportional to PPXbd concentration. Average Kd values (n ≥ 3) 

were reported for each PPXbd variant. 

NGS Data analysis 

Statistics for NGS data were performed using DESeq2 in the R environment.248 The 

enrichment or depletion of PPXbd variants was represented by log2 fold enrichment scores, which 

estimated the log2 fold change of read counts before and after selection. Statistical significance of 

specific variants was determined by both the q-value and base mean count. For MiSeq data, 

variants with a q-value of <10-5 and a base mean count > 25 were considered significant. For HiSeq 

data, variants with a q-value of <10-5 and a base mean count > 40 were considered significant. 

Data were plotted either in the form of heat map, MA plot or volcano plot. 

4.3 Results 

wtPPXbd displayed on the phage surface binds to polyP 

In order to test if wtPPXbd displayed on the phage surface still maintained its ability to 

bind with polyP, an indirect ELISA was performed with immobilized phage. M13KO7 helper 

phage and ∆PPXbd phage were included in the ELISA as negative controls as they do not have 

intact wtPPXbd displayed on the surface. All three types of phage bound specifically to an anti-
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phage antibody (Supplementary figure 4.1A, left panel). In the presence of biotin-polyP560, 

wtPPXbd phage bound 62% more polyP as compared with ∆PPXbd phage, and 120% more polyP 

as compared with the M13KO7 helper phage (Supplementary figure 4.1A, right panel). To amplify 

the difference between wtPPXbd phage and control, the amber stop codon before the PPXbd region 

was replaced by Gln and new phage were tested in ELISA. Without polyP, there was minimal 

background signal detected. In the presence of 20 µM polyP, wtPPXbd phage without the amber 

stop demonstrated more than 3-fold increased binding to polyP as compared to ∆PPXbd phage 

(Supplementary figure 4.1B). The pAYE-FE phagemid without the amber stop was used in all 

subsequent experiments unless otherwise specified. Biotin-polyP560 was immobilized on 

streptavidin coated magnetic beads and either wtPPXbd phage or ∆PPXbd phage were added. 

Bound phage were cleaved by enterokinase to ensure only phage bound via wtPPXbd or ∆PPXbd 

were eluted, whereas those that nonspecifically “stuck” to the polyP-coated beads would not be 

eluted. 5.7 x 107 wtPPXbd phage were eluted, following enterokinase treatment, and showed more 

than 100-fold greater binding efficiency compared to ∆PPXbd phage (Figure 4.4). These 

experiments demonstrate that wtPPXbd displayed on the phage surface binds polyP, and suggests 

that our bio-panning approach will be an effective method when applied to our phage library. 
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Figure 4.4 wtPPXbd expressed on phage surface binds with polyP. Both ∆PPXbd phagemid and wtPPXbd phagemid were 
expressed on the phage surface. 0.5 mL of 250 µM biotin-polyP560 was added to each tube containing 25 µL of streptavidin coated 
Dynabeads. 4 x 1010 phages were diluted in phage buffer I (see Method) and added into each tube. After 2-hour incubation, the 
unbound phages were washed off. The bound phages were cleaved overnight by enterokinase and eluted. To quantify the number 
of bound phages, eluted phages from each group were added to XL-1 blue MRF’ cells for infection. The phage titer result was 
demonstrated as colony forming plaques from each group. 

 

Bio-panning for the selection of PPXbd mutants with enhanced polyP affinity (library A) 

Phage library A had a depth of 3.96 x 107 clones and ~36% were wtPPXbd without 

mutation. For the remaining 64% of PPXbd mutants, the average mutation frequency was roughly 

2.3 bp per clone. Following DESeq2 analysis of the NGS data, the enrichment or depletion of 

individual missense and nonsense mutations were determined (Figure 4.5A). Enriched mutations 

are associated with improved affinity for PPXbd, whereas depleted variants imply a loss of ability 

to bind polyP efficiently. The relative fold of enrichment of each PPXbd variant, including wild-
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type amplicons, and statistical significance (q-value) are shown as a volcano plot in Figure 4.5B. 

To identify target PPXbd variants for further directed evolution, the largest significant (q ≤ 5x10-

5) log2 fold enrichment scores were identified (Table 4.1). To further narrow down the pool of 

potential candidates for biochemical characterization, a combination of criteria was considered. 

Due to the known charge-charge interaction properties between polyP and PPXbd, those variants 

that contained changes in electronic charges resulting in a mutation to a basic residue, or the 

neutralization of an acidic residue (i.e., E187K & D89N) were selected. At some amino acid 

positions, multiple missense mutations were enriched (i.e., Q95R, Q95H & Q95K; A176E & 

A176S), implying a potential significance to these residues. Finally, the variant, S81I exhibited 

more than 2-fold significant enrichment following selection and was also subjected to further 

characterization. In total, the 8 variants mentioned above were selected for further in vitro 

characterization. 

 

Figure 4.5 Positive selection for polyP binding was performed using phage library A. 0.5 mL of 250 µM biotin-polyP560 was 
added to each tube containing 50 µL of streptavidin coated Dynabeads. A negative control was also conducted by adding no biotin-
polyP560 to the beads (not shown on the figure). 5 x 109 phages were diluted in phage buffer II (see Method) and added into each 
tube. After 2-hour incubation, the unbound phages were washed off. The bound phages were cleaved overnight by enterokinase 
and eluted. DNA was extracted from eluted phages and the input library. The prepared amplicon sequencing library was submitted 
for MiSeq. The positive selection NGS data was shown as heat map (A) and volcano plot (B). (A) Heat map indicating average 
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Log2 fold enrichment scores for PPXbd mutants selected for polyP binding. PPXbd amino acid positions were plotted on x-axis 
and the amino acid substitutions (X for ochre or opal stop whereas B for amber stop) were plotted on y-axis. Enriched mutations 
(log2 fold change > 0) were indicated in red, while depleted mutations (log2 fold change < 0) were indicated in blue. White indicates 
amino acid substitutions that were not present in the mutational library. (B) PPXbd wild type amplicon (), mutant amplicon with 
missense (), nonsense (), or amber stop () mutation was plotted as individual dot on each panel, where the log2 fold change 
values of the polyP selected versus input library were plotted on the x-axis and the –log10(q-value) of the positive selection were 
plotted on y-axis. 

 

Table 4.1 PPXbd mutants with more enrichment than wtPPXbd after positive selection. 

Mutant Log2 fold change normalized to 
wtPPXbd 

A57E 0.840 
D89N 0.185 
N71S 0.190 
S75R 0.410 
D89N 0.182 
Q95R 0.351 
Q95H 0.372 
Q95K 0.436 
S81I 1.23 
R119H 0.0891 

L122M 0.159 
D116N 0.0997 
N143K 0.221 
L122Q 0.437 
L131M 0.360 
D160N 0.357 
A208V 0.160 
A209T 0.080 
A208T 0.163 
E187K 0.650 
A176S 2.33 
A176E 2.68 

 

Selection of PPXbd mutations that enhanced polyP binding affinity 

The polyP binding affinities of purified mutant PPXbd and wtPPXbd were tested by SPR 

(Supplementary figure 4.2). wtPPXbd demonstrated a steady-state binding affinity of Kd = 28.1 ± 

6.09 nM. In contrast, the S81I mutant demonstrated no detectable binding to polyP, which was 

surprising as this variant showed a greater than 2-fold enrichment during phage display selection. 

This might be an example of different behaviors of phage-displayed proteins and soluble proteins. 

An alternative possibility was that S81I needed to work in cis with other mutations in order to 

enhance the binding between PPXbd and polyP. Several tested mutants exhibited reduced Kd levels 

compared to WT, including D89N, Q95K, Q95R, A176E, A176S and E187K (with Kd values 

reduced by 50.8%, 44.9%, 62.8%, 3.2%, 13.5% and 75.1%, respectively (Figure 4.6)). Q95R (Kd 

= 10.4 ± 3.01) and E187K (Kd = 7.01 ± 1.71) exhibited the tightest binding affinities. Of note, both 
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mutations substitute a positively charged residue. Combining some of these mutants did not seem 

to result in an additive effect for their affinity towards polyP (Figure 4.6). 

 

Figure 4.6 Selected PPXbd mutants had higher binding affinity towards polyP. Biotin-polyP560 was immobilized on the 
experimental flow cell of a SA sensor chip or a CM4 sensor chip coated with streptavidin. Each fusion protein AviTag-MBP-
PPXbd containing mutations on PPXbd was diluted to various concentrations (1-100 nM) in the Biacore buffer (see Method) and 
flowed through both reference and experimental flow cell. Maximal RU values at steady state from the experimental flow cell were 
subtracted from the values from reference cell (Supplementary figure 4.2). Baseline levels were removed before the binding levels 
were plotted versus PPXbd concentration to obtain binding curves. Data points were fitted using the one-site ligand binding 
equation to obtain dissociation constants (Kd). Data are mean ± S.E. (n ≥ 3). 

