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Bivalirudin is a 20-residue synthetic peptide that functions as a bivalent thrombin inhibitor by simultaneously
engaging thrombin’s active site and exosite I. Despite its widespread clinical use, comprehensive NMR-based
characterization of bivalirudin and its process-related impurities has not been reported. Here, we present the
first complete heteronuclear NMR analysis of bivalirudin and two major impurities—[Asp9]-bivalirudin (a
deamidation-related impurity standard) and [desGlul3]-bivalirudin (a synthesis deletion)—at natural isotopic
abundance. Using a combination of 1D and 2D 'H, '3C, and >N NMR experiments in DMSO-ds and aqueous
solution, we achieved near-complete backbone and side-chain assignments, now deposited in the BMRB. We
demonstrate that 2D heteronuclear amide maps can unambiguously differentiate the parent peptide from its
process impurities. Additionally, we report the first solution-state NMR structure of free bivalirudin, revealing a
compact architecture wherein the active site— and exosite-binding segments are spatially proximate, potentially
reflecting a pre-binding intermediate. This study establishes a practical spectral reference framework and
simplified 2D heteronuclear spectral fingerprints for structural integrity assessment and impurity tracking of

Structure

bivalirudin.

1. Introduction

Bivalirudin is a synthetic 20-amino acid peptide that functions as a
direct thrombin inhibitor and is used clinically to prevent blood clots
[1-3]. The drug is bivalent—hence the name—engaging both the cata-
lytic active site and exosite I [1,4] (the fibrinogen recognition site) of
thrombin (Fig. 1). Structurally, bivalirudin is composed of a D-Phe--
Pro-Arg-Pro tetrapeptide [5] that targets the active site, a flexible Glya
linker, and a dodecapeptide derived from residues 53-64 of the natural
anticoagulant hirudin, which binds exosite I [1,4].

Due to its relatively short half-life (= 30 min), bivalirudin is
administered via injection as a reconstituted lyophilized powder [1,3].
The chemically synthesized active pharmaceutical ingredient is manu-
factured using solid-phase peptide synthesis [6], which, despite

advances [7,8], can introduce sequence-related impurities that may
influence product quality attributes, including structural integrity, sta-
bility, and, in some cases, biological performance. Similar consider-
ations underlie impurity control strategies for other therapeutic peptides
[8], where chemically modified variants are routinely monitored as part
of pharmaceutical quality assessment. Among these, [Asp®]-bivalirudin,
a stable impurity standard representing one of the structurally defined
end products associated with deamidation of the Asn9-Gly10 region [9,
10], and [des—Glu13]-bivalirudin, a synthesis-related deletion [9] prod-
uct missing glutamate at position 13, are two prominent and
well-recognized impurities [8,11,12]. Their control is essential for
pharmaceutical quality and is managed through strict manufacturing
specifications and impurity thresholds (no more than criteria, 0.4% by
United States Pharmacopeia [USP] monograph).
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Chromatographic and mass spectrometric methods are routinely
used to monitor peptide purity and degradation [13,14]. However, the
method development and validation of these analytical methods typi-
cally involves extensive optimization, column screening, and the use of
various additives in copious amounts, all of which consume significant
time and resources. Nuclear magnetic resonance (NMR) spectroscopy
offers an orthogonal analytical platform that complements existing
methods by enabling atom-specific structural verification and impurity
identification with minimal sample and solvent usage. The value of NMR
identification and analysis is particularly enhanced when interrogating
complex molecular structures and increasing molecular size such as the
peptide materials studied and reported here.

