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Abstract

Thrombin, derived from zymogen prothrombin (ProT), is a serine protease involved in
procoagulation, anticoagulation, and platelet activation. Thrombin’s actions are regulated through
Anion Binding Exosites | and Il (ABE | and ABE I1) that undergo maturation during activation.
Mature ABEs can utilize exosite-based communication to fulfill thrombin functions. However, the
conformational basis behind such long-range communication and the resultant ligand binding
affinities are not well understood. Protease Activated Receptors (PARS), involved in platelet
activation and aggregation, are known to target thrombin ABE I. Unexpectedly, PAR3 (44-56) can
already bind to pro-ABE I of ProT. Nuclear Magnetic Resonance (NMR) ligand-enzyme titrations
were used to characterize how individual PAR1 (49-62) residues interact with pro-ABE | and
mature ABE I. 1D proton line broadening studies demonstrated that binding affinities for native
PAR1P (49-62, P54) and for the weak binding variant PAR1G (49-62, P54G) increased as ProT
was converted to mature thrombin. 1H,2°N-HSQC titrations revealed that PAR1G residues K51,
E53, F55, D58, and E60 exhibited less affinity to pro-ABE | than comparable residues in PAR3G
(44-56, P51G). Individual PAR1G residues then displayed tighter binding upon exosite
maturation. Long range communication between thrombin exosites was examined by saturating
ABE Il with phosphorylated Gplba. (269-282, 3Yp) and monitoring binding of PAR1 and PAR3
peptides to ABE I. Individual PAR residues exhibited increased affinities in this dual ligand
environment supporting the presence of inter-exosite allostery. Exosite maturation and beneficial
long range allostery are proposed to help stabilize an ABE | conformation that can effectively bind
PAR ligands.
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INTRODUCTION

Thrombin (factor 11a) is originally expressed as the zymogen prothrombin (ProT, UniprotKB
P00734).1 2 Following a vascular injury, the prothrombinase complex consisting of Factor
Xa, cofactor Factor Va, Ca2* ion, and a phospholipid membrane proteolytically converts
ProT to the serine protease thrombin.3: 4 Besides the active site region, thrombin functions
are controlled by regulatory surface loops and two anion binding exosites (ABE | and ABE
I1) that are each positioned at opposite sides of the active site region.> 6

Engagement with the anion binding exosites helps dictate the fate of thrombin as a
procoagulant or an anticoagulant.> 8 Procoagulant functions include activating FV, FVIII,
and FXIII, converting fibrinogen into a fibrin clot, and activating platelets. Protein C
activation in the presence of thrombomodulin is a critical anticoagulant thrombin function.
3.4 physiological peptide ligands targeting thrombin ABE-1 include fibrinogen,’
thrombomodulin,® Protease Activated Receptors PAR1® and PAR3,10 and leech-derived
inhibitor hirudin.11: 12 ABE 11 directed ligands include heparin,? heparin analogs, FVIII,
15 fibrinogen y'16: 17, and platelet receptor protein Gplba.18: 19 Reports indicate that
allosteric communication is possible between ABE | and 1, and effects may be ligand
dependent.18. 20-23

Zymogen prothrombin contains immature pro-exosites that mature into active exosites
without any major structural changes to the ABE | regions of these two protein forms.>: 24
We propose that a conformational maturation process occurs in which the dynamic pro-
exosite/exosite populations progress to states that are fully competent to bind a ligand.
Interestingly, ABE | ligands derived from hirudin, DNA/RNA aptamers, and PAR3 already
have the ability to interact with immature pro-ABE | on ProT.25-28 Recent published data
with PAR3 (44-56) based peptide ligands demonstrated that solution NMR methods could
be used to detect conformational environments that accumulate during exosite maturation.28
Using individual °N-labeled peptides of PAR3G (44-56, P51G), both electrostatic (E48,
D54) and hydrophobic PAR3 residues (F47, L52) made unique contributions toward
interacting with pro-ABE | and ABE 1.28

PAR3 is just one member of the protease activated receptor family. PARs are membrane
bound proteins containing seven transmembrane domains, 2% and thrombin exhibits the
greatest substrate specificity towards PAR130. Thrombin cleaves PAR1 at the R41-S42
peptide bond, and a portion of the new N-terminus then serves as a tethered ligand to help
activate PAR1.31 PAR1 is well known for its roles in platelet activation, aggregation, and for
helping to trigger inflammatory processes.32: 33 PAR1 has gained attention for its role in
controlling the metastasis of cancer cells.34 Interestingly, PAR3 and PAR1 both assist in
cleavage of PAR4 which lacks an ABE I binding segment.35 Following their activations,
PAR1 and PARA4 can illicit transmembrane signaling events like coupling to heterotrimeric
G-proteins, regulating kinase signaling cascades, and promoting receptor phosphorylation
and internalization.33. 36

Gandhi and coworkers reported the X-ray crystal structure of PAR1 (33-62,
33ATNATLDPRSFLLRNPNDKYEPFWEDEEKNS®2) bound to catalytically inactive
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thrombin S195A.% 37 The 38 DPRSFLLRNP#8 segment spans the thrombin active site
region. Similar to the S8FEEI®® sequence of hirudin, the PAR1 segment *°DKYEPF5® is
hypothesized to be important for targeting ABE | and utilizes both electrostatic and
hydrophobic PAR1 residue contributions.®: 11.37. 38 An evaluation of the X-ray crystal
structure indicated that PAR1 residues F34, Q38, L40, L65, R73, T74, R75, Y76, 182, and
K149 are positioned less than 4 A away from that thrombin ABE | (Figure 1).° Molecular
modeling studies have suggested that the C-terminal PAR1 ®8DEEKN®2 binds to ABE 1,39
but this flexible PAR1 segment is not observed in the Gandhi X-ray crystal structure.® 37

Previously published NMR studies have shown that thrombin is highly dynamic and
achieves its various functions by adopting distinct states in the presence of ligands.#0-44
When thrombin is active-site inhibited with PPACK, the dynamic ABE | residues make up
one of the few regions whose NMR peaks are difficult to detect.40: 41 Importantly, NMR
relaxation rate studies have been carried out on the active site mutant thrombin S195M
versus PPACK-thrombin.*# These results demonstrated that thrombin ABE | and the surface
loop regions maintained flexibility even with an active site inhibited serine protease.
Furthermore, no major structural changes were observed.#1~44 Our current NMR studies
then employ isotopically labeled peptides to characterize binding of individual PAR ligand
residues to the (pro)-ABE I regions of ProT versus PPACK-thrombin.

