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ABSTRACT

Hageman factor (FXII) is an essential component in the intrinsic coagulation cascade and a therapeutic
target for the prophylactic treatment of hereditary angioedema (HAE). CSL312 (garadacimab) is a novel
high-affinity human antibody capable of blocking activated FXII activity that is currently undergoing
Phase 3 clinical trials in HAE. Structural studies using hydrogen/deuterium exchange coupled to mass
spectrometry revealed evidence of interaction between the antibody and regions surrounding the S1
specificity pocket of FXII, including the 99-loop, 140-loop, 180-loop, and neighboring regions. We
propose complementarity-determining regions (CDRs) in heavy-chain CDR2 and CDR3 as potential
paratopes on garadacimab, and the 99-loop, 140-loop, 180-loop, and 220-loop as binding sites on the

beta chain of activated FXII (B-FXlla).

Introduction

Hereditary angioedema (HAE) is a rare, potentially life-
threatening genetic disorder caused by an underlying defi-
ciency or dysfunction of Cl-esterase inhibitors."* Factor XII
(Hageman factor, FXII) is the principal initiator of the plasma
contact system, which consists of a protease cascade involving
the proteins FXII, prekallikrein, and high molecular weight
kininogen.” FXII is synthesized in the liver and circulates in the
plasma as a zymogen that becomes an active enzyme (FXIIa)
after autoactivation on foreign or biological charged surfaces.
This activation is then amplified through a positive feedback
loop between pre-kallikrein, kallikrein, and FXIIa, where the
Cl-esterase inhibitor (C1-INH) functions as the cognate inhi-
bitor and protects against spontaneous activation.* Further
proteolytic processing of FXIIa releases the catalytically active
fragment (-FXIIa. FXIIa triggers fibrin formation after activa-
tion of FXI via the intrinsic coagulation pathway and leads to
the production of the proinflammatory mediator bradykinin
through the kallikrein-kinin system. Bradykinin production is
increased during HAE attacks and is the key mediator of
swelling in HAE.*” Thus, activated forms of FXII have proin-
flammatory and procoagulant activities. Garadacimab,
a human immunoglobulin G4 (IgG4) monoclonal antibody
targeting FXIIa, was generated after the affinity maturation
of a parental anti-FXIIa antibody (3F7), which displayed both
potent antiinflammatory® and antithrombotic activity.”
Garadacimab is currently being investigated in Phase 3 clinical
trials for prophylactic treatment of HAE attacks in patients
with a C1-INH deficiency (HAE-C1-INH).>'*""2
Hydrogen/deuterium exchange coupled mass spectrome-
try (HDX-MS) is an emerging analytical approach used to
study antibody-antigen interactions in conjunction with
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complementary surface plasmon resonance (SPR) affinity-
based epitope mapping and negative strain/cryogenic elec-
tron microscopy (EM)."?"'® The technique is especially useful
in early phases of drug development when the crystal struc-
tures of therapeutic candidates are not readily available.'
HDX-MS utilizes differential footprinting of hydrogen and
deuterium incorporation across the amino acid sequence to
identify molecular regions with reduced or enhanced solvent
accessibility, pinpointing potential binding interfaces and
assisting in elucidating the mode of action (MOA) of an
antibody used for therapeutic purposes.'> Detection of iso-
tope shifts due to deuterium incorporation is achieved
through a combination of nonspecific enzymatic digestion
and high-resolution peptide MS.'*'” Given that the techni-
que relies on highly sensitive kinetics of hydrogen-deuterium
exchange of the backbone hydrogens, comprehensive HDX-
MS studies are typically performed on integrated liquid hand-
ling robotics systems that are coupled with online digestion,
liquid chromatography, and MS platforms.'®**° A multitude
of commercial and in-house platforms have recently been
developed specifically for this area of study.?® = >