While NMR requires an initial investment of effort to assign atom-
specific chemical shifts—particularly for peptides of moderate
complexity—the resulting dataset can serve as a durable reference for
future lot testing, structural comparisons, and impurity profiling. Once
complex 2D heteronuclear spectra are exhaustively analyzed and all
signals identified, subsequent analyses of additional peptide production
batches, such as in a manufacturing setting, can often rely on simpler 1D
spectra (*H, ®N and 30), streamlining routine assessments in support of
peptide synthesis and pharmaceutical quality control. Additionally,
these comprehensive assignments facilitate analysis of 2D heteronuclear
spectra for a specific lot, when needed, without reinvesting resources to
assign spectra anew. We have previously demonstrated the utility of
such 2D maps in identifying impurities, such as a single amino acid
chirality change in exenatide [15], a 39-residue therapeutic peptide.
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For bivalirudin, a clinically important therapeutic peptide, no such
complete heteronuclear (lH, 5N and 13C) chemical shift dataset
currently exists. Its availability would enable unambiguous structural
delineation and impurity tracking. Usually, the process of heteronuclear
assignments would be facilitated by isotopic labeling of the relevant
biomolecule. However, isotopic labeling is rarely practical in pharma-
ceutical settings due to cost and synthetic scale, necessitating charac-
terization at natural isotopic abundance. While recombinant hirudin
and its variants have been studied using labeled samples [16,17], these
efforts have not extended to bivalirudin or its synthetic impurities in
pharmaceutical formulations. Despite bivalirudin’s therapeutic rele-
vance, no comprehensive chemical shift assignments or solution-state
structures of the free, unbound (to thrombin) peptide have been re-
ported. Moreover, its known impurities, [Asp9]—biva1irudin and [des--
Glu13]-bivalirudin, remain uncharacterized by NMR.

In the generic pharmaceutical setting, manufacturers are required to
demonstrate the identity, purity, and quality of active pharmaceutical
ingredients relative to recognized reference standards and pharmaco-
peial specifications. In the United States, the United States Pharmaco-
peia (USP) provides monographs and reference standards that support
quality assessment in accordance with U.S. Food and Drug Adminis-
tration (FDA) expectations for impurity control and pharmaceutical
characterization. Consequently, the identification and characterization
of known process- and degradation-related impurities constitute an
important component of peptide quality assessment [11,18]. Beyond
establishing the active pharmaceutical ingredient, analytical

Fig. 1. Bivalirudin structure, thrombin interaction, and CD spectra comparison. (A) Chemical structure of bivalirudin annotated with amino acid positions. The
only D-amino acid, the N-terminal D-phenylalanine, is indicated by pF1. Amino acid residues are color-coded (red, gray, green) to match the peptide interacting with
thrombin as illustrated in panel B. (B) Schematic representation of bivalirudin binding to thrombin (adapted from [1]), engaging both the active site and exosite I.
Thrombin cleaves bivalirudin at the active site, separating the peptide into two functional segments, as previously described [1]. The peptide sequence highlights
Asn9 and Glul3—residues associated with impurity variants: [Asp°®]-bivalirudin (deamidation mimic) and [des-Glu'®]-bivalirudin (synthesis impurity). (C) Overlay
of CD spectra for bivalirudin, [Aspg] -bivalirudin (Asn9—Asp), and [des-Glu*®]-bivalirudin (lacking Glul3). Spectral differences are minimal, illustrating the limited

utility of CD for detecting or distinguishing such peptide variants or their mixtures.
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methodologies must provide sufficient specificity to distinguish struc-
turally related impurity species and support reference standard qualifi-
cation, lot comparability, and impurity monitoring throughout
manufacturing and storage.

Although deamidation of Asn-Gly motifs can generate multiple
products, including Asp, succinimide intermediates, isoAsp, and D-Asp-
containing species, the [Asp9]-bivalirudin standard investigated here
represents a stable, structurally defined end-product arising from
modification of the native N9 position. The atom-level assignments and
connectivity maps reported in this study here demonstrate that
deamidation-related alterations of the native peptide can be detected by
NMR through comparison with structurally defined reference standards.
At a minimum, comparisons to the active pharmaceutical peptide
highlight deviations from the expected biopharmaceutical product.
Extension of this approach through the development of additional
deamidation-derived impurities reference standards would further
broaden its utility for degradation monitoring.