Besides local enzyme-ligand interactions, long range communication can also occur across
the thrombin surface. Events at thrombin ABE | have been influenced by occupancy at ABE
11.16. 18,21, 22 gimilar to PAR1 and PAR3, glycoprotein Gplba is also found on the surface
of platelets.> Gplba recruits thrombin to the platelet environment by binding an anionic
cluster (269-286) to thrombin ABE Il (R93, R101, R126, K235, K236, and K240).18. 19, 46
The Gplba-thrombin complex enhances PAR1 hydrolysis,23 hinders release of FpA,*’ and
decreases affinity for FV111.48

Studies have shown that Protease Activated Receptors (PARs) play critical roles in platelet
activation and other physiological processes.33 37 PARs 1 and 3 target thrombin but less is
known about binding interactions with ProT. Important goals of the current project were thus
1) to characterize the ligand binding properties that occur as PAR1P (49-62, P54) and
weaker binding PAR1G (49-62, P54G) interact with immature ProT compared to mature
active thrombin and 2) to further explore long-range communication between exosites. We
predict that a PAR binding competent state is already present in ProT. As the exosite
matures, we propose that the population of binding competent states increases and is
encountered more frequently. The current NMR 1H-15N-HSQC titrations revealed that
individual PAR1G residues could indeed already bind to pro-ABE 1. Affinities were,
however, weaker than comparable residues in PAR3G (44-56, P51G). Individual PAR1G
(49-62, P54G) residues then displayed tighter binding upon exosite maturation and could
help probe the new chemical environment. Since Gplba can function as a cofactor for PAR1
hydrolysis, we explored the binding affinities and chemical environments encountered as
1H-15N-labeled PAR1 and PAR3 bind to an unlabeled Gplba.:thrombin complex. Both
PAR1G (49-62, P54G) and PAR3G (44-56, P51G) responded to the presence of the ABE Il
ligand Gplba (269-286). The increased affinities detected for individual PAR residues in
this dual ligand environment support the presence of beneficial inter-exosite allostery.
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MATERIALS AND METHODS

Materials

Prothrombin (ProT) and thrombin (I1a) derived from human plasma were purchased from
Haematologic Technologies, Inc (Essex Junction, VT). The serine protease inhibitor PPACK
(D-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone) (Calbiochem (San Diego, CA)
was added to block the thrombin active site thus protecting the enzyme from autolysis. The
D,0 (99.96%) employed in this project was from Cambridge Isotope Laboratories
(Andover, MA).

Synthetic Peptides

Custom synthesis of PAR1-derived peptides was performed by New England Peptide
(Gardner, MA). The peptides are fully defined as PAR1P (49-62, P54), the variant PAR1G
(49-62, P54G), and the variant PAR3G (44-56, P51G). 1°N-labeled peptides were prepared
as follows. PAR1 (**N 15D K Y E 4P 15F W E D E E K N62), abbreviated as PAR1Pp (49—
62) is the native PAR1 sequence, and D50 and F55 were 1°N-labeled at their amide
nitrogens. PAR1 (4°N 15D K Y E %4G 15F W E D E E K N52) abbreviated as PAR1Ggp (49—
62), has a Pro54 to Gly54 (°*G) and furthermore, the D50 and F55 were 1°N-labeled. PAR1
(®N DK Y 15E G F W E 15D E E K N©2), abbreviated as PAR1Ggp (49-62), also has the
Pro54 to Gly54 (°*G) but now E53 and D58 are 1°N-labeled. PAR1 (**®N D 15K YEGF W
E D E 15E K N62), abbreviated as PAR1Gkg (49-62), also has the Pro54 to Gly54 (>4G),
where K51 and E60 are 1°N-labeled. PAR3 (**Q N TF 15E E F G 15L S D | E®),
abbreviated as PAR3Gg|_ (44-56), has the P51G (G), where E48 and L52 are 1°N-labeled.
Gplba (269-286,3Yp) ((DEGDTDLYpPDYpP YpPPEEDTE G289) with the
three tyrosines phosphorylated was synthesized by Bachem Bioscience Inc (Torrance, CA).
The synthetic peptide purity was checked by both HPLC and MALD-TOF MS. Similar to
previous studies with PAR3G (44-56, P51G), peptide stock solutions were dissolved in
deionized water, and amino acid analysis (AAA Service Laboratory, Inc., Damascus, OR)
was used to obtain accurate concentrations.28 NMR buffer composed of 25 mM H3POy, 150
mM NacCl, and 0.2 mM EDTA (pH 6.5) was used to dilute the peptide for future NMR
studies.?8

1D Proton Line Broadening and 2D Transferred NOESY Experiments

Sample preparations and NMR methods similar to those of Billur et. al. were employed.28
To minimize serine protease autolysis, a 4:1 complex of PPACK to thrombin was incubated
at 37 °C for 30 min. Employing a Vivaspin 2 ultrafiltration unit (5000 Da) from Sartorius
(Géttingen, Germany), ProT and PPACK-thrombin samples were exchanged into NMR
buffer (pH6.5). Extinction coefficients (E1%280 nm) of 13.8 for ProT and 18.3 for thrombin
were used to determine protein concentrations.

As is typical for 1D proton line broadening studies, 2D TOCSY and 2D transferred-NOESY
(tr-NOESY) experiments, a 10-fold excess of PAR1P (49-62, P54) peptide was employed
for the (peptide ligand)/protein complex. The H chemical shifts for the ligand correlate with
the solution environment experienced by the ligand when in the presence of protein.49-51
The complexes included 780 uM PAR1P (49-62, P54) with 59 uM ProT, 900 uM PAR1P
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(49-62, P54) with 97 uM PPACK-thrombin, 830 uM PAR1G (49-62, P54G) with 83 uM
ProT, and 870 uM PAR1G (49-62, P54G) with 87 uM PPACK-thrombin. At least 1 mM
peptide was used as the free ligand sample. All NMR experiments were carried out at 25 °C
on a Varian Inova 700 MHz spectrometer equipped with pulsed-field Z-axis gradients and a
triple resonance cold probe.28 Mnova NMR (Mestrelab Research software) was used to
process the 1D IH NMR spectra. NMRPipe and nmrDraw were used to process 2D TOCSY,
2D tr-NOESY, and 2D 1H,13C-HSQC data. Sparky was used to visualize these 2D NMR
results.28

The IH chemical shift assignments for all PAR1 peptide residues were derived from 2D
TOCSY and 2D tr-NOESY experiments. Standard pulse sequences were employed. Since
the aromatic residues (F55 and W56) were challenging to assign for PAR1P and PAR1G
(49-62), 2D 1H,13C-HSQC natural abundance experiments were also employed. Each
aromatic carbon and hydrogen of F55, W56, and Y52 were first assigned in 2D 1H,13C-
HSQC spectra. Later, aromatic hydrogens were matched with the fingerprint and amide-
amide regions of 2D TOCSY and 2D tr-NOESY spectra.

