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Abstract

Blood clotting is a crucial step in the wound healing process. In a series of proteolytic
cleavage reactions, inactive blood clotting factors (zymogens) are transformed into active
enzymes. The physiologic activator of blood clotting is the tissue factor — factor VIla (TF-FVIIa)
complex. Upon vascular damage, the integral membrane protein TF is exposed and binds the serine
protease FVIla. TF-FVIla drives blood clotting through proteolytic cleavage of its two major
protein substrates, the zymogens factor IX (FIX) and factor X (FX). The activation of FIX and FX
is facilitated by TF residues located adjacent to or within the putative substrate binding site on TF
(the TF “exosite”). Previous studies have shown that mutating TF exosite and exosite-adjacent
residues leads to a strong decrease in activation of FIX and FX. However, it remains unclear how
TF-FVIla exhibits selectivity between these substrates. We hypothesized that an exosite-adjacent
TF serine loop mediates substrate selectivity by the TF-FVIla complex. Through extensive
mutagenesis studies in combination with enzymatic assays, we determined that the length of this
TF serine loop affected FIX and FX activation very differently. While FX activation was decreased
by up to 200-fold when the serine loop length was changed by just one residue, FIX activation was
largely unaffected. The serine loop seems to regulate the TF exosite during FX activation but has
no effect on the exosite during FIX activation. The results of this study suggest that the TF-FVIla
complex actively selects between its major protein substrates, which is mediated by a TF serine
loop.

TF residues are not just involved in TF-FVIla substrate selectivity but also in substrate
recognition. While it is known that mutating TF exosite residues leads to decreased FX activation,
it is unclear how the TF exosite interacts with FX. We hypothesized that portions of the FX light
chain bind to the TF exosite to facilitate substrate activation. To test this hypothesis, we generated
a stable membrane-bound complex comprising TF, FVIla and a FX mimetic (XK1). XKI is a
hybrid protein that has increased affinity for TF-FVIla and consists of the FX light chain bound to
the Kunitz 1 domain of tissue factor pathway inhibitor. The TF-FVIIa-XK1 complex was

generated, validated, and then imaged using negative stain and cryo-electron microscopy (EM).
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Our preliminary cryo-EM model, the first model of TF-FVIla bound to a substrate, indicates
potential interactions between the TF exosite and FX light chain. These interactions could mediate
substrate recognition by the TF-FVIla complex.

Serine proteases are not just important for blood clotting but are also involved in many
other cellular processes. Serine proteases are typically synthesized as inactive precursors
(zymogens) which remain inactive until they reach their target location. However, in some cases
serine proteases can be prematurely activated, leading to severe diseases. We hypothesized that
millimolar concentrations of ATP and other nucleotides in the Endoplasmic Reticulum (ER) and
Golgi could keep prematurely activated zymogens enzymatically inactive while they transition
through these compartments. Our kinetic, binding and structural studies revealed that serine
proteases are inhibited at low millimolar concentrations of nucleotides. ADP and ATP act as
uncompetitive inhibitors and bind to serine proteases cooperatively. Inhibition of serine protease
activity by ATP and other nucleotides may serve as a safety mechanism to prevent cellular damage

caused by premature activation of proteases.
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Chapter 1 Introduction

1.1 Overview of Blood Clotting

Hemostasis is an intricate, tightly regulated process that seals off damage to the vasculature
after injury. To guarantee wound healing, the hemostatic system is composed of three major
players: blood clotting, platelet activation, and vascular repair.! Blood clotting (or coagulation) is
the most prominent of the three players. Over 2000 years ago, philosophers in ancient Greece first
discovered that blood forms fibers when it leaves the body.! However, most blood clotting factors
were discovered in the 20" century. Established in the 1960s, the mechanism of blood clotting is
described as a series of proteolytic cleavage reactions that are reminiscent of a waterfall or
cascade.?? This cascade of reactions transforms inactive clotting factors (zymogens) into active
enzymes. Most of these blood clotting enzymes are serine proteases.

The coagulation cascade is divided in two major pathways: the extrinsic pathway (or tissue
factor pathway) and the intrinsic pathway (or contact pathway).* The pathways are named based
on how they are activated. Activation occurs either through tissue factor, an integral membrane
protein, or a negatively charged contact surface. After a series of proteolytic cleavages, the two
pathways eventually merge into a single pathway known as the common pathway. The final step
of the coagulation cascade is the formation of a blood clot, composed of fibrin strands and activated
platelets, that seals the injured vasculature.

In contrast to hemostasis, thrombosis is the formation of a blood clot inside the lumen of a
blood vessel. These “unwanted” blood clots can lead to obstruction of the arterial or venous
circulation. This obstruction can cause heart attacks and strokes, the two leading causes of deaths
globally.” While only the tissue factor pathway contributes to hemostasis, both the tissue factor
and contact pathway play an important role in thrombosis.* Thus, it is crucial to understand these
pathways on a molecular level. New insights into the initiation of blood clotting could lead toward

the development of novel antithrombotic therapies for the treatment of thrombotic diseases.



1.2 The Tissue Factor Pathway

The tissue factor pathway plays a crucial role in hemostasis and many thrombotic diseases.’
The pathway is initiated by the tissue factor — factor VIla (TF-FVIIa) complex. Upon vascular
injury, TF-expressing cells become exposed to plasma that contains the serine protease FVII
(zymogen form) or FVIIa (active enzyme). This leads to the formation of a two-subunit enzyme
with TF as the regulatory subunit and FVIla as the catalytic subunit.” The TF-FVIIa complex
converts its two main protein substrates, the zymogens factor XI (FIX) and factor X (FX), into

active enzymes, propagating the coagulation cascade.

1.2.1 Tissue Factor

TF (also known as coagulation factor III, thromboplastin or CD142) is a 263-amino-acid
glycoprotein with a molecular weight of ~46 kDa. TF is expressed on many non-vascular cells,
including adventitial and epithelial cells, but there is little to no TF expression on endothelial
cells.®1? Deletion of the TF gene in mice is embryonically lethal, underlining the essential role of
TF in hemostasis.!!"!'* As a member of the cytokine class II receptor family, TF is a transmembrane
protein that contains three domains (Figure 1.1): an N-terminal extracellular domain (residues 1-
219), a transmembrane domain (residues 220-242) and a C-terminal cytoplasmic tail (residues
242-263).'*17 The extracellular domain, often referred to as soluble TF (sTF), is comprised of two
fibronectin type III domains. The X-ray crystal structure of sTF has been determined by several
groups.'®2% The extracellular domain is connected to the transmembrane domain by a six amino
acid, flexible linker. The transmembrane domain is comprised of one single alpha helix and its
exact composition is unimportant for TF function. Replacing the transmembrane domain with a
glycophosphatidylinositol anchor or tethering hexahistidine tagged sTF to the membrane via
nickel-chelating lipids retains the procoagulant activity of TF.2!*? The cytoplasmic domain is
dispensable for TF procoagulant activity but contains several post-translation modifications
(phosphorylation of Ser>> and Ser?*8, S-palmitoylation of Cys®*°) that are involved in downstream
signalling. >

The procoagulant activity of TF is not just regulated by high cell-surface expression but
also by encryption and decryption of TF. TF is encrypted (inactivated) in healthy cells but upon
vascular injury TF gets decrypted (activated). Although the exact mechanism is not fully

understood, several hypotheses how TF activity is regulated have been proposed. The first and



most well-known hypothesis states that TF activity is regulated by the phospholipid environment.
In resting condition, the phospholipid, phosphatidylserine (PS), is sequestered to the inner
membrane leaflet.?>2° Upon stimulation through vascular injury or increased Ca** concentrations,
selective lipid transporters shuttle PS to the outer membrane leaflet. The negatively charged PS
provides a suitable environment for binding of clotting proteins (including FIX and FX) and
optimally positions TF-FVIIa for substrate cleavage.?’?° The second and more controversial
hypothesis states that TF activity is regulated by the oxidation and reduction of the Cys!®-Cys??
bond in the TF extracellular domain. Reduction of this disulfide bond renders TF
encrypted/inactive, while oxidation leads to decrypted/active TF.>%3! This process could be

regulated by protein-disulfide isomerase (PDI).>?> However, several studies have disputed the

33,34

allosteric disulfide bond hypothesis.

(‘

FVIla {

Extracellular )

domain
(2 fibronection type
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Cytoplasmic tail

Figure 1.1 The tissue factor - factor VIIa complex. The crystal structure (PDB entry: 3TH2) of sTF (teal) in complex
with FVIIa (green), arranged on a cartoon of the phospholipid bilayer (light gray) with phosphatidylserine (dark gray).
Cartoon depictions of the TF transmembrane and cytoplasmic domains are added to the C-terminus of TF. FVIla-
bound divalent metal ions are Ca>" (yellow spheres) and Mg?" (orange spheres). The side chains of the TF exosite
region are rendered in space-filling (red) and are located near the C-terminus of the sTF. Figure was created with
BioRender.com and PyMOL.org.



The third hypothesis states that TF activity is regulated by dimerization, although both
monomeric and dimeric TF show procoagulant activity.>*¢ The fourth hypothesis states that TF
activity is regulated by localization to lipid rafts. This hypothesis is controversial, as TF located in
lipid rafts appears to be both active and inactive.’’*® The conflicting reports on TF
encryption/decryption suggest that the regulation of TF activity is still not fully understood, and
several steps might be required to achieve fully decrypted TF.

1.2.2 Factor VII/'VIIa

FVII (the zymogen form of FVIIa) is a 406-amino-acid glycoprotein with a molecular
weight of ~50 kDa. FVII is synthesized in the liver and then secreted into the blood stream,
circulating in the plasma at a concentration of ~10 nM with 1% of the total concentration in the
active form (~0.1 nM FVIIa).* Deletion of the FVII gene causes fatal perinatal bleeding in mice,
highlighting the crucial role of FVII in hemostasis.*® FVII is comprised of a C-terminal serine
protease domain, two epidermal growth factor—like domains (EGF1 and EGF2) and a N-terminal
y-carboxyglutamic acid-rich (GLA) domain (Figure 1.1).*'*> The domain structure of FVII is
homologous to other clotting proteins, including FIX, FX and protein C.

The serine protease domain of FVII is essential for catalytic function, containing the

193 43-

catalytic triad (His'?, Asp?*?, Ser***) and a binding site for one functionally important Ca*" ion.
45 A linker region between the protease domain and EGF2 domain contains the Ile'*3*-Arg!>? bond.
Proteolytic cleavage of this bonds leads to activation of FVII to FVIla, resulting in two polypeptide
chains (heavy and light chain) connected by the Cys'**-Cys?? disulfide bond. Proteolytic cleavage
of FVII to FVIla in vitro is triggered by several proteins, including TF-VIla, FIXa, FXa, FXlIla,
thrombin and plasmin.*>! However, the protease(s) responsible for cleavage in vivo are unclear.
Following the cleavage site and EGF2 is the EGF1 domain, which contains another important Ca®*
binding site.***> Connected to the EGF1 domain by a short aromatic stack is the GLA domain,
which interacts with the phospholipid membrane. The GLA domain comprises ten vitamin K-
dependent, post-translationally modified y-carboxyglutamic acid (Gla) residues which coordinate
seven Ca?’ ions.**%3 Recent studies suggest that two or three of the Ca?* ions might be replaced

by Mg*" ions under physiological conditions, modulating membrane binding and activity of

FVIla.>*



1.2.3 The Tissue Factor — Factor VIIa Complex

The TF-FVIla complex, the physiological activator of blood clotting, is a two-subunit
enzyme composed of the regulatory subunit TF and the catalytic subunit FVIIa. The X-ray crystal
structure of the complex shows how the flexible FVIla wraps around the more rigid sTF (Figure
1.1).4+8 The main points of interaction are between the EGF1 and serine protease domain of FVIIa
and the N-terminal extracellular domain of TF. Interactions between the EGF2 and GLA-domain
of FVIIa and the C-terminal extracellular domain of TF are minor. TF interactions are crucial for
FVIla activity. While FVIIa alone is a poor enzyme, in complex with TF, FVIIa’s proteolytic
activity is increased by up to a million-fold.%>% In its function as cofactor, TF modulates FVIIa
activity in three ways by: (1) inducing a conformational change in the FVIla active site (allosteric
activation), (2) tethering FVIIa to the phospholipid membrane and (3) providing an extended
binding site for macromolecular substrates.

Allosteric activation of FVIIa is achieved by TF-induced conformational changes in the
FVIla active site. Upon binding to TF, the catalytic efficiency (kcaKm) of FVIIa hydrolysis of
small peptidyl substrates (amidolytic activity) is increased by 100-fold, a process largely driven
by increases in keat.> The conformational changes in FVIIa that lead to higher activity are
numerous. Hydrogen-deuterium exchange experiments show that TF stabilizes several loops in the
FVIla protease domain.®>%* Stabilization of the 170 loop, which is located close to the interaction
site with TF, is important for FVIIa amidolytic activity.®*” In addition to stabilization, TF binding
also repositions the FVIIa active site. While the active site of free FVIIa is located ~80A above
the membrane, the active site of FVIIa bound to TF is lowered by ~6A which optimally positions
it for cleavage of macromolecular substrates, including FIX and FX.%%% TF is even able to support
GLA-domainless FVIIa in maintaining the same distance to the membrane.”® These studies support
the idea that TF is a fairly rigid protein that is able to optimally position the flexible FVIIa and
maintain this position on the phospholipid membrane.

Interactions with the phospholipid membrane, particularly with PS, are crucial for TF-
FVIla activity.”! TF-FVIla substrate activation is increased by up to 100-fold in the presence of
PS-containing liposomes.®*7? PS supports TF-FVIla activity in several ways. PS exposure after
vascular injury is known to cause TF activation/decryption. Although the exact process is not fully
understood, PS is likely to interact with residues at the C-terminus of the TF extracellular domain.

MD simulation studies with both TF and TF-FVIla have identified potential TF residues that



interact with PS headgroups.?® Mutation of these membrane-interacting TF residues greatly
decreases activation of FIX and FX.?’ In addition to interacting with C-terminal TF residues, PS
also provides a surface for binding of FIX and FX. Like FVIIa, FIX and FX contain GLA-domains
that preferentially bind negatively charged phospholipids, including PS.”>"* PS helps bring FIX
and FX in close proximity to the TF-FVIIa complex on the membrane, increasing the rate of
substrate activation.”® Interestingly, in vitro experiments require PS concentrations of >20% PS
in the membrane to achieve full TF-FVIla activity, while the in vivo concentrations of PS in the
plasma membrane are only ~10%.”® This observation led to the hypothesis that other, more
abundant phospholipids might be able to substitute for the missing PS in vivo.
Phosphatidylethanolamine (PE) is the primary phospholipid that synergizes with PS, decreasing
the requirement for PS in the membrane.?®"-® Essentially any phospholipid headgroup other than
choline is able to synergize with PS to enhance TF-FVIla substrate activation (‘ABC hypothesis’
= Anything But Choline).”” However, not just protein-phospholipid interactions are important for
substrate activation, but also protein-protein interactions between TF-FVIIa and its substrates.

TF provides a putative substrate-binding site near the C-terminus of its extracellular
domain. This solvent-exposed surface is termed the “exosite” and located ~60 A away from the
FVIla active site, adjacent to membrane-interacting TF residues mentioned above. The exosite was
first identified by site-directed mutagenesis studies.”®8! The largest decrease in TF-FVIIa substrate
activation was detected upon mutation of residues Tyrl57, Lys159, Ser163, Glyl64, Lys165,
Lys166, Tyr185.8182 Lys165 and Lys166 are the most thoroughly studied and most essential
exosite residues.”®*%3%* Mutation of these residues decreases TF-FVIIa activity up to 100-fold.*>8*
However, mutation of exosite residues has no effect on the amidolytic activity of FVIIa®® which
indicates that the exosite is primarily involved in macromolecular substrate activation. The TF
exosite has a net positive charge, suggesting that it could interact with negatively charged Gla
residues at the N-terminus of FX/FIX or with PS headgroups in the phospholipid membrane. This
hypothesis is supported by experiments showing that TF exosite mutants were equivalent to
wildtype TF in supporting activation of GLA-domainless FX.3* Additionally, deletion of the GLA
domain of FVIIa decreases FX activation.”® This suggests that both the TF exosite and FVIIa Gla
domain are involved in substrate activation, potentially by binding the GLA domain of FIX and

FX. However, FIX and FX have a low affinity for TF-FVIIa® and a stable trimolecular complex



has not been generated yet. Novel approaches are needed to obtain structural data of this
trimolecular complex.