In this study, we report the first comprehensive NMR analysis of
bivalirudin and its two major impurities using natural abundance 'H,
15N and '3C NMR spectroscopy. Assignments were performed in
dimethyl sulfoxide (DMSO-dp) for all three peptides, and additional as-
signments in aqueous solution were made for bivalirudin. We also pre-
sent the solution-state NMR structure of bivalirudin, which provides
critical insight into its unbound conformational ensemble. These NMR
datasets serve as a valuable foundation for impurity identification,
structural integrity assessment, and for further method development in
NMR-based peptide pharmaceutical analysis.

2. Materials and methods
2.1. NMR sample preparation

All bivalirudin, [Aspg]—bivalirudin, and [des-Glu'®]-bivalirudin
peptides were obtained in lyophilized form from the United States
Pharmacopeia (USP, Rockville, MD, USA) catalog. Samples were
weighed and dissolved separately either in DMSO-dg (CIL, Andover, MA,
USA) or NMR buffer - 20 mmol/L sodium phosphate, from Sigma-
Aldrich (St. Louis, MO, USA), with a D2O (CIL) volume fraction of
0.1). The aqueous buffer sodium phosphate stock had a pH of 6. The pH
of the sample was checked with a microprobe and adjusted to close to
4.6 for all aqueous samples. Tetramethylsilane (TMS) and sodium 3-
(trimethylsilyl) propane—1-sulfonate (DSS) (Sigma-Aldrich) were used
to reference 'H chemical shifts for the DMSO-ds and water samples
respectively; 13C and '°N were indirectly calibrated [19]. Bivalirudin,
[Aspg] -bivalirudin, and [des-Glu'®]-bivalirudin were also orthogonally
verified (data not shown) by chromatography (HPLC) and mass spec-
trometry (LC-MS). 13 mg to 15 mg of each peptide was dissolved in
0.7 mL for DMSO-dg samples. A mass of 20 mg of bivalirudin was used
for the aqueous sample in NMR buffer (0.5 mL) for the heteronuclear
assignments and the final NOESY spectrum used for restraint generation.

Additionally, a lower-concentration sample consisting of 5 mg of
bivalirudin dissolved in NMR buffer (0.6 mL) was used to acquire
NOESY spectra to assess the potential contribution of spin diffusion. The
corresponding 1D *H NMR spectrum of the 5 mg sample did not display
appreciable differences in linewidth or chemical shift relative to the
higher-concentration sample (Supplementary Figure 5), arguing against
concentration-dependent self-association as the origin of the observed
long-range restraints. The pH values measured using a microprobe were
4.64 and 4.57 for the high- and low-concentration samples, respectively.

2.2. NMR data acquisition processing and analysis

All NMR data were acquired at 298 K on a commercially available
Bruker (Billerica, MA, USA) Avance III 600 MHz spectrometer equipped
with a room temperature triple resonance inverse (TXI) probe with a
single axis gradient. All experiments were acquired with a relaxation
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delay of 1 s unless mentioned otherwise. Data sets were acquired and
processed using the Bruker software Topspin 3.5pl6 (commercially
available from the instrument manufacturer). All relevant data acqui-
sition parameters are reported in Table 1. All data analysis and signal
assignments were performed using the NMR visualization software
SPARKY [20].

During processing, linear prediction was used to double the number
of points in all spectra and then zero filled to 2 K points. The data were
apodized in the direct and indirect dimensions using squared cosine and
cosine functions respectively. The signal assignment strategy is detailed
in our previous work on exenatide [15]. Chemical shifts for bivalirudin,
[Aspg]—bivalirudin, and [des-Glu'®]-bivalirudin in DMSO, and bivalir-
udin in water, have been deposited to the Biological Magnetic Reso-
nance Data Bank (BMRB) database (BMRB Ids: 51621, 51622, 51623,
and 51618 respectively).