1D and 2D 1H,15N-HSQC NMR Titration

In heteronuclear single quantum coherence (HSQC) NMR, all 1H that are covalently
attached to a 1°N are detected. 1D and 2D 1H,15N-HSQC NMR titrations were employed to
determine if specific 1°N-labeled peptide ligand residues exhibited fast, intermediate, or
slow exchange on/off the surface of the enzyme.28 52 For such conditions, Agy is the
exchange rate of the interaction and Aw is the difference in resonance frequency between the
bound and free states. During the titrations, chemical shift changes are recorded as a
function of protein-ligand ratios. For the weak binding, fast exchange regime (4qx >> |Aw)),
each 15N-labeled residue exhibits one signal which reflects the population-weighted
averages of chemical shift, line width, and intensity. The resultant NMR chemical shift
changes can be used to determine individual binding affinities for each 1°N-labeled residue.
28, 52-54 For the intermediate exchange regime (kex * |Aw|), extensive line broadening may
cause the 1°N peak to disappear during the titration and later reappear upon increasing the
bound population. Such line broadening is often due to intermediate, interconversion rates
occurring during the NMR detection period. Finally, for the tight binding, slow exchange
regime (kex << |Aw]), both free and bound signal states are observed reflecting their distinct
chemical shifts, line widths, and intensities.52-54

To deal with solubility issues at higher protein concentrations, we employed an NMR
titration strategy where the ligand was 1°N-labeled and protein was unlabeled.28 Protein
concentrations (100-200 uM) were diluted serially while at the same time keeping a
constant concentration of 1°N-labeled ligand. For each titration point, a defined volume of
the protein-ligand was taken out and replaced with an equal ligand volume. NMR titrations
were therefore started with a high protein:ligand ratio and were stopped upon reaching low
protein:ligand ratios. Throughout this process, a constant peptide ligand concentration was
maintained. The ability of ProT or PPACK-inhibited thrombin to interact with the 15N-
labeled PAR1 or PAR3 residue was thus being monitored by our NMR titration strategy.28
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In preparation for such NMR titrations, Vivaspin 2 ultrafiltration units (5000 Da MW cutoff)
were used to buffer exchange ProT and active site inhibited PPACK-thrombin into NMR
buffer. The starting complexes for the initial PAR1 binding studies contained 50 pM
PAR1Pgp (49-62) with 115 uM ProT or 150 uM PPACK-thrombin. The serial dilutions for
both ProT:PAR1Pgp and PPACK-thrombin:PAR1Pg resulted in ratios that spanned at least
from 2:1t0 0.1:1.

To weaken the affinity of the PAR1P peptide for PPACK-thrombin, P54 was replaced with
the flexible glycine. For such PAR1Ggp binding studies, the starting complexes included 50
UM PAR1GEgp (49-62) with 150 uM ProT or with 200 uM PPACK-thrombin. Serial
dilutions for both ProT:PAR1Ggp and PPACK-thrombin:PAR1Ggp resulted in protein-
peptide ratios that at least covered the range 3:1 to 0.1:1. For the PAR1Gkg titrations, initial
complexes contained 50 uM PAR1GkEg (49-62) with 150 uM ProT or with 150 uM PPACK-
thrombin. The serial dilutions for both ProT:PAR1Gkg and PPACK-thrombin:PAR1Gkg
resulted in ratios that at least covered the range 3:1 to 0.1:1. For the PAR1Ggp titrations, the
initial complexes contained 50 uM PAR1Ggp (49-62) with 150 uM ProT or with 200 uM
PPACK-thrombin. The protein:ligand ratio of ProT:PAR1Ggp and PPACK-
thrombin:PAR1Ggp complexes that at least covered the range 3:1 to 0.1:1

For the 1D 1H,15N-HSQC titrations of PAR1P and PAR1G complexes, the NMR parameters
included 512 transients, 9000 Hz sweep width, and 4096 complex points in the direct
dimension. For the 2D 1H,15N-HSQC titrations, the parameters included 16 transients, 64
complex points in the indirect dimension, 1242 complex points collected in the direct
dimension, and 9000 Hz sweep widths for both direct and indirect dimensions. As an NMR
control sample, 50 uM of 1°N-labeled free peptide was employed. Mnova NMR was used to
stack the 1D H,1°N-HSQC data. NMRPipe, nmrDraw, and Sparky were used to process and
then visualize the 2D 1H,15N-HSQC data.28

In-house scripts developed in Python were used to obtain quantitative binding estimates for
individual 1°N-labeled peptide ligand residues interacting with specific proteins.® The script
includes total enzyme concentrations[ 7], total peptide concentrations[Lp], and the NMR
chemical shift difference (Aqps) between each set of free and bound conditions employed in
different titration points. The current NMR titrations measured protein binding to a specific
peptide ligand concentration. Thus, the equation was adjusted so that the usual [Pg] in the
denominator is replaced with [Lg]. All the titrations were repeated at least twice. A Monte-
Carlo approach was employed to calculate the errors in Kp values. An error of 10% was
applied to address the use of serially diluted thrombin concentrations.28: 55

o (Kp + [Lo] + [Po]) - \/(KD[+][L0] + [Bo))® = (#[Pol[ro))

A

1D and 2D 1H,15N-HSQC NMR Titration for Long-Range Communication Studies

To better investigate long-range communication between thrombin ABE Il and ABE I, an
unlabeled Gplba peptide was bound to ABE 11 and 1°N-labeled PAR peptides were targeted
to ABE I. Triply phosphorylated Gplba (269-286, 3Y ) has been reported to bind to
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thrombin ABE |1 with a Kp of 5.9 nM.56 The two PAR based 1°N-labeled peptide ligands
chosen for this project included PAR1GEp (49-62) and PAR3GE| (44-56). Sample
conditions were maintained such that Gplba (269-286, 3Y,) was at least 99.7 % bound
during the entire course of the titration. The following equation was used to determine the %
Gplba ligand (L) bound to protein/receptor (R).