Full TF-FVII activity is achieved by allosteric activation of FVIIa, exposure of PS and TF
exosite interactions. However, additional regulation of TF-FVIla is crucial to control hemostasis.
Two natural anticoagulants that inhibit TF-FVIla are antithrombin® and tissue factor pathway
inhibitor (TFPI).}” Antithrombin inhibits TF-FVIIa in the presence of heparin®*®° and is the less
potent of the two inhibitors.’® TPFI inhibits TF-FVIIa in the presence of FXa, forming a quaternary
complex. TPFI is a Kunitz-type inhibitor composed of three Kunitz domains. The Kunitz 1 domain
binds FVIIa, while the Kunitz 2 domain binds FXa.”! TF exosite residues play an important role
in the inhibition of TF-FVIla-FXa by TFPL.*> TFPI has also been used as the basis to design
artificial inhibitors with the goal to develop novel antithrombotic agents. One of these artificial
inhibitors, named XK1, is a hybrid molecule of the light chain of FXa bound to the Kunitz 1
domain of TFPL.”® XK1 is a potent inhibitor that binds TF-FVIIa with high affinity.”® Although
TF-FVIla is a promising target for antithrombotic agents, current research focuses on clotting

factors that are solely involved in thrombosis to avoid potential bleeding side effects.

1.3 The Contact Pathway and Common Pathway

In contrast to the tissue factor pathway, the contact pathway is dispensable for hemostasis
in vivo but plays a major role in thrombosis.* The main clotting proteins in the contact pathway
are the serine proteases factor XI (FXI), factor XII (FXII) and plasma prekallikrein (PK) as well
as the non-enzymatic cofactor high-molecular-weight kininogen (HK). Deficiencies of FXII and

94,95

PK are not associated with excessive bleeding, supporting the hypothesis that the contact

pathway is dispensable for hemostasis. In contrast, animal studies underline the role of these two
proteins in protecting against thrombosis.”**8

The contact pathway is initiated by FXII, a ~80 kDa zymogen that circulates in plasma at
a concentration of 375 nM.?” Upon interaction with negatively charged surfaces or polymers, FXII
undergoes a conformational change and is converted to its active form FXIla via
autoactivation.!°%!% FXIIa subsequently cleaves PK, a ~85 kDa zymogen that circulates in plasma
bound to its cofactor HK. The resulting active form of PK is plasma kallikrein (PKa), which cleaves
more FXII to FXIla through a process known as reciprocal activation.!°%1%® Similar to FXII, PK

can also undergo autoactivation upon interaction with suitable surfaces and polymers.'%41%



Once enough FXIla is generated, it activates the zymogen FXI to its active form FXIa.
Unlike other clotting proteins, FXI is a disulfide-linked dimer consisting of two ~80 kDa subunits,
circulating in plasma bound to the cofactor HK.!?7-1% The FXI subunits are structurally similar to
PK, explaining why both proteins bind HK as a cofactor.!® The FXIa-HK complex subsequently
cleaves FIX. The ~57 kDa zymogen FIX serves as an interface between two blood clotting
pathways, as it can be activated by both FXIa (contact pathway) and the TF-FVIIa complex (TF
pathway).!!%!!! FIXa, in complex with its cofactor factor VIlla (FVIIIa), the activated form of
FVIII, cleaves FX to FXa.!'> At the generation of FXa, the contact pathway and tissue factor

pathway converge into the common pathway (Figure 1.2).
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Figure 1.2 The coagulation cascade. Coagulation is initiated by two distinct pathways: the tissue factor (TF) pathway
and the contact pathway. The TF pathway is initiated by TF-FVIIa which activates both FIX and FX to FIXa and FXa,
respectively. The contact pathway is initiated by reciprocal activation of FXII to FXIIa by PKa-HK, and PK to PKa
by FXIla on negatively charged contact surfaces or polymers. Both FXII and PK-HK can also be activated through
autoactivation by FXIla and PKa-HK, respectively. Subsequently, FXIla activates FXI-HK to FXIa-HK. FXIa-HK
activates FIX to FIXa, which marks the intersection between the TF pathway and the contact pathway. FIXa bound to
FVIlla activates FX to FXa. Upon activation of FXa, the TF pathway and the contact pathway merge into the common
pathway. FXa bound to FVa cleaves prothrombin to thrombin. Thrombin cleaves fibrinogen to fibrin (other functions
of thrombin are not shown here for simplicity). Together with activated platelets, fibrin forms a stable blood clot.
Figure was created with BioRender.com.



The common pathway of blood clotting starts with the zymogen FX, which can be activated
to FXa either through the TF-FVIIa complex or the FIXa-FVIIla complex.* FXa together with its
cofactor factor Va (FVa), Ca*" and phospholipids form the prothrombinase complex.'!>!!* The
prothrombinase complex goes on to activate prothrombin to thrombin, a highly abundant clotting
protein with plasma concentrations in the micromolar range.!'*!!'> High thrombin concentrations
are maintained through positive feedback loops.!'® Thrombin activates upward clotting enzymes
and cofactors, including FV, FVIII and FXI, which accelerates thrombin generation.!'®!!® As the
final step in the clotting cascade, thrombin activates fibrinogen to fibrin.!' Fibrin is present in
plasma at high concentrations (up to 4 g/L), forming an interconnected mesh of fibrin strands
which are stabilized by factor XIII (FXIII).!?*12? This fibrin mesh together with activated platelets

forms a stable blood clot.

1.4 Serine Proteases beyond Blood Clotting

Serine proteases play important roles in many cellular processes beyond blood clotting.
Within the hemostatic system, serine proteases participate in fibrinolysis. During fibrinolysis, the
fibrin clot formed in the final step of coagulation is dissolved. The main enzymes involved in this
process are plasmin, tissue plasminogen activator (tPA) and urokinase (uPA).!?* Plasmin is
generated by tPA and uPA through cleavage of the zymogen plasminogen. Plasminogen is a ~92
kDa single-chain glycoprotein that is present in plasma at concentrations of 1-2 uM.!?* Cleavage
by tPA and uPA yields the active enzyme plasmin which is composed of two polypeptide chains
linked by a disulfide bond. Plasmin subsequently cleaves fibrin, dissolving the fibrin clot. All three
fibrinolytic enzymes belong to the class of trypsin-like serine proteases.'?*

Beyond hemostasis, serine proteases play a crucial role in food digestion. Two of the most
well-known serine proteases are the digestive enzymes trypsin and chymotrypsin. The zymogen
form of trypsin, trypsinogen, is produced in the pancreas. Upon entering the small intestine, it is
converted to trypsin by enterokinase.'?> Certain mutations in the trypsinogen gene can lead to
premature activation of trypsin while the protein is still in the pancreas, causing pancreatitis.'?6-128
Like trypsin, chymotrypsin is also produced in the pancreas in its zymogen form
chymotrypsinogen. In the small intestine, trypsin activates chymotrypsinogen to chymotrypsin.
Although chymotrypsin and trypsin prefer different cleavage sequences (trypsin selects for basic

amino acids, chymotrypsin for aromatic amino acids), the enzymes have high sequence identity



and a similar tertiary structure.'?>!3* The trypsins also share sequence similarities and cleavage
preferences with many blood clotting and fibrinolytic enzymes.!?*!3%!*! The important role of
serine proteases in many cellular processes makes these enzymes an interesting target for structure-
function studies. These studies will help us to gain new insights into the regulation of serine

proteases in blood clotting, fibrinolysis, digestion and many other processes.
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Chapter 2 A Serine Loop in Tissue Factor Mediates Substrate Selectivity by the Tissue
Factor - Factor VIIa Complex?

2.1 Introduction

The complex of TF and FVIIa triggers blood clotting in hemostasis and many thrombotic

4

diseases.!*>!33 TF is highly expressed in atherosclerotic plaques'** and plays a major role in

5 and ischemic stroke.!*® TF is an integral

thrombosis associated with myocardial infarction'?
membrane glycoprotein that is present on the surface of many extravascular cells.'*” Upon vascular
damage, TF is exposed to plasma and binds the serine protease FVIla (Figure 2.1 A), yielding a
two-subunit enzyme (TF-FVIIa) in which TF is the regulatory subunit and FVIla is the catalytic
subunit. In blood clotting, TF-FVIIa initiates clotting by proteolytically activating two substrates,
the zymogens FIX and FX, which then propagate the clotting cascade (Figure 2.1 A). Although
FX is the preferred substrate for TF-FVIla under most conditions, it is unclear how TF-FVIIa
selects between FIX and FX.!*8

Activation of both FIX and FX by TF-FVIla is thought to be promoted by a solvent-
exposed surface (“exosite”) near the C-terminus of TF.!3¥-140 Defined by mutagenesis studies, the
exosite appears to function as a putative substrate-binding site, located ~60 A away from the active
site of FVIla (Figure 2.1 B). The exosite comprises TF residues Y157, K159, S163, G164, K165,
K166 and Y185.!% Mutation of TF residues in the exosite, especially K165 and K166, decreases
FX and FIX activation by up to 100-fold, while FVIla binding and allosteric activation are not
impaired.!3%13%141 Although there are quantitative differences in the impact of specific exosite
mutations on FIX versus FX activation, the magnitude of these differences is relatively small.'*8

The TF exosite partially overlaps a stretch of four consecutive serine residues, S160-S161-

S162-S163 (Figure 2.1 B), that form a solvent-exposed loop which is unresolved in most soluble

2 This chapter was adapted from a research article published in the Journal of Thrombosis and Haemostasis in
accordance with the publisher’s copyright privileges for publication in a dissertation. Full citation: Birkle, F,
Morrissey, JH. A serine loop in tissue factor mediates substrate selectivity by the tissue factor—factor VIla complex.
J Thromb Haemost 2021; 19: 75— 84. https://doi.org/10.1111/jth.15087
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TF crystal structures.'*>!** However, this loop connects to a region on the TF ectodomain that we
previously proposed to interact with PS headgroups.?’ In the present study, we hypothesized that
this flexible S160-S163 loop might function as a linker between the TF exosite and the nearby
region that interacts with PS residues, and thus might mediate allosteric activation of the TF exosite
when this protein engages PS. Accordingly, we hypothesized that changing the length of this loop

could disrupt this allosteric linkage.
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Figure 2.1 TF pathway of blood clotting and the structure of TF-FVIIa. (A) Upon vascular damage, TF is exposed
to blood after which the TF-FVIla complex activates its major substrates, FIX and FX by limited proteolysis.
Downstream proteolytic reactions lead to thrombin generation and fibrin clot formation. (B) The crystal structure
(PDB entry: 3TH2) of the isolated TF ectodomain (teal) in complex with FVIla (green), arranged on a cartoon of the
phospholipid bilayer (grey). Bound divalent metal ions are Ca* (yellow spheres) and Mg?* (orange spheres). The side
chains of the TF exosite region are rendered in space-filling (red) and are located near the C-terminus of the TF
ectodomain. The TF serine loop S160-S163, which is also rendered in space filling (dark blue), is adjacent to both the
exosite and the proposed location of the phospholipid membrane. Figure was created with Adobe Illustrator and
PyMOL.org

To test this hypothesis, we generated an extensive set of TF exosite and serine loop
mutants, including multiple deletions and insertions within the S160-S163 loop. We tested the

activity of these mutants in substrate activation assays and thrombin generation assays. We now
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report the surprising result that, while increasing or decreasing the length of the S160-S163 loop
had little to no effect on the rate of FIX activation, inserting or deleting even a single serine residue
within this loop decreased FX activation by up to 200-fold. These findings suggest that the precise
length of the S160-S163 loop strongly contributes to substrate selectivity by TF-FVIla.

2.2 Materials and Methods

2.2.1 Materials

Materials were from the following sources: 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS),
Avanti Polar Lipids (Alabaster, AL); Bio-Beads SM-2 absorbent, Bio-Rad Laboratories (Hercules,
CA); recombinant human FVIla, American Diagnostica (now Sekisui Diagnostics, Lexington,
MA); FIX-immunodepleted plasma and purified human FIX, FIXa and FX, Haematologic
Technologies (Essex Junction, VT); Pefachrome FIXa, DSM Nutritional Products Ltd., Branch
Pentapharm (Parsippany, NJ); methoxycarbonyl-D-Nle-Gly-Arg-pNA acetate salt (FXa substrate),
Bachem (Bubendorf, Switzerland); pooled normal plasma (PNP) and FVIII-deficient plasma (<
1% activity), George King Bio-Medical (Overland Park, KS); Thrombin Calibrator and FluCa-Kit
(including Fluo-Buffer and Fluo-Substrate), Diagnostica Stago (Parsippany, NJ); and medium-
binding microplates, Corning (Tewksbury, MA).

2.2.2 Production and relipidation of recombinant TF

Recombinant human membrane-anchored TF (residues 3-244) was expressed in
Escherichia coli and purified as described.”® Expression constructs for TF mutants with serine loop
insertions and deletions had an N-terminal HPC4-epitope tag'** and were generated by GenScript
Biotech (Piscataway, NJ). They were purified by affinity chromatography using an HPC4-antibody
column. TF mutants with serine loop substitutions had a N-terminal 6xHis-tag and were generated
using the Q5 site-directed mutagenesis kit from New England Biolabs (Ipswich, MA). These
mutants were purified using nickel-NTA affinity chromatography. TF-liposomes were prepared
by incorporating TF into phospholipid vesicles of varying composition (POPS and POPC) as

described,'* using 15 mM deoxycholate as the detergent.
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2.2.3 Activation of FX and FIX

For most assays, initial rates of FX activation by TF-FVIla were quantified using a

22,146 jn 96-well plates with the following modifications.

continuous (one-stage) FX activation assay
TF-liposomes (0.6 nM TF, with 10 uM total phospholipid) and FVIIa (3 to 150 pM) were incubated
in HBSA buffer (20 mM HEPES pH 7.4, 100 mM NaCl, 0.1% bovine serum albumin, 0.02%
NaN3) with 5 mM CaCl,. Reactions were initiated by addition of 0.5 mM FXa substrate and 30
nM FX. The rate of change in A4s was measured at ambient temperature using a Spectramax 96-
well spectrophotometer (Molecular Devices, San Jose, CA). Initial rates of FX activation in the
presence of TF mutants were normalized to those measured in the presence of wild-type (WT) TF
with the same phospholipid composition. Ky, and ket values for FX activation were measured in
discontinuous (two-stage) assays in 96-well plates. TF-liposomes and FVIla (same concentrations
as for the one-stage assay) were incubated in HBSA with 5 mM CaCl, at 37° C for 5 min, after
which we initiated reactions by adding 25 to 400 nM FX. Timed, 10 pL aliquots were taken over
20 min and quenched on ice in a microwells containing 80 uL stop buffer (made by mixing, in
each well, 50 pL of 2% concentrated HBSA plus 20 mM EDTA, and 30 pL water). For the second
stage, plates were warmed to ambient temperature and 10 pL of 5 mM FXa substrate (0.5 mM
final) was added per well, after which the rate of change in Asos was measured. Rates of
chromogenic substrate hydrolysis were then converted to FXa concentrations by reference to a
standard curve. To extract Ki, and kear values, initial rates of FX activation were plotted versus FX
concentration, to which the Michaelis-Menten equation was fitted by nonlinear regression.

Initial rates of FIX activation by TF-FVIla were quantified using a discontinuous (two-
stage) FIX activation assay in 96-well plates. TF-liposomes (10 nM TF, with 175 uM total
phospholipid) and FVIla (1 nM) were incubated in HBSA with 5 mM CacCl, at 37° C for 5 min.
Reactions were initiated by addition of 2 pM FIX. Timed, 10 puL aliquots were taken over the
course of 5 min and quenched on ice in a microwell containing 80 uL stop buffer (made by mixing,
in each well, 50 pL of 2x concentrated HBSA plus 20 mM EDTA, and 30 pL of 75% (v/v) ethylene
glycol). For the second stage, the plates were warmed to ambient temperature and 10 pL 5 mM
Pefachrome FIXa (0.5 mM final) was added per well, after which the rate of change in A4os was
measured. Rates of chromogenic substrate hydrolysis were then converted to FIXa concentrations
by reference to a standard curve. Initial rates of FIX activation in the presence of TF mutants were

normalized to those measured in the presence of WT TF with the same phospholipid composition.
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Measurement of rates of FIX activation for determining keae and Ky values used the same two-
stage assay configuration, with 0.1 to 2 uM FIX and with 10 pL aliquots taken over the course of
10 min. Initial rates of FIX activation were then plotted versus FIX concentration, to which the

Michaelis-Menten equation was fitted by nonlinear regression.