Here, we report an HDX-MS study of garadacimab, human
B-FXIIa, and their antibody-antigen complex (study design
shown in Figure 1). The binding kinetics between garadacimab
and B-FXIIa® used in this study were confirmed and the stoi-
chiometry assessed using an SPR method and negative staining
EM. Differential hydrogen/deuterium (H/D) incorporation
onto the antibody and antigen in the presence and absence of
the complexing protein was mapped against garadacimab
complementarity-determining region (CDR) sequences and
the known structure of human B-FXIIa when complexed
with benzamidine (protein data bank 6B74). The resultant
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Figure 1. Schematic workflow of hydrogen/deuterium exchange coupled to mass spectrometry (HDX-MS); binding between the antibody (garadacimab) and antigen

(B-FXlla); and confirmation of binding stoichiometry. Garadacimab, B-FXlla, and

the bound complex were individually incubated in deuterated buffer for different

exposure times. The differentially deuterated materials were quenched using a low-pH denaturing and reducing cocktail at low temperature. The quenched mixtures
were subsequently digested by pepsin. The reduced and digested peptides from varying exposure times were analyzed using liquid chromatography-mass
spectrometry (LCMS) and the mass isotopic data were processed to determine the mass shifts indicative of differential deuterium incorporation (or uptake).
Formation of the complex and confirmation of complex integrity were guided by surface plasmon resonance binding kinetics and stoichiometry analysis by negative
staining electron microscopy. Data interpretation was performed by mapping the exposure of peptide to solvent against the crystal structure of B-FXIla and
complementarity determining region paratope regions according to Kabat numbering.

findings from the H/D exchange data were superimposed onto
the publicly available crystal structure of human B-FXIIa,***
and cross-referenced against computationally derived residue-
level solvent accessibility information to further identify
potentially key amino acids that could be involved at the inter-
face with garadacimab.*®*

Results

Characterization of the garadacimab-B-FXlla complex by
negative-staining EM, binding kinetics, and stoichiometry
by SPR

The preformed antibody-antigen complex was characterized
using negative staining EM at x57,000 magnification. Two-
dimensional (2D) class averages showed various distinct con-
formations, highlighting the flexibility of the hinge
region;*®** nevertheless, the two-to-one stoichiometry of B-
FXIlIa to garadacimab is observed throughout (Figure 2a).
Further elucidation by ab initio reconstruction followed by
homogeneous refinement produced an enhanced electron
density map of the two B-FXIIa moieties bound to the two
antigen-binding fragments (Fabs) of the antibody (Figure 2b;
further information on ab initio reconstruction and homo-
geneous refinement of the bound complex is available in
Figures S1 and S2). Cross-validation by SPR of the binding
kinetics between garadacimab and commercially obtained f3-
FXIIa demonstrated tight binding with dissociation constant
(Kp) ranges of ~100-200 pM (Figure 2c), as expected.®
Further analysis of the interaction between B-FXIIa and gar-
adacimab using SPR confirmed a 2:1 stoichiometric ratio
(Table S1 and Figure S3 using Supplementary method M1).
The stoichiometry data obtained from SPR align well with
observations from negative-staining EM.

Sequence coverage of garadacimab by HDX-MS
footprinting

To characterize garadacimab, a spectral database containing
538 unique peptic peptides corresponding to 97% and 99%
sequence coverage for the garadacimab heavy and light chains,
respectively, was used to track and compare the H/D exchange
isotope patterns from 55 compatible peptic peptides covering
relevant CDRs and fragment crystallizable (Fc) regions.
Characterization of p-FXIIa was supported by a spectral data-
base containing 270 unique peptic peptides, corresponding to
100% sequence coverage. In total, 128 compatible peptic pep-
tides covering key loops (the N-terminal autolysis loop, 37-
loop, 60-loop, 99-loop, 140-loop, 180-loop, and 220-loop)
were used for H/D exchange isotope pattern tracking, creating
an H/D exchange coverage map of 89% (Figure S4).