(Kp+L+R) - \/(KD + L+ R - 4LR)
R

% Bound =

The experimental strategies employed for these NMR titrations were similar to the
previously described titrations in this project. The only difference was adding the Gplba to
the thrombin prior to starting the PAR titration. For both PAR1Ggp and PAR3Gg. NMR
studies, the initial complexes included 150 uM PPACK-thrombin, 200 uM Gplba, and 50
UM of 1°N-labeled PAR peptide. The protein:ligand ratio of PPACK-thrombin:PAR1Ggp/
PAR3Gg complexes covered the range 3:1 to 0.1:1. PPACK-thrombin concentration was
diluted from 150 pM to 6 uM and Gplba concentration was diluted from 200 pM to 8 uM.
At each titration point, the concentration of °N-labeled PAR ligands was kept constant. The
same instrument, parameters, and processing software were used to investigate long-range
communication in the serine protease thrombin as used for the single ligand binding sites.

1D Proton Line Broadening Experiments with PAR1P (49-62, P54)

1D proton line broadening NMR experiments were carried out for PAR1P (49-62, P54) in
the presence and absence of enzyme. The appearance of peak broadening can be correlated
with particular peptide protons that directly contact the enzyme surface. Substantial amide
proton peak broadening was detected for PAR1P (49-62, P54) in the presence of ProT
(Figure S1). Similar to previous work with PAR3 (44-56, P51),28 the pro-ABE I site on
ProT can already accommodate PAR1P (49-62, P54). PARL1 residues displaying effective
line broadening included D50, K51, E53, F55, D58, and E60. The increase in line
broadening observed with PPACK-thrombin supports a proposal for improved ligand contact
upon exosite maturation (Figure S1). Later, the residues exhibiting substantial line
broadening were selected for 1°N labeling.

1H,15N-HSQC Titration Studies with PAR1Pgp (49-62) Labeled at D50 and F55

To characterize individual binding properties of ABE I directed ligands and to probe for
evidence of exosite maturation, 1H,15N-HSQC based protein-ligand titrations were first
carried out with PAR1PEp (49-62) containing °N-labeled D50 and F55. As shown in
Figure 1, PAR1 D50 is in ionic interaction with R73 of thrombin and F55 is surrounded by
the hydrophobic cluster (F34, L65 and 182) of ABE 1.° Thrombin ABE I is mainly composed
of the 30 and 70 loops which are responsible for electrostatic and hydrophobic interactions
with physiological ligands.> *H,1°N-HSQC titrations started with ProT:PAR1Pgp ratios of
2.3:1. Unfortunately, the [1°N]-D50 amide proton was not seen throughout the NMR
titration series due to fast exchange with the solvent. This amide proton could be detected at
pH 3.0; however, this environment is far more acidic than what ProT/thrombin encounters
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physiologically. By contrast, [*°N]-F55 could be detected during the full NMR titration
series at pH 6.5. 1D 1H,15N-HSQC titration revealed that the [1°N]-F55 peak exhibited line
broadening at high ProT:PAR1Pgp ratios when a substantial percentage of the peptide could
interact with ProT. Sharper peaks started to develop as the enzyme was diluted with a
constant amount of 1°N-labeled PAR1Pgp (Figure 2A) and a greater amount of free
PAR1PEp peptide was accumulating.

2D 1H,15N-HSQC cross peaks for [1°N]-F55 could be monitored for the full titration series.
Such results are consistent with this residue being in fast exchange on/off the ProT surface
(Figure 2B). Moreover, there was a clear change in F55 chemical shift position (and thus
chemical environment) resulting in a binding affinity (Kp) of 99 £+ 39.4 uM (Figure 2C).
These results indicated that pro-ABE I is already available for hydrophobic interactions with
the PAR1PEp peptide. Upon exosite maturation, [2°N]-F55 showed extensive line
broadening even at the very lowest PPACK-11a:PAR1Pgp (0.1:1) ratios. Such line
broadening was due to extensive contacts with the mature ABE | surface of thrombin and is
consistent with intermediate enzyme-ligand exchange properties. As a result, Kp values for
this ligand-protein interaction could not be determined.

1H,15N-HSQC Titration Studies with PAR1Ggp (49-62) Labeled at D50 and F55

A potentially weaker binding version of PAR1P (49-62), containing a P54G substitution,
was used next to probe the availability of (pro)-ABE | for binding. A similar P to G
substitution had been utilized successfully in our previous PAR3 peptide project.28 In the
current project, 1D proton line broadening could still be observed for PAR1G (49-62, P54G)
in the presence of ProT and increased further with the mature thrombin (Figure S1). 1H,15N-
HSQC NMR titrations with PAR1GEp (49-62) were thus initiated with a 3:1
(ProT:PAR1Gp) protein:ligand ratio where D50 and F55 were 1°N labeled. Both 1D and
2D 1H,15N-HSQC titrations revealed that the [1°N]-F55 peak showed no change in chemical
shift position with ProT (Figure S2A and S2B). These results suggest that the new
PAR1Ggp [*°FD NJ]-F55 containing sequence may exhibit less effective interactions with the
hydrophobic cluster (F34, L65, 182) of zymogen ProT than PAR1Pgp. Overall, the PAR1
P54G substitution had caused a weakening of binding affinity.

Upon thrombin exosite maturation, [*°N]-F55 underwent a substantial increase in chemical
shift during the titration series. The presence of a new binding nvironment around the
hydrophobic cluster (F34, L65, 182) of thrombin was thus detected upon ABE | maturation
(Figure S3A, S3B). Also, the chemical shift changes for [1°N]-F55 of PAR1Ggp titrations
proceeded in the same direction across the panels as [1°N]-F55 of PAR1Pgp. This common
pattern is consistent with the idea that both versions of PAR1 are encountering the same
environment within the (pro)- ABE I. The estimated binding affinity (Kp) of PAR1Ggp
[15N]-F55 for PPACK-Ila was 251uM (Figure S3C, Table 1).

1H,15N-HSQC Titration Studies with PAR1Gkg (49-62) Labeled at K51 and E60

Basic PAR1 K51 is located just after D50 and acidic PAR1 E60 is located toward the C-
terminal end of the PAR1GkEg (49-62) peptide. The X-ray structure of PAR1 (49-62) —
thrombin (Figure 1) showed that PAR1 K51 is in close vicinity of thrombin ABE | residues
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R73 and T74.2 By contrast, researchers were unable to detect the electron density for the
acidic C-terminal tail of PAR1 (®8DEEKNG62).9 1H 15N-HSQC NMR studies on PAR1 E60
would provide an alternative strategy to probe this region. [1°N]-K51 and [1°N]-E60 did not
show any change in chemical shift position in the presence of ProT indicating little if any
new binding environment encountered by the peptide residues upon encountering pro-ABE |
(Figure S4A and S5A). However upon exosite maturation, the 2D *H,15N-HSQC studies
revealed that PAR1 residue K51 showed modest changes in chemical shift in the hydrogen
dimension with a Kp of 167 + 49.2 uM and for PAR1 E60 a Kp of 280 uM in the nitrogen
dimension (Figure S4B, S5B, S6A, S6B, Table 1). Overall, both [1°N]-K51 and [1°N]-E60
exhibited improved interactions with PPACK-thrombin.