The NOESY spectrum acquired with a 150 ms mixing time was used
for the generation of distance restraints. To assess the potential contri-
bution of spin diffusion to these restraints, the 5 mg sample (lower
concentration) described above was used to acquire a series of NOESY
spectra with mixing times of 30, 60, 90, 120, 150, and 200 ms using the
same acquisition parameters listed above for the NOESY experiment,
except that the spectra were acquired with a resolution of 2048 x 512
complex points (TD) and 32 scans. Cross-peak assignments were trans-
ferred to each spectrum and peak intensities were extracted using
SPARKY. The intensities observed in the 200 ms spectrum were used to
normalize the corresponding intensities at shorter mixing times. Anal-
ysis of representative NOE buildup curves indicated that the long-range
cross-peaks used in the structure calculations were established at shorter
mixing times and did not arise exclusively at the longest mixing times,
where spin-diffusion effects would be expected to be most pronounced.
Representative normalized NOE buildup curves for short-, medium-, and
long-range contacts are shown in Supplementary Figure 6.

2.3. Structure determination using solution NMR

Bivalirudin chemical shifts were used in TALOS-N [22] for genera-
tion of dihedral restraints. Inter-proton distance restraints were derived
from the NOESY spectrum and calibrated using the peak intensity of
adjacent protons of an aromatic residue. Distances were binned into
weak, medium, strong (5.5 A, 4.5 A, 3.5 A). The distance (184) and
dihedral restraints (26) were used to calculate a bundle of structures by
distance geometry and simulated annealing using Xplor -NIH [23]. For

Table 1
NMR experiments” and relevant parameters.
Type Spectral Width / # Points Scans  Mixing
Offset (TD) Time
F2 x F1
15N HSQC 12ppm /4.8 ppm ("H) 2048 x 128 128
28 ppm / 116 ppm
(15N)
15N HSQC- 12 ppm /4.8 ppm ("H) 2048 x 128 480 90 ms
TOCSY 24 ppm / 115.5 ppm
(15N)
13¢ HSQC 12 ppm /4.8 ppm ("H) 2048 x 128 64
multiplicity 140 ppm / 75 ppm
edited *30)
13CHSQCTOCSY 12ppm /4.8 ppm (‘H) 2048 x 512 128 90 ms
140 ppm / 75 ppm
(13C)
13C HMBC 12 ppm /4.8 ppm ("H) 4096 x 512 480
180 ppm / 95 ppm
(IBC)
1H NOESY(w) 10 ppm / 4.8 ppm ("H) 4096 x 512 16 150 ms

@ Unless mentioned otherwise the same parameters (and experiments) were
used for all three peptides in DMSO and for bivalirudin in water. The 'H nuclear
Overhauser effect spectroscopy (NOESY) spectrum was only used for water
samples and is marked with (w)
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the D-Phe the Xplor script was used to generate the topology file.
Initially 100 structures were generated that were refined to 20, of which
five were submitted as a bundle to the PDB database (https://www.rcsb.
org/), chosen on the basis of geometry and minimized energy and low
violations. Minimization and water solvation were performed using
Xplor-NIH. These minimized structures (ensemble of 5) were deposited
to the PDB database (PDB ID 8EF4). Detailed global statistics are
available in the validation report of the PDB entry on the PDB database
online. The corresponding PDB validation report, also available online,
indicated no Ramachandran outliers within the deposited ensemble.
Structure analysis and rendering of figures were performed using the
program PyMOL. Lastly, the cis/trans conformations of the proline
peptide bonds were evaluated using characteristic NOE patterns and
established 13C chemical shift criteria based on the differences between
the proline Cg and C, chemical shifts [21].

2.4. Circular dichroism

All three peptides were compared in NMR buffer (without D20) via
circular dichroism (CD) spectra on an Applied Photophysics Chirascan
V100 spectrophotometer (Leatherhead, Surrey, UK) at 298 K. All pep-
tides were prepared as stock solutions and evaluated (0.1 mg/mL) in a
cuvette with 0.1 cm path length scanning from 180 nm to 350 nm with a
step size of 1 nm and bandwidth of 1 nm. 8 scans were averaged for the
final result. Data processing was done on the Chirascan Viewer, a soft-
ware provided by the instrument manufacturer. The same buffer was
used for blank subtraction.