Kinetics of deuteration in the CDR of garadacimab

The differential incorporation of deuterium (in units of deu-
terium) by free and complexed garadacimab is shown in
Figure 3a and 3b. Detailed analysis of the kinetics of deutera-
tion before and after binding showed that the uptake of deu-
terium amino acid residues close to the center of the heavy-
chain loop, CDRI, between Ser-25 and GIn-35 did not change,
whereas loops between Ile-53 and Gly-66 (CDR2) and Leu-100
and Val-118 (CDR3) experienced pronounced reduction in
deuterium when complexed with B-FXIIa, specifically from
Ile-51 to Tyr-60 and Leu-100 to Ala-115 (Figure 4).
Interestingly, we also observed a minor reduction in deuterium
uptake in light-chain CDR2 (data not shown), although this
region had not undergone affinity maturation.’>*' Further
refinement toward individual amino acid residues was not
pursued.
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Figure 2. Negative stain electron microscopy images used to visually confirm the stoichiometry of the garadacimab—B-FXIla complex. (a) The nine panels show the
antigen-antibody complex at different angular views, demonstrating the flexibility of the hinge-stabilized 1gG4. The extracted pixel box size shows 84 pixels with
a pixel size of 4.48 A. (b) Real space (central) slices of the 3D reconstruction from the three orthogonal viewing directions. The color gradient shows the relative density
of the particle image and the axis scale is in pixels with a pixel size of 4.48 A. (c) Binding of B-FXlla to captured garadacimab was determined by surface plasmon
resonance. Sensorgrams (colored) and fitted curves (black) for each concentration (10 nM-0.02 nM) are shown. Kinetic rate constants and affinity of the interaction are

shown in the inset.

Dynamics of B-FXIla upon binding with garadacimab

Comparison between the incorporated deuterium (in units
of deuterium) in free and complexed B-FXIIa (Figure 3c)
showed significant changes in the solvent accessibility of
the N-terminus, 60-loop, 99-loop, 140-loop, 180-loop, and
220-loop. Different kinetics of deuteration were most pro-
nounced in peptides covering the valine-rich N-terminus
(Figure 5, panel F), 99-loop (Figure 5, panel C), and 180-
loop (Figure 5, panel D), where ~40%, ~25%, and ~30%
reduction, respectively, in H/D exchange was observed.
This was followed by the 140-loop (Figure 5, panel E)
and 220-loop (Figure 5, panel G) where deuteration

differences of ~15% were estimated between the free and
complexed forms. Structurally, the proximity of the cata-
lytic triad encapsulating the 99-loop, 140-loop, and 220-
loop and extending toward 180-loop showed a likely con-
tinuum of residues that may be solvent-protected upon
binding. These results suggest that the most relevant sol-
vent protection was from residue Thr-390 to His-393 and
in 99-loop from Ser-435 to Asp-442 (which contains the
catalytic triad residues His and Asp).>***> The stretch of
180-loop from Leu-533 to Ala-539 was also equally rele-
vant given its proximity to the final catalytic triad residue
Ser-544.
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Figure 3. Differential hydrogen/deuterium (H/D) exchange (average relative deuterium) in garadacimab and B-FXlla at various exposure times (30-1200 seconds).
Specific paratopes on (a) garadacimab light chain complementarity determining region (CDR) and (b) garadacimab heavy chain CDR and the expected non-paratopic Fc
control region. (c) B-FXIla with six epitopic regions highlighted (red: histidine residue of the catalytic triad; blue: N-terminus of B-FXlla; Orange: 99-loop; magenta:

autolysis 140-loop; cyan: activation 180-loop; and yellow: 220-loop).

69-96

Sequence Gap

Sequence Gap

(d) CDR-H2 lle-51 to Tyr-60

(b) CDR-H1 Phe-27 to GiIn-35

27-35: FTFSKYIMQ (#13) 51-60: IDIPTKGTVY (#31)

121-245
fdP8 oo 330 320 dL 200 o 260 270
CARALPRSGY LLSPHYYYYALDVVGO] [GGESVELEPEKPKDTLEISRTPEVTC
[ COR-H3 ] |

(f) CDR-H3 Tyr-94 to Tyr-105 (h) Fc Control Leu-251 to Met-261

94-105: YYCARALPRSGY (#48) 251-261: LFPPKPKDTLM (#74)