1H,15N-HSQC Titration Studies with PAR1Ggp (49-62) Labeled at E53 and D58

Two additional acidic PAR1G residues were then probed. Gandhi et a/., had shown that
PAR1 E53 is involved in interactions with thrombin T74, R75, and Y76.° Labeling at E53
would thus provide another opportunity to probe the 70 loop of (pro)-ABE 1. To further
characterize unresolved PAR1 (8DEEKN®2), the residue D58 was 15N labeled.® 1D line
broadening studies revealed that PAR1 E53 and D58 both showed modest proton line
broadening with ProT. By contrast, both [1°N]-E53 and [1°N]-D58 within PAR1Ggp (49-
62) exhibited no change in chemical shift position in the HSQC titration series with ProT.
These results indicated that both PAR1 E53 and D58 have quite weak interactions with pro-
ABE | of ProT and are not experiencing much alteration in chemical environment compared
to free peptide (Figure S7).

After ABE | maturation, PAR1Ggp [1°N]-E53 still did not exhibit any substantial change in
chemical environment with PPACK-1la (Figure 3A and 4A). By contrast, the 1D 1H,15N-
HSQC spectra of the PAR1Ggp [1°N]-D58 peak started to show line broadening and
chemical shifts already at high PPACK-Ila:ligand ratios consistent with effective thrombin
binding (Figure 3A). This effect was confirmed with 2D 1H,1°N-HSQC spectra, where
chemical shift changes for PAR1Ggp [1°N]-D58 were clearly observed for the full 4:1 to
0.1:1 PPACK-Ila to PAR1Gkgp ratios (Figure 4A). The NMR titration series revealed that
PAR1Ggp [1°N]-D58 binds PPACK-lla with K of 38 + 6.6 pM (Figure 5A, Table 1). This
result provided valuable information about a flexible C-terminal region whose electron
density could not be defined by X-ray crystallography.®

1D and 2D 1H,15N-HSQC NMR Titration for Long-Range Communication Studies

Previously published HDX-MS (hydrogen-deuterium exchange mass spectrometry) studies
demonstrated that when a triply phosphorylated Gplba (269-282, 3Yp) peptide bound to
thrombin ABE 1, there was a long-range influence over to the ABE I region.18 22 To further
characterize this dual ligand binding system, NMR titration studies were carried out with
complexes consisting of unlabeled Gplba (269-282, 3Yp), PPACK-thrombin, and two
distinct 15N-labeled PAR based peptides: PAR1Ggp (49-62) and PAR3Gg, (44-56).28

To monitor such dual ligand allostery, a saturated amount of triply phosphorylated Gplba
(269-282, 3Yp) was first added to PPACK-thrombin followed by the desired 15N-labeled
PAR peptide. Both Gplba and PPACK-1la were then serially diluted with constant amounts
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of 15N-labeled peptide. Interestingly, titrations with PAR1Ggp revealed that [1°N]-E53 went
from an affinity for thrombin ABE | that was too weak to detect by NMR to one with an
improved Kp of 125 + 36 uM in the presence of Gplba peptide (Figure 3B, 4B, 5C, Table
2). By contrast, PAR1 [1°N]-D58 did not respond much to the presence of Gplba binding at
ABE Il. The K for D58 went from 36 + 6.6 UM to 75 £ 14.9 uM (Figure 3B, 4B, 5A, 5B,
and Table 2).

The PAR3GEg_ peptide displayed a more dramatic response to Gplba binding at thrombin
ABE Il than PAR1Ggp (Figure 6A, 6B). Prior studies had shown that [1°N]-L52 bound to
ABE | with a Kp of 47 + 6 uM and [*°N]-E48 was in higher affinity, intermediate exchange
already at a 0.8:1 enzyme to ligand ratio.1%: 28 With Gplba binding to ABE II, the PAR3
peaks broadened further, and the effect started to occur at lower thrombin concentrations,
consistent with increased affinity. [1°N]-L52 of PAR3 could now only be quantitated from
0.5:1to0 0.1:1 (PAR3GE| :PPACK-1la). As result, there were an insufficient number of data
points for [1°N]-L52 to calculate the Kp values. Originally, PAR3Gg, [1°N]-E48 had
exhibited intermediate exchange properties at a PPACK-1la to ligand ratio of 0.8:1.28 In the
presence of Gplba, such extreme broadening occurred already at 0.3:1 protein to ligand
ratio. The binding affinity of PAR3Gg_ to thrombin ABE | had clearly increased in the
presence of the ABE Il ligand. These studies demonstrate that NMR could document long
range influence from thrombin ABE Il over to ABE | (Figure 6, Table 3). Both PAR1 and
PAR3 binding affinities at ABE | had been affected by binding Gplba at ABE II.

DISCUSSION

Thrombin is a multifunctional serine protease that is originally derived from the zymogen
Prothrombin. Direct thrombin inhibitors typically bind to the thrombin active site.>7: 58
However, these inhibitors may lead to bleeding issues, and regulating/reversing such effects
can become a major medical challenge.5® 60 A promising alternative is to exploit the
concept of allostery and develop therapeutics that target distant thrombin exosites.® 61,62 Ag
a part of this process, it is also critical to know whether such drug candidates target or avoid
specific regions of immature pro-ABE | or mature ABE I. Protease Activated Receptors
PAR1 and PAR3 have segments that target ABE | but whether they can both target pro-ABE
| was less clear.® 10 A key strength of the current project was the ability to use NMR to
measure binding affinities for individual [*°N]-labeled PAR1 residues interacting with ProT
versus thrombin. Moreover, any changes in chemical environments could be examined.
Results were compared with previously published [1°N]-labeled PARS3 titrations.28

1D H line broadening studies revealed that PAR1P (49-62, P54) and PAR1G (49-62,
P54G) peptides showed moderate interactions with ProT, and the interactions increased upon
formation of mature thrombin. PAR1 thus joins PAR3 as being two examples of Protease
Activated Receptors that can already interact with the pro-ABE 1 site of ProT.28 Ligand
binding properties and exosite maturation were then probed using PAR1 peptides custom
synthesized with [1°N]-amide labeling at K51, E53, F55, D58, and E60.

The [1°N]-F55 of PAR1Pgp (49-62) is involved in hydrophobic interactions with thrombin
F34, L65, and 182 (Figure 7).° The NMR titration results indicated that pro-ABE | is already

Biochemistry. Author manuscript; available in PMC 2020 February 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Billur et al.