3. Results and discussion
3.1. Assignment strategy

All assignments were obtained using the procedure described in our
prior work on exenatide [15]. This strategy was applied to three
peptides—bivalirudin, [Asp9] -bivalirudin, and [des-Glu'3]-bivalir-
udin—in DMSO-dg, as well as for bivalirudin in aqueous solution.
Briefly, spin systems were first identified using '°N and !3C hetero-
nuclear single quantum coherence-total correlation spectroscopy
(HSQC-TOCSY)  spectra, establishing amino acid identity.
Sequence-specific connectivity was then determined using the carbonyl
(C") region (170-185ppm) of the 13¢ heteronuclear multiple bond cor-
relation (HMBC) spectrum, which links Ci—HNiH pairs, where i is the
residue position. These assignments were cross-validated by traditional
HN-H, correlations in the 'H NOESY spectrum. The HMBC approach is
particularly valuable in overcoming the limitations of HN-H, nuclear
Overhauser effect (NOE) patterns, which break down in the presence of
proline due to the lack of an amide proton. Moreover, the HMBC spec-
trum provides amino acid side chain to carbonyl correlations, offering
unambiguous assignment even for residues with similar
carbonyl-containing sidechains. Once C' assignments are made, 1D 13C
spectra can be used to monitor biophysical changes—such as binding
events or conformational shifts—across the peptide backbone and
carbonyl-containing side chains.

Double verification of assignments was critical given bivalirudin’s
challenging sequence, which includes four consecutive glycines and
repeated glutamates. The 13C HMBC carbonyl region enabled confident
assignment by connecting the aliphatic 'H signals of one residue to the
amide and H, signals of the next (Supplementary Figure 1). This
approach is particularly advantageous for proline-containing sequences,
where the amide-Ha pattern breaks down in NOESY spectra because
prolines do not have amide protons. While the aliphatic region can
appear crowded in the HMBC carbonyl region, the well-dispersed amide
signals provide anchor points to interpret connectivity (Supplementary
Figure 1).

Using this method, we obtained near-complete assignments for all
three peptides in DMSO-dg and for bivalirudin in water. These have been
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deposited in the BMRB (IDs: 51621, 51622, 51623, and 51618 respec-
tively). To our knowledge, this represents the first atomic-level NMR
characterization of bivalirudin and its impurities in any solvent system.
Our aim was to provide a reliable NMR-based fingerprint of bivalirudin
in DMSO-d¢ to facilitate quality assessments. These assignments also
enable detection of process-related impurities, such as [des-Glu13]-
bivalirudin (a synthesis impurity) and [Aspg] -bivalirudin (a
deamidation-related impurity), during manufacturing and storage.
Additionally, shifts observed in aqueous solution can be used to track
perturbations during titrations or formulation changes. Importantly, no
solution structure of free bivalirudin has been reported previously. As
shown later, the solution conformation of free bivalirudin and the
residue-specific spectral perturbations associated with its impurity
standards provide new atom-level insight into the structural conse-
quences of sequence modification and establish a framework for future
investigations of target interactions and formulation-dependent
perturbations.

For consistency, atom-level assignments of bivalirudin, [Asp9]-
bivalirudin, and [des-Glul3]-bivalirudin were established under iden-
tical DMSO-dg conditions, permitting direct comparison of their
chemical-shift fingerprints and connectivity maps. From an analytical
perspective, DMSO-dg provides a facile and reproducible environment
for pharmaceutical characterization by avoiding the need for water
suppression and minimizing variability arising from factors such as pH
adjustment and solvent-dependent exchange effects that can complicate
spectral comparisons. Consequently, these DMSO-dg datasets provide
practical reference fingerprints that can be readily reproduced and
compared against isolated impurity species and future manufacturing
lots. In contrast, the aqueous NMR experiments addressed a separate
objective, namely investigation of the solution conformation of free
bivalirudin, for which no experimentally derived structure had previ-
ously been reported. Thus, the assignment-based pharmaceutical char-
acterization and the aqueous structure determination represent
complementary, but distinct, components of the present study.