2.2.4 Thrombin generation

Thrombin generation in clotting plasma was measured using the calibrated automated
thrombogram (CAT) assay (using Thrombinoscope reagents and software; Diagnostica
Stago).!4”-1*8 TF-liposomes (made with either WT TF or the 3S2T mutant) were diluted in HBSA
to yield TF concentrations that generated a similar lag time. For 20% POPS/80% POPC liposomes,
this was 60 pM WT TF or 15 nM 3S2T TF as well as 6 pM WT TF or 1.5 nM 3S2T TF. For 10%
POPS/90% POPC liposomes, this was 30 pM WT TF or 30 nM 3S2T TF. Final phospholipid
concentrations in all cases were 60 pM (made by supplementing with TF-free liposomes of the
same phospholipid composition). CAT assays were performed in 96-well plates by mixing 20 pL
TF and 80 pL plasma (PNP, FVIII-deficient or FIX-immunodepleted plasma) at 37° C for 10 min.
The reaction was then started by adding pre-warmed 20 pL FluCa buffer. The change in
fluorescence was measured using a Fluoroskan Microplate Fluorometer (ThermoFisher Scientific,
Waltham, MA), and converted to thrombin concentrations using Thrombinoscope software
according to the manufacturer’s recommendations. Measured parameters (lag time, peak thrombin,
and time to peak (ttPeak) for deficient plasmas were normalized to PNP for WT and mutant TF to

generate a fold-change.

2.2.5 Production of XK1

XK1, a slow, tight-binding inhibitor of the TF-FVIla complex, is an engineered hybrid
protein consisting of the human FX light chain linked to the Kunitz 1 (K1) domain of human tissue
factor pathway inhibitor.!* The XK1 coding sequence was prepared in the pcDNA3.1(+)
expression vector by GenScript Biotech (Piscataway, NJ) and transfected into HEK293/VKOR
cells (HEK293 cells that overexpress vitamin K 2,3-epoxide reductase C1, the expression vector
for which was a kind gift of Darrell Stafford). These cells were cultured in cell factories (Corning
HYPERFlask M Cell Culture Vessel) in a 1:1 mixture of DMEM and F12 media supplemented
with L-Glutamine, 15 mM HEPES (Corning), 10 ng/mL vitamin K1 (Phytonadione, Henry Schein
Medical, Melville, NY), 2 pg/mL puromycin and 400 pg/mL G-418. XK1 levels in culture
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supernatants were measured using the FX ELISA from Enzyme Research Laboratories (South
Bend, IN). XK1 was affinity-purified from cell supernatants using immobilized 4G3, a Ca'-
dependent mouse monoclonal antibody targeting the human FX light chain.!>® Fully carboxylated
XK1 was subsequently separated from any undercarboxylated protein via anion-exchange

chromatography as previously described for recombinant factor VII.!>!

2.2.6 Inhibition of TF-FVIla by XK1

The ability of XK1 to inhibit the TF-FVIla complex was assessed by quantifying its effects
on the rate of FX activation, using a modification of the continuous FX activation assay described
above. TF-liposomes (0.6 nM TF, with 10 uM total phospholipid) and FVIIa (3 - 150 pM) were
incubated in HBSA with 5 mM CacCl,. Varying concentrations (0 — 100 nM) of XK1 were added,
and after 5 min, reactions were initiated by addition of 0.5 mM FXa substrate and 30 nM FX. The
rate of change in A40s was measured at ambient temperature. FX activation rates for WT or mutant
TF in the presence of different XK1 concentrations were normalized to activation rates in the

absence of XK.
2.3 Results

2.3.1 The precise length of the TF serine loop is essential for activation of FX but not FIX

We performed mutagenesis studies to investigate the role of the TF serine loop S160-S163
in substrate activation. Multiple sequence alignment showed that the TF serine loop region is
highly conserved, especially among mammals (Figure 2.2 A). Thus, S161, S162 and S163 are
almost always serine or the similar amino acid, threonine, while S160 is less well conserved.
Notably, the length of the solvent exposed loop is always exactly four amino acid residues. Based
on the alignment, we generated a total of fifteen TF serine loop mutants (Table 2.1).

The first set of mutants tested how replacing each of the four serine residues individually
with threonine affected substrate activation rates. The S161T substitution was without effect on
FX activation, while the S160T, S162T and S163T substitutions decreased the rate of FX
activation by up to 3-fold (Figure 2.2 B). On the other hand, replacing any of these four serine
residues with threonine had little effect on the rate of FIX activation (Figure 2.2 C).

We next tested how changing the length of this loop affected substrate activation rates. We

therefore generated mutants with deletions of one or two serine residues (termed 2S or 3S),
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insertion of one, two or three serines (termed 5S, 6S or 7S), insertion of one threonine residue after
serine 163 (termed 4ST) or replacement of serine 163 with threonine together with insertion of an
additional threonine (termed 3S2T). To create longer runs of serine residues without insertions,
we also replaced the adjacent residues K159 and G164 with serine (K159S and G164S,
respectively). We also attempted to delete 3 serines or all 4 serines, but the resulting constructs did
not express detectable protein and are therefore not listed in Table 1. The remaining TF mutants
were successfully expressed, purified, and tested for their ability to support FIX and FX activation
by TF-FVIIa.

We found that any insertions or deletions within this serine loop profoundly diminished
the rate of FX activation, with reductions ranging from 62.5-fold to 200-fold (Figure 2.2 D). In
contrast, changing the length of the serine loop had much more modest effects on the rate of FIX
activation (Figure 2.2 E). Lengthening the serine loop was relatively benign toward FIX activation,
as the 5S mutant supported essentially wild-type levels of FIX activation while the 6S and 7S
mutants supported FIX activation at levels that were reduced less than 2-fold relative to wild type.
Shortening the serine loop resulted in somewhat diminished FIX activation rates (2.3-fold and 4.6-
fold for the 2S and 3S mutants, respectively), although these reductions were far less than when
FX was the substrate (Figure 2.2 D and 2.2 E). Increasing the length of the serine loop by one
residue via inserting a threonine residue, with or without replacing Ser163 with threonine (the 4ST
or 3S2T mutants, respectively), resulted in only a 1.3-fold reduction in the rate of FIX activation
but caused the most profound reductions in the rate of FX activation (158-fold and 200-fold,
respectively). Finally, changing the run of serine residues from four to five in a row via substituting
the adjacent lysine or glycine residues with serine (K159S or G164S) caused less than a 2-fold
reduction in the rate of FIX activation but a 55-fold or 6-fold reduction in the rate of FX activation,
respectively.

When we directly compared the relative reductions in the rate of FIX activation versus
factor X activation (last column in Table 2.1), we found the largest differential in rates when just
one serine residue was inserted in the loop and one serine was substituted to threonine (3S2T).
This TF mutant exhibited almost a 150-fold greater reduction in the rate FX activation relative to
its impact on FIX activation. Together, these results show that the precise length of the serine loop

is crucial for TF-FVIla-mediated FX activation, but far less important for FIX activation.
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Next, we investigated the role of the TF serine loop in greater detail by determining Kn
and kear values for FX and FIX activation supported by WT TF versus the 3S2T mutant (Figure
2.2 F and 2.2 G). For FX activation, the K, was increased 3.4-fold for the 3S2T mutant relative to
WT, while the keat was decreased over 50-fold (Table 2.2). In contrast, the K and kear values for
FIX activation varied by only 1.4- and 1.2-fold when comparing the 3S2T mutant to WT TF (Table
2.2). Thus, the 3S2T mutation decreased the kca/Km for FX by 181-fold while decreasing the
keat/Km for FIX by only 1.76-fold. These results demonstrate that FX activation supported by 3S2T

is significantly reduced due to changes in substrate binding and turnover.
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Figure 2.2 Changes in the length of the TF serine loop differentially effect rates of FIX vs. FX activation. (A)
Multiple sequence alignment of TF serine loop region was performed using the online tool T-Coffee
(https://www.ebi.ac.uk/Tools/msa/). The alignment shows TF residues 156-168 (numbering according to human TF).
Serine loop residues S160-S163T are marked by red box. (B-E) Initial rates of FIX and FX activation by TF-FVIla
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(using WT or mutant TF in 20% POPS/80% POPC liposomes) were measured, and the rates obtained with TF mutants
were normalized to those with WT TF. Relative rates that were more than twofold lower than WT are indicated with
a dagger. (B) Relative rates of FX activation with TF mutants S160T, S161T, S162T and S163T. (C) Relative rates of
FIX activation with TF mutants S160T, S161T, S162T and S163T. (D) Relative rates of FX activation with TF mutants
of different serine loop length or composition. (E) Relative rates of FIX activation with TF mutants of different serine
loop length or composition. (F, G) Kinetics of the activation of FX (F) or FIX (G) supported by WT TF or the 3S2T
mutant. Initial rates of substrate activation were plotted versus substrate concentration, to which the Michaelis-Menten
equation was fitted. All data are mean = SE (n > 3).

Table 2.1 TF serine loop mutations.

TF mutant Amino acid Changeinloop | pry/py ragio
sequence length
WT (4S) KSSSSG 0 1
S160T KTSSSG 0 1.6
S161T KSTSSG 0 1
S162T KSSTSG 0 2.4
S163T KSSSTG 0 3.9
28 KSS--G -2 28
3S KSSS - G -1 24
58 KSSSSSG 1 111
32T KSSSTTG 1 147
4ST KSSSSTG 1 121
6S KSSSSSSG 2 63
78 KSSSSSSSG 13 49
K159S SSSSSG 0 31
G164S KSSSSS 0 3

*Amino acid sequences of human TF from positions 159-164 are given. Substitutions are in bold, insertions are in
bold underline, and deletions are indicated with dashes.
**FIX/FX ratios were calculated for each TF mutant by dividing the relative rate of FIX activation by the relative rate

of FX activation, from the values plotted in Figure 2.2 B-E.

Table 2.2 Kinetics of FX and FIX activation by TF-FVIIa.

Fold Fold
Va;ljiznt Substrate [nI;I[n]* mcrIe(anfe in Keat [sec!]* decrl:,ife in [l\lj[cfilt/sljcn_lll
[3S2T/WT] [WT/3S2T]
WT FX 48 + 10 34 4.07 +£0.23 513 8.5 x 107
3S2T FX 163 + 40 ' 0.076 + 0.008 ' 4.7 x 10
WT FIX 700 + 233 14 0.21 +0.03 12 3.0 x 10°
3S2T FIX 974 + 297 ' 0.17 £ 0.03 ' 1.7 x 10°

*Km and keat values are derived from plots in Figure 2.2 F and 2.2 G.
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2.3.2 TF serine loop provides selectivity for FX over FIX

We further tested if the TF serine loop provides substrate selectivity in human plasma using
calibrated automated thrombogram (CAT) assays.'*’ In this study, we compared thrombin
generation triggered by WT TF versus the 3S2T mutant (incorporated into liposomes with either
20% POPS/80% POPC or 10% POPS/90% POPC), using PNP, FIX-immunodepleted and FVIII-
deficient human plasmas. Figure 2.3 reports three parameters from the thrombin generation curves:
lag time, time to peak (ttPeak), and peak thrombin. For each combination of TF and lipids, the
parameters were normalized to those obtained with PNP. The absolute values of these parameters
are available in Figure S 2.1.

Thrombin generation by the 3S2T mutant was significantly altered in FIX- and FVIII-
deficient human plasmas relative to WT TF. Thus, the lag time was prolonged up to 1.5-fold in
FIX- and FVIII-deficient plasmas relative to PNP for 3S2T in both lipid compositions, while the
only significant prolongation in lag time with WT TF (relative to PNP) was seen with FIX-
deficient plasma using TF in 10% POPS/90% POPC liposomes (Figure 2.3 A and 2.3 B). A larger
difference was encountered with the ttPeak parameter, which was prolonged up to 2-fold in FIX-
and FVIII-deficient plasmas relative to PNP with the 3S2T mutant in both lipid compositions
(Figure 2.3 C and 2.3 D). In contrast, WT TF showed a significant prolongation only with FVIII-
deficient plasma, and the magnitude of the prolongation was smaller than that observed with the
3S2T mutant. Similarly, the peak thrombin level was decreased 2- to 3-fold in FIX- and FVIII-
deficient plasmas relative to PNP triggered with the 3S2T mutant in both lipid compositions
(Figure 2.3 E and 2.3 F). When triggered by WT TF, however, the peak thrombin level was only
significantly reduced in FVIII-deficient plasma using TF in 20% POPS/80% POPC liposomes, or
in FIX-deficient plasma using TF in 10% POPS/90% POPC liposomes.

To investigate if thrombin generation was more FIX-dependent at lower TF concentrations,
we reduced the TF concentrations another tenfold (to 1 pM WT and 0.25 nM 3S2T). Figure S 2.2
shows that both TF concentrations followed the same trends for lag time, ttPeak and peak thrombin
in WT and 3S2T. The difference in ttPeak between WT and 3S2T was somewhat more amplified
with lower TF concentrations, however.

These results demonstrate that triggering of the plasma clotting cascade by the 3S2T mutant
exhibits a significantly increased dependence on FIX and FVIII for thrombin generation relative

to when the clotting is triggered by WT TF.
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Figure 2.3 Substrate selectivity of TF serine loop mutants detected via thrombin generation assay. WT or mutant
TF were incorporated in liposomes containing 20% POPS/80% POPC or 10% POPS/90% POPC. TF-liposomes were
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lag time for WT versus 3S2T TF in 20% POPS/80% POPC. (B) Fold-change in lag time for WT versus 3S2T TF in
10% POPS/90% POPC. (C) Fold-change in ttPeak for WT versus 3S2T TF in 20% POPS/80% POPC. (D) Fold-
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2.3.3 Serine loop provides substrate selectivity through differential regulation of the TF exosite

The serine loop of TF is immediately adjacent to, and partially overlaps, the putative
exosite region defined by prior mutagenesis studies. It also overlaps a region that we previously
identified as a putative PS-binding region on the TF ectodomain.?’*” We therefore hypothesized
that the serine loop could act as a “connector” that regulates the activity of the adjacent substrate-
binding exosite. To test this hypothesis, we generated TF constructs with mutations in both the
serine loop (3S2T) and the exosite (either KI165A, K166A, or the KI65A- K166A double mutant).
These TF mutants were incorporated into 20% POPS/80% POPC liposomes and tested in FIX and
FX activation assays, normalized to the rates with WT TF (Figure 2.4 A and 2.4 B). By themselves,
the exosite mutations resulted in 11- to 104-fold reductions in the rate of FX activation but more
modest (1.2- to 4.5-fold) reductions in FIX activation. The 3S2T mutant exhibited a 103-fold
reduction in FX activation by itself, with some further reduction observed in the rate of FX
activation in conjunction with the exosite mutants. On the other hand, the 3S2T mutation resulted
in only a 1.2-fold reduction in FIX activation by itself, with further reductions when combined
with the exosite mutations.

In order to clarify the combined effect of these mutations, we replotted the data from Figure
2.4 A and 2.4 B in Figure 2.4 C and 2.4 D, respectively. In this case, the FX or FIX activation data
using the combined 3S2T and exosite mutations were normalized to the rates obtained with the
3S2T mutant. With FX as substrate (Figure 2.4 C), exosite mutations that resulted in 11-, 18-, or
104-fold reductions in the activation rate instead resulted in a much more modest relative reduction
of 1.8-, 2.1- or 2.8-fold when combined with the 3S2T mutation (as normalized to the rate with
the 3S2T mutation alone). On the other hand, when FIX was substrate, the exosite mutations
resulted in very similar fold reductions in activation rates with or without the 3S2T mutation
(Figure 2.4 D). In summary, when FX was the substrate, the exosite mutations were epistatic to
the serine loop mutations, whereas when FIX was the substrate, the effects of the exosite and serine
loop mutations appeared to be independent. Overall, these results are consistent with the idea that
the serine loop regulates the TF exosite during FX activation but not FIX activation.

The substantial reductions in FX activation brought about by the exosite mutations might
mask the effects of the loop mutations. To address this question, we performed FX activation
assays in the presence of a TF-FVIla inhibitor, XK1 (Figure 2.4 E). XK1 is a hybrid protein
consisting of the FX light chain linked to the first Kunitz 1 domain of tissue factor pathway
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inhibitor.!* It is a slow, tight-binding inhibitor that was designed to be recognized by TF-FVIIa
as a pseudosubstrate.