 

Specificity test of wtPPXbd binding to polyP with the presence of different competitors 

Heparin binding to wtPPXbd would be expected to result in nonspecific signals when using 

wtPPXbd as a probe for polyP in mammalian cells or tissues. To test whether other negatively 

charged biological polymers could contribute to PPXbd nonspecific binding, the specificity of 

phage displaying wtPPXbd was tested in the presence of genomic DNA, heparan sulfate, 

hyaluronic acid or chondroitin sulfate as competitor. As expected, heparin effectively competed 

wtPPXbd phage binding to polyP (Supplementary figure 4.3A) in a dose-dependent manner 

(Supplementary figure 4.3B). In the presence of biotin-polyP560, the addition of 25 U/mL heparin 

decreased the number of bound phage by 87.4%. Increasing the concentration of heparin to 50 
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U/mL decreased the number of eluted phage by 93.6%, bringing down the level of bound phage 

close to the background level (no polyP) (Supplementary figure 4.3B). This suggested that with 

enough heparin, all wtPPXbd phage would be competed off polyP. Mouse genomic DNA or 

hyaluronic acid did not effectively compete with wtPPXbd phage binding to polyP (Supplementary 

figure 4.3C & E), while heparan sulfate and chondroitin sulfate moderately decreased the number 

of bound phage, but not in a dose-dependent manner (Supplementary figure 4.3D & F).  

Bio-panning for the selection of PPXbd mutants with enhanced polyP specificity (library B) 

Due to the charge-charge interaction property between PPXbd and polyP, PPXbd mutants 

with enhanced specificity (less likely to bind with heparin) would most likely lower affinity for 

polyP. To prevent dramatic loss of polyP affinity in the second round selection, Q95R and E187K 

mutants, with the highest binding affinities for polyP (Figure 4.6) were employed as DNA 

templates for constructing phage library B. Although A176E did not demonstrate a significantly 

lower Kd, it was also included as the template DNA for random mutagenesis, in case all variants 

based on Q95R or E187K mutations possessed tight binding ability to both polyP and heparin. 

Phage library B had a depth of 6.36 x 107 clones and ~40% were PPXbd Q95R, A176E or 

E187K without any additional mutations. For the remaining 60% of library B, the average random 

mutation frequency was ~2.3 bp per clone in addition to the underlying Q95R, A176E, and/or 

E187K mutation. Following positive selection to polyP coated beads, ~24% of phage were eluted 

from polyP beads, whereas <0.8% of phage were eluted in the absence of polyP (background 

binding). The number of phage bound to polyP decreased in the presence of heparin in a dose-

dependent manner, as compared with the positive selection. No significant competition with 

PPXbd phage binding to polyP beads was observed with mouse genomic DNA and other GAG 
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molecules (Figure 4.7). These results are consistent with data obtained from using phage displayed 

wtPPXbd (Supplementary figure 4.3). 

 

Figure 4.7 Competitive selection of library B showed heparin as a good polyP competitor. 0.5 mL of 25 µM biotin-polyP560 
was added to each tube containing 30 µL of streptavidin coated Dynabeads. A negative control was also conducted by adding no 
biotin-polyP560 to the beads (Supplementary figure 4.6). 5 x 109 phages mixed with 0 or 25 U/mL heparin, 10 ng/µL mouse genomic 
DNA, 2 µg/mL heparan sulfate, 25 µg/mL hyaluronic acid, or 25 µg/mL chondroitin sulfate were diluted in phage buffer II (see 
Method) and added into each tube. After 2-hour incubation, the unbound phages were washed off. The bound phages were cleaved 
overnight by enterokinase and eluted. Phage concentrations were plotted as the number of colony forming plaques (cfu). For each 
experimental group, biological duplicates or triplicates were plotted as individual data point. 

 

The enrichment or depletion of polyP binding for missense mutations in PPXbd in the 

absence of competitors is shown in Supplementary figure 4.4. The enrichment or depletion of 

substitutions in the presence of different doses of heparin are shown in Figure 4.8A & 

Supplementary figure 4.5A, with fold enrichment and statistical significance (q-value) displayed 

in a volcano plot in Figure 4.8B & Supplementary figure 4.5B. The substitutions exhibiting the 

most significant enrichment in polyP binding are listed in Tables 4.2, 4.3 & 4.4. As negative 
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control when no polyP was used in the bio-panning, no mutants were significantly enriched after 

selection (Supplementary figure 4.6). 

 

Figure 4.8 Competitive selection against heparin was performed using phage library B. 0.5 mL of 25 µM biotin-polyP560 was 
added to each tube containing 30 µL of streptavidin coated Dynabeads. 5 x 109 phages mixed with 25 U/mL heparin were diluted 
in phage buffer II (see Method) and added into each tube. After 2-hour incubation, the unbound phages were washed off. The bound 
phages were cleaved overnight by enterokinase and eluted. DNA was extracted from eluted phages and the input library. The 
prepared amplicon sequencing library was submitted for HiSeq. The competitive selection NGS data was shown as heat map (A) 
and volcano plot (B). (A) Heat map indicating average Log2 fold enrichment scores for PPXbd mutants selected for polyP binding 
with the competitions of 25 U/mL heparin. PPXbd amino acid positions were plotted on x-axis and the amino acid substitutions (X 
for ochre or opal stop whereas B for amber stop) were plotted on y-axis. Enriched mutations (log2 fold change > 0) were indicated 
in red, while depleted mutations (log2 fold change < 0) were indicated in blue. White indicates amino acid substitutions that were 
not present in the mutational library. (B) PPXbd wild type amplicon (), mutant amplicon with missense (), nonsense (), or 
amber stop () mutation was plotted as individual dot on each panel, where the log2 fold change values of the heparin competitive 
selection versus input library were plotted on the x-axis and the –log10(q-value) of the positive selection were plotted on y-axis. 

 

Table 4.2 PPXbd mutants with more enrichment than wtPPXbd after competitive selection with 25 U/mL heparin. 

Mutant 
Log2 fold change 
normalized to 
wtPPXbd 

R13H 0.310 
G3D 0.327 
A15V 0.296 
R6H 0.337 
R4H 0.395 
R6S 0.615 
Q8E 0.815 
L33M 0.152 
M39L 0.297 
L33Q 0.116 
Q38R 0.114 

E41D 0.0110 
A57S 0.0151 
E27D 0.0977 
Q47H 0.0919 
Q38L 0.138 
A57E 0.676 
V68I 0.0221 
S81G 0.0939 
Q86E 0.115 
N87Y 0.191 
L90M 0.113 
L77R 0.628 
F93L 0.107 
E96G 0.0628 

N94S 0.130 
L77V 0.240 
Q54R 0.0364 
A111T 0.113 
M101L 0.441 
M101V 0.129 
Q95H 0.315 
N94S 0.0915 
D116E 0.110 
Q97E 0.320 
Q86E 0.425 
L90M 0.0711 
A111S 0.310 
Q95K 0.325 
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N87Y 0.441 
R119H 0.405 
L122M 0.140 
D116E 0.0345 
Q133R 0.0161 
N143K 0.863 
L131M 0.141 
L122Q 0.346 
F128Y 0.257 
L134M 0.0281 
F123Y 0.364 
F128I 0.0224 
L122V 0.0193 

L129M 0.0277 
Q133K 0.178 
N143H 0.472 
T150I 0.0199 
T149I 0.0220 
V178M 0.236 
D160N 0.181 
D159N 0.321 
F172L 0.152 
D159E 0.0193 
T150A 0.0709 
L177P 0.372 
L177M 0.196 

D170G 0.152 
S173R 0.267 
D160G 0.366 
L177Q 0.525 
L177R 0.906 
D159H 0.896 
E187K 0.986 
E187R 0.967 
  
  
  
  
  

 

Table 4.3 PPXbd mutants with more enrichment than wtPPXbd after competitive selection with 50 U/mL heparin. 

Mutant 
Log2 fold change 
normalized to 
wtPPXbd 

R13H 0.409 
G3D 0.445 
A15V 0.347 
R6H 0.423 
R4H 0.391 
R6P 0.406 
R6S 0.788 
Q8E 0.853 
L33M 0.170 
M39L 0.240 
E41K 0.0391 
L33Q 0.123 
Q38R 0.0503 
E27D 0.127 
Q28H 0.0114 
Q47H 0.184 
Q38L 0.163 
A57E 0.630 
V68I 0.0120 
S81G 0.0921 
N71S 0.0832 
Q86E 0.200 
N87Y 0.369 
L90M 0.0182 
L77R 0.776 

F93L 0.00299 
E96G 0.00733 
D89H 0.00382 
L77V 0.555 
Q54R 0.290 
M101I 0.0422 
A111T 0.0243 
M101L 0.461 
M101V 0.175 
Q95H 0.382 
N94S 0.133 
D116E 0.0703 
Q97E 0.544 
Q86E 0.542 
A111S 0.314 
Q95K 0.513 
N87Y 0.364 
R119H 0.456 
L122M 0.136 
D116E 0.0706 
Q133R 0.0933 
N143K 0.920 
L131M 0.226 
L122Q 0.394 
F128Y 0.228 
L134M 0.0264 
F123Y 0.336 
F128I 0.0112 

L122R 0.0891 
Q133K 0.313 
N143H 0.577 
T150I 0.0193 
T149I 0.0837 
V178M 0.215 
S173N 0.0163 
D160N 0.246 
D170N 0.174 
Q174H 0.0186 
D159N 0.349 
F172L 0.0790 
T150A 0.128 
L177P 0.289 
L177M 0.158 
D170G 0.156 
S173R 0.156 
D160G 0.467 
L177Q 0.560 
S161R 0.0741 
T149N 0.420 
L177R 0.924 
D159H 0.731 
E187K 1.05 
E187R 1.00 
E190K 1.33 
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Table 4.4 PPXbd double mutants with more enrichment than wtPPXbd after competitive selection. 
+ polyP (no heparin) 25 U/mL heparin + polyP 50 U/mL heparin + polyP 