3.2. Spectral comparison of bivalirudin and process impurities in DMSO-
ds

CD spectra of bivalirudin and its two impurities (Asp® and des-Glu'>
variants) showed minimal differences (Fig. 1 C), highlighting the limi-
tation of CD for detecting such sequence variations, even in high-purity
compounds. If mixtures were present, CD may fail to provide a definitive
indication of impurity.

In contrast, 2D NMR backbone amide maps clearly differentiate the
peptides. Even the glycines and the glutamates in the stretch of four
glycines and the two stretches of glutamates respectively have unique
amide signal coordinates. These spectra, recorded in DMSO-ds to
simplify data collection without water suppression, provide a robust
comparison method even for users without extensive expertise in NMR
data interpretation. For [Asp®]-bivalirudin, the absence of the aspara-
gine side-chain amine is evident (Fig. 2), but the most prominent dif-
ferences span residues G8-E13, with significant perturbations at
N9-D11. These shifts likely reflect fast-timescale dynamic changes not
captured by CD, yet provide diagnostic markers in both 2D and even 1D
'H spectra—particularly for the shifted N9 signal, which is well-
resolved. Notably, the chemical distinction between bivalirudin and
[Asp9] -bivalirudin is minimal—only the loss of a side-chain amine; yet
their respective NMR 2D !°N heteronuclear maps provide distinct fin-
gerprints. This reinforces the diagnostic capability of 2D heteronuclear
NMR, consistent with prior observations on exenatide, where a change
in chirality at a single residue yielded similar spectral discrimination
[15].

For [des—Glu13]-bivalirudin, the largest perturbations occur at E14
and I15 (with E13 absent). Although the amide Y shifts—if evaluated
alone—may obscure these changes, the loss of E13 and movement of 115
should still remain discernible in the amide proton spectrum. Obviously
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Fig. 2. 2D '°N heteronuclear maps of bivalirudin and process impurities in DMSO. 1°N HSQC spectral overlays of bivalirudin with [Asp°®]-bivalirudin and [des-
Glu'®]-bivalirudin shows clear differences at the level of the amide bond which will be beneficial when drug substance is present with impurities. All three spectra are
for samples in DMSO-dg. The arginine side chain is folded into the spectra to preserve resolution. The arrows indicate the corresponding signal for the same amide in
the bivalirudin impurities. The stark differences facilitate visual analysis of the spectra. The '3C spectrum encompassing the Co backbone atoms are also compared in
supporting information (Supplementary Figure 2) but they do not show the stark differences observed in the backbone amide spectra (>N-HSQC).

acquiring 2D '°N heteronuclear spectral maps (at natural abundance)
will provide unambiguous identification, even in mixtures.

Complementary 2D 13¢ HSQC spectra targeting C, resonances also
reveal distinctions (Supplementary Figure 2). However, unlike amide
maps, these differences are more localized—primarily at N9 (Asp’
variant) and E13 (des-Glu'® variant). Beyond 2D comparisons, 1D 3¢
spectra spanning the aliphatic to carbonyl regions can now be inter-
preted with confidence due to the deposited assignments. Likewise, the
1D trace of a >N HSQC (first increment of a 2D SN HSQC spectrum)
isolates backbone amides from aromatic and side-chain protons, further
aiding rapid comparison. Taken together, these datasets enable efficient
impurity detection and characterization using simplified spectral
readouts.

An important distinction exists between pharmaceutical character-
ization and traditional biomolecular structure determination. In struc-
tural biology, resonance assignments are often viewed primarily as an
intermediate step toward high-resolution structure determination. In
pharmaceutical characterization, however, atom-level assignments and
connectivity relationships are themselves a characterization endpoint
because they provide direct experimental evidence of molecular identity
that is transferable, verifiable, and readily compared across laboratories,
manufacturing lots, and reference materials. Thus, heteronuclear
chemical shifts, together with multidimensional connectivity informa-
tion, serve as analytical fingerprints that enable unambiguous and
facilitated identification of active pharmaceutical ingredients and
related impurity species. Once such assignments have been established,
subsequent analyses can often rely on simplified spectral comparisons
without reinvesting resources in complete reassignment.