In the presence of TF exosite mutants K165A, K166A and K165A-K166A, 7- to 16-fold
higher XK1 concentrations are required to inhibit FX activation relative to WT TF (WT ICso =
44+2 pM, K165A ICso = 305+18 pM, K166A 1Cso = 394488 pM, and K165A-K166A 1Cso =
693+£34 pM). In contrast, in the presence of TF serine loop mutant 3S2T, 24-fold higher XK1
concentrations were needed to inhibit TF-FVIla relative to WT TF (3S2T ICso = 1063+64 pM).
Somewhat surprisingly, for TF with mutations in both the serine loop and exosite (3S2T-K165A,
3S2T-K166A and 3S2T-K165A-K166A) the 1Cso values for XK1 were somewhat lower than those
observed with the 3S2T mutant alone (3S2T-K165A ICso = 717435 pM, 3S2T-K166A ICso =
710+34 pM, and 3S2T-K165A-K166A 1Cso = 757+46 pM). These results are consistent with the
idea that the exosite mutations are epistatic to the TF serine loop mutations regarding the

recognition of FX as a TF-FVIla substrate.
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Figure 2.4 TF serine loop regulates the TF exosite for activation of FX but not FIX. Initial rates of FIX and FX
activation by TF-FVIla were measured using WT or mutant TF in 20% POPS/80% POPC liposomes. (A) Relative
rates of FX activation and (B) FIX activation with TF mutations in the exosite (K165A, K166A and K165A-K166A),
serine loop (3S2T), or both the exosite and serine loop (3S2T-K165A, 3S2T-K166A and 3S2T-K165A-K166A).
Activation rates in panels A and B with mutant TF were normalized to those obtained with WT TF. Numbers above
the bars are fold-reduction in rate, relative to WT. (C, D) Replotting of the data from panels A and B to more clearly
visualize the combination of exosite and serine loop mutations. In each panel, rates obtained with exosite mutants
(K165A, K166A and K165A-K166A) are normalized to WT TF, while the rates obtained with combination exosite
and serine loop mutants (3S2T-K165A, 3S2T-K166A and 3S2T-K165A-K166A) are normalized to the 3S2T mutant.
Normalization to 3S2T in panels C and D is indicated by striped bars. Accordingly, numbers above the bars in panels
C and D are the fold-reduction in rate, relative to WT for the exosite mutants (K165A, K166A and K165A-K166A),
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or relative to 3S2T for combination mutants (3S2T-K165A, 3S2T-K166A and 3S2T-K165A-K166A). (E) Ability of
XK1 to inhibit TF-FVIIa. Relative rates of FX activation by TF-FVIIa were measured in the presence of increasing
XK1 concentrations, using TF with mutations in exosite (K165A, K166A and K165A-K166A), serine loop (3S2T),
or both (3S2T-K165A, 3S2T-K166A and 3S2T-K165A-K166A). All data are mean = SE (n > 3).

2.4 Discussion

This study probed how TF-FVIla selects between its major protein substrates, FIX and FX.
We now report that substrate selectivity is strongly influenced by the TF serine loop, S160-S163,
with the precise length of this loop being crucial for FX activation but relatively unimportant for
FIX activation. FIX activation was especially tolerant of insertions within this loop. To our
knowledge, no prior study has reported TF mutations that differentially decrease substrate
activation (FIX versus FX) to the extent observed here with serine loop mutations. Numerous

studies have previously identified the importance of TF exosite residues in substrate activation,'*®

141,152 X 138,153

with some exosite mutations having a bigger effect on activation of FX than FI
However, none of those studies reported such a strong influence on one substrate over another as
we observed with the serine loop mutations in this study.

Previous mutational studies defined the putative substate-binding exosite of TF as
including residues Y157, K159, S163, G164, K165, K166,'3140 3 sequence which partially
overlaps the serine loop. We also note that nearby residues, like the more N-terminal parts of the
serine loop and immediately adjacent residues are postulated to interact with PS in the
phospholipid membrane.?”>” Whether our findings indicate that the serine loop is actually part of
the TF exosite or if it modulates the adjacent exosite is not entirely clear and will require further
study. Curiously, we found that exosite mutations were epistatic to the serine loop mutations when
FX was the substrate, but not when FIX was the substate. Elucidating the physical basis for this
epistasis will take further study, but this finding is consistent with the notion that the serine loop
mediates the regulation of the adjacent TF exosite when FX is the substrate, but not FIX. The
activity of TF-FVIIa is tightly regulated by the presence PS in the membrane.!3*!%° Recently, our
lab showed that exosite-adjacent TF residues, which are predicted to interact with the phospholipid
membrane,'*¢ are also involved in regulating substrate activation.?’>” Thus, the serine loop may
play a role in positioning of the exosite for optimal interaction with FX, via transducing
information from interaction of the TF ectodomain with anionic phospholipid headgroups.

The TF-FVIIa complex is known to have additional protein substates, including FVII'>

and proteinase-activated receptors (PARs)—in particular, PAR2.1°%15 In further studies, it would
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be interesting to examine the role of the TF serine loop in recognizing these alternative
macromolecular substrates. Overall, our study provides insights into the mechanisms of substrate

selectivity by TF-FVIIa, showing an unexpected role for the serine loop of TF.

2.5 Supplementary Information

>
vy

Peak Thrombin Time to Peak (ttPeak)

mm WT TF - PNP
mm WT TF - FIX def. plasma

mm WT TF - PNP
mm WT TF - FIX def. plasma

=
=
E WT TF - FVIII def. plasma E WT TF - FVIII def. plasma
E 200 R mm 3S2T-PNP % mm 3S2T-PNP
- - Bl 3S2T - FIX def. plasma o Bl 3S2T - FIX def. plasma
§ 100 T - 3S2T - FVIII def. plasma = 3S2T - FVIII def. plasma
o
0
20PS-80PC 10PS-90PC 20PS-80PC 10PS-90PC
C Lag time D Endogenous Thrombin Potential (ETP)
8 mm WT TF - PNP 1500 mm WT TF - PNP
= 6 mm WT TF - FIX def. plasma = . £ - T WT TF - FVIII def. plasma
g - WT TF - FVIII def. plasma E 1000 mm WT TF - FIX def. plasma
2 4 . - mm 3S2T-PNP % mm 3S2T - PNP
‘; . Bl 3S2T - FIX def. plasma : Bl 3S2T - FIX def. plasma
3 2 382T - FVIII def. plasma o 500 3S2T - FVIII def. plasma
0
20PS-80PC 10PS-90PC 20PS-80PC 10PS-90PC

Figure S 2.1 Absolute values for peak thrombin, ttPeak, lag time and endogenous thrombin potential (ETP) in
thrombin generation assays. WT or mutant TF 3S2T were incorporated in liposomes containing 20% POPS/80%
POPC or 10% POPS/90% POPC. TF-liposomes were incubated with PNP, FIX-deficient plasma or FVIII-deficient
plasma. Thrombin generation was measured over 60 min in CAT assays. Peak thrombin, ttPeak, lag time and ETP
were determined from thrombin generation curves. (A) Peak thrombin for WT TF and 3S2T. (B) ttPeak for WT TF
and 3S2T. (C) Lag time for WT TF and 3S2T. (D) ETP for WT TF and 3S2T. All data are mean + SE (n > 3).
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Figure S 2.2 Comparison of the effect of two different TF concentrations (WT and 3S2T mutant) in the
thrombin generation assay. WT or mutant TF were incorporated in liposomes containing 20% POPS/80% POPC.
TF-liposomes were incubated with PNP, FIX-deficient plasma or FVIII-deficient plasma and thrombin generation was
measured over 60 min in CAT assays. Lag time, ttPeak and peak thrombin obtained with deficient plasmas were
normalized to the values obtained with PNP for each type of TF. Changes in lag time, ttPeak and peak thrombin for
deficient plasmas that were significantly different from PNP are indicated with asterisk (t-test, p < 0.05; ns = not
significant). (A, C, E) Thrombin generation assays performed with 1 pM WT and 0.25 nM 3S2T TF. Fold-change is
shown for lag time (A), ttPeak (C) and peak thrombin (E) for WT versus 3S2T. (B, D, F) Thrombin generation assays
performed with tenfold higher TF concentrations: 10 pM WT and 2.5 nM 3S2T TF. (Note: panels B, D and F are the
same data as in Figure 2.3 A, 2.3 C and 2.3 E, reproduced here to allow a side-by-side comparison of the tenfold
difference in TF concentrations). Fold-change is shown for lag time (B), ttPeak (D) and peak thrombin (F) for WT
versus 3S2T. All data are mean £ SE (n > 3).
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Chapter 3 Structural Basis of Substrate Recognition by the Tissue Factor — Factor VIla

Complex®

3.1 Introduction

The TF-FVIla complex initiates blood clotting in hemostasis and many thrombotic diseases.®”-1¢

TF-FVlla is a two-subunit enzyme with TF serving as the regulatory subunit and FVIla serving as
the catalytic subunit. TF is an integral membrane protein present on the surface of many
extravascular cells.® Upon vascular damage, TF is exposed to blood and binds the serine protease,
FVIla. TF-FVIla subsequently activates its two canonical protein substrates, FIX and FX, via
limited proteolysis which propagates the blood clotting cascade.

The crystal structure of soluble TF-FVIIa was solved over twenty years ago.** However, a
structure of the membrane-bound TF-VIIa complex, with or without substrates, has not been
determined yet, impeding progress toward understanding protein-protein and protein-lipid
interactions of the complex. Previous studies indicated that mutations of a patch of TF residues
located close to the membrane (the putative substrate-binding or exosite of TF)?7>7-79-81:84 a5 well
as deletion of the N-terminal GLA domain of FVIIa,’? greatly decrease activation of FIX and FX.
In contrast, these same TF exosite mutants had no effect on activation of GLA-domainless FX.3*

We hypothesize that the TF exosite and the FVIla GLA domain contribute to substrate
recognition by binding to the GLA domain of FIX and FX, respectively. To test this hypothesis,
we generated stable, membrane-bound complexes of TF, FVIla and the FX mimetic, XK1. XK1
is a hybrid protein consisting of the FX light chain (i.e., the GLA and two EGF-like domains)
linked to the Kunitz 1 (K1) domain of TFPL.”® XK1 is a slow, tight-binding inhibitor that binds
TF-FVIla. The K1 domain inhibits FVIIa, while the light chain of FX is thought to bind the TF
exosite. TF, FVIIa and XK1 were purified and the complex was assembled into Nanodiscs (ND).”

ND are nanoscale phospholipid bilayers stabilized by two copies of an amphipathic protein

® Negative stain EM and cryo-EM experiments in this chapter were performed in collaboration with the Mike
Cianfrocco and Sarah Kearns (University of Michigan).
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(membrane scaffold protein, or MSP), which wraps around the bilayer in a belt-like fashion. The
activity of the complex was validated using enzymatic assays. While FX has a low affinity for TF-
FVIIa,* XK1 binds and inhibits TF-FVIIa with an ICso value of 43 pM. Additionally, enzymatic
assays revealed that XK1 interacts with TF similarly to wildtype FX. In collaboration with the
Cianfrocco lab at the University of Michigan, the TF-FVIla-XK1 complex was imaged using
negative stain electron microscopy (negative stain EM) and cryo-electron microscopy (cryo-EM).
Preliminary studies provide a 3D cryo-EM density map that resembles the structure of the three
proteins. Although density of the ND is still missing, the map indicates potential interactions
between the TF exosite region and the N-terminal portion of the FX light chain, suggesting that
the TF exosite could be an extended substrate recognition site. High-resolution structures of TF-
FVIla bound to XK1 could provide new insights into how TF-FVIIa recognizes its protein

substrates.
3.2 Materials and Methods

3.2.1 Materials

Materials were from the following sources: 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS),
Avanti Polar Lipids (Alabaster, AL); Bio-Beads SM-2 absorbent, Bio-Rad Laboratories (Hercules,
CA); recombinant human FVIla, American Diagnostica (now Sekisui Diagnostics, Lexington,
MA); purified human FX, Haematologic Technologies (Essex Junction, VT); methoxycarbonyl-
D-Nle-Gly-Arg-pNA acetate salt (FXa substrate), Bachem (Bubendorf, Switzerland); N-
methylsulfonyl-D-Phe-Gly-Arg-pNA (FVIla substrate), Sigma (St. Louis, MI); medium-binding
96-well microplates, Corning (Tewksbury, MA); Carbon grids (CF400-CU-UL, ultra-thin, 400
mesh) and UltrAuFoil® Grids (Q350AR13A, hole shape: R 1.2/1.3, hole size: 1.2, 300 mesh,
gold), Electron Microscopy Sciences (Hatfield, PA).

3.2.2 Production and relipidation of recombinant TF

Recombinant human membrane-anchored TF (mTF, residues 3-244) with an N-terminal
HPC4-epitope tag was expressed in Escherichia coli and purified as described.”®!'®! TF-liposomes

were prepared by incorporating mTF into phospholipid vesicles containing 80-95%
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phosphatidylcholine (POPC) and 5-20% phosphatidylserine (POPS), as described '*°, using 15
mM deoxycholate as the detergent.

3.2.3 Production of XK1

XK1, a slow, tight-binding inhibitor of the TF-FVIla complex, is an engineered hybrid
protein consisting of the human FX light chain linked to the K1 domain of human TFPI.>* XK1

was expressed in HEK293 cells and purified as described in our previously published study.'®?

3.2.4 Production and validation of TF-FVIla-XKI1 Nanodiscs

TF was incorporated into Nanodiscs (ND) as described.”> The ND contained 50% POPC
and 50% POPS, yielding 5.2 mM total phospholipids which were dissolved in 10.4 mM sodium
deoxycholate in TBS (50 mM Tris-HCI, pH 7.4, 150 mM NaCl). MSP was expressed and purified
as described.'®® HPC4-tagged TF was expressed and purified as described above (“Production of
recombinant TF”). MSP and TF were combined to yield a phospholipid:MSP molar ratio of 70:1
and an MSP:TF molar ratio of 20:1. This large excess of MSP to TF minimizes the occurrence of
>1 TF molecules per ND. ND with a single TF molecule embedded in each ND (TF-ND) were
isolated using affinity chromatography that took advantage of an HPC4 epitope tag on the N-
terminus of the TF construct. Purification was performed as described for TF’®1%* but omitting the
1 mM NaCl wash step. Size exclusion chromatography was used as the final purification step to
confirm size and uniformity of the TF-ND. Concentrations of functional (available) TF in ND were
determined by titrating TF-ND against 5 nM FVIla. The stoichiometries of TF and MSP in
preparations of TF-ND were then assessed via gel electrophoresis followed by Coomassie staining
and densitometry. Known concentrations of all protein components were used as a control.

The final trimolecular complex was generated by combining TF-ND, FVIla and XK1 in a
molar ratio of 1:1:1. Stoichiometries of TF, MSP, FVIIa and XK1 were assessed via gel
electrophoresis followed by Coomassie staining and densitometry. Full inhibition of TF-FVIIa by
XK1 was verified enzymatically by chromogenic substrate hydrolysis. The TF-FVIIa-XK1 ND
complex (5 nM) was diluted in HBSA buffer (20 mM HEPES pH 7.4, 100 mM NacCl, 0.1% bovine
serum albumin, 0.02% NaN3) with 5 mM CaCl,. The reaction was initiated by addition of 0.5 mM

FVIla substrate. The rate of change in A40s was measured at
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ambient temperature using a Spectramax microplate reader (Molecular Devices, San Jose,
CA). The complex was fully inhibited if no signal was detected (Asos = 0). TF-FVII complex

without XK1 was used as a control.

3.2.5 FX activation by TF-FVlIla

Initial rates of FX activation by mTF-FVIla were quantified using a continuous (one-stage)

2275 in 96-well plates with the following modifications.'®> TF-liposomes (0.6

FX activation assay
nM TF, with 10 uM total phospholipid) and FVIIa (3 pM) were incubated in HBSA buffer with 5
mM CaCl,. Reactions were initiated by addition of 0.5 mM FXa substrate and 30 nM FX. The rate
of change in A4 was measured at ambient temperature using a Spectramax 96-well
spectrophotometer (Molecular Devices). Initial rates of FX activation in the presence of TF
mutants (K165A, K166A) were normalized to those measured in the presence of wild-type (WT)

TF with the same phospholipid composition.