Mutant 

Log2 fold 
change 
normalized to 
wtPPXbd 

Mutant 

Log2 fold 
change 
normalized to 
wtPPXbd 

Mutant 

Log2 fold 
change 
normalized to 
wtPPXbd 

Q95R-D89N 0.397 Q95R-Q97E 0.619 Q95R-Q97E 0.671 
  E187K-R196H 0.979 E187K-R196H 1.08 
  E187K-E183K 1.40 E187K-G191S 1.14 
  E187K-E190K 1.50 E187K-E183K 1.61 
    E187K-E190K 1.75 

 

Characterization of polyP affinity of selected PPXbd mutants 

Selected mutations were expressed in the PPXbd fusion protein construct with the E187K 

mutation and polyP binding affinities characterized by SPR (Figure 4.9). Combined with the 

E187K mutation, very few double mutants showed a dramatically improved Kd as compared with 

E187K single mutant, consistent with the hypothesis that those substitutions enriched after 

competitive selection with heparin may have reduced polyP affinity. Out of the PPXbd variants 

built on E187K, E187K-N143H and E187K-L177Q mutants had the lowest average Kd values. The 

Kd values for the rest of the double mutants were between 8-16 nM. Not surprisingly, most of the 

selected substitutions exhibited higher polyP affinity than wtPPXbd (Figure 4.9). This was likely 

because of the presence of E187K, which may “rescue” the polyP affinity to some degree. Table 

4.5 summarized the average Kd values from all mutants that were tested to date. 
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Figure 4.9 Selected PPXbd mutants had improved binding affinity towards polyP. The polyP affinity of each mutant were 
tested via SPR, and then compared with wtPPXbd. Biotin-polyP560 was immobilized on the experimental flow cell of a SA sensor 
chip coated with streptavidin. Each fusion protein AviTag-MBP-PPXbd containing mutations on PPXbd was diluted into various 
concentrations (1-150 nM) in the Biacore buffer (see Method) and flow through both reference and experimental flow cell. Maximal 
RU values at steady state equilibrium from the experimental flow cell was subtracted by the values from reference cell. Baseline 
levels were removed before the binding levels were plotted versus PPXbd concentration to obtain binding curves. Data points were 
fitted using the one-site total binding equation to obtain dissociation constants (Kd). Data are mean ± S.E. (n ≥ 3). 

 

Table 4.5 Summary of average Kd values of all PPXbd mutants binding with polyP. 
Mutant Average Kd value (nM) ± SEM Source figure 
WT 27.9 ± 5.00 4.6 & 4.9 
S81I No binding 4.6 
D89N 13.8 ± 4.03 4.6 
Q95H 30.2 ± 9.56 4.6 
Q95K 15.5 ± 3.02 4.6 
Q95R 10.4 ± 3.01 4.6 
A176E 27.2 ± 8.08 4.6 
A176S 24.3 ± 5.31 4.6 
E187K 7.6 ± 1.17 4.6 & 4.9 
Q95H-A176E 23.0 ± 1.02 4.6 
Q95H-E187K 12.7 ± 2.63 4.6 
A176E-E187K 8.30 ± 0.623 4.6 
Q95H-A176E-E187K 10.3 ± 0.170 4.6 
D89N-Q95H-A176E-E187K 11.7 ± 1.58 4.6 
E187K-R6S 14.9 ± 3.01 4.9 
E187K-Q8E 12.2 ± 1.86 4.9 
E187K-A57E 18.2 ± 5.65 4.9 
E187K-L77R 13.2 ± 2.58 4.9 
E187K-N143H 6.52 ± 1.14 4.9 
E187K-N143K 8.89 ± 2.06 4.9 
E187K-D159H 14.3 ± 2.48 4.9 
E187K-L177Q 6.45 ± 1.06 4.9 
E187K-L177R 9.84 ± 2.20 4.9 
E187K-E190K 15.8 ± 4.11 4.9 
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4.4 Discussion 

As the region of E. coli PPX that binds polyP, PPXbd holds promise as a potential polyP 

probe or inhibitor in vivo. However, previous studies have indicated that PPXbd also binds to other 

negatively charged molecules, especially heparin that is found in mammalian basophils239 and mast 

cells240,241. In this study, we performed directed evolution of PPXbd that led to an increase of its 

polyP binding affinity and specificity. After the first round of evolution, we found several point 

mutations that resulted in enhanced polyP affinity, including Q95R and E187K. Starting from these 

mutant PPXbd, the second round evolution allowed us to find a pool of mutant candidates that 

bound more specifically to polyP than to heparin. 

Directed evolution is an artificial, yet powerful tool to engineer proteins with unachievable 

functions during natural evolution. Being an enzyme with high processivity, the PPX enzyme 

dimer contains an aqueduct that provides a physical basis for polyP to passing through along during 

catalysis.198,232,237 In addition, PPX is generally well conserved across bacterial strains.225 This 

implies that naturally occurring polyP related enzymes may not have the optimal structure to 

achieve tight and specific polyP binding function as their polyP binding sites need to possess 

flexible structures to allow polyP chains to move along during catalysis. For instance, one of the 

most conserved residues is E491, which corresponds to E187 on PPXbd.225 Mutations such as 

E187K, which substitutes an acidic residue for a basic residue, resulting in tighter polyP binding, 

is less likely to be appreciated in natural selection as it destroys the flexibility of the enzyme. 

However, these mutations which lead to enhanced polyP binding ability, were artificially evolved 

by phage display, and efficiently identified by NGS. 

We found that for both wtPPXbd displayed on phage and PPXbd phage library B, only 

heparin could effectively compete off phage from binding to polyP beads, in a concentration-
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dependent manner.  Mouse genomic DNA, heparan sulfate, chondroitin sulfate or hyaluronic acid 

were not effective competitors, which was consistent with our previous studies with soluble 

wtPPXbd. This result was consistent with the fact that heparin has the highest negative charge 

density of any known biomolecule.249,250 Our lab has previously reported that artificial RNA 

molecules (polyG and polyI) could bind to proteins (i.e., FXII) that are known to interact with 

polyP.117 We suspect that there may be certain nucleic acid sequences forming particular secondary 

structures such as G-quadruplex in DNA or RNA that may preferably interact with polyP binding 

proteins, including PPXbd. In this study, we only used up to 10 µg/mL mouse genomic DNA and 

did not observe any evidence for binding to PPXbd, whereas the concentration of DNA within the 

nucleus could range up to 10 mg/mL.251 To further investigate if nucleic acids could interfere with 

polyP staining by PPXbd, future studies could examine whether highly concentrated nucleic acids 

extracted from mammalian cell culture can compete with PPXbd for PolyP binding. 

Principal component analysis (PCA) was performed to analyze the NGS data and the PCA 

plot after the second round of evolution implied that there were some regions of PPXbd that may 

better distinguish polyP from heparin (Supplementary figure 4.7). For all 7 amplicons, the input 

libraries were well separated with selected libraries, with or without heparin as competitor, on the 

x-axes. Therefore, the first principal component was suspected to be associated with the ability of 

binding to polyP. Similarly, we propose that the second principal component was associated with 

heparin interaction. Surprisingly some, but not all amplicons showed a clear separation between 

positive selection group (with only polyP) with competitive selection groups (with heparin and 

polyP) along the y-axis, such as amplicon 3, 4, 5 and possibly amplicon 1 (Figure 4.1B). This 

interesting result suggests that there might be particular regions of PPXbd that are able to 

distinguish polyP and heparin, whereas other regions may be mainly responsible for binding with 
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negatively charged residues in general. To test this hypothesis, future experiments may be 

performed by generating random fragmentation libraries for competitive selection, instead of using 

random mutagenesis libraries. However, creating a truncated version of PPXbd may sacrifice its 

high affinity towards polyP, as there are multiple basic residues spreading over all domains on 

PPXbd that are suspected to interact with polyP.225,237 

In fact, it is evident from previous studies that E. coli PPX is a highly processive enzyme 

with the ability to recognize polyP of specific lengths, as the polyP gel showed that inclusion of 

PPX produced discrete P50, P14 and P2 intermediates. In our preliminary studies when we 

immobilize biotin-polyP at the bottom of a microplate well, PPXbd fused with MBP could only 

bind to polyP with a chain length of over 100. This limited out ability to develop probes against 

the short chain polyP that are predominant forms in mammals. To achieve this goal, generating 

truncated versions of PPXbd by random fragmentation may offer an alternative approach. Some 

other smaller size polyP binding proteins such as CHAD could also be used as an evolution target. 

We propose that similar method could be widely adapted to many different proteins to acquire or 

enhance multiple functions. 