Page 11

available for hydrophobic interactions with this aromatic PAR1P residue (Figure 2A-C,
Table 1). When [*°N]-F55 PAR1Pgp encountered PPACK-thrombin, affinities increased to a
level where Kp values could no longer be determined by NMR. Similar to our earlier PAR3
studies, ligand affinities could be reduced when a Pro to Gly substitution was introduced to
generate PARLG (49-62, P54G).28 Unexpectedly, peptides that were [15N]-labeled at the
PAR1G F55, K51, E53, D58, and E60 positions all exhibited very weak binding with pro-
ABE | on ProT. In contrast, PAR3G (44-56, P51G) with [1°N]-labeled residues F47, E48,
L52, and D54 could still bind to ProT and report on the structural features and binding
affinities encountered (Figure 7).10: 28 Therapeutic agents mimicking PAR3G peptides
would thus be more likely to target pro-ABE | than agents based on PAR1G peptides.

Following thrombin maturation, [1°N]-F55 of PAR1Ggp (49-62) exhibited greater
interactions with the ABE | surface of PPACK-thrombin. Both PAR1G F55 and PAR3G L52
share common hydrophobic interactions with thrombin residues (F34, L65, and 182) (Figure
7).910 Interestingly, [1°N]-L52 in PAR3Gg, had a Kp value that was 5-fold tighter than the
[15N]-F55 in PAR1GEp.28 Interactions with this hydrophobic cluster are thus more effective
in promoting binding affinity of L52 in PAR3Gg_ than F55 in PAR1Ggp

Acidic PAR1 E53 is in the vicinity of thrombin residues T74, R75, and Y76.2 The NMR
titrations studies revealed that [°N]-E53 of PAR1Ggp (49-62) showed no substantial
interaction with either ProT or PPACK-Ila (Figures S7, 3A, and 4A). E53 is located just N-
terminal to the PAR1G P54G substitution. As a result, E53 may be hindered from adopting
an effective orientation to promote beneficial interactions with (pro)-ABE |. By contrast,
PAR3G [1°N]-E48 is known to participate in a neighboring electrostatic interaction with
ABE | R75 and exhibit a Kp value too tight to calculate by NMR.10: 28 Basic residue PAR1
K51 is also located in the vicinity of thrombin R73 and T74.9 In the presence of PPACK-
thrombin, the [1°N]-K51 amide nitrogen did not exhibit chemical shift changes, but the
amide hydrogen did undergo movement in chemical shift (Figure S4A, S5A, S6A, Table 1).
These observations highlight NMR as a sensitive technique to explore changing chemical
environments around different atoms such as hydrogen and nitrogen.

PAR1 D58 is the first residue of a flexible acidic C-terminal tail of PARL (*3DEEKN®2). Our
NMR titration results thus provided the first solution-based evidence that acidic PAR1G
residues in the (*8DEEKNS2) segment could make direct contact with ABE I, and a new
chemical environment was encountered. A review of affinities later revealed that PAR1G
[15N]-D58 is better anchored to ABE | than PAR1G [1°N]-E60. An alignment of PAR3 and
PAR1 residues suggests that PAR1 D58 may be near thrombin R77a (Figure 7).3” Thrombin
R77a could thus help to stabilize PAR1 D58 similar to the strong electrostatics between
PAR3G D54 and thrombin R77a monitored by both X-ray crystallography and NMR.10: 28
As with PAR3 E56, the unresolved PAR1 E60 may be directed toward thrombin 182 and
K110_9, 10, 37

After characterizing PAR1 and PARS3 binding properties to ProT versus thrombin, our
studies investigated whether binding of Gplba at ABE Il would influence the affinities of
ABE I-directed PAR peptides. Allosteric communication between exosites and the active site
is known to play a regulatory role in thrombin substrate specificity and catalysis.* ¢
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Moreover, long-range communication between the thrombin exosites is possible even when
the active site is covalently inhibited.18: 22, 43, 44

A triply phosphorylated Gplba (269-282, 3Yp) served as the ABE Il ligand and PAR
peptides targeted ABE 1. With the Gplba 3Yp:PPACK-1la complex, the weak affinity of
PAR1 [1°N]-E53 from PAR1Ggp (49-62) improved significantly for ABE | (Figure 3B, 4B,
5B, 5C, Table 1, and Table 2). The previous, non-optimal orientation of E53 may have been
redirected by the introduction of Gplba.. By contrast, Gplba did not have much of an effect
on the binding affinity of the C-terminal PAR1 residue D58 (Figure 3B, 4B, 5B, Table 1, and
Table 2). Putative interactions with thrombin R77a may have already been fairly well
optimized. (Figure 7)

NMR titrations involving 15N-labeled PAR3Gg, (44-56) and Gplba.3Yp:PPACK-Ila
revealed that peaks for PAR3G [15N]-E48 and [1°N]-L52 both exhibited extensive
interactions within the dual ligand thrombin complex (Figure 6A, 6B, Table 3). The affinity
of PAR3 [1°N]-L52 for ABE | improved to a Kp value too tight to calculate in the presence
of the ABE Il ligand Gplba..28 PAR3 [1°N]-E48 already exhibited strong affinity toward
ABE | on PPACK-Ila. The presence of Gplba caused further enhancements in PAR3
binding making it even harder to assess a Kp value. (Figure 6A, 6B, Table 3).

When aligning the PAR3 and PAR1 sequences (Figure 7), it is interesting to note that PAR3
E48, PAR3 L52, and PAR1 E53 all experienced increased affinity in the presence of Gplba-
thrombin. The corresponding thrombin residues that may interact with these PAR residues
can be clustered to (F34, L65, 182) and (T74, R75, Y76).2: 10 In support of the current NMR
titrations, HDX-MS studies previously reported that Gplba binding exerts a long-range
solvent accessibility effect over to the thrombin 65-84 ABE I region.18: 22

In a physiological platelet environment, binding of Gplba to ABE 11 helps promote
thrombin catalyzed cleavage and subsequent activation of PAR1.23 Introducing a Fbg y’
peptide has been shown to hinder platelet PAR1 activation by competing with Gplba for the
ABE I binding site.83 Thus, our dual ligand NMR titration results with Gplba and PAR
peptides support the presence of beneficial inter-exosite communication. By contrast, ABE
Il ligands can also exert a negative influence over to thrombin ABE 1. When Gplba., the
DNA aptamer HD22, or Fbg -y’ bind to ABE II, the affinity of thrombomodulin TM456 for
ABE | decreases.5* As a result, Protein C activation at the thrombin catalytic site is
hindered. The ABE Il directed ligands aptamer HD22, Fbg -y’, and prothrombin F2 have all
been shown to inhibit thrombin binding to fibrin yay2L. The current results suggest that the
effect of interexosite communication is ligand dependent. PAR1 and PAR3 are important
examples of ABE | ligands that benefit from such long range interactions.28