100 Free Complexed 100 Free Complexed 1001 Free Complexed 100/ Free Complexed
80 80 80 80 1
z 60 - § 60 § 60 g 60 1
8 8 " 8 8
40 40 R 8 40 . 40
- . pr —ﬂ”’”’"?
20 ——8—— 20 . 0] i~ & 4 20- . e
0 T T 0 T T 0 T T 0 T T
100 1,000 100 1,000 100 1,000 100 1,000
Time (sec) Time (sec) Time (sec) Time (sec)
(c) CDR-H1 Phe-27 to Tyr-32 (e) CDR-H2 Ala-61 to Phe-68 (g) CDR-H3 Leu-106 to Tyr-113 (i) Fc Control Leu-253 to Met-261
27-32: FTFSKY (#11) 61-68: ADSVKGRF (#43) 106-113: LISPHYYY (#54) 253-261: PPKPKDTLM (#78)
100] Free Complexed 1004 Free Complexed 100] Free Complexed 100 Free Complexed
80 80 80 80
E 60 E 60 | 2 60 - g 60
8 g 2 i bt 4 ®
40 - e —— 40 401 X X 40
20 20 — ! 20 ' 20
E ] L 2 ] -— r//{
0 T T 0 T T 0 T T 0 T T
100 1,000 100 1,000 100 1,000 100 1,000
Time (sec) Time (sec) Time (sec) Time (sec)

Figure 4. (a) Peptic peptide fragment ion coverage of the heavy chain variable region and the Fc constant heavy region 2 (CH2) constant region. (b-i) Kinetics of the
hydrogen/deuterium (H/D) exchange showing the percent of deuterium exchanged as a function of time for selected peptides. Lines are drawn as a guide to the eye
(black: free garadacimab; green: complexed garadacimab). Asterisks denote significance of change at the 95% confidence interval. CDR, complementarity determining

region.

VADAR residue refinement within loop regions
highlighted by HDX-MS of B-FXlla

To improve the limited resolution of overlapping peptide data
by HDX-MS of B-FXIIa, we sought to identify high fractional
side-chain accessible surface area (side-ASA) residues around
key regions identified by HDX-MS having reduced H/D
exchange upon complexing with garadacimab. Using volume
area dihedral angle reporter (VADAR)-computed surface

accessibility of individual amino acid residues from the benza-
midine complexed B-FXIIa X-ray crystal coordinates (protein
data bank 6B74),** 63 residues with a side-ASA of >50% were
identified.”® There were 16 specific residues in B-FXIIa that
coincided with regions identified as having reduced H/D
exchange upon complexing with garadacimab (Figure 6). The
goal of this analysis was to computationally refine and identify
the likely solvent-exposed amino acid residues (high side-
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Figure 5. (a) Mapping of hydrogen/deuterium (H/D) exchange on regions of B-FXlla (structure based on X-ray crystallography).?* Separate epitopic regions on B-FXlla
based on HDX-MS data are highlighted (red: catalytic triad; blue: N-terminus of B-FXIla; green: 60-loop, Orange: 99-loop; magenta: autolysis 140-loop; cyan: activation
180-loop; and yellow: 220-loop). Additional designation of the S1 pocket is shown to demonstrate potential blocking of substrate entry. (b—g) Corresponding kinetics of
H/D exchange in B-FXlla via selected peptides covering denoted epitopic regions. (h) Solvent-exposed 110-loop (as negative control), showing no significant difference
in deuterium uptake. Lines are drawn as a guide to the eye (black: free B-FXlla; green: complexed B-FXlla). Asterisks denote significance of change at the 95%

confidence interval.

ASA) on the valine-rich N-terminus, 99-loop, 140-loop, 180-
loop, and 220-loop, all of which were found to have reduced H/
D exchange. It was interesting to note that, although we
observed a noticeable reduction in H/D exchange on the 60-
loop, VADAR computational analysis did not reveal amino
acid residues with high side-ASA.