3.2.6 Inhibition of TF-FVIla by XK1

The ability of XK1 to inhibit the TF-FVIIa complex was assessed by quantifying its effects
on the rate of FX activation,'6?
described above (“FX activation by TF-FVIIa”). TF-liposomes (0.6 nM mTF, with 10 uM total

phospholipid) and FVIla (3-20 pM) were incubated in HBSA buffer with 5 mM CaCl,. Varying

using a modification of the continuous FX activation assay

concentrations of XK1 (0-100 nM) were added, and after 5 minutes, reactions were initiated by
addition of 0.5 mM FXa substrate and 30 nM FX. The rate of change in A40s was measured at
ambient temperature using a Spectramax 96-well spectrophotometer (Molecular Devices). FX
activation rates for WT or mutant TF in the presence of different XK1 concentrations were

normalized to activation rates in the absence of XKI1.

3.2.7 Imaging of the TF-FVIla-XK1 complex by negative stain EM and cryo-EM

For negative stain EM experiments, TF-FVIIa-XK1 ND were diluted to 10 pg/mL in buffer
containing 100 mM NaCl, 20 mM Hepes pH 7.4 and 5 mM CaCl,. The sample was applied to a
glow discharged carbon grid (CF400-CU-UL, ultra-thin, 400 mesh) and stained with 0.75% uranyl
formate solution. Micrographs were collected on a T12 Tecnai electron microscope operated at
120 kV with a CCD camera at nominal magnification of 67,000x, calibrated pixel size of 1.68 A

and exposure time of 1 s. A total of 131 images were collected at a nominal defocus of 1.5 um
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using Leginon.'® Data analysis, including particle picking and 2D classification, was performed
using cryoSPARC. !

For cryo-EM experiments, TF-FVIla-XK1 ND were diluted to 0.3 mg/mL in buffer
containing 100 mM NaCl, 20 mM Hepes pH 7.4 and 5 mM CaCl,. The sample was applied to a
glow discharged UltrAuFoil® grid (R 1.2/1.3, 300 mesh, gold) using a Vitrobot (Thermo Fisher)
at 4 C and 100 % relative humidity. The grid was blotted for 4 s and plunged into ethane.
Micrographs were collected on a FEI Titan Krios electron microscope operated at 300 kV with a
Gatan K2 direct electron detector at nominal magnification of 29,000x. with a calibrated pixel size

165 at a dose rate of 7.29 electrons/A%/s with a total

of 1 A. Movies were collected using Leginon
exposure of 8 s, for an accumulated dose of 60.18 electrons/A?. Intermediate frames were recorded
every 0.2 s for a total of 40 frames per micrograph. A total of 1978 images were collected at a
nominal defocus range of 0.8 — 2.0 um. Tilted micrographs were collected similar to untilted
micrographs with the following modifications: The grid was tilted 30 degrees. Movies were
collected at a dose rate of 8.45 electrons/A%/s for an accumulated dose of 65.6 electrons/AZ.
Intermediate frames were recorded every 0.1 s for a total of 100 frames per micrograph. A total of
2283 images were collected at a nominal defocus range of 1.0 — 2.1 pm. Particle picking and
motion correction was performed using Warp.'®” Untilted data included a total of 167k particles,
titled data included 190k particles. Further data analysis, including 2D classification, 3D
reconstruction and 3D refinement, was performed using cryoSPARC!®® and RELION 3.0.!%% 2D
classification and ab initio 3D reconstruction was performed for the untilted and tilted dataset, as
well as a combined dataset (including both untilted and tilted data). The untilted dataset yielded a
total of 99k particles, the tilted dataset yielded 108k particles and the combined dataset yielded
311k particles after 2D classification. Ab initio 3D reconstruction and 3D refinement was

performed for all three datasets.
3.3 Results

3.3.1 Generation and validation of a stable, membrane-bound complex of TF, FVIla and XK1

Generation of a membrane-bound TF-FVIIa-XK1 included purification of all components
and subsequent assembly. TF-ND were successfully purified (Figure S 3.1 A) and the ratio of
TF:MSP was confirmed as 0.5, indicating that NDs contained one TF molecule for every two

molecules of MSP (Figure S 3.1 B). Purified TF-ND were subsequently combined with equimolar
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amounts of purified XK1 and FVIla (Sekisui Diagnostics). A model of the TF-FVIIa-XK1
complex on a ND (Figure 3.1 A) shows how the trimolecular complex sits on the phospholipid
bilayer which is surrounded by two copies of MSP. The composition of the complex was verified
by gel electrophoresis followed by Coomassie staining and densitometry, confirming 1:1:1

stoichiometry for TF, FVIla and XK1 (Figure 3.1 B).
A B

Figure 3.1 The membrane-bound TF-FVIIa-XK1 complex. (A) Model of TF-FVIIa-XK1 on a ND. ND is
composed of a phospholipid bilayer surrounded by two copies of MSP. (B) Gel electrophoresis followed by Coomassie
staining and densitometry was used to confirm 1:1:1 stoichiometry of the TF-FVIIa-XK1 complex. Known
concentrations of all proteins were used as a control. Figure was created with BioRender.com.

Protein interactions within the TF-FVIIa-XK1 complex were analyzed using enzymatic
assays. The goal of these experiments was to determine if XK1 interacts with TF the same way as
wildtype FX. FX activation by TF-FVIla was measured with and without XK1 comparing wildtype
TF with TF exosite mutants K165A and K166A. In the presence of these TF mutants (relative to
wildtype TF) FX activation by TF-FVIla was reduced fivefold (Figure 3.2 A), and it similarly
required a fivefold higher XK1 concentration to inhibit TF-FVIIa (Figure 3.2 C). In a low-PS
environment, FX activation rates were even more reduced (Fig. 3.2 B), and even higher XK1
concentrations were needed to inhibit TF-FVIla (Figure 3.2 D). These results support the idea that
XK1 probes the TF exosite similarly to wildtype FX.

Enzymatic assays also revealed that XK1 binds the TF-FVIIa complex tightly. XK1
inhibits wildtype TF-FVIla with an ICso value of 43 pM (Figure 3.2 C). In comparison to this pM
affinity for XK1, wildtype FX shows ~20 pM affinity in solution.®> These results support the
choice of XK1 as a FX mimetic to generate a stable trimolecular complex with TF-FVIla that can

be used for structural studies.
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Figure 3.2 FX activation by TF-FVIla and TF-FVIIa inhibition by XK1 in the presence of TF exosite mutants.
(A-B) FX activation by TF-FVIla. Enzymatic assays were performed with mTF-liposomes containing either 20% PS
and 80% PC (A) or 5% PS and 95% PC (B). FX activation rates in the presence of TF mutants (K165A, K166A) were
normalized to those measured in the presence of WT TF with the same phospholipid composition. (C-D) TF-FVIla
inhibition by XK1. Enzymatic assays were performed with mTF-liposomes containing either 20% PS and 80% PC
(C) or 5% PS and 95% PC (D). FX activation rates for WT or mutant TF in the presence of different XK1
concentrations were normalized to activation rates in the absence of XK 1. Data in all panels are mean =+ standard error;
n>3.

3.3.2 Structure determination of TF-FVIla-XK1

The structure of the TF-FVIIa-XK1 complex was determined via imaging using negative
stain EM and cryo-EM. These experiments were performed in collaboration with the Cianfrocco
lab (University of Michigan). Negative stain EM images (Figure S 3.2 A-B) and the resulting 2D
class averages (Figure S 3.2 C) clearly show a ring-shaped ND with a protein complex sticking
out of the disc. Negative stain EM experiments confirmed that TF-FVIIa-XK1 is a suitable sample

for a more in-depth structural analysis.
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The complex was further analyzed using cryo-EM. Cryo-EM images (Figure S 3.3 A) and
the resulting 2D class averages (Figure S 3.3 C) from a standard cryo-EM data collection (EM grid
not tilted) showed particles resembling TF-FVIIa-XK1. Upon further data analysis, the resulting
3D reconstruction revealed an EM map that seems to contain the protein complex but misses the
ND (Figure S 4.1 A). The ND, which was clearly visible in negative stain EM images, could be
“lost” in the cryo-EM data because the complex is too flexible. If the complex is dynamic and
moves around on the ND, this could result in the ND being averaged out during EM data
processing.'®

Cryo-EM data analysis also revealed another problem with the protein complex. The
complex seemed to adapt a preferred orientation on the grid surface during grid preparation.!”
Preferred orientation indicates that individual proteins sit on the grid in the same orientation by
sticking to the air-water interface, resulting in a 3D reconstruction that is based on very few
orientations of the complex. A non-uniform distribution of angular projection orientations of the
individual particles (Supplementary Fig. 4.1 B) is a strong indicator for preferred orientation.!”!

Collection of a tilted dataset (with images taken at a tilt angle of 30 degrees) is commonly
used to help with preferred orientation and obtain more particle orientations.!”! Cryo-EM images
(Supplementary Fig. 3.3 B) and resulting 2D class averages (Supplementary Fig. 3.3 D) of the
tilted dataset clearly showed the TF-FVIla-XK1 complex. The two datasets (untilted and tilted)
were also combined to yield one large dataset and 2D class averages show a distinct complex
(Supplementary Fig. 3.3 D). The 3D reconstructions for both the tilted dataset (Supplementary Fig.
3.4 C) and the combined dataset (Supplementary Fig. 3.4 E) showed improved distribution of
particle orientations (Supplementary Fig. 3.4 D and 3.4 F).

The best cryo-EM map to date is derived from the combined dataset (Fig. 3.3 A). Although
data analysis reports a “4.3 A” resolution for this map, the preferred orientation results in
overfitting of the data, making the resolution estimate less accurate. We have not modeled TF-
FVIIa-XK1 in the “4.3 A” density. However, preliminary modeling of TF-FVIIa-XK1 into a lower
resolution EM density map (“6 A” resolution) was performed by our collaborators in the
Tajkhorshid lab (University of Illinois Urbana-Champaign). The model indicates that the bulk of
the FX light chain part of XK1 projects into the solvent, away from TF-FVIla. The model supports
the idea of potential interactions between the TF exosite region and the N-terminal portion of the

FX light chain.
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Figure 3.3 3D Model of TF-FVIIa-XK1. (A) EM density map (“4.3 A” resolution) generated using cryo-EM data
from the tilted and untilted dataset (also referred to as the combined dataset). (B) EM density map generated using an
untilted dataset (“6 A” resolution) with TF-FVIIa-XK1 complex modelled into the density (membrane added). Model
indicates potential interactions between TF exosite (red) and FX GLA domain residues (green).

3.4 Discussion

The results of this study provide the first preliminary EM density map of membrane-bound
TF-FVIla in complex with the FX substrate mimetic, XK 1. Our preliminary TF-FVIIa-XK1 model
indicates possible interactions between the TF exosite and the FX GLA domain, suggesting that
the TF exosite could act as an extended substrate recognition site.

The role of the TF exosite in substrate activation was clearly identified in several
mutagenesis studies.”’8! Mutating specific TF exosite residues, especially Lys165 and Lys166,
decreases FX and FIX activation by up to 100-fold.””#!#38% Dye to the abundance of lysine
residues, the TF exosite has a net positive charge, suggesting interactions with the negatively
charged Gla residues at the N-terminus of FX. This hypothesis is supported by a previous study
from our lab reporting that TF exosite mutants were equivalent to wildtype TF in supporting
activation of GLA-domainless FX.®* Additionally, deletion of the GLA domain of FVIIa decreases
FX activation.””> These findings led to our hypothesis that both the TF exosite and FVIla Gla
domain are involved in substrate activation, potentially by binding the Gla domain of FIX and FX.

However, FIX and FX have a low affinity for TF-FVIIa® which impeded progress towards
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generating a stable trimolecular complex and obtaining a structure of this complex. In this study,
we generated a stable, membrane-bound complex of TF, FVIla and the FX mimetic XK1 that
enabled structural studies via negative stain and cryo-EM. The preliminary cryo-EM density map
shows potential interactions of TF exosite and the FX GLA domain, which are in line with several
previous studies suggesting direct protein-protein interactions between these two proteins.’>%*

Although our preliminary map provides first insights into the TF-FVIIa-XK1 structure,
adjustments to both sample preparation and data collection are needed to further optimize the
density and visualize the “missing” ND. Changes performed to date (e.g., collection of tilted
dataset) have shown some improvement of the EM map. Other approaches could include analyzing
the complex in more detail using negative stain EM. Comparing ND containing just TF to ND
containing TF-FVIla or TF-FVIIa-XK1 will allow us to track the changes in the EM map after
addition of each part of the trimolecular complex. This approach will ensure that every change in
EM density can be attributed to a distinct protein.

Another option to improve the current EM density map and visualize the ND are
adjustments to the sample preparation which might stabilize the proteins on the ND. This includes
changing the composition of the ND. Using phospholipids with a higher phase transition
temperature (e.g., fully saturated PC or PS with T = ~30-35°C) would minimize lipid fluidity
during freezing of the protein sample. The ND could be assembled at 37-41°C (at above the
transition temperature), but the lipid orientation could be preserved by cooling the sample to 4°C
right before freezing. Limiting lipid fluidity after complex formation could stabilize its orientation
on the membrane. Further adjustments in sample preparation could include changes to the protein
complex, in particular TF. TF contains an unstructured linker region that tethers its extracellular
domain to the transmembrane domain. Shortening the linker should limit freedom of motion for
TF and result in a more stable complex.

Further insights into the interactions of TF-FVIIa with its substrates could be obtained by
generating a complex of TF, FVIla and a FIX mimetic. FIX is another important substrate of TF-
FVIla and previous studies showed that FIX and FX interact similarly with TF-FVIIa.?! A FIX
mimetic has not been described in the literature yet. However, we generated a construct that
includes the FIX light chain in place of the FX light chain and performed initial purification trials.
A structure of TF-FVIIa bound to this FIX mimetic, IXK 1, could be obtained using cryo-EM. This

would allow us to compare the structures of TF-FVIIa bound to both substrates and describe
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potential differences between the trimolecular complexes.
This study has provided the first steps towards obtaining a membrane-bound structure of

TF-FVIla in complex with its substrate which will ultimately reveal new molecular details of TF-

FVIIa substrate recognition.
3.5 Supplementary Information
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Figure S 3.1 Generation of TF-ND. (A) Purification of TF-ND via affinity chromatography. Gel electrophoresis
followed by Coomassie staining showing samples of TF-ND purification steps. L=ladder, IN=input, FT=flow-through,
W1-7=Wash 1-7, E1-4=Elution 1-4. (B) Densitometry analysis of TF-ND. Gel electrophoresis followed by Coomassie
staining showing molar ratios of TF:MSP and their corresponding band intensities. The purified TF-ND show band
intensities that correspond to a 0.5 ratio of TF:MSP (1 TF for every 2 MSP).
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Figure S 3.2 Micrographs and select 2D class averages of the TF-FVIIa-XK1 complex by negative stain EM.
(A-B) Micrographs of TF-FVIIa-XK1 sample. (C) Select 2D class averages.
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Figure S 3.3 Micrographs and select 2D class averages of the TF-FVIIa-XK1 complex by cryo-EM. (A)
Micrographs of untilted sample. (B) Micrographs of tilted sample. (C) Select 2D class averages for untilted data. (D)
Select 2D class averages for tilted data. (C) Select 2D class averages for combined (untilted and tilted) data.
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Figure S 3.4 3D reconstruction and distribution of angular projection orientations of the TF-FVIIa-XK1
complex. (A, C, E) Best 3D reconstruction after refinement is shown for (A) untitled data, (C) tilted data and (E)
combined data. The side and top views of the 3D models are shown. (B, D, F) Distribution of angular projection
orientations (plotted as azimuth against elevation angles) for particles included in the calculation of the final 3D map
for (B) untitled data, (D) tilted data and (F) combined data.
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Chapter 4 Nucleotides Inhibit Serine Proteases®

4.1 Introduction

Nucleotides serve important functions inside the cell as energy sources, enzyme cofactors
or co-substrates, and building blocks of nucleic acids.'””> The most abundant nucleotide is
adenosine triphosphate (ATP), with a surprisingly high cytosolic concentration of approximately
2 to 9 mM.!7 Recent studies have shown that these high intracellular ATP concentrations play
important roles in enhancing the stability and solubility of many proteins.!7*!7>