Combining phage display with NGS greatly improved the efficiency of directed evolution 

and saves time on the labor-intensive bio-panning process. However, one drawback of this method 

is that it will be very hard to detect multiple mutations acting in cis, in contrary to the traditional 

phage display followed by Sanger sequencing. Since the maximum read lengths for the current 

Illumina Miseq or Hiseq platform is ~150 bp, the entire PPXbd gene (627 bp) was divided into 7 

amplicons before sequencing. This high throughput sequencing method will not be able to detect 

if there were two or more mutations on different amplicons that work together to increase polyP 

binding characteristics. One could also choose novel sequencing platforms such as single-molecule 
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real-time (SMRT) sequencing or nanopore sequencing that allow longer reads, although they may 

result in fewer number of total reads, potentially lower consensus accuracy and higher cost.252 

However, we did find several enriched double mutants on amplicon 7 that may enhance polyP 

binding specificity, most of them containing E187K, which was used as one of the template when 

constructing the random mutagenesis phage library B (Table 4.4). Based on this result, it is 

reasonable to suspect that some of the single mutants that appeared to be enriched after selection 

may have synergic effects with the appearance of E187K. Thus, we decided to express selected 

mutations using the PPXbd fusion protein construct with E187K mutation. Due to time limitations, 

the characterization of the mutant PPXbd specificity will be measured using microplate based 

ELISA in the future. 

In this study, we adapted phage display in combination with NGS to perform a proof-of-

concept protein engineering project, where a domain of naturally occurring polyP degrading 

enzyme was evolved to acquire high polyP affinity and specificity after two rounds of evolution. 

We propose that similar method could be adapted to generate powerful protein tools with new 

properties or improved existing functions in different fields of studies. 
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4.5 Supplementary figures and tables 

 

 

Supplementary figure 4.1 wtPPXbd expressed on phage surface binds with polyP. Sandwich ELISA was performed to test if 
wtPPXbd cloned into original pAYE phagemid and expressed on the phage surface can bind with polyP. Anti-phage antibody was 
diluted in 50 mM carbonate buffer (pH 9.6) and added into high bind microplate. A blocking step was performed using 20 mM 
HEPES (pH 7.4), 5% BSA and 0.05% TWEEN® 20. (A) About 109 M13KO7 helper phage (), ∆PPXbd-pAYE phage with amber 
stop () and wtPPXbd-pAYE phage with amber stop () were added into corresponding wells. On the left panel, anti-phage 
antibody conjugated with HRP was added to the wells. On the right panel, 50 µM biotin-polyP560 was preincubated with 1 µg/mL 
streptavidin-HRP was added to the wells. All wells were developed using TMB substrate and stopped by sulfuric acid before A450 
was read. (B) M13KO7 helper phage (), ∆PPXbd-pAYE phage without amber stop () and wtPPXbd-pAYE phage without 
amber stop () were added into corresponding wells. 0, 10, 20 or 40 µM biotin-polyP560 was preincubated with 1 µg/mL 
streptavidin-HRP was added to the wells. All wells were developed using TMB substrate and stopped by sulfuric acid before A450 
was read. 
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Supplementary figure 4.2 Selected PPXbd mutants had higher binding affinity towards polyP as compared with wtPPXbd. 
Biotin-polyP560 was immobilized on the experimental flow cell of a SA sensor chip or a CM4 sensor chip coated with streptavidin. 
Each fusion protein AviTag-MBP-PPXbd containing mutations on PPXbd was diluted into various concentrations (1-100 nM) in 
the Biacore buffer (see Method) and flow through both reference and experimental flow cell. Maximal RU values at steady state 
equilibrium from the experimental flow cell was subtracted by the values from reference cell. Above were representative 
sensorgrams for each recombinant PPXbd mutant after reference subtraction and baseline normalization. Baseline levels were 
removed before the binding levels were plotted versus PPXbd concentration to obtain binding curves. Data points were fitted using 
the one-site ligand binding equation to obtain dissociation constants (Kd). 
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Supplementary figure 4.3 Competitors screening using wtPPXbd phage. (A) To optimize the dose of biotin-polyP560 used for 
competitive selection, 0.5 mL of 0, 6.25, 12.5, 25, or 50 µM biotin-polyP560 was added to each tube containing 30 µL of streptavidin 
coated Dynabeads. A negative control was also conducted by adding no biotin-polyP560 to the beads (). 5 x 109 phages mixed 
with 0 (black) or 50 U/mL () heparin were diluted in phage buffer II (see Method) and added into each tube. After 2-hour 
incubation, the unbound phages were washed off. The input () and selected phages were cleaved overnight by enterokinase and 
eluted. Eluted phages were tittered and plotted as the number of colony forming plaques. (B-F) 0.5 mL of 25 µM biotin-polyP560 
was added to each tube containing 30 µL of streptavidin coated Dynabeads. A negative control was also conducted by adding no 
biotin-polyP560 to the beads (red). 5 x 109 phages were mixed with 0, 1, 5, 10, 25 or 50 U/mL heparin (B); 0, 1, 10, 100, 1000 or 
10000 ng/µL mouse genomic DNA (C); 0, 0.1, 0.5, 2, 10 or 20 µg/mL heparan sulfate (D); 0, 0.5, 2, 10, 25 or 50 µg/mL hyaluronic 
acid (E); 0, 1, 5, 10, 25 or 50 µg/mL chondroitin sulfate (F) in phage buffer II (see Method) and added into each tube. Bound phages 
were prepared and tittered as described in (A). 
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Supplementary figure 4.4 Positive selection without heparin was performed using library B. 0.5 mL of 25 µM biotin-polyP560 
was added to each tube containing 30 µL of streptavidin coated Dynabeads. 5 x 109 phages without any competitors were diluted 
in phage buffer II (see Method) and added into each tube. After 2-hour incubation, the unbound phages were washed off. The bound 
phages were cleaved overnight by enterokinase and eluted. DNA was extracted from eluted phages and the input library. The 
prepared amplicon sequencing library was submitted for HiSeq. The competitive selection NGS data was shown as heat map (A) 
and volcano plot (B). (A) Heat map indicating average Log2 fold enrichment scores for PPXbd mutants selected for polyP binding 
without any competitors. PPXbd amino acid positions were plotted on x-axis and the amino acid substitutions (X for ochre or opal 
stop whereas B for amber stop) were plotted on y-axis. Enriched mutations (log2 fold change > 0) were indicated in red, while 
depleted mutations (log2 fold change < 0) were indicated in blue. White indicates amino acid substitutions that were not present in 
the mutational library. (B) PPXbd wild type amplicon (), mutant amplicon with missense (), nonsense (), or amber stop () 
mutation was plotted as individual dot on each panel, where the log2 fold change values of the heparin competitive selection versus 
input library were plotted on the x-axis and the –log10(q-value) of the positive selection were plotted on y-axis. 
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Supplementary figure 4.5 Competitive selection by high dose of heparin was performed using library B. 0.5 mL of 25 µM 
biotin-polyP560 was added to each tube containing 30 µL of streptavidin coated Dynabeads. 5 x 109 phages mixed with 50 U/mL 
heparin were diluted in phage buffer II (see Method) and added into each tube. After 2-hour incubation, the unbound phages were 
washed off. The bound phages were cleaved overnight by enterokinase and eluted. DNA was extracted from eluted phages and the 
input library. The prepared amplicon sequencing library was submitted for HiSeq. The competitive selection NGS data was shown 
as heat map (A) and volcano plot (B). (A) Heat map indicating average Log2 fold enrichment scores for PPXbd mutants selected 
for polyP binding with the competitions of 50 U/mL heparin. PPXbd amino acid positions were plotted on x-axis and the amino 
acid substitutions (X for ochre or opal stop whereas B for amber stop) were plotted on y-axis. Enriched mutations (log2 fold change 
> 0) were indicated in red, while depleted mutations (log2 fold change < 0) were indicated in blue. White indicates amino acid 
substitutions that were not present in the mutational library. (B) PPXbd wild type amplicon (), mutant amplicon with missense 
(), nonsense (), or amber stop () mutation was plotted as individual dot on each panel, where the log2 fold change values of 
the heparin competitive selection versus input library were plotted on the x-axis and the –log10(q-value) of the positive selection 
were plotted on y-axis. 
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Supplementary figure 4.6 Negative selection without polyP was performed using library B. As a negative control, no biotin-
polyP560 was added to each tube containing 30 µL of streptavidin coated Dynabeads. 5 x 109 phages without any competitors were 
diluted in phage buffer II (see Method) and added into each tube. After 2-hour incubation, the unbound phages were washed off. 
The bound phages were cleaved overnight by enterokinase and eluted. DNA was extracted from eluted phages and the input library. 
The prepared amplicon sequencing library was submitted for HiSeq. The competitive selection NGS data was shown as MA plot 
(A) and volcano plot (B). (A) PPXbd wild type amplicon (), or mutant amplicon with missense (), nonsense (), or amber 
stop () mutation was plotted as individual dot on each panel, where the base mean counts of the input phage library were plotted 
on the x-axes and the log2 fold change values of the heparin competitive selection versus input library were plotted on y-axes. (B) 
PPXbd wild type amplicon (), mutant amplicon with missense (), nonsense (), or amber stop () mutation was plotted as 
individual dot on each panel, where the log2 fold change values of the heparin competitive selection versus input library were 
plotted on the x-axis and the –log10(q-value) of the positive selection were plotted on y-axis. 
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Supplementary figure 4.7 Principal component analysis revealed potential heparin interaction domains on PPXbd. Hiseq 
data from the competitive selection using phage library B were analyzed in R environment. The negative control group was removed 
and the rest of the groups were pooled together for DESeq2 analysis.248  Principal  component analysis was performed and data for 
individual amplicon from input library (), positive selection (), 25 U/mL heparin () and 50 U/mL heparin () competitive 
selection (each with biological triplicates) were plotted with PC1 variance on the x-axes and PC2 variance on the y-axes. 
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Supplementary table 4.1 E. coli PPXbd amino acid sequence. 
MEGRFRHQDVRSRTASSLANQYHIDSEQARRVLDTTMQMYEQWREQQPKLAHPQLEALLRW
AAMLHEVGLNINHSGLHRHSAYILQNSDLPGFNQEQQLMMATLVRYHRKAIKLDDLPRFTLF
KKKQFLPLIQLLRLGVLLNNQRQATTTPPTLTLITDDSHWTLRFPHDWFSQNALVLLDLEKEQ
EYWEGVAGWRLKIEEESTPEIAA* 