Discussion

To better understand the garadacimab MOA that provides
therapeutic treatment of HAE attacks in patients with HAE-
C1-INH,'° we performed a combined structural analysis based
on negative stain EM, SPR, and HDX-MS to identify critical
FXIIa epitopes and their cognate garadacimab paratopes.
Closer examination of the deuterium uptake in garadaci-
mab CDR pre- and post-binding confirms the involvement of
the affinity-matured residues from heavy-chain Ile-53 to Tyr-

60.>° This provides a much-needed validation of affinity-
maturation efforts from the parental antibody 3F7. Perhaps
unsurprising was the expected involvement of the heavy-chain
loop CDR3 containing a high number of tyrosine residues.”>*’
The pronounced reduction in deuterium uptake post binding
by residues of His-110 to Ala-115 (His-Tyr-Tyr-Tyr-Tyr-Ala),
a sequence containing a high number of aromatic amino acids,
suggests that these may be additional paratopes against [-
FXIIa.*> Finally, we noted that, although we saw a reduction
in deuterium uptake on the residues in light-chain CDR?2, it is
unlikely to be a driver for binding. We speculate that the
observed differences may be related to allosteric changes post
binding.**

The observed reduction in solvent accessibility across mul-
tiple-exposed surface loops near the specificity (S1) pocket** of
B-FXIIa by HDX-MS was perhaps the most interesting finding
of this study. Fundamentally, it was reassuring to find these
loops aggregating near the entrance of the S1 pocket, given that



6 (&) S.Y.OWETAL

HDX Experimental Data []
VADAR Exposed Residue (side ASA = 50%) — Bold Text

*

VVGGLVALRGAHPYTAALYWGHSFCAGSLIAPCWVLTAAH

N-terminus 60-loop
CLQDRPAPEDLTVVLGQERRNHSCEPCQTLAVRSYRLHEA

FISPVSYDHDLALLRLQEDADGSCALLSPYVQPVCLPSGAA
99-loop
RPSETTLCQVAGWGHQFEGAEEYASFLQEAQVPFLSLERC]
140-loop .
|SAPDVHGSSIL/PGMLCAGFLEGGTDACQGDSGGPLVCEDQ
180-loop
AAERRLTLQGI I SWGSGCGDRNKPGVYTDVAYYLAWIREH
220-loop

TVS

Figure 6. Sequence alignment and mapping of the hydrogen/deuterium (H/D) exchange data and volume area dihedral angle reporter (VADAR) analysis (with side-
accessibility surface area [side-ASA] of >50%) on regions of B-FXIla. VADAR analyses were computed using X-ray crystallography coordinates from the protein data
bank.2* Red boxes denote regions identified by HDX-MS data while bolded text denotes surface-exposed residues (from VADAR analysis). Various surface loops and
termini with notable reduction in H/D uptake (N-terminus, 60-loop, 99-loop, 140-loop, 180-loop, and 220-loop) are shown. Asterisks denote the position of the catalytic
triad His-Asp-Ser on B-FXlla.

the observed functional silencing of B-FXIIa activity must
indicate some means of it allosterically blocking its own self-
amplifying cascade. Mapping these regions against the crystal
structure of B-FXIIa** convincingly demonstrates that the con-
verging contact points toward the S1 pocket, specifically the
proximity of the surface-adjoining 140-loop to 220-loop, then

99-Loop Peptides

toward the 180-loop and 99-loop (Figure 5, panels C, D, E, and
G). When coupled with VADAR-derived side-ASA predic-
tions, we were able to putatively identify, at least computation-
ally, amino acids along the loop regions (of p-FXIIa) with high
side-ASA that may be involved in the interfacial binding with
garadacimab. The additional computational analysis adds
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significant value to the interpretation of our data since the
HDX-MS findings could not provide sufficient resolution to
suggest the potential contact residues on B-FXIIa. Specifically,
it was most interesting that Pro-436 and Val-437 on the 99-
loop and Ser-569 and Gly-570 on the 220-loop around the S1
pocket were identified as residues with high side-ASA. When
taken collectively, the current results suggest that garadacimab
may function as a “lid” obstructing the catalytic pocket
entrance.