Most secreted proteins progress through the endoplasmic reticulum (ER) and Golgi. We
wondered whether similarly high ATP concentrations in the lumen of these compartments could
stabilize proteins as they transit through these compartments. In particular, serine proteases are
typically synthesized and secreted as inactive precursors or zymogens,'’® which remain
catalytically inactive until they reach their target location, where they are converted into active
enzymes by limited proteolysis. Premature activation of a serine protease zymogen while still in
the ER or Golgi could be dangerous, since indiscriminate proteolysis could cause ER stress and
cellular damage. A pathological example of damage caused by premature protease activation
before delivery to its final destination is hereditary pancreatitis, which results from premature
activation of trypsinogen while it is still within the pancreas rather than in the small intestine.!””
179

In this study, we tested the idea that ATP and certain other nucleotides can inhibit the
activity of serine proteases. In the ER and Golgi lumen, nucleotides and their derivatives serve as

the energy source for protein folding and degradation, and as co-substrates for post-translational

¢ This chapter was adapted from a research report under submission. MD experiments were performed by the
Tajkhorshid lab (University of Illinois Urbana-Champaign). NMR experiments were performed by the Rienstra lab
(University of Madison-Wisconsin) with help from the Komives lab (University of California San Diego). Current
citation: Fabienne Birkle, Yan Wang, Hale S. Hasdemir, Karan Kapoor, Marco Tonelli, Ronnie O. Frederick, Riley
B. Peacock, Elizabeth A. Komives, Chad M. Rienstra, Emad Tajkhorshid, and James H. Morrissey. Nucleotides inhibit
serine proteases, 2022, under submission.
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modifications of many proteins'® including serine proteases. Although the absolute concentration
of ATP or other nucleotides within the ER or Golgi does not appear to be known, it is well known
that ATP, nucleotide sugars, and 3'-phosphoadenosine-5'-phosphosulfate (PAPS) are transported
actively into the lumen of these compartments, and that their transporters can increase the luminal
concentrations of nucleotides and nucleotide derivatives some 50- to 100-fold.'3%!3! Furthermore,
chaperone proteins such as BiP are themselves present in millimolar concentrations in the ER
lumen.!'®? As BiP is an ATP-utilizing protein, one would expect that ATP within the ER lumen
must also be present at millimolar levels. We now report that millimolar concentrations of ATP
and other nucleotides strongly inhibit the enzymatic activities of eleven serine proteases involved

in processes as varied as blood clotting, fibrinolysis and food digestion.
4.2 Materials and Methods

4.2.1 Materials

Materials were sourced as follows: ribonucleotides, PAPS, bovine trypsin, N-
methylsulfonyl-D-Phe-Gly-Arg-pNA  (FVIIa substrate), N-succinyl-Ala-Ala-Pro-Phe-pNA
(chymotrypsin substrate), sodium pyrophosphate and sodium tripolyphosphate, Sigma (St. Louis,
MI); recombinant human FVIIa, American Diagnostica (now Sekisui Diagnostics, Lexington,
MA); biotinylated D-Phe-Pro-Arg chloromethyl ketone, and human FXIa, FXa, FIXa, thrombin,
and plasmin, Haematologic Technologies (Essex Junction, VT); human FXIla and plasma
kallikrein, Enzyme Research Laboratories (South Bend, IN); bovine chymotrypsin, Worthington
Biochemical Corporation (Lakewood, NJ); human uPA, sc-tPA and tc-tPA, Molecular Innovations
(Novi, MI); CH3SO2-D-CHG-Gly-Arg-pNA (FXIa substrate), Pentapharm (Parsippany, NIJ);
methoxycarbonyl-D-Nle-Gly-Arg-pNA (FXa and trypsin substrate), Pyr-Pro-Arg-pNA (FIXa
substrate), D-Pro-Phe-Arg-pNA (FXIla and plasma kallikrein substrate) and Sar-Pro-Arg-pNA
(thrombin substrate), Bachem (Bubendorf, Switzerland); 1,5-dansyl-Glu-Gly-Arg chloromethyl
ketone, Calbiochem (San Diego, CA); and phospholipids, Avanti Polar Lipids (Alabaster, AL).

4.2.2 Production and relipidation of recombinant TF

Recombinant human mTF (residues 3-244) with an N-terminal HPC4-epitope tag was
expressed in Escherichia coli and purified as described.!®! mTF-liposomes were prepared by

incorporating mTF into phospholipid vesicles containing 80% phosphatidylcholine (1-palmitoyl-
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2-oleoyl-sn-glycero-3-phosphocholine) and 20% phosphatidylserine (1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-L-serine), as described,'* using 15 mM deoxycholate as the detergent.
Relipidated mTF was typically employed to quantify FIX or FX activation by TF-FVIIa, as this
reaction is highly membrane-dependent. Recombinant human sTF (residues 3-219) with a C-
terminal 6xHis-tag was expressed in E. coli and purified as described.’? sTF was typically
employed in the absence of membranes to quantify chromogenic substrate hydrolysis by TF-FVIIa,

as this activity is membrane-independent.

4.2.3 Chromogenic substrate hydrolysis by serine proteases

Initial rates of chromogenic substrate hydrolysis were quantified in 96-well plates.
Proteases were diluted in HBSA buffer (20 mM HEPES pH 7.4, 100 mM NacCl, 0.1% bovine
serum albumin, 0.02% NaN3), although for FVIIa or sTF-FVIla, 5 mM CaCl, was included.
Nucleotides at the desired concentration were then incubated with protease for 5 min at ambient
temperature, after which the appropriate chromogenic substrate was added. Concentrations of
protease and substrate varied as follows: 200 nM sTF plus 20 nM FVIla (sTF-FVIIa) with 0.5 mM
substrate; 5 nM FXa with 0.5 mM substrate; 1 nM FXIa with 1 mM substrate; 20 nM FXIla with
1 mM substrate; 1 nM plasma kallikrein with 1 mM substrate; 10 nM thrombin with 1 mM
substrate; 50 nM plasmin with 0.5 mM substrate; 30 nM uPA with 1 mM substrate; 100 nM sc-
tPA with 0.5 mM substrate; 50 nM tc-tPA with 0.5 mM substrate; 10 nM trypsin with 0.5 mM
substrate; and 10 nM chymotrypsin with 0.5 mM substrate. The rate of change in A4os was
measured at ambient temperature using a Spectramax microplate reader (Molecular Devices, San
Jose, CA). Initial rates of substrate hydrolysis in the presence of nucleotides were normalized to
those with no nucleotides and plotted against the nucleotide concentrations on a logarithmic scale,

from which ICso values were determined by nonlinear regression.

4.2.4 Activation of FX and FIX by mTF-FVIla

For most experiments, initial rates of FX activation by FVIla bound to mTF were quantified
using a continuous (one-stage) FX activation assay. mTF-liposomes (0.57 nM mTF, with 10 pM
total phospholipid) were incubated with FVIla (3 pM) in HBSA buffer plus 5 mM CacCl; in wells
of a 96-well plate. Nucleotides or nucleotide derivatives were then incubated with mTF-FVIIa for

5 min at ambient temperature, after which reactions were initiated by adding 0.5 mM FXa
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chromogenic substrate and 30 nM FX. The change in A40s was measured, from which initial rates
of FX activation were derived as described.!®?

K and keat values for FIX and FX activation were measured in discontinuous (two-stage)
assays in 96-well plates as described.!®! mTF-liposomes (for FIX activation: 10 nM mTF with 175
uM total phospholipid; for FX activation: 0.57 nM mTF with 10 uM total phospholipid) were
incubated with FVIla (for FIX activation: 1 nM; for FX activation: 3 pM) in HBSA plus 5 mM
CaClyat 37° C for 5 min, after which ADP (0-5 mM) was added and incubated for an additional 5
min. Reactions were then initiated by adding 0.1-2 uM FIX or 25-400 nM FX, after which timed,
10-uL aliquots were taken over 5 min and quenched on ice in microwells containing 80 pL stop
buffer (for FIX activation: 1.25x concentrated HBSA with 12.5 mM EDTA and 28% (v/v) ethylene
glycol; for FX activation: 1.25% concentrated HBSA with 12.5 mM EDTA). For the second stage,
plates were warmed to ambient temperature and 10 pL. of the appropriate chromogenic substrate
solution (0.5 mM final) was added per well, after which the rate of change in A40s was measured
and converted to FIXa or FXa concentrations by reference to a standard curve. To extract Ky, and
keat values, initial rates of FIX or FX activation were plotted versus FIX or FX concentration, to
which the Michaelis-Menten equation was fitted by nonlinear regression.

Ki values for FIX and FX activation by mTF-FVIIa in the presence of ADP were
determined graphically using Cornish-Bowden plots, in which the substrate concentrations (FIX
or FX) were divided by activation rates to yield S/V, which was plotted against ADP
concentrations (I).!3* Lines were then fitted to the data. For competitive inhibition, the lines will
be parallel; for non-competitive inhibition, the lines intersect at I = —K; and S/V = 0; and for

uncompetitive inhibition, the lines intersect at I = —K; and S/V = Kn/Vmax.

4.2.5 SPR analyses

ATP binding affinities for FXa, thrombin and trypsin were determined by surface plasmon
resonance (SPR) at ambient temperature using a Biacore T200 (Cytiva, Marlborough, MA). First,
the active site of each serine protease was irreversibly inhibited using 1,5-dansyl-Glu-Gly-Arg
chloromethyl ketone for FXa and trypsin, or biotinylated D-Phe-Pro-Arg chloromethyl ketone for
thrombin. In each case, the protease was incubated with a tenfold molar excess of inhibitor for 20
min at ambient temperature, after which full inhibition was verified by chromogenic substrate

hydrolysis as described above. Active-site inhibited proteases were bound to a Cytiva Series S
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Sensorchip CMS5 by standard amine coupling according to manufacturer’s protocol, using 10 mM
sodium acetate pH 4.5. Final coupling results were approximately 850 resonance units (RU) for
FXa, 700 RU for thrombin and 500 RU for trypsin. Binding experiments were performed in
running buffer (20 mM Hepes pH 7.4, 100 mM NaCl, 0.002% surfactant) in the presence of 0-100
mM ATP. In each case, the maximal steady-state RU values were recorded at each ATP
concentration, and binding isotherms were generated by plotting maximal RU versus nucleotide
concentration. The Hill equation was fitted to the binding data using nonlinear regression to

determine the binding affinities (Kp) and Hill coefficients.

4.2.6 Flooding molecular dynamics (MD) simulations

The binding of ATP molecules to thrombin and trypsin was probed using flooding MD
simulations, in which multiple ligand copies (ATP) were added to the simulation box to sample
binding events of ATP to the protein, thereby increasing the efficiency of the search for putative
binding sites.

For thrombin, the 1.9 A-resolution, inhibitor-bound human thrombin structure (PDB code:
1PPB!%) was employed, keeping the light and heavy chains in the system along with crystal water
molecules, but removing the active-site inhibitor. Disulfide bonds in thrombin were added between
C1-C122 (inter-chain) and between C42-C58, C168-C182 and C191-C220 (intra-heavy chain).
For trypsin simulation we started from the structure of human trypsin (PDB ID: 1TRN). Five intra-
chain disulfide bonds (C30-C160, C48-C64, C139-C206, C171-C185, and C196-C220) were then
introduced to the trypsin structure. The protonation states of protein residues were determined by
pKa calculations using the Protonate-3D module in MOE (Molecular Operating Environment),
2019.01 (Chemical Computing Group ULC, 1010 Sherbooke St. West, Suite #910, Montreal, QC,
Canada, H3A 2R7, 2021). The systems were solvated in a water box and neutralized with 0.1 M
NaCl. The final simulation systems consisted of ~100,000 and ~80,000 atoms, for thrombin and
trypsin, respectively. ATP molecules at a 25 mM concentration (14 molecules in the thrombin
system and 11 in the trypsin system) were added to the simulation box using the positions of
randomly selected water molecules at least 20 A from the protein surface. Water molecules
clashing with added ATP molecules were removed. Respective number of ClI™ were also removed
to maintain the charge neutrality of the system. Five replicas of such solvated, ATP-protease

systems were created for production simulations.
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The simulations were performed using NAMD'#¢187 and CHARMM36m parameters for
protein and ATP'®® and TIP3P for water'® using 2-fs timesteps. The system was first energy-
minimized for 1,000 steps using steepest descent algorithm followed by equilibration MD for 2
ns. In the equilibration phase, the protein backbone and side-chain heavy atoms were restrained
with force constants of 10 and 5 kcal/mol/A2, respectively. The temperature was maintained at 303
K using Langevin thermostat!*® and the pressure was maintained at 1 bar using Nosé-hoover piston
method.'”! The particle mesh Ewald (PME) method was used to calculate electrostatic
interactions!®? without truncation within the periodic boundary conditions used for all the
simulations. The non-bonded forces were calculated at 12-A cutoff and 10-A switching distances.
Five independent simulation replicas for each protein (thrombin and trypsin) were performed to
probe ATP-protein interactions. Each simulation replica was initiated with a randomized set of
atomic velocities, and a different spatial distribution of ATP molecules around the protein. The
production simulations were carried out for 2 us for each replica, collecting 10 pus sampling of

ATP interaction with thrombin or with trypsin.

4.2.7 MD clustering of ATP binding modes to identify putative ATP binding sites

First, total contact (C) between an ATP molecule and the protein was calculated as:

1
€= Z 5A-1 A
—1+exp[SA (r;; — 44)]

In which the summation goes over all possible heavy atom pairs between thrombin and an ATP

molecule with r;; being the inter-atomic distance in a given frame of the MD trajectory. C can be

defined for individual residues, domains, or the entire protein. Similar contact functions have been
used to quantify molecular-level interactions in previous simulation studies.!**!** Using C, “ATP-
bound” frames were defined as frames with C > 4. In order to exclude transient interactions, only
contiguous segments of the simulations where ATP remains bound to the protein for at least 10 ns
were considered for further analysis.

For each “ATP-bound” frame, a vector composed of the C values of the individual protein
residues was calculated. The data were scaled to unit variance and zero mean using the scikit-learn
package.'”® Dimensionality of the full dataset was reduced with Uniform Manifold Approximation
and Projection (UMAP) v.0.3.2!% to 20 dimensions. During dimensionality reduction, UMAP

keeps neighboring/similar data points in the high-dimensional space close to each other in the
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reduced-dimensional space while preserving the global structure of the dataset. UMAP has been
successfully used in previous studies to identify and cluster similar biological datasets in a lower-
dimensional space.'”’1% Similarly, our goal here was to group “ATP-bound” frames in which
ATPs are interacting with the same region of the protein to identify putative ATP interaction sites
in clusters. To obtain well-separated clusters, UMAP parameters were set as follows:
n_neighbors =50, min_distance = 0.8, n components =20, random state =42, FEuclidian
distance metric. HDBSCAN (Hierarchical Density-Based Spatial Clustering of Applications with

Noise)??

was then carried out on the first five UMAP dimensions to classify the putative ATP
interaction sites. HDBSCAN is a density-based clustering method for identifying clusters with
varying shapes and sizes. Performing HDBSCAN on the first five UMAP dimensions prevented
further splitting of the main clusters into additional subclusters. HDBSCAN parameters were set
to: min_cluster size = 700, cluster_selection_epsilon = 2. To better visualize the resulting clusters
and the distribution of ATP interaction sites on the protein, the clusters of “ATP-bound” states
were projected onto the first two UMAP dimensions. To determine the putative ATP interaction
sites of trypsin, the same clustering workflow was used. Since trypsin is smaller in size than
thrombin, a smaller C cutoff (C > 2) was used to select “ATP-bound” frames. For dimensionality
reduction, UMAP parameters were set to n neighbors =30, min distance = 0.25,
n_components = 20, random_state = 42, Euclidian distance metric; for clustering, HDBSCAN
parameters were: min_cluster size = 600, cluster selection_epsilon = 3. Electrostatic potentials
were calculated using APBS (Adaptive Poisson-Boltzmann Solver) software,?’! and molecules

were visualized in VMD.?%?