Building on these spectral distinctions, we observe from Fig. 2
that—apart from the missing NH: side-chain resonances—a few isolated
signals remain unchanged between bivalirudin and [Aspg]—bivalirudin.
This provides a framework to quantitatively monitor deamidation of
bivalirudin over time. Identifying which signals shift (i.e., show different
chemical shifts between bivalirudin and [Aspg]—bivalirudin) allows
strategies that use intensity ratios between signals expected to move or
disappear (N9 amino groups) and those that remain stable to quantify

deamidation. For example, monitoring the intensity (I) of selected peaks
over time —signal Y19 (either one or both peaks of the doublet, marked
as I1), the rightmost component of the triplet encompassing amide sig-
nals F12 and E18 (I2), and one or both amino signals (Is) and comparing
the ratios Is/Ir and Io/Ir (Supplementary Figure 3 A) allows one to track
deamidation. Both ratios are expected to decrease with increase in
deamidation and thus provide a quantitative means to follow this
change. The lowest detectable percentage of deamidation will depend
on the signal-to-noise ratio (S/N) of the peaks involved; for example,
detecting 1% deamidation with statistical confidence requires that the
S/N exceeds a defined threshold.

Similarly, to detect [des-Glu'3]-bivalirudin as an impurity, we can
analyze the central peaks of the triplets corresponding to G5 (I1), G6 (I2),
and F12 + E18 (I3) in the 1D spectra (Supplementary Figure 3B). As
evident from the 2D maps in Fig. 2 and the 1D overlays of [des-Glu'%]-
bivalirudin and bivalirudin in Supplementary Figure 3B, these signals
retain their positions and intensities for I; & I3, but their intensities vary
for I, between the two peptides. For I» this occurs because the amide
signal for 115 coincides with G6 in [des-Glu'®]-bivalirudin. For bivalir-
udin, the ratios I>/Is and I»/Is are 1.1 and 0.7, respectively; for des-
Glul3, the corresponding ratios are 1.6 and 1 (Supplementary
Figure 3B). These distinct values indicate that, if 1D 'H spectra of
bivalirudin are acquired with sufficient S/N, even low levels of des-Glu'®
impurities can be quantified, provided the remaining spectral profile
resembles that of bivalirudin. While these ratio ranges require further
validation across experimental conditions, the present study establishes
a foundation for such quantitative impurity analyses.

3.3. Assignments and structure of bivalirudin in aqueous solution

We also performed near-complete assignments of bivalirudin in
aqueous solution (BMRB ID: 51618). The same strategy used in DMSO-
d6, and previously applied to exenatide, enabled unambiguous identi-
fication of backbone amide and C, resonances (Fig. 3B, C) along with
carbonyl and side-chain resonances. These assignments (aqueous) are
valuable for future studies using labeled protein targets (e.g., '3C,'°N-
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Fig. 3. NMR solution structure of bivalirudin and backbone fingerprint maps under aqueous conditions. (A) Backbone-only structure of bivalirudin calcu-
lated from NOESY-derived distance restraints (red) acquired in aqueous solution. An ensemble of five low-energy conformers that satisfy all experimental restraints is
shown, with select residue positions labeled. (B) Assigned >N HSQC spectrum of bivalirudin in water. (C) Assigned '>C HSQC spectrum (C, region) of bivalirudin

in water.

thrombin), where NOE-based experiments can isolate bivalirudin atoms
interacting with the target or subject to conformational rearrangement
due to the interaction. For instance, atomic-level interactions between a
13¢ 15N labeled thrombin and an unlabeled bivalirudin molecule can be
identified using a NOESY experiment that is doubly-edited (*3C °N) in
one dimension to select cross peaks from amide protons attached to a 13¢
atom (C’ or Cp) and singly edited 5N only) in the second dimension to
select amide protons attached to a '2C atom.