 

Supplementary table 4.2 Primers for phage display library construction 
Name Sequence (5’ – 3’) 
Phage library primer - fwd ttctcggcccagccggccgg 
Phage library primer - rev gtccttgtagtcaccaccacctgcggcc 
Mutation frequency PCR fwd tgttctgctgttcctgctg 
Mutation frequency PCR rev cgtcatcgtccttgtagtcac 

 

Supplementary table 4.3 Primers for NGS library preparation. 
Name Sequence (5’ – 3’) 
Amplicon 1 fwd NNNNNN-tcatgctgccggctttctc 
Amplicon 1 rev NNNNNN-gaacacgacgcgcttgct 
Amplicon 2 fwd NNNNNN-gaaccagtaccacatcgacagc 
Amplicon 2 rev NNNNNN-agcatcgccgcccaac 
Amplicon 3 fwd NNNNNN-acccgcagctggaagc 
Amplicon 3 rev NNNNNN-gctgttcttggttgaaacccg 
Amplicon 4 fwd NNNNNN-cgtcacagcgcgtacattc 
Amplicon 4 rev NNNNNN-cttaaacagggtgaaacgcgg 
Amplicon 5 fwd NNNNNN-cgttatcaccgtaaggcgatca 
Amplicon 5 rev NNNNNN-cggggtggtggtcgc 
Amplicon 6 fwd NNNNNN-ttctgctgaacaaccaacgtca 
Amplicon 6 rev NNNNNN-ccttctccagatccagcagc 
Amplicon 7 fwd NNNNNN-tagccagaacgcgctgg 
Amplicon 7 rev NNNNNN-ttgtagtcaccaccacctgc 
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Chapter 5 Generation and Characterization of a Transgenic Mouse Model with a Point 
Mutation Destroying the Active Site of Coagulation Factor XII 

 

5.1 Introduction 

FXII, as the key serine protease zymogen in the contact pathway and plays important roles 

in linking blood clotting and inflammation.4,111,115 Similar to other serine protease zymogens in the 

clotting cascade, FXII contains a heavy chain responsible for surface binding and a light chain 

containing the protease domain, which consists of a catalytic triad (His, Asp and Ser).53,63,253 The 

contact pathway is activated by exposure of blood to negatively charged molecules or suitable 

surfaces.131 Upon activation, the serine protease FXIIa could further activate its substrate FXI and 

PK, generating FXIa and PKa.60,135 PKa cleaves its substrate and cofactor HK to produce BK, 

which serves as an inflammatory mediator.140 Dysregulation of BK generation may lead to life-

threatening diseases or allergic reactions, such as hereditary angioedema142 and anaphylactic 

shock.254 On the other hand, the activated protease FXIa triggers the intrinsic pathway of 

coagulation. Some recent studies found associations between the FXII-dependent FXI activation 

with thrombosis.42-45,171 Interestingly, FXII39,40 or PK41 deficient individuals or animal models do 

not have bleeding tendencies, implying that FXII did not participate in the normal hemostasis 

process. Therefore, targeting FXII holds promise for developing new anti-thrombotic drugs 

without interfering with hemostatic function. Apart from these functions, FXIIa is also part of the 

complement cascade,60,255 and the fibrinolysis pathway.256 There are multiple activators of FXII 

and the contact pathway, including polyP,121,169 unfolded proteins,128 neutrophil extracellular traps 

(NETs),257 nucleic acids117,128,187 and potentially β-amyloid.258-260 Since more functions of FXII 
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and FXIIa has been discovered, generating a reliable FXII deficient mouse model would be helpful 

for scientists to study the FXII-related pathologic mechanisms in vivo. 

One of the most widely used FXII deficient mouse models was generated by replacing exon 

1 and exon 2 of the F12 gene with the neomycin cassette.261 Briefly, the mouse F12 gene was 

disrupted in embryonic stem cells (ESC) by homologous recombination using a replacement-

targeting vector containing pTKNeo and thymidine kinase expression cassettes. The correct ESC 

clone was injected into C57Bl/6J blastocysts to generated chimeric mice. Male chimeric mice 

transmitting the targeted mutation into the germ line were bred with female mice from C57Bl/6J 

or 129X1/SvJ strains to establish the FXII knock-out (KO) model. Similarly, another transgenic 

mouse model was generated by replacing exons 3-8 of the F12 gene with NEO.262 In both of these 

mouse models, the activated partial thromboplastin time (aPTT) of homozygous FXII deficient 

mice was markedly elongated compared to the heterozygous and wild-type litter mates. 

Interestingly, a recent study showed that FXII may play a more sophisticated role in vivo that has 

not been previously appreciated.263 FXII zymogen was demonstrated to stimulate integrin 

expression on neutrophil surfaces, increase intracellular Ca2+ and promote extracellular DNA 

release. The sum of these activities contributed to neutrophil cell adhesion, migration, and release 

of neutrophil extracellular traps (NETs) in a process called NETosis. These activities were 

independent of FXIIa enzymatic activity and contact activation, implying a potential drawback of 

current FXII KO mouse models. Neutrophils not only participate in the inflammatory response, 

they interact with endothelial cells and platelets to play significant roles in the coagulation 

system.264,265 Thus, depleting the entire FXII protein may alter neutrophil functions which may 

interfere with blood clotting and inflammation. In this study, we aimed to generate a new 

transgenic mouse strain where a point mutation will be introduced into the mouse F12 gene to 
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inactivate its protease activity. The entire heavy chain of FXII was maintained while in the light 

chain, the Ser in the catalytic triad was mutated into Ala so that FXIIa would no longer be an active 

enzyme. 

Instead of the conventional homologous recombination method to generate the genetically 

modified animal model, a genome editing tool that allows more precise modification of DNA 

sequence was chosen in this study to generate this transgenic mouse model. Zinc finger 

nucleases,266 transcription activator-like effector nucleases (TALENs)267 and clustered regularly 

interspaced short palindromic repeats (CRISPR)-associated (Cas) nucleases268,269 are genome 

engineering tools for generating genetically modified animals via microinjection into fertilized 

eggs.270 CRISPR/Cas9 has been widely used in gene editing in the past decade that allows precise 

editing at specific genomic loci.271-273 In order to precisely control the point of mutation, a single-

stranded oligodeoxynucleotide (ssODN) has been used as donor template in combination with the 

engineered nucleases while introduced into zygotes, since in mice, targeted knock-in (KI) with 

ssODN donors via homology-directed repair (HDR) has been reported to achieve high 

efficiency.274,275 

5.2 Materials and methods 

Ethics Statement 

All microinjection, egg transplantation, breeding and experimental procedures using mice 

were approved by the Institutional Committee on the Use and Care of Animals for the University 

of Michigan (protocol number PRO00008681). Mice were housed in specific pathogen-free 

conditions with ad libitum access to food and water. 
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Materials 

Cas9 mRNA was from PNABio (Thousand Oaks, CA), Ens-Cas9 Nuclease, T7 High 

Scribe, ApaI, NcoI, XbaI, Phusion polymerase and PCR cloning kit were from New England 

Biolabs (Ipswich, MA). KOD hot start polymerase and bovine hemoglobin were from Millipore 

Sigma (Burlington, MA). RNA clean up kit was from Zymo Research (Irvine, CA). DNA 

oligonucleotides used for gRNA synthesis, all primers, Invitrogen Maxiscript™ T7 kit, Phire 

Tissue Direct PCR Master Mix were from Thermo Fisher Scientific (Waltham, MA). ssODNs 

were from Integrated DNA Technologies IDT (Coralville, IA). HB101 Competent cells were from 

Molecular Innovations (Novi, MI). QIAquick PCR Purification kit was from Qiagen (Hilden, 

Germany). SYBR™ Safe DNA gel stain was from Invitrogen (Carlsbad, CA). Drabkin′s reagent 

was from RICCA Chemical Company (Arlington, TX). Owren-Koller buffer and the STA-PTTA 

(aPTT reagent) was from Diagnostica Stago, Inc (Parsippany, NJ). Human immunodepleted FXII 

deficient plasma was from Haematologic Technologies, Inc (Essex, Vermont). FXII KO mice were 

a generous gift from David Gailani’s lab. 