We were able to further corroborate these findings based on
an additional localization analysis performed using overlap-
ping peptic peptides (experimentally pinpointing residues
SPVS on the 99-loop and IISWGSGCGDRNKPGVY on the
220-loop; Figure 7). It is important to note that we have not
considered the changes in conformation of both antigen and
antibody that are likely to occur upon binding.’>*>® Although
such studies are outside the scope of this report, we anticipate
that high-resolution single-particle cryo-EM should guide
understanding of those molecular dynamics.'>*”

Through the HDX-MS approach, our results provide early
indications of relevant paratopes and epitopes on garadacimab
and P-FXIIa. The aggregated solvent-accessibility map mod-
eled onto the crystal data is convincing given the proximity of
residues exhibiting high deuterium uptake to the S1 pocket
entry, 99-loop, and 220-loop, providing, for the first time,
structural evidence of the antibody-based blocking of FXIIa.
Findings from our study lead to an improved understanding of
the MOA for garadacimab, validating its observed preclinical
and clinical efficacy in the reduction of HAE attacks.>'*'* The
studies also demonstrate that the solvent-accessibility
approach, accomplished using HDX-MS complemented by
SPR and EM, is a valuable tool to study protein binding in
antigen/antibody complexes, particularly when the crystal
structures are not immediately available.'®

Materials and methods
Protein materials

CSL312 GMP4 DP (garadacimab, lot 5314003AB2, CSL) and
human FXIla beta-chain (B-FXIIa; lot HFXIIAB-5395,
Molecular Innovations) were acquired through either in-
house production (CSL recombinant product development)
or commercial sources (Molecular Innovations). Proteins
were stored at —80°C and retrieved for processing on the day
of the experiment. Proteins were allowed to thaw to room
temperature for at least 1 hour before handling.

Reagents and chemicals

Deuterated water (D,0, 99.96%, PN: 423459-1ML), Trizma®
base (PN: T1503), Trizma® HCI (PN: T3253), 8 M urea in water
(PN: 51457-100ML), and lyophilized bovine serum albumin
(PN: A9418) were purchased from Sigma-Aldrich. Tris (2-car-
boxyethyl) phosphine-HCI (TCEP-HCI; PN: 20490B) was pur-
chased from Pierce™ Thermo Fisher Scientific. Formic acid
(min. 97.5%, PN: 56302) was from Honeywell Research
Chemicals. Liquid chromatography-MS (LCMS)-grade aceto-
nitrile (PN: 1.00029.2500) and LCMS-grade water (PN:
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1.15333.2500) were from Merck. EDTA (PN: EL022-500 G)
and Tween-20/PS-20 (PN TL020-500 M) were purchased from
ChemSupply. HEPES (PN: HEPES05) was purchased from
Formedium.

Complex formation between antibody and antigen

Formation of complexed antibody (garadacimab) and antigen
(B-FXIIa) was achieved by incubating the antibody and antigen
via a predefined 1:2 antibody to antigen stoichiometry (empiri-
cally confirmed by SPR) under physiological pH (7.4). The
complexes were then incubated at 25°C for a further 30 min-
utes before further analysis.

Negative stain EM

Garadacimab and the activated FXII beta-chain protein were
complexed in a 1:2 ratio immediately before negative staining.
Samples were diluted in mouse tonicity Tris-buffered saline
(10 mM Tris, 140 mM NaCl, pH 7.0) to a final concentration of
4.9 uM. EM data collection was performed at the Ian Holmes
Imaging Center at the Bio21 Molecular Science and
Biotechnology Institute, University of Melbourne, Australia.
Carbon-coated Cu grids (GSCU400CC, 400-mesh) were glow-
discharged at 15 mA for 30 seconds. Sample was diluted 10x in
the same buffer, and 10 uL was deposited onto the grid with
the excess sample blotted off (with Whatman® No. 1 filter
paper) after 60 seconds. The grids were then negatively stained
with two consecutive droplets (10 pL) of 2% phosphotungstic
acid (pH 6.8) for 30 seconds, blotted to remove residual stain,
and air dried. The grids were imaged at room temperature
using transmission EM (Talos L120C, 120 kV) at
a magnification of x57,000 with a pixel size of 4.88 A. All
images (.tif) were converted to “mrc” files using the EMAN?2
python script (e2proc2d).”® Thirty MRC files were imported
into cryoSPARC v3.312°® using the following input para-
meters: pixel size 4.48 A; accelerating voltage 120 kV; spherical
aberration 2.7 mm, and negative stain. Patch CTF, followed by
“blob picking” (150-250 A), “inspect particle picks,” and
“extract particle picks” (84-pixel box size) rendered 23,446
particles for 2D classification. Selection of representative 2D
class averages enabled template-based automatic particle pick-
ing (diameter 250 A), which resulted in 16,689 particles after
an additional two rounds of 2D classification to further remove
junk particles.