4.2.8 NMR Analyses of ATP Binding to Thrombin

NMR spectra were recorded on a 2H,'°N-labeled sample of the S195M mutant of thrombin
bound to the TM456 fragment of thrombomodulin (natural abundance), expressed and purified as
described.?”®> The NMR sample was prepared with 25 mM phosphate buffer at pH 6.5, containing
0.025 % NaN3, and 10% DO for a final protein concentration of 35 uM. A total volume of 100
pL of this solution was used in a 3 mm Shigemi tube. A 0.25 M stock solution of ATP dissolved
in the same buffer was titrated into the sample of labeled thrombin in five steps to achieve ATP
concentrations of 1 mM, 5 mM, 10 mM, 20 mM, and 40 mM (approximate ATP to protein
concentration ratios of 30, 140, 290, 520 and 1,100, respectively).
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AIl NMR experiments were performed on a Varian VNMRS spectrometer operating at 800
MHz ('H) and equipped with a cryogenically cooled triple resonance probe with z-axis pulsed field
gradients. The temperature of the sample was regulated to 298 K. Two dimensional 'H,">N HSQC-
TROSY spectra?®* were recorded at the beginning and after each addition of ATP to the sample.
Each spectrum was recorded with 1024 x 128 complex points in the direct 'H and indirect >N
dimensions, respectively. The frequency offsets and spectral widths were set to 4.77 ppm and 16.3
ppm for the 'H dimension and 118.51 ppm and 37.5 ppm for the >N dimension. Each FID was
accumulated with 192 transients and the recovery delay was set to 1.5 sec, resulting in a recording
time of 22 hr for each 2D spectrum. The NMR spectra were processed using NMRPipe?* and
analyzed with NMRFAM-SPARKY?%. Using the “Transfer and simulate assignments” extension
(ta), we transferred the backbone amide chemical shift assignments from BMRB ID 50,678
deposition onto the thrombin HSQC-TROSY spectrum recorded before adding ATP. The titration
spectra were analyzed using the “NMR Perturbation Plot” extension (np) in NMRFAM-SPARKY.
The chemical shift perturbation (CSP) values for each assigned residue were calculated using the

formula:

2
J[(AHZ +(8N/e) )/2]
where AH and AN are the difference in 'H and '°N chemical shifts between the first and last points

of the titration, respectively. To locate the ATP binding site, the calculated CSP values were

displayed on the structure of thrombin (PDB ID: 1DX5%7) using PyMOL.
4.3 Results

4.3.1 Nucleotides inhibit serine protease activity

We initially screened ATP as a potential inhibitor of eleven secreted human serine
proteases involved in a variety of biological functions. Blood clotting proteases included FXa,
FXIa, FXIla, plasma kallikrein, thrombin, and sTF-FVIIa (the complex of FVIla and its protein
cofactor TF; in this case, using a truncated, soluble form of TF known as sTF). Digestive proteases
included bovine trypsin and chymotrypsin. Fibrinolytic proteases included human plasmin,
urinary-type plasminogen activator (uPA) and tissue-type plasminogen activator (tPA). The latter

enzyme was tested in both the single-chain (sc-tPA) and two-chain (tc-tPA) forms, since uncleaved
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sc-tPA, in what would normally be a zymogen, has nearly as much enzymatic activity as the two-
chain form.?’® ATP inhibited the enzymatic activities (measured as cleavage of chromogenic
substrates) of all eleven serine proteases (Figure 4.1 A-C), with ICso values from 2 to 11 mM
(Table S 4.1). ADP also inhibited these proteases (Figure 4.1 D-E), with very similar ICso values
that ranged from 2 to 9 mM (Table S 4.1). While AMP also inhibited these enzymes (Figure 4.1
G-I), it did so with higher ICso values that ranged from 9 to 70 mM (Table S 1). The “zymogen”
form of tPA (sc-tPA) exhibited similar ICso values as did tc-tPA, with regard to inhibition by ATP,
ADP or AMP.

We next compared ADP and ATP to the other major cellular ribonucleotide triphosphates
(CTP, GTP, and UTP), as well as to the sulfate donor, PAPS, as inhibitors of chromogenic
substrate hydrolysis by sTF-FVIla. We found that 10 mM ADP, ATP, or CTP inhibited this
enzyme >99%, while 10 mM GTP or UTP resulted in 82-86% inhibition and 10 mM PAPS resulted
in 64% inhibition (Figure 4.1 J). These results show that ADP, ATP and CTP all strongly inhibit
sTF-FVIla, while GTP, UTP, and PAPS also inhibit sTF-FVIIa but required significantly higher
concentrations (>10 mM) to achieve saturation.

Since the nature of the base in the nucleotide appears to be relatively unimportant, we
examined whether the di- or triphosphate portion of nucleotides alone might be responsible for the
observed protease inhibition. Accordingly, we tested sodium pyrophosphate (PP) or
tripolyphosphate (PPP) at concentrations up to 10 mM. Neither PP nor PPP resulted in measurable
inhibition of trypsin or thrombin (Figure S 4.1).

Much of the cytosolic ATP is bound to Mg**, while cytosolic ADP is largely Mg>*-
free.?921% Although the Mg?" concentration in the ER lumen is not known with any certainty, it is
known that the ER lumen contains millimolar concentrations of both Mg?" and Ca?",21%2!! either
of which could associate to some extent with ADP or ATP. Accordingly, we examined whether
low millimolar concentrations of these divalent metal ions affected the extent of inhibition by ADP
or ATP in three cases: (1) chromogenic substrate hydrolysis by FVIla; (2) chromogenic substrate
hydrolysis by FXa; and (3) FX activation by mTF-FVIla (the complex of FVIIa bound to
relipidated mTF, or membrane-anchored TF). In all cases, there was no significant change in
enzyme activity as a function of Ca*' concentration, and a modest dependence on Mg>"

concentration (Figure S 4.2). These findings support the idea that both Mg-ATP and free ATP are
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fully capable of inhibiting serine proteases, as are any complexes between ADP or ATP and Ca**,
at reasonable concentrations of these divalent metal ions.

The luminal pH of the ER is reported to be 7.2 = 0.2, while that of the Golgi is 6.4 + 0.3.21
We therefore examined whether the lower pH encountered in the Golgi lumen would influence the
sensitivity of sTF-FVIIa to ATP inhibition (Figure S 4.3). When tested from pH 6.2 to 7.4, we
found that 5 mM ATP was only slightly less effective in inhibiting chromogenic substrate
hydrolysis by sTF-FVIla at pH 6.2, 6.5 or 7.4, relative to assays conducted at pH 6.8 or 7.1. On
the other hand, 10 mM ATP inhibited nearly 100% of the activity of this enzyme across the entire
pH range. Secretory granules are typically even more acidic (luminal pH ~5),2!? but since serine
proteases have essentially unmeasurable enzymatic activities at pH 5, we did not attempt to

investigate nucleotide inhibition at this pH.

4.3.2 ADP is an uncompetitive inhibitor of TF-FVIla protease activity

We performed more detailed kinetic studies of the protease activity of mTF-FVIla, the membrane-
bound enzyme complex that triggers blood clotting, to determine how ADP influences the ability
of this enzyme to activate its major protein substrates, FX and FIX, by limited proteolysis. Initial
rates of FX activation were diminished by increasing ADP concentration (Figure 4.2 A), resulting
in an increase in K, and a decrease in both keat and kea/Km (Table S 4.2). To further address the
inhibition type, we utilized Cornish-Bowden plots,'* in which S/V (the quotient of the substrate
concentration (S) and activation rate (V)) is plotted against I, the inhibitor (ADP) concentration,
using data collected over a range of substrate (FX) concentrations (Figure 4.2 B). The resulting
plot was consistent with uncompetitive inhibition, with the family of lines intersecting at I = —K;
and S/V = Kw/Vmax, yielding a K; of 2.5 mM for ADP inhibition of FX activation by mTF-FVIIa
(Table S 2).

FIX activation by mTF-FVIla was also inhibited by increasing ADP concentrations (Figure
4.2 C). For this substrate, we observed reductions in both keat and Ki, corresponding to a 1.6-fold
decrease in kea/Km for FIX activation by 5 mM ADP (Table S 4.2). Cornish-Bowden plots were
also consistent with uncompetitive inhibition (Figure 4.2 D), yielding a K; of 0.7 mM for ADP
inhibition of FIX activation by mTF-FVIIa (Table S 4.2).

52



4.3.3 ATP binds cooperatively to FXa, trypsin and thrombin

We used SPR to quantify ATP binding to immobilized FXa, trypsin and thrombin, all of whose
enzymatic activities had been blocked via covalent modification of their active sites (Figure 4.2 E-
G). We observed sigmoidal binding isotherms with all three proteases, consistent with cooperative
ligand binding. The Hill equation fit well to the data, resulting in Kp values ranging from 15.8 to
23.5 mM, and Hill coefficients from 1.48 to 1.76 (Table S 4.3). Interestingly, Kp values for FXa,
trypsin and thrombin are 4- to 7-fold higher than ICso values for these proteins (Table S 4.1). To
measure the Kp in SPR experiments, the active site of each enzyme was covalently inhibited which

might explain the discrepancy.
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Figure 4.1 Nucleotides inhibit serine protease activity. (A-I) Enzymatic activities of serine proteases involved in
blood clotting (blue), food digestion (green) or fibrinolysis (red) were quantified in the presence of increasing ATP,
ADP or AMP concentrations, then normalized to rates without nucleotide. Protease inhibition by ATP for (A) clotting
proteases (STF-FVIla, FXa, FXIa, FXIIa, plasma kallikrein, thrombin), (B) digestive proteases (trypsin, chymotrypsin)
or (C) fibrinolytic proteases (plasmin, uPA, sc-tPA and tc-tPA). (D-F) Protease inhibition by ADP. (G-I) Protease
inhibition by AMP. (J) Rates of chromogenic substrate hydrolysis by sTF-FVIla were measured in the presence of 1,
5or 10 mM ATP, CTP GTP, UTP, ADP or PAPS, and expressed as percent inhibition of the rate without nucleotides.
(K) Structure of PAPS. Data in all panels are mean + standard error; n > 3.

54



B

>

FX activation

0.20;
— -+ no ADP

S'E = 2 mM ADP 10000 = 400 nM
SE  0.15] ~ 5 mM ADP < 300 nM
55 i
— - n
g X 0.10] s 5000 +I5nM
X = 0.05] / ~250M

0.00 62 2 4 6

0 100 200 300 400 500

| (ADP) [mM]

FX [nM]
C 8 D FIX activation
= - no ADP
o .£ = 2 mM ADP
:.t—.u. g 6 -+ 5 mM ADP
> ®
5 X
s 4
X% 2
0 : : : : .
0 500 1000 1500 2000 2500
FIX [nM] | (ADP) [mM]
40 —_
100- = =)
5 @ 30 & 100
x, ‘s £
] ‘= 20 ]
§ 50 % € 5ol
w > e
= 107 c
o
()} ' - ()} - . 0 . :
0 50 100 (] 50 100 0 50 100
ATP [mM] ATP [mM] ATP [mM]

Figure 4.2 Nucleotides act as uncompetitive inhibitors and exhibit cooperative binding to serine proteases. (A-
D) ADP inhibits FX and FIX activation by mTF-FVIIa, consistent with uncompetitive inhibition. Activation of
varying concentrations of FX or FIX by mTF-FVIla was measured in the presence of 0, 2 or 5 mM ADP. (A) Initial
rates of FX activation by mTF-FVIla, and (C) initial rates of FIX activation by mTF-FVIla (in both panels, the
Michaelis-Menten equation was fitted to the data). The data from panels A and C were replotted in panels B and D,
respectively, as Cornish-Bowden plots, in which the y-axes are S/V, the quotient of the substrate concentration (S)
(i.e., the FX or FIX concentration) divided by activation rate (V), to which lines were fitted. (E-G) Evidence of
cooperative binding of ATP to FXa, trypsin and thrombin. ATP binding to serine proteases was detected using SPR.
Active-site inactivated serine proteases were immobilized on a CM5 sensorchip, over which increasing ATP
concentrations (up to 100 mM) were flowed and the maximal, steady-state RU values recorded for each ATP
concentration. Plotted here as RU versus ATP, the Hill equation was fitted to the binding data, from which Kp values
and Hill coefficients were determined. (E) ATP binding to FXa; (F) ATP binding to trypsin; and (G) ATP binding to
thrombin. Data in all panels are mean + standard error; n = 3.
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4.3.4 Clustering and characterization of putative ATP binding sites of thrombin and trypsin

We employed all-atom MD simulations to probe ATP binding to thrombin and trypsin. Multiple
flooding simulations were carried out for thrombin and trypsin at 25 mM ATP, allowing enhanced
sampling of ATP binding events. To further characterize the putative ATP interaction sites
captured during the MD simulations, clustering was performed using the degree of contact between
ATP and individual amino acids of the protein in “ATP-bound” trajectory frames.

Four ATP-binding clusters were identified in thrombin (Figure 4.3 A) with the residue
contact frequencies shown in Figure 4.3 B (numbered by homology to chymotrypsinogen'®d).
These binding clusters represent the four major interaction sites for ATP in thrombin (Figure 4.3
C). Interaction site 1 corresponds to thrombin’s anion-binding exosite 2 (ABE2) (Figure 4.3 C,
inset 1), with residues R126, Q131, R165, F181, and R233 being the most important for ATP
interaction. ABE2, which forms a positive electrostatic potential surface (Figure S 4.4 B), is also

a known interaction epitope for heparin,?!® platelet glycoprotein Iba,>'42!

and anionic fibrinogen
v' chain.?!® Interaction site 2 (Figure 4.3 C, inset 2) corresponds to the Na* binding site of thrombin,
well known as a modulator of thrombin’s catalytic activity.?!>??° R221 and K224 in this site are
important for Na" binding which consequently positions D189 to engage with the thrombin’s
substrate Arg side chain in the P1 site. 2! We might speculate that perturbation of Na® binding
caused by ATP molecules might prevent proper engagement of D189 with the substrate and thus
contribute to thrombin inhibition. Interaction site 3 (Figure 4.3 C, inset 3) and interaction site 4
(Figure 4.3 C, inset 4) correspond to the y-loop and the 70-loop (i.e., anion-binding exosite 1
(ABE1)), respectively. R67, R75, K81, and K149 are the key basic residues from ABEI1 that

interact with bound ATP. ABEI has an overall positive electrostatic potential (Figure S 4.4 A) and

222,224 207,221,225-227

has been shown to interact with fibrinogen,??!?%* fibrin, and thrombomodulin.
Binding of ATP to ABE1 may thus follow a similar inhibition mechanism to ABE2 by interfering
with substrate binding. The average number of ATPs bound to thrombin throughout the trajectory
of each simulated replica (Figure S 4.5) was calculated as 1.58 + 0.51, which is in line with the
Hill coefficient for ATP binding to thrombin estimated from SPR experiments (1.48 £ 0.08, Table
S 4.3). As an example of potential cooperative binding, simultaneous binding of ATPs to
interaction site 1 is shown in Figure 4.3 D-E.

We also simulated trypsin in the presence of experimental ATP concentrations and

similarly performed clustering on “ATP-bound” frames of the trajectory. Three putative ATP
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interaction sites were identified on trypsin, with residues R68, K112, R116 and K240 identified as
the key basic residues interacting with bound ATPs (Figure S 4.6). The 60-loop and the 99-loop,
corresponding to interaction site 1 (Figure S 4.6 C, inset 1), are important allosteric regulatory
loops of trypsin-like serine proteases.’?® ATP binding to this site may interfere with allosteric

communication between different regions of the protein.