sgRNA design and synthesis 

Murine F12 genomic sequence was obtained from Ensembl.org 

(ENSMUSG00000021492). Several online sgRNA design tools were used to screen guide RNAs 

including Broad Institute, www.deskgen.com and http://crispor.tefor.net/. On-target and off-target 

scores were calculated using published methods.276,277 The principle is to have maximum on-target 

score and minimum off-target sites, close to targeted nucleotides, ideally within 10 bp. Other 

considerations for choosing guides included targeted nucleotides serving as protospacer adjacent 

motif (PAM) or PAM proximal, which would prevent Cas9 cleavage after the desired point 

mutations were introduced. Target specific oligos and universal oligos (Supplementary table 5.1) 

https://www.google.com/search?newwindow=1&rlz=1C1GCEA_enUS810US810&sxsrf=ALeKk03zGnVAzMQYXCsmWOEVNXkLqnZYjg:1610153146040&q=Ipswich+,+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MDKvyMoyV-IEsQ1zzQsqtbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1jFPQuKyzOTMxR0FHwTi4sTkzNKi1NLSop3sDICAB6fQlNiAAAA&sa=X&ved=2ahUKEwjTzbbyz43uAhVSCM0KHSUvCK8QmxMoATAQegQIGhAD
https://www.google.com/search?newwindow=1&rlz=1C1GCEA_enUS810US810&sxsrf=ALeKk01ZsGxbcok2SdLDHuYKPnnRRbsvgQ:1610153456946&q=Waltham,+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWMXCE3NKMhJzdRR8E4uLE5MzSotTS0qKd7AyAgC_w9ZWYAAAAA&sa=X&ved=2ahUKEwiR3daG0Y3uAhVXG80KHWalAJ8QmxMoATAcegQILRAD
https://www.google.com/search?newwindow=1&rlz=1C1GCEA_enUS810US810&sxsrf=ALeKk03q_jO2nUtA-rZYRKrOEYXThjXzgw:1610153482653&q=Coralville,+Iowa&stick=H4sIAAAAAAAAAOPgE-LSz9U3MMnKyLVIUuIAsUsMDDK0tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWAWc84sSc8oyc3JSdRQ888sTd7AyAgBIlqg5WgAAAA&sa=X&ved=2ahUKEwjV2veS0Y3uAhVnAZ0JHVpVB68QmxMoATAfegQILRAD
https://www.qiagen.com/us/products/discovery-and-translational-research/dna-rna-purification/dna-purification/dna-clean-up/qiaquick-pcr-purification-kit/
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were assembled in a PCR reaction to generate the DNA templates for in vitro transcription of the 

sgRNA as previously described.271 

ssODN design 

We included two nucleotide mutations in the repaired template (Figure 5.1A). One T > G 

mutation was introduced in a TCC codon to create the S545A mutation, which “inactivated” the 

active site Ser545 in FXII. Another G > T mutation was also knocked into the following PAM 

region. This silent mutation did not change the translation of Gly546, but destroyed the PAM site. 

Since PAM site recognition is required for Cas9 to cleave the dsDNA, the strategy of including 

the silent mutation in the ssODN was to prevent further cleavage of the modified gene product by 

Cas9, improving the gene editing efficiency. In addition, the silent mutation also destroyed the 

original cleavage site (GGGCC’C) for the restriction enzyme, ApaI, which could be used for RFLP 

genotyping. 

 

Figure 5.1 General scheme of generating FXII-S545A transgenic mouse model.  (A) CRISPR/Cas was used in combination 
with a repair template (ssODN) for precise genetic modification. Located on the last exon of F12 gene, the nucleotides TCC encode 
for the FXIIa active site Ser545. The designed sgRNA/Cas9 recognized the highlighted PAM sequence GGG after Ser545. In wild-
type mice, the next amino acid residue after Ser545 should be Gly546. The presence of ssODN not only changed nucleotides TCC 
to GCC (S545A mutation), but also introduce a silence G > T mutation in the following PAM sequence. (B) An illustrative figure 
of SNPs distribution along the chromosomes in G0 founders were shown above. Two selected SNP loci were upstream of the F12 
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gene whereas three SNP loci were downstream of the F12 gene. All five SNP loci contained different nucleotide sequences among 
C57BL6/J species and SJL species. 

 

Repair template was designed to introduce desired point mutations in specific genomic 

locus. ssODN serving as repair template was chemically synthesized (Supplementary table 5.1). 

ssODN was complementary to the “no PAM” strand. ssODN contained asymmetric homology 

arms. A silent mutation was introduced to generate restriction enzyme cleavage site to ease 

genotyping of modified animals. Cleavage efficiency was measured in vitro using Cas9 protein 

according to the manufacture’s instruction. 

Microinjection 

Zygote preparation and manipulation, microinjection and embryo transfer to 

pseudopregnant females followed standard methods.278 To prepare microinjection solution, 100-

200 ng/μL Cas9 nuclease, 50-100 ng/μL gRNA, and 100 ng/μL ssODN were mixed in TE buffer 

(20 mM Tris-HCl, 1 mM EDTA, pH7.4), incubated at room temperature for 10 min, and 

centrifuged at 13000 rpm for 5 min.273 Supernatant was stored at - 80ºC or on ice for 

microinjection. Pronuclear alone or both pronuclear and cytoplasmic injected zygotes were 

transferred to pseudopregnant females at 2-cell stage. Microinjection was performed at the 

Transgenic Core of the University of Michigan. Mice were housed in ventilated racks with 

automatic watering and ventilated cages. Zygotes for microinjection were obtained by mating 

B6SJLF1 (Jackson Stock Number 100012) female mice with B6SJLF1 males. G0 founders were 

backcrossed with C57BL/6J (Jackson Stock Number 000664) mice to establish lines. 

Genotyping of founder mice by deep sequencing 

Since the G0 mice are all mosaics, the PCR products of the tail snip samples from selected 

G0 founders were submitted to GENEWIZ for next-generation sequencing to identify the founder 

mice that contain the correct mutations. The G0 founder mice containing the desired point 
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mutations were backcrossed with C57BL6/J mice for at least 7 generations to obtain the FXII-

S545A transgenic strain with C57BL6/J background. 

Due to the mixed genetic background of our founder mice (B6SJLF1), it was possible that 

the knock-in mutation was on either the SJL allele or C57BL6/J allele. If the S545A mutation was 

on the SJL allele, the transgenic strain would never be on a pure C57BL6/J background, since the 

flanking region of F12 genome would remain on SJL background. In order to obtain the transgenic 

mouse line on a pure C57BL6/J background, several SNPs (rs29229808, rs29782713, rs6356383, 

rs6357350, rs6357403) upstream and downstream of the F12 gene were selected for screening of 

G0 founders containing the S545A mutation on C57BL6/J allele (Figure 5.1B). The DNA of F1 

pups from each G0 founder were extracted and each SNP region was amplified by PCR and 

sequenced. 

Genotyping by PCR & restriction fragment length polymorphism (RFLP) 

For G0 founder mice, F1, F2 and N2 pups, mouse tail tip biopsies were collected between 

2-3 weeks of age by clean scissors and incubated in tissue lysis buffer (100 mM Tris, 5 mM EDTA, 

200 mM NaCl, 0.2% SDS, pH8.0) with Proteinase K (0.4 mg/mL) at 55ºC overnight. Genomic 

DNA was isolated by isopropanol precipitation followed by washing with 70% ethanol. PCR 

primers were designed using Primer 3279 and were listed in Table S1. PCR followed standard 

conditions. PCR products were digested using restriction enzyme ApaI and examined on 1-2% 

agarose gel. Those G0 founders’ showing cleaved bands on the gel were sent for Sanger 

sequencing directly, or cloned into a vector using PCR cloning kit. 8-24 clones were screened and 

RFLP positive clones were sent for Sanger sequencing. For F1 or N2 progenies, PCR products 

were purified and submitted for Sanger sequencing. Sequencing alignments were performed using 

SnapGene® software (GSL Biotech). 
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For all the progenies of FXII-S545A mice, mouse tail tip biopsies or pulled hair containing 

follicles were collected by clean scissors or forceps, incubated in 20 μL sample dilution buffer 

supplemented with 0.5 μL DNA release additives (both in Phire Tissue Direct PCR Master Mix) 

at room temperature for 5-120 minutes. Samples were then boiled at 98ºC for 2-5 minutes to 

inactivate any nucleases released from tissue lysis. PCR followed by the instruction manual was 

conducted and products were digested using ApaI at room temperature before resolved on agarose 

gel. For FXII KO mice, a similar approach was used for sample preparation. PCR (primers261 in 

Supplementary table 5.1) products were directly resolved on agarose gel without restriction 

digestion. 

Background selection by single nucleotide polymorphisms (SNPs) 

To ensure obtaining FXII-S545A mutant mice on a pure C57Bl6/J background after 10 

rounds of backcrossing, the genetic background of F1 pups from each G0 founders were tested. 2-

3 SNPs in Mouse Genome Informatics (MGI) that showed difference between C57Bl6/J and SJL 

strain were selected before and after FXII-S545A locus on mouse genome. These loci containing 

individual SNPs were amplified using PCR and sequenced (primers in Supplementary table 5.2). 