SPR analysis

Binding kinetics were measured using a Biacore® 8 K+ SPR
Biosensor (Cytiva) docked with a Series S CM5 sensor chip
(Cytiva). Anti-human IgG Fc (Thermo Fisher, Catalog No.:
H10500) was immobilized using standard amine coupling
chemistry to ~15,000 response units. Garadacimab was cap-
tured on active flow cells at the beginning of each cycle to
a surface density of ~250 response units. Flow cell 1, in which
no garadacimab was captured, was used as a reference.
Recombinant f-FXIIa was injected over both flow cells for
350 seconds at concentrations between 0.02 nM and 10 nM
and dissociation was monitored for 1200 seconds. A buffer
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blank was used for referencing purposes. After each cycle, the
surface was regenerated with a 45-seconds injection of
100 mM H;PO,. The analysis was performed at 37°C at
a flow rate of 30 pL/min in 10 mM HEPES, 150 mM NaCl,
3 mM EDTA, 0.005% v/v surfactant P20 supplemented with
0.1% bovine serum albumin and adjusted to pH 7.4. Biacore
Insight Evaluation software v3.0.12.15655 (Cytiva) was used
to fit double-referenced sensorgrams to a 1:1 kinetics model
including a term for mass transport limitation.>® The R,
value was fitted locally to account for slight deviations in the
level of garadacimab captured. The association rate (k,),
dissociation rate (kg), and equilibrium (Kp) were fitted
globally.

Automated H/D exchange and online pepsin digestion

Up to 10 ug of antibody (total volume 1-2 pL), antigen, or
antibody-antigen complex were treated equally using an auto-
mated liquid handling and reaction system (LEAP PAL-RTC
platform); scheduling of reactions and valve routing was per-
formed via Chronos software v4.9 (PAL Systems) with tem-
perature-controlled syringe and auto-sampler systems (both
held at 3°C). Pre-dispensed proteins (1 pL for antibody or
antigen; 2 pL for antibody-antigen complex) were mixed
with deuterated Tris buffer (10 mM Tris and 140 mM NaCl in
D,O; pH 7.4) to approximately 90% D,O final volume and
allowed to react for fixed periods of time (t = 0, 30, 60, 300, and
1200 seconds) at 3°C.

For each time point, 45 uL reacted sample was transferred
to a pre-dispensed sample vial containing 15 pL quench solu-
tion (8 M urea, 4% formic acid, and 0.125 M TCEP), mixed,
and subsequently injected into a three-valve flow routing sys-
tem for online pepsin enzymatic digestion on an enzyme-
immobilized column (Waters Enzymate™ BEH Pepsin,
2.1 x 30 mm, 5 um). Digestion was performed in 0.1% formic
acid at 9°C with a flow rate of 50 pL/min and a total 4-minute
digestion wait time. Peptides leaving the pepsin column were
passed through a desalting pre-column (see next section),
which was subsequently regenerated using three repeats of
2 M urea washes (55 pL).

Measurements of deuterated peptides by LCMS

Up to 10 pg quenched deuterated digest was passed through
a trap-elute reverse phase liquid chromatography (RPLC) sys-
tem consisting of a desalting pre-column (Waters BEH-C18,
2.1 x 5 mm, 1.7 um, 130 A) and an analytical column (Waters
BEH-C18, 2.1 x 50 mm, 1.7 um, 130 A). Column temperature
was held constant at 0-1°C using a built-in Peltier cooling
system. The trap-elute RPLC program consisted of
a 2-minute desalting step (100% Buffer A, 50 uL/min) followed
by a 15-minute linear separation gradient (1-40% Buffer B,
45 pL/min). Buffer A was 0.1 v/v% formic acid in Milli-Q water
and buffer B was 0.1 v/v% formic acid in acetonitrile. The
method includes a further 5-minute column washing and
conditioning, with a total run time of 20 minutes. The sepa-
rated peptides were detected using an electrospray (Ion Max
NG HESI ion source) coupled to an Orbitrap Fusion Lumos

(Thermo Fisher). The capillary voltage was set at 4.6 kV. The
deuterated peptides were detected at a resolution of 60,000 for
a mass range of 300-1600 m/z.