4.3.5 NMR analyses of ATP binding to thrombin

We used solution NMR to investigate ATP binding to human thrombin by titrating natural-
abundance ATP into a solution of 2H,'*N-labeled thrombin (using the catalytically inactive S195M
mutant of thrombin, bound to natural-abundance TM456 fragment of thrombomodulin). In total,
we measured six spectra with concentrations of 0, 1, 5, 10, 20 and 40 mM ATP. Two-dimensional
'H,’>N-HSQC-TROSY spectra, recorded before adding ATP and after each addition, show clear
changes in the chemical shifts of thrombin backbone amides (Figure 4.4 A and Figure S 4.7),
indicating that ATP binds thrombin. The large excess of ATP compared to thrombin that was used
for the titration (>1,100:1 for the last titration point) implies that ATP binding to the protein is
relatively weak, consistent with the mM binding affinities observed throughout this study.
Nevertheless, the chemical shift changes are localized at four sections of the thrombin sequence,
with residues A1B, R126, Q131, 1176 and L.234 showing the largest shifts (Figure 4.4 B). When
displayed on the structure, these residues cluster in a single region of thrombin, indicating a
prominent ATP binding site coincident with ABE2 (Figure 4.4 C). Notably, R126 and Q131 were
also identified as among the most important ATP-interacting residues in the MD simulations of

thrombin binding to ATP (Figure 4.3 C, inset 1, and Figure 4.3 E).
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Figure 4.3 MD clustering analysis of ATP-bound thrombin and representative interaction sites. (A) ATP-bound
frames are projected on UMAP dimension 1 and UMAP dimension 2, with clusters 1, 2, 3 and 4 colored in orange,
red, green, and blue, respectively. The population of each cluster is denoted as percentage. (B) Contact frequencies of
residues, calculated by normalizing the total contact of each residue from all “ATP-bound” frames with respect to the
maximum total contact, using the color scheme in panel A to identify the cluster in which each residue is present. (C)
Representative snapshot of ATP interaction sites, showing ATP molecules with the highest contact numbers,
corresponding to the four identified clusters. Center panel shows the surface representation of thrombin in white, with
four ATP interaction sites highlighted using the color scheme used from panels A/B. Insets 1-4 are closeup views of
each interaction site, showing bound ATPs and numbering the important thrombin residues surrounding them. (D) An
example of two ATP molecules simultaneously bound to interaction site 1, colored as in panel C. (E) Closeup view
of D, showing details of the bound ATPs and interacting residues.
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Figure 4.4 NMR analyses identify ATP interaction with ABE2 of thrombin. (A) Expansions from the full two-
dimensional 1H,15N-HSQC-TROSY spectra of thrombin (from SI Appendix, Fig. S7), highlighting residues with
largest chemical shift changes after adding ATP to the sample (in particular, residues A1B, R126, Q131, 1176 and
L234). (B) Chemical shift perturbation (CSP) plot showing the magnitude of chemical shift changes of thrombin
backbone amides between the spectrum recorded with no ATP and the last point of the titration after adding 40 mM
ATP to the sample. The five residues with the largest CSP values (A1B, R126, Q131, 1176 and L.23) are indicated.
(C) Crystal structure of thrombin bound to TM456 (PDB ID: 1DXS5), with TM456 colored light blue, and thrombin
color-coded to highlight residues whose chemical shifts changed after ATP addition (white, no change; red, largest
change). The five residues with the largest chemical shift changes (A1B, R126, Q131, I176 and L234) are clustered
on the face of the thrombin away from TM456, coincident with thrombin’s ABE2.
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4.4 Discussion

From the results of this study on eleven serine proteases of disparate function, we propose
a new role for ATP and other ribonucleotides known to be present in the ER and Golgi lumen:
namely, to keep any prematurely activated serine proteases catalytically quiescent prior to
secretion. Most secreted serine proteases are synthesized as inert zymogens, which should remain
catalytically silent during their transit through the ER and Golgi. Any accidental conversion of
such zymogens into active proteases while still inside the secretory machinery could be dangerous,
as they could indiscriminately proteolyze multiple proteins, leading to ER stress and cellular
damage. In addition, some cells such as hepatocytes secrete multiple serine protease zymogens, so
premature activation of any one of these enzymes within the ER or Golgi could trigger a cascade
of proteolytic activation events which may be catastrophic for the cell.

ADP, ATP and UTP were approximately equally effective inhibitors of serine protease
activity, with ICso values in the low mM range. GTP, CTP and PAPS also inhibited the proteases,
albeit with slightly higher ICso values. We therefore propose that it is the sum total of the nucleotide
concentration in the lumen of the ER and Golgi that acts to keep these proteases quiescent if they
are prematurely activated. And although the exact concentrations of nucleotides with the ER or
Golgi lumen is not known, the ICso values we found for ATP inhibition of all eleven serine protease
are in line with the known cytosolic ATP concentrations of 2 to 9 mM.!”? Interestingly, we found
evidence of cooperativity in binding of nucleotides to proteases. Cooperative binding allows
steeper concentration-dependence curves, which could be beneficial in inhibiting these proteases
in the presence of low mM nucleotide concentrations, while allowing them to achieve full
enzymatic activity extracellularly, where nucleotide concentrations are only in the low puM
range.'”

Some serine proteases, such as sc-tPA, have nearly full enzymatic activity even in the
uncleaved “zymogen” form. 2°® An endogenous protease inhibitor in the ER and Golgi therefore
makes sense to prevent such catalytically active zymogens from indiscriminately proteolyzing
other proteins. Also, some clotting proteases undergo autoactivation as part of the triggering
mechanism of blood clotting. For example, TF strongly promotes FVII autoactivation, !>’ which
could be a problem for cells that synthesize both TF and FVII. 2**2% Indeed, TF-FVIla had the
lowest 1Cso value for ADP or ATP inhibition (2.4 + 0.1 mM), compared to the other serine

proteases tested.
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We presented structural data obtained from MD simulations and solution NMR analyses
of ATP association with thrombin and trypsin, thereby identifying putative binding sites that
coincide with cationic regions of the proteins known to be involved in the regulation of their
catalytic activity. The findings are consistent with relatively low-affinity binding and cooperative
association of ATP with these proteases.

The role of nucleotides in keeping serine proteases in the ER and Golgi quiescent prior to
secretion has potential relevance to human health. Hereditary pancreatitis results from certain
mutations in the gene for cationic trypsinogen, which are thought to allow premature activation of
trypsin while it is still in the pancreas.!”””'”” One of these pancreatitis-associated mutations,
R116C, 2*! is of particular relevance to our results, since R116 was identified as a key ATP-
interacting site in our MD simulations. Expressing recombinant trypsinogen carrying this mutation
in cell culture was reported to severely reduce protein secretion with concomitant induction of the
ER unfolded protein response. 2** That study concluded that the effects of the R116C mutation
were unrelated to trypsinogen activation but instead were due to mutation-induced proenzyme
misfolding and consequent ER stress. It is tempting, however, to speculate that an additional
mechanism leading to ER stress associated with this trypsinogen mutation could be the loss of an
ATP-binding site which then allows premature activation of the protease in the ER.

In conclusion, our study proposes a new role for nucleotides as inhibitors of serine
proteases prior to secretion, in a novel cellular safety mechanism that prevents their premature
activation in the ER and Golgi. It would be of interest to examine if nucleotides can similarly
inhibit other secreted enzymes and proenzymes while they are transiting through the cellular

secretory machinery.
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4.5 Supplementary Information

Hl Thrombin + PP
M Trypsin + PP
% Thrombin + PPP

> § 1.57 % Trypsin + PPP
§|| ) %
- 0 ] ] %%
ow 10 % %%/
i 11

N
(3}

0.0- —
[mM] 1 5 10 1 5 10 1 5 10 10
Pyrophosphate (PP) Triphosphate (PPP)

Figure S 4.1 Lack of inhibition of thrombin or trypsin by pyrophosphate or tripolyphosphate. Initial rates of
chromogenic substrate hydrolysis by thrombin or trypsin were quantified in the presence of varying concentrations of
sodium pyrophosphate (PP) or sodium tripolyphosphate (PPP), normalized to rates without phosphate and expressed
as percent inhibition. Data are mean + standard error; n = 3.
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Figure S 4.2 Inhibition of the serine proteases, FVIIa and FXa, by ADP and ATP is largely independent of
divalent metal ions. (A) Initial rates of FX activation by mTF-FVIla (first two bars), or chromogenic substrate
hydrolysis by FVIIa or FXa (remaining four bars), were measured in the presence of 5 mM ADP and the indicated
CaCl, concentrations. Since FVIla is a calcium-dependent enzyme, we routinely include 5 mM Ca®" in its reactions.
Note that raising the Ca?* concentration from 5 to 10 mM had essentially no effect on inhibition of TF-FVIla or FVIla
by ADP. Since cleavage of chromogenic substrates by FXa is calcium-independent, we typically omit Ca?* from this
reaction. Adding 5 or 10 mM Ca?" had no discernable effect on the inhibition of FXa by ADP, relative to no calcium.
(B) Initial rates of FX activation by mTF-FVIIa were measured in the presence of 0, 1 or 5 mM ADP or ATP, and
varying concentrations of MgCl, (up to 10 mM), all in the presence of 5 mM CaCl,. Mg?" partially blunted the
inhibition of mTF-FVIIa by 1 mM ADP or ATP, while Mg?" had essentially no effect on inhibition of mTF-FVIla by
5 mM ADP or ATP. For both panels, enzyme activities in the presence of nucleotides were normalized to those without
nucleotides and expressed as percent inhibition. Data are mean + standard error; n > 3.
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Figure S 4.3 ATP inhibits chromogenic substrate hydrolysis by sTF-FVIIa with similar effectiveness from pH
6.2 to 7.4. Chromogenic substrate hydrolysis by sTF-FVIla was measured at varying pH values in a buffered solution
containing 20 mM MES (pH 6.2 to 6.8) or Hepes (pH 6.8 to 7.4), 100 mM NaCl, 5 mM CaCl,, 0.1% bovine serum
albumin, 0.02% NaNs, and 0, 1, 5 or 10 mM ATP. Enzyme concentrations were as follows: pH 6.2: 150 nM FVIIa, 1
UM sTF; pH 6.5: 100 nM FVIla, 1 uM sTF; pH 6.8: 40 nM FVIla, 400 nM sTF; pH 7.1: 30 nM FVIla, 300 nM sTF;
and pH 7.4: 20 nM FVIla, 200 nM sTF. Enzyme activities in the presence of nucleotides were normalized to those
without nucleotides and expressed as percent inhibition. Data are mean + standard error; n = 3.
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Figure S 4.4 Electrostatic potential maps of thrombin after binding of ATP to anion-binding exosites (ABE),
ABEI1 or ABE2. Positive and negative potential surfaces are shown in shades of blue and red, respectively (values in
legend). (A) Electrostatic potential surface map of thrombin with ATP bound to ABE1 (from Figure 4.3 C, inset 4).
Key basic residues of ABE1 are highlighted with arrows. H57 and S195 in the catalytic site of thrombin are visible in
this view and shown in cyan and yellow, respectively. (B) Electrostatic potential map of thrombin with ATP bound to
ABE2 (from Figure 4.3 C, inset 1). Key basic residues of ABE2 are highlighted with arrows.
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Figure S 4.5 Simultaneous binding of multiple ATP molecules to thrombin. The number of ATP molecules bound
to thrombin during the 5 independent MD trajectories are shown in solid red lines, with the average number of ATP
molecules bound to the protein in each simulation indicated using the horizontal, dashed black line. For reference,
experimentally derived Hill coefficients are in the range of 1.48-1.76 (see results).
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Figure S 4.6 MD clustering analysis of ATP-bound trypsin and representative interaction sites. (A) ATP-bound
frames are projected on UMAP dimension 1 and UMAP dimension 2. Clusters 1, 2, and 3 are colored in orange, red,
and green, respectively. The population size of clusters is denoted as percentages. (B) The contact frequency of
residues was calculated by normalizing total contact of each residue in all ATP-bound frames with respect to the
maximum total contact. The color scheme from panel A is used to denote the respective cluster in which each residue
is present. (C) Representative snapshot for each ATP interaction site corresponding to the three identified clusters,
showing the ATP molecule with the highest contact numbers. The center panel shows the surface representation of
trypsin in white, with three ATP interaction sites colored as in panels A and B. Insets 1-3 show enlarged views of each
interaction site. Bound ATP molecules and important residues surrounding them are drawn in licorice representation
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Figure S 4.7 Two-dimensional 'H,'”>N-HSQC-TROSY spectra of 2H,'>N-labeled S195M thrombin bound to
natural abundance TM456, recorded before and after each addition of ATP. In addition to the starting experiment
recorded with no ATP (purple spectrum), five titration points were acquired with the concentration of ATP at each
step being 1 mM (red), 5 mM (orange), 10 mM (green), 20 mM (cyan) and 40 mM (blue).
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Table S 4.1 ICs values for inhibition of serine proteases by ATP, ADP or AMP.

ICso [mM]* ICso [mM]* ICso [mM]*
Enzyme role Protease ATP ADP AMP
Blood clotting | sTF-FVIla 24+£0.1 24+£0.1 92+1.3
FXa 32+0.5 2.8+£0.3 12.7+2.2
FXla 4.6+0.3 4.0+0.2 189+2.3
FXlIla 45+£0.2 3.8+0.1 17.8+0.3
Plasma kallikrein | 4.1 +0.2 3.7+0.2 176+ 1.0
Thrombin 34+0.3 4.0+0.3 112+1.2
Digestion Trypsin 4.5+0.3 4.1+0.3 19.1+2.2
Chymotrypsin 11.1+0.4 94+04 593+33
Fibrinolysis Plasmin 6.7+0.3 59+0.2 70.2+5.5
uPA 42+0.2 39+0.2 16.3+0.4
sc-tPA 3.1+0.1 2.8+0.1 10.3+0.5
tc-tPA 40+0.2 3.6+0.2 13.8+1.3

*ICso values were derived from plots in Figure 4.1 A-I. Data are mean + standard error; n > 3.

Table S 4.2 Influence of ADP on kinetics of FX and FIX activation by mTF-FVIIa.

ADP [mM] FX activation FIX activation
Km [nM]* 0 51+9 694 + 90
2 79 +£23 362 + 65
5 140 &+ 40 202 + 34
Keat [sec]* 0 0.981 + 0.052 0.156 + 0.008
2 0.801 +0.079 0.088 + 0.005
5 0.403 + 0.048 0.029 £ 0.001
Keat/Km [M1sec] 0 1.92 x 107 2.25 x 10°
2 1.01 x 107 243 x 10°
5 2.88 x 10° 1.45 x 10°
Ki [ mM]** - 2.5 0.7

*Km and ke values are derived from plots in Figure 4.2 A and C.
*K; values are derived graphically from plots in Figure 4.2 B and D.
Data are mean =+ standard error; n = 3.

Table S 4.3 Binding constants for association of ATP with FXa, trypsin and thrombin.

FXa Trypsin Thrombin
Kp [mM] * 16.3+0.9 15.8+0.8 23.5+1.3
Hill coefficient? 1.74+0.13 1.76 £ 0.13 1.48 £0.08

*Kp values and Hill coefficients are derived from plots in Figure 4.2 E-G.
Data are mean =+ standard error; n = 3.
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Chapter 5 Conclusion

This thesis investigates the regulation of serine proteases in blood clotting and beyond.
Chapters 2 and 3 are focused on the physiological activator of blood clotting, the TF-FVIIa
complex, and how this complex selects and interacts with its protein substrates. Chapter 4 is
focused on secreted serine proteases more broadly and how ribonucleotides affect protease
activity.

The TF-FVIIa complex plays a crucial role in hemostasis and many thrombotic
diseases.®”1%° Although this complex has been studied extensively over the last few decades, it is
still unknown how TF-FVIla selects and interacts with its major protein substrates, FIX and FX.
In chapter 2, we showed that a membrane-adjacent TF serine loop facilities TF-FVIIa substrate
selectivity. Our results show that the precise length of the serine loop is essential for activation of
FX but not FIX. Serine loop mutations decreased FX activation by almost 200-fold, with little to
no effect on FIX activation. Previous studies have reported that some TF mutations, particularly
mutations in the TF exosite, have a bigger effect on FX activation compared to FIX.!3%!153
However, none of those studies reported such a strong influence on one substrate over another as
we observed with the serine loop mutations. These findings open the door to investigate other TF-
FVIla protein substrates, including FVII'*” and PAR2,"%!5? and what role the TF serine loop plays
in activation of these alternative substrates.

In chapter 3, we showed the generation and structural analysis of a membrane-bound
complex of TF, FVIla and the FX substrate mimetic XK 1. Our current cryo-EM map includes
densities for all three proteins and indicates potential interactions between the TF exosite and FX
GLA domain. Although the TF-FVIIa crystal structure has been solved over 25 years ago,** this is
the first reported structural model of TF-FVIIa bound to a substrate mimetic. Numerous studies
over the last three decades have reported that TF exosite mutations decrease FX activation by up
to 100-fold,”-3* hypothesizing that the TF exosite could be an extended substrate recognition site

that directly interacts with FX. Our cryo-EM model provides the first structural data to support
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this hypothesis. Future studies will focus on obtaining a higher resolution structure of the TF-
FVIIa-XK1 complex and structures of TF-FVIIa bound to other protein substrates.

In chapter 4, we went beyond blood clotting and showed that serine proteases involved in
different cellular process are inhibited by low mM concentrations of ribonucleotides, including
ADP and ATP. While ATP has been shown to stabilize and solubilize proteins at mM
concentrations,'’*!17> there are no reports of nucleotides acting as enzyme inhibitors. We
hypothesize that serine protease inhibition might be a safety mechanism to prevent cellular damage
caused by prematurely activated proteases while they transition through the ER and Golgi. These

prematurely activated proteases can cause severe diseases'’’ "

and any mechanism that would
inhibit premature activation would be beneficial for cell homeostasis. Overall, our findings provide
insights into novel functions of ribonucleotides and the regulation of serine proteases. Future
studies will explore if nucleotides also inhibit other enzymes and if this mechanism indeed

prevents cell damage.
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