Blood collection & plasma preparation 

Based on previous studies, tail cut and heart puncture appeared to result in artificial 

coagulation activation due to tissue damage, and therefore vena cava puncture was 

recommended.280 In this study, blood was draw from the caudal vena cava. Mice were anesthetized 

with an inhaled isoflurane-oxygen mixture and placed on a heated surgical tray. The 

abdominal cavity was opened, and blood was drawn from the caudal vena cava into a syringe 

containing 50 µL 3.1% sodium citrate. If more than 450 µL whole blood were drawn, extra citrate 

was then added to make a final concentration of 10% citrate v/v. Citrated blood (kept at 37°C for 
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no longer than 40 minutes) was centrifuged twice at 500 x g and once at 2000 x g to remove blood 

cells. Normal plasma samples were frozen at -80°C. 

Tail bleeding assays 

Mice were anesthetized with an inhaled isoflurane-oxygen mixture and placed on a heated 

surgical tray. The tail tip was immersed in a 15-mL plastic test tube filled with 37°C 0.9% saline. 

The distal 5 mm of tail was then transected with a razor blade and re-immersed in 37°C saline for 

12.5 minutes. Bleeding time was measured with a stopwatch for the entire time frame, after which 

the blood samples were pelleted at 500g for 10 minutes at room temperature and stored at -80°C. 

The frozen blood pellet was resuspended in 2 mL Drabkin’s Reagent and incubated at room 

temperature for 15 minutes with vortex. Amount of hemoglobin lost was quantified by comparing 

the absorbance of the samples at 540 nm to a standard curve of bovine hemoglobin in Drabkin’s 

reagent. 

Plasma clotting assays 

Plasma clotting times were quantified at 37°C by using a STart4 coagulometer 

(Diagnostica Stago). 50 μL of plasma sample was pipetted into a prewarmed coagulometer cuvette 

with magnetic balls and incubated for 1 minute, after which 50 μL of prewarmed aPTT reagent 

was added and allowed to incubate for exactly 3 minutes at 37°C. Clotting was initiated by the 

addition of 50 μL of prewarmed 25 mM CaCl2. 

FXII activity tests 

Pooled normal plasma from wild-type C57BL6/J mice were diluted with Owren-Koller 

buffer into 0.078%, 0.156%, 0.3125%, 0.625%, 1.25%, 2.5%, 5%, 10% and 20% v/v for use as 

standard samples. 15 μL of plasma samples from individual FXII-S545 mouse were diluted with 

135 μL of Owren-Koller buffer. 50 μL of diluted plasma samples or standard samples were mixed 
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and prewarmed with 50 μL of human FXII deficient plasma before aPTT reagent was added. 

Plasma clotting times were then quantified. 

FeCl3-induced thrombosis in mouse carotid arteries 

Mice were anesthetized by using an inhaled isoflurane-oxygen mixture and placed on a 

heated surgical tray. The left carotid artery was exposed via a midline cervical incision and blunt 

dissection, and blood flow was monitored with a Doppler vascular flow probe (Transonic 0.5PSB) 

connected to a perivascular flowmeter (Transonic TS420). To induce thrombosis, two 1 × 2-mm 

pieces of filter paper (Whatman GB003) saturated with freshly prepared 7.5% anhydrous FeCl3 in 

saline were applied to the deep and superficial surfaces of the artery. After 5 minutes, the filter 

papers were removed and the vessel was irrigated with saline. Blood flow was monitored from 

FeCl3 application for 30 minutes or until occlusion, defined as no detectable flow for 1 minute. 

Mice were then euthanized by cervical dislocation while still under anesthesia. Flow data were 

interpreted with LabScribe2 (iWorx Systems). Statistical analyses were performed by using 

GraphPad Prism 8. Unless otherwise noted, data throughout this study are reported as mean ± 

standard error of the mean. 

5.3 Results 

In this study, we used the CRISPR/Cas system in combination with an ssODN to precisely 

modify the F12 gene at specific locations. 

Selection of FXII-S545A G0 founder mice containing mutations on C57BL6/J allele 

The chimeric G0 founders were backcrossed with wild-type C57BL6/J mice to produce F1 

pups. Those who had germline transmission of the S545A mutation was selected by genotyping 

F1 pups. Out of all three G0 founders containing the correct mutation confirmed by deep 

sequencing, one did not have germline transmission of the mutant gene and one had the mutation 
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on the SJL allele. Only one had the mutation on C57BL6/J allele and had germline transmission, 

whom all the progeny mice were produced from and used in this study. 

Genotype characterization of FXII-S545A mice 

The F1 mice were intercrossed to produce F2 mice and backcrossed with wild-type 

C57BL6/J mice to produce N2 mice. F1, F2 and N2 FXII-S545A transgenic mice were genotyped 

by Sanger sequencing (Figure 5.2A). The three genotypes FXII-S545AS/S, FXII-S545AS/A, and 

FXII-S545AA/A showed distinctive peak patterns on the chromatograms. The sequencing result for 

both FXII-S545AS/S and FXII-S545AA/A mice showed clear single peaks at the mutant positions, 

although FXII-S545AA/A had a T > G mutation at Ser545 and the silent G > T mutation at the 

following PAM region. The sequencing result for the heterozygous FXII-S545AS/A mice showed 

overlapping peaks at these two positions, representing the wild-type allele and the mutant allele. 

This result demonstrated the linkage of these two mutations, suggesting that for mice containing 

the S545A mutation should also contain the silent mutation. 

For the progeny mice that resulted from intercrossing or backcrossing N2 mice, genotyping 

was performed using RFLP by ApaI (Figure 5.2B). The PCR product from a wild-type F12 gene 

would be cleaved by ApaI, generating 2 lower bands, but those from the S545A mutant F12 genes 

would not be cleaved by ApaI, leaving an intact upper band. Therefore, the heterozygous FXII-

S545AS/A mice showed all three bands. There were no observable defects or distinctive phenotypes 

among all three genotypes and the genotype ratio between wild-type, heterozygous and 

homozygous litter mates was roughly 1:2:1 (data not shown). In addition to the FXII-S545A 

mutant mice being generated in this study, the currently available FXII-KO mice were used as a 

positive control. Genotyping result of FXII-KO mice was consistent with previously published 

data (Figure 5.2C).261 
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Figure 5.2 Genotype of FXII-S545A transgenic mice. (A) Sanger sequencing result distinguished different genotypes of FXII-
S545A mice. Mice tail snips from all G0 founder mice, F1, F2 and N2 progenies were collected and DNA was extracted.  FXII 
S545 region was amplified by PCR using standard protocol and submitted for Sanger sequencing. Sequences were aligned with 
wild-type F12 genome DNA. Data were from representative FXII-S545A litter mates. (B) RFLP gel check confirmed genotypes 
of all progenies of the N2 generation mice. Mouse genomic DNA was extracted either from tail snips or from pulled hair. PCR 
products (963 bp) were digested by restriction enzyme ApaI. The wild-type F12 gene will be cleaved into two fragments (672 bp 
and 291 bp) whereas the mutant gene will not be cleaved. Data were from representative FXII-S545A litter mates. (C) PCR gel 
check was used to confirm the genotypes of all FXII-KO mice. Mouse genomic DNA was extracted either from tail snips or from 
pulled hair. Three PCR primers were used and the PCR products from the wild-type F12 gene showed a longer band (842 bp) 
whereas in the FXII-KO allele, PCR products showed a shorter band (492 bp). Data were from representative FXII-KO litter mates. 

 

Loss of FXIIa enzymatic activity did not affect hemostatic function (tail bleeding) 

FXII deficient humans do not show any increased bleeding tendency.39,40 Previous studies 

using FXII-KO mice also indicated that there was no spontaneous or excessive injury-related 

bleeding.45 Consistent with the result from previous studies, our FXII-S545AA/A mice did not show 
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prolonged bleeding time compared with FXII-S545AS/A and FXII-S545AS/S litter mates (Figure 

5.3A). The amount of blood loss between all genotypes was not significantly different either 

(Figure 5.3B). The Spearman's correlation coefficient between bleeding time and total blood loss 

was calculated to be 0.52, indicating that there were no strong association between these two 

variables (Figure 5.3C). These results demonstrated that knocking out FXIIa enzymatic activities 

did not cause excessive injury-related bleeding. 

 

Figure 5.3 FXII-S545A mice did not show increased bleeding in the tail bleeding model. The FXII-S545AS/S, FXII-S545AS/A, 
FXII-S545AA/A litter mates and FXII-KO-/-, which was included as a control, were anesthetized. The distal 5 mm of tails were then 
transected and immersed into prewarmed saline. (A) Bleeding time was measured in a 12.5-minute timeframe and plotted as a box-
and-whisker plot (n ≥ 5). Outliers were illustrated as individual dot. (B) Total blood loss was quantified as the amount of 
hemoglobin in the blood using Drabkin’s reagent. The absorption data were interpreted using a bovine hemoglobin standard curve 
and plotted as a box-and-whisker plot (n ≥ 5). Outlier was illustrated as individual dot. (C) For each individual mouse, the amount 
of blood loss expressed by the amount of hemoglobin in the blood was plotted on the x-axis and the bleeding time of each mouse 
was plotted on the y-axis. The Spearman's correlation coefficient r for all data points was calculated. 