Unlike our NMR studies, there are no striking differences in the X-ray crystal structures of
the pro-ABE | or ABE I regions of the following protein systems: prothrombin, active site
inhibited PPACK-thrombin, ABE I-directed PAR3-thrombin, ABE-I directed PAR1-
thrombin, and ABE Il-directed Gplba.-thrombin (Figure $8).5 9. 10, 24,65-67 These protein
systems likely have similar, transient structural states. We predicted that a PAR binding
competent state is already present in ProT. Our NMR results then revealed that ProT does
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have a population of binding sites that can interact with PAR3 (44-56, P51) and PAR3G
(44-56, P51G), and we can now include PAR1 (49-62, P54) and weaker binding PAR1G
(49-62, P54G).28 The PAR1 and PAR3 receptors can thus join hirudin and DNA/RNA
aptamers in being ligands that can target immature Pro-ABE | on ProT. As the exosite
matures, the population of binding competent states is predicted to increase.68-70 Mature
thrombin then promotes higher affinities for ABE I ligands by encountering binding
competent states more frequently.

A similar conformational property has been reported for active site directed FPR binding to
thrombin versus ProT. FPR binding occurs by selection of an optimal conformation from a
pre-existing equilibrium of E* (closed) and E (open) states.’l: 72 ProT and Prethrombin-2
have greater populations of E*. The ABE I ligands thrombomodulin and hirugen have also
been shown to probe ensembles of rapidly interconverting conformations for binding states.
1,72 oyr NMR studies further reveal that PAR1 and PAR3 can detect the changing chemical
environments of ProT and PPACK-thrombin and then report on Kp values.

In conclusion, our NMR studies have successfully examined the binding of PARL and PAR3
based peptide ligands to ProT versus thrombin. The NMR titration methods have the
advantage of monitoring unique chemical environments and binding affinities at the single
residue level. Our results indicate that ProT has a population of pro-ABE | binding sites that
can interact with PAR1P (49-62, P54) and PARLG (49-62, P54G). After exosite maturation,
PAR1 and PARS3 peptide ligands both target similar areas of the thrombin ABE-I 30 and 70
loop regions with increased affinities. The individual PAR amino acids, however, make
unique contributions to the overall binding affinities. The current project also demonstrates
that binding of phosphorylated Gplba (269-282, 3Yp) to ABE Il leads to increased ABE |
affinities for selected residues of PAR1G (49-62, P54G) and PAR3G (44-56, P51G). The
increased affinities observed in this dual ligand environment support the presence of inter-
exosite allostery. Exosite maturation and beneficial long range allostery are proposed to help
stabilize an ABE | conformation that can effectively bind PAR ligands. Therapeutic agents
that target distant thrombin exosites may be promising alternatives to direct thrombin
inhibitors whose actions can be difficult to control.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
An X-ray crystal structure of human PAR1 fragment (49-57) bound to thrombin (PDB code

3LU9). The thrombin surface is rendered in gray. The PARL1 residues are labeled as red
sticks whereas ABE | residues situated < 4 A from PAR1 are shown as green sticks or green
surfaces. Residues later selected for H,15N-HSQC NMR titration studies are highlighted in
red.

Biochemistry. Author manuscript; available in PMC 2020 February 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Billur et al.

Page 19

F5§

A
Lower Enzyme: Ligand 50 uM PARIP,, 84 82 80 78 78
B

‘\ 18- 116
F55

(0.1:1) ? ) (2.3:1) |

h g . @
L L R ) =z (0.1:1)
(0.3:1)
122 00 122
(0.5:1) ” 124
ProT to PARIP,,

84 82 80 78 78
Pt b Mg WWM“ 'H (ppm)

(0.7:1) 43
0.30
C
(1:1) 025 . A
. .
E 0.20
&
&
(1.5:1) £ o0 o
3 .
5 K, =99+ 39.4 uM
WM%WWM . F55
005 .
(2.3:1) o
Higher Enzyme: Ligand 0.00
0 50 100 150 200 250

T T T T T T [ProT | (uM)
9.0 8.5 8.0 7.5 7.0 6.5

H (ppm)

Figure 2:
1D, 2D 1H,15N-HSQC NMR titrations and Kp value of PAR1Pgp (49-62) in the presence of

ProT. For both of these NMR studies, the initial ProT:PAR1Pgp (49-62) ratio was 2.3:1 and
then gradually diluted down to 0.1:1. A) 1D 1H,15N-HSQC NMR titrations for starting
conditions of 50 uM PAR1Pgp (49-62, [1°N]-D50, [1°N]-F55) in 115 uM ProT. B) 2D 1H,
I5N-HSQC NMR titrations for starting conditions of 50 uM PAR1Pgp (49-62, [*°N]-D50,
[1°N]-F55) in 115 uM ProT. Serially diluting the ProT:PAR1Pgp complex led to ratios of
2.3:1(blue) to 0.1(red). Representative titration series are shown. C) Calculating affinity
(Kp) for °N-labeled F55 of PAR1Pgp binding to prothrombin. ProT and PAR1P [1°N]-F55
binding exhibited a Kp of 99 + 39.4 uM. The titrations were carried out in duplicate. In-
house scripts developed in Python were used to determine the KD values. The y-axis |A8gpg|
15N ppm = 815Npound — 8N fee Corresponds to the absolute difference in chemical shift
between bound and free states of an individual 1°N-residue. A Monte-Carlo approach that
assumes a 10% error in the serially diluted protein samples was employed for error analysis.
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Figure 3:
1D 1H,15N-HSQC NMR titrations of PAR1Ggp (49-62) interacting with PPACK-Ila and

Gplba3P — PPACK-Ila. For these 1D NMR studies, the initial (PPACK-Ila or Gplba.3P —
PPACK-Ila) to PAR1GEgp (49-62) ratio was at least 3:1 and then gradually diluted down to
0.1:1. A) 1D 1H,13N-HSQC NMR titrations for starting conditions of 50 yM PAR1Ggp (49-
62, [1°N]-E53, [1°N]-D58) in 200 uM PPACK-Ila. B) 1D 1H,1°N-HSQC NMR titrations for
starting conditions of 50 uM PAR1Ggp (49-62, [1°N]-E53, [1°N]-D58) in 150 uM PPACK-
Ila:Gplba3P. NMR titrations were performed in duplicate.
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2D 1H,15N-HSQC NMR titrations of PAR1GEp (49-62) in the presence of PPACK-Ila and
Gplba3P — PPACK-Ila. For these 2D NMR studies, the initial (PPACK-Ila or Gplba3P -