Experimental replicates and significance of the kinetics of
deuteration

All the measurements described above were repeated to create
a triplicate dataset (n = 3). Evaluation of significance from the
differential kinetics of deuteration was intrinsic to the study of
garadacimab via the measurement of pre-/post binding along
the Fc section of the molecule (between Phe-270 and Val-271,
and Ile-386 and Leu-407, containing the solvent-exposed Met-
261 and the Asn-Gly motif at Asn-393) as these regions were
not expected to interact with B-FXIIa. The significant differ-
ence between the free and the complexed state was determined
to be £0.15 units of deuterium at a 99.7% confidence interval
(3x standard deviation; Figures S5 and S6), indicating that
a differential uptake of <0.15 units of deuterium was not
considered significant.*’ This value was therefore used to eval-
uate the significance of the subsequent deuterium kinetics
datasets. The average hydrogen back-exchange was assessed
using maximally labeled cytochrome C model protein as per
the guidance white paper,** and determined to be ~36% (see
Supplementary methods M2 and M3, Figure S7 for additional
detail).'***!

Peptic peptide mapping

Initial protein sequence mapping for the antibody, antigen,
and antibody-antigen complex by LCMS was performed using
the platform described previously but without the use of deu-
terium, i.e., all samples were exposed to H,O only (non-
deuterated protein samples). Detection of peptic peptides by
MS also includes an additional data-dependent MS step, where
the top 12 precursors per scan between charges 2 and 6 were
selected for MS/MS (set at a resolution of 15,000, an automatic
gain control of 1 x 10° ions, and a maximum injection time of
120 ms). The resulting accurate mass and retention time
information were used for subsequent deuterated peptide
analysis.

Peptic peptide mapping: data analysis

MS data from non-deuterated protein samples were processed
using Byos™ v3.80 (Protein Metrics). Peptide searches were
performed using the Byonic™ search engine module using an
initial C-term criterion of Phe, Tyr, Trp, and Leu followed by
an expanded nonspecific cleavage search with five allowed
missed cleavages.> All searches were performed using
a general mass accuracy limit of 10 ppm for parent and
0.05 Da for MS/MS fragment masses. The post-processing
minimum score cutoff for peptides was set to 400, and the
minimal peptide length was four amino acids. The retention
time (apex time) was automatically extracted and determined
by the Byologic™ module and a final filtered peptide list was
exported for further processing.



VADAR analysis

Computational analysis of surface accessibility was performed
using the VADAR v1.8 algorithm to estimate the surface
accessibility of individual amino acid residues in B-FXIla.”’
Structural coordinates were taken from the publicly available
X-ray crystal structure for benzamidine-complexed p-FXIla.**
Amino acid residues with a computed fractional side-ASA
>50% were considered as surface exposed (Table S2). These
surface-exposed residues were then cross-referenced with
available HDX-MS data to assist with the identification of
potential epitope-related residues.*

HDX-MS data processing

Exported lists of peptides from protein sequencing mapping
were used as the basis for deuterated sample processing.
Processing was performed using HDExaminer™ (Sierra
Analytics, CA, USA) using the FASTA database for antibody
and antigen separately.”” Raw data were parsed semi-
automatically using predefined settings for bottom-up LCMS
and the definition of deuteration at t = 0, 30, 60, 300, and
1200 seconds at 90% D,0O. Charge states were set initially by
those found by peptide search and expanded to a min—-max of
1-4. Retention time reference was anchored to t = 0. Filtering
of fit was initially performed using an automatic cutoff of <0.7
as low confidence and 0.9 as high confidence. All fits between
0.7 and 0.9 were manually reviewed. All the processed data
were mapped using preloaded (1) heat map data/image, (2)
peptide plot data/image, (3) peptide pool result, (4) uptake
summary table, (5) uptake plot, and (6) deuteration compar-
ison plots from HDExaminer™.
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