 

Loss of FXIIa enzymatic activity resulted in elongated clotting time and loss of FXII plasma 

activity 

The aPTT coagulation assay was widely used in clinical diagnosis and FXII deficient 

individuals were discovered to have elongated aPTT clotting time.281 We demonstrated that the 

prolonged clotting time was at least partially dependent on FXIIa enzymatic activity. FXII-

S545AS/S mice had an average clotting time of 27.60 ± 0.70 seconds, FXII-S545AS/A mice had an 

average clotting time of 32.25 ± 1.39 seconds, whereas FXII-S545AA/A mice had a prolonged 
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average clotting time of 42.68 ± 1.085 seconds (Figure 5.4A). Using an aPTT assay based on 

human FXII-deficient plasma, it was determined that FXII-S545AA/A mice had a deficient FXII 

plasma activity (4.46 ± 0.75% of the FXII level of wild-type mice) as compared with FXII-

S545AS/A and FXII-S545AS/S litter mates whose average FXII plasma activity were 35.62 ± 4.03% 

and 89.58 ± 10.48%, respectively (Figure 5.4B). 

 

Figure 5.4 FXII-S545A mice showed elongated aPTT clotting time and depleted FXII plasma activity. The FXII-S545AS/S, 
FXII-S545AS/A, FXII-S545AA/A litter mates were anesthetized. Blood was collected from caudal vena cava and the plasma samples 
were prepared freshly. (A) APTT clotting assays were performed and the clotting times of each mouse were plotted as a box-and-
whisker plot. (B) FXII plasma activity were quantified using human FXII depleted plasma and normalized to a standard curve 
generated by pooled normal plasma collected and prepared from wild-type C57BL6/J mice. Data were plotted as a box-and-
whisker plot and an outlier was illustrated as individual dot. Data from both panels were analyzed by the non-parametric Kruskal–
Wallis test followed by Dunn's multi comparisons test (n ≥ 5). Statistical significance was indicated by Asterisk. Clotting assays 
were performed by Dr. Stephanie A Smith from Morrissey lab. 

 

FXII-S545A mice demonstrated thromboprotective effect 

A preliminary thrombosis experiment was conducted to test if this new transgenic mouse 

model that lacks FXIIa enzymatic activity would be protected from thrombosis. In the FeCl3-

induced carotid artery thrombosis model, none of the FXII-S545AA/A mice had occluded arteries 

over the 30-minute timeframe (Figure 5.5). Similar thromboprotective effect has been seen in FXII 

KO mice.45 There was no significant difference between the clotting times of FXII-S545AS/A and 

https://www.google.com/search?newwindow=1&rlz=1C1GCEA_enUS810US810&sxsrf=ALeKk015_iIYlZVnPuheF9HC20-B_8sjlA:1610425809810&q=dunn%27s+multi+comparisons+test&spell=1&sa=X&ved=2ahUKEwjnq9LSx5XuAhWEbs0KHcV9ApYQBSgAegQIERAw
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FXII-S545AS/S mice. These data suggested that the thrombus formation in the artificially induced 

thrombosis model was mediated by FXIIa enzymatic activity, rather than FXII zymogen. 

 

Figure 5.5 FXII-S545A transgenic mice demonstrated thromboprotective effect in a FeCl3-induced thrombosis model. The 
FXII-S545AS/S, FXII-S545AS/A, FXII-S545AA/A litter mates were anesthetized and 7.5% FeCl3 solution was used to induce 
thrombosis in the carotid arteries of individual mouse. Blood flow was detected by a Doppler vascular flow probe and monitored 
for 30 minutes. Time to occlusion was plotted as a box-and-whisker plot. Data from both panels were analyzed by the non-
parametric Kruskal–Wallis test followed by Dunn’s multi comparisons test (n ≥ 2). Statistical significance was indicated by 
Asterisk. Thrombosis experiments were performed by Dr. Stephanie A Smith from Morrissey lab. 

 

5.4 Discussion 

In this study, a new transgenic mouse model that lacks of FXIIa enzymatic activity was 

generated and briefly characterized. We demonstrated that FXII-S545A mice did not have 

increased injury-related bleeding tendency, but had a prolonged aPTT clotting time and loss of 

FXII plasma activity. We also found that the homozygous mice showed a thromboprotective effect 

when challenged by thrombosis induced reagent, FeCl3. This new mouse model, upon further 

characterization, maybe used for future studies related to functions of FXIIa in blood clotting. We 

expect the new mouse model to be more suitable for FXIIa functionality studies compared with 

currently available FXII-KO mice, with less or no interference with neutrophil functions by 

maintaining the expression of intact FXII zymogen. 

https://www.google.com/search?newwindow=1&rlz=1C1GCEA_enUS810US810&sxsrf=ALeKk015_iIYlZVnPuheF9HC20-B_8sjlA:1610425809810&q=dunn%27s+multi+comparisons+test&spell=1&sa=X&ved=2ahUKEwjnq9LSx5XuAhWEbs0KHcV9ApYQBSgAegQIERAw
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It was very interesting that the aPTT result from FXII-S545AS/A mice showed a different 

pattern as compared to FXII-KO+/- mice. In previous studies, the FXII-KO heterozygous mice 

showed a similar clotting time as compared with their wild-type litter mates.261,262 However, the 

FXII-S545AS/A mice generally had clotting times in between FXII-S545AA/A and FXII-S545AS/S 

mice. It was possible that in the heterozygous mice, that “inactive” FXIIa will still bind to the 

negatively charged surface with FXI, though not being able to cleave FXI, which decreases the 

rate of FXI cleavage by the active FXIIa, and therefore decreased clotting. Alternatively, since 

FXII could undergo autoactivation (activation of zymogen FXII by FXIIa), the "inactive" FXIIa 

may also compete with FXI to bind with the active FXIIa on the surface without undergoing 

autoactivation. Despite being an artificial in vitro assay, the aPTT clotting time is widely used in 

diagnosing FXII deficiency in clinical studies. This result suggested that patients lacking the entire 

FXII protein versus those who lack functional FXIIa may have different aPTT clotting times. 

Although we finished some early characterization, a wide range of experiments need to be 

conducted in the future. A recently published study indicated that PKa directly interacts with and 

activates FIX, resulting in thrombin generation and fibrin formation independent of FXI.282 This 

finding challenged the classical “waterfall” coagulation cascade,5,6 suggesting that there may be 

additional protease reactions that bypass the activation of FXI by FXIIa. The interaction between 

FXII, PK and FXI is complicated, as both autoactivation and reciprocal activations are involved. 

For future studies, additional thrombosis experiments will be conducted to thoroughly investigate 

the role of FXII, PK and FXI in blood clotting. 

In addition, neutrophil functionality tests would be of interest to compare the difference 

between this new mouse model with the traditional FXII-KO mouse model. As FXII serves as a 
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crosstalk between coagulation and inflammation, it will be interesting to compare the survival rate 

of both mouse models when challenged with lipopolysaccharide (LPS). 
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5.5 Supplementary tables 

 

Supplementary table 5.1 Primers used for generation and characterization of transgenic mice. * T7 promoter, T7 polymerase 
binding site, target sequence and tracr RNA sequence were assembled by DNA oligos 1-5. The Ser545 residue was encoded by 
highlighted TCC. 

Name Sequence (5’ – 3’) 
DNA template for sgRNA 
synthesis 

GAAATTAATACGACTCACTATAGCCCACCCAGGGTGACTCCG 
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTA
TCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTT 

Oligo 1 (universal T7) GAAATTAATACGACTCACTATA 
Oligo 2 (target specific) CGACTCACTATAGCCCACCCAGGGTGACTCCG 
Oligo 3 (target specific) TCTAGCTCTAAAACCGGAGTCACCCTGGGTGGG 

Oligo 4 (universal tracr RNA) AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTA
GCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC 

Oligo 5 (universal tracr RNA) AAAAGCACCGACTCGGTGCC 

ssODN (repair template) 
CAAGCATAAGGCAAGAACCACGTGCTGCCTGTTCCCCACCCAGGG
TGACGCCGGTGGCCCTCTGGTGTGTGAGGAAGGAACTGCAGAACA
TCAGCTCACCCTGCGCGGAGTCATCAGCTGGGGCTC 

FXII-S545A genotyping PCR 
forward primer CTTCTGGAGGCATCTCTTCG 

FXII-S545A genotyping PCR 
reverse primer CTGAGGAACGTTTTCAAAGCAC 

FXII-S545A genotyping PCR 
sequencing primer TTGCAGGGGCTGAAGAATAC 

FXII-KO genotyping PCR 
primer 1 GGCCTCTTGTATTGACTGATGA 

FXII-KO genotyping PCR 
primer 2 AACTGCCATCATAACGTTAGCC 

FXII-KO genotyping PCR 
primer 3 GCAGAGGTTACGGCAGTTTGTCTCTCC 

 

Supplementary table 5.2 Primers used for SNP-containing regions PCR. 
SNP ID PCR Primers Sequence (5’ – 3’) 

rs29229808 Forward and sequencing GACCTGGATACCTTGACTCAG 
Reverse GTGCCTACATTTGAGTGCTTC 

rs29782713 Forward and sequencing TATGGGGCTGGGAATATAACG 
Reverse ACAATTTTCAGTTGGTGACAGG 

rs6356383 Forward and sequencing AAGCGGAGAAGTTCCCTTTG 
Reverse AAGACTGCAGCCAAATTTCTG 

rs6357350 Forward and sequencing TCAAACCTCTCATCCTTCGC 

rs6357403 Reverse CAGAGCTGGTTGGTCCTAAG 
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