PPACK-Ila) to PAR1GEp (49-62) ratio was 4:1 or 3:1 (blue) and then gradually diluted
down to 0.1:1 (red). A) 2D 1H,15N-HSQC NMR titrations for 50 pM PAR1Ggp (49-62,

[*°N]-E53, [1°N]-D58) in 200pM PPACK-1la. B) 1H,15N-2D HSQC of 50 pM PAR1Ggp
(49-62, [*°N]-E53, [1°N]-D58) in 150 uM Gplba.3P — PPACK-Ila.
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Calculating affinity (KD) for 1°N-labeled E53 and D58 of PAR1Ggp (49-62) binding to
PPACK-Ila and Gplba3P — PPACK-Ila. Kp values for PAR1G D58 went from A) 38 + 6.6

UM with PPACK-lla to B) 75 + 14.9 pM with Gplba.3P — PPACK-1la. KD values for
PAR1G E53 went from too weak to calculate by NMR to C) 125 + 36 pM Gplba 3P -

PPACK-Ila. NMR titrations were carried out in duplicate. The Kp values were assessed
from scripts written in-house through Python. A Monte-Carlo approach that assumes a 10%
error in the serially diluted protein samples was employed for error analysis.
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1D, and 2D 1H,15N-HSQC NMR titrations of PAR3Gg; (44-56) with Gplba3P — PPACK-
Ila. For these NMR studies, the initial Gplba3P — PPACK-Ila to PAR3Gg| (44-56) ratio
was 3:1 and then gradually diluted down to 0.1:1. A) 1D 1H,15N-HSQC NMR titrations for
starting concentrations of 50 uM PAR3Gg, (44-56, [1°N]-E48, [1°N]-L52) in at least 150
UM Gplba3P — PPACK-1la. B) 2D 1H,15N-HSQC NMR titrations of 50 uM PAR3GEL (44—
56, [1°N]-E48, [1°N]-L52) in at least 150 uM Gplba.3P — PPACK-Ila.
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Comparing interactions between thrombin ABE 1 (30 and 70 loop), PAR1 (49-62), and
PAR3 (44-56). Crystal structures of thrombin in complex with human PAR1 (49-57) [PDB
3LU9] and murine PAR3 (44-56) [PDB 2PUX] were employed as structural guides. Since
PAR1 (58-62) was unresolved by crystallography, proposed interactions with thrombin
residues are provided for PAR1 D58 and E60. The PAR fragments target similar thrombin

ABE | regions but to varying extents.
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Evaluation of Kp and |Awmay| values derived from 2D 1H,15N-HSQC titrations of 1°N-labeled PAR1Gp,

Table 1:

PAR1GkE, and PAR1Ggp bound to PPACK-Thrombin?

Peptide Residue Kp for PPACK-Ila (uM) |Awmax| (Ppm) | Ila residues in contact with PAR1 (49-62)
PAR1Ggp F55 251 NA F34, L65, 182
PAR1Grp D50 Solvent exchange issue NA R73
PAR1Gke K51 167 + 49 0.09 +0.02 In vicinity of R73
PAR1Gke E60 280 NA Not seen in X-ray (might contact 182, K110)
PAR1Ggp E53 Too weak for Ky, calculation NA T74, Y76, and R75
PAR1Ggp D58 36 +£6.6 0.41+0.05 Not seen in X-ray (might contact R77a)

a N . : Lo . . . .
For these HSQC titrations, the PAR1 peptide concentrations were maintained at 50 uM while the PPACK-thrombin concentrations were diluted
serially. Kp values were determined from in-house scripts written in Python. Experimental data employed for these calculations included the

various concentrations of protein and peptide. In addition, 15N chemical shift differences for sets of free and bound conditions were utilized for

F55, E60, and D58. 14 chemical shift differences were employed for the K51. The HSQC titrations were carried out at least in duplicate. A Monte-

Carlo approach that assumes a 10% error in the serially diluted protein samples was employed for error analysis.
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Table 2:
Evaluation of Kp and |Awmay] Values derived from 2D 1H,1°N-HSQC titrations of 2°N-PAR1Ggp when bound
to Gplba+PPACK-I1a’

Peptide Residue Kp for PPACK-1la (uM) |Awmax (PPM) | I1a residues in contact with PAR1 (49-62)°
PAR1Ggp E53 Kp too weak for NMR analysis NA In vicinity of T74, R75, and Y76
PAR1Ggp+Gplba E53 126+36 0.32 £ 0.05 In vicinity of T74, R75, and Y76
PARIGgp D58 36+6.6 0.41 £ 0.05 Not seen in X-ray (might contact R77a)
PAR1Ggp+Gplba D58 75+15 0.52 £ 0.05 Not seen in X-ray (might contact R77a)

a _ . . L . .
For these 1H—15N—HSQC titrations, the PAR1 peptide concentrations were maintained at 50 uM and the PPACK-thrombin concentrations were
diluted serially. Kp values were determined from in-house scripts written in Python. Experimental data employed for these calculations included

the various concentrations of protein and peptide. In addition, 15N NMR chemical shift differences for sets of free and bound conditions were
utilized These HSQC titration series were performed at least in duplicate. A Monte-Carlo approach that assumes a 10% error in the serially diluted
protein samples was employed for error analysis.
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Table 3:

Page 27

Evaluation of Kp and |Awmay] Values derived from 2D 1H,15N-HSQC titrations for 1°N labeled PAR3GE

when bound to Gplba+PPACK-Ila®

Peptide Residue Kp for PPACK-lla (uM) [Awmay| (PpmM)? I1a residues in contact with PAR3 (44-56)%0
PAR3Gg, % L52 47+6 1.84+0.08 F34, L65, 182
PAR3Gg +Gplba L52 Kp too tight for NMR analysis NA F34, L65, 182
PAR3Gg, 28 E48 Kp too tight for NMR analysis | Insufficient data points R75
PAR3Gg +Gplba E48 Kp too tight for NMR analysis NA R75

a I . . A . .
For these 1H—15N—HSQC titrations, the PAR1 peptide concentrations were maintained at 50 pM and the PPACK-thrombin concentrations were
diluted serially. Kp values were determined from in-house scripts written in Python. Experimental data employed for these calculations included

the various concentrations of protein and peptide. In addition, 15N NMR chemical shift differences for sets of free and bound conditions were
utilized These HSQC titration series were performed at least in duplicate. A Monte-Carlo approach that assumes a 10% error in the serially diluted
protein samples was employed for error analysis
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