The cis/trans conformations of the three proline peptide bonds were
evaluated using characteristic NOE patterns together with established
13C chemical shift criteria based on the differences between the proline
Cp and C, chemical shifts [21]. Both approaches were consistent with
predominantly trans peptide bond conformations for all three proline
residues in bivalirudin. Furthermore, even in the higher-concentration
sample NOESY spectrum, no minor cross-peaks indicative of an alter-
native cis-proline population were observed. These observations suggest
that any cis conformers, if present, were below the level of detection
under the experimental conditions employed.

This dataset fills a significant gap—prior to this study, no NMR so-
lution structure of free bivalirudin has been reported. Existing crystal
structures [24] depict only its split tetrapeptide and dodecapeptide
segments bound to thrombin’s active catalytic site and exosite I
(Supplementary Figure 4). A complete structure may have been elusive
due to conformational flexibility. Using 'H NOESY-derived distances
and dihedral angles from heteronuclear chemical shifts, we generated an

ensemble of five structures (PDB ID: 8EF4) (Fig. 3A). The bivalent seg-
ments of bivalirudin independently adopt consistent conformations
within the ensemble while the glycine linker fans out. Limited NOEs
were found in the flexible glycine-rich linker; however, NOESY distance
restraints between the tetrapeptide (D-Phe-Pro-Arg-Pro) segment and
the hirudin-analog region constrain it to fold back. The bivalent seg-
ments do not display elements that allow categorization to standard
secondary structure elements like the o helix or 3¢ helix evidenced from
the backbone dihedral angles and have a coil like architecture. This
architecture is also reflected in the lower dispersion of the amide protons
in the 1°N HSQC spectrum.

This folded arrangement of the bivalent segments of bivalirudin may
reflect a functional intermediate important for thrombin binding.
Binding is expected to involve a conformational transition from the
folded state (as in our solution ensemble) to an extended bound state
(per crystal structures) [24]. Deamidation-related modification at the
NO9 position introduces a local change in charge that could influence this
conformational equilibrium, although the functional consequences of
such perturbations remain to be determined.

4. Conclusions
We previously demonstrated the utility of simplified 2D hetero-

nuclear amide maps acquired by NMR at natural abundance in dis-
tinguishing peptide variants of exenatide, where a single chirality
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change was detectable [15]. Here, we extend this approach to bivalir-
udin and its process-related impurities, showing that even subtle
sequence variations (e.g., loss of a side-chain or residue) produce
distinct spectral fingerprints.

We carried out comprehensive heteronuclear assignments in both
DMSO-dg and aqueous environments, and deposited them to the BMRB
to support future studies. These 2D NMR maps, which track the peptide
amide backbone, provide a means to distinguish variants (desired drug
substance vs. the deamidated or deleted versions), which CD spectros-
copy is unable to provide. The distinct changes observed by NMR likely
arise from changes in fast-timescale regime and local environment
changes, making it a high-information content tool for structural quality
assessment of biotherapeutic peptides. In pharmaceutical characteriza-
tion, atom-level assignments and connectivity relationships are not
merely a preliminary step toward structure determination; they consti-
tute transferable analytical fingerprints that enable impurity identifi-
cation and comparison across reference standards and manufacturing
lots. Consistency between reference and experimental chemical shifts
confirms the structural integrity of the active pharmaceutical ingredient,
whereas deviations in peak position, intensity indicate impurity for-
mation, degradation, or other structural perturbations requiring further
evaluation. Thus, NMR chemical shifts provide a direct link between
atom-level structural characterization and pharmaceutical quality con-
trol. While further studies are needed to probe the dynamic regimes
underlying these chemical shift changes, our datasets enable practical
workflows for impurity detection. We presented the first NMR-based
solution structure of free bivalirudin, shedding light on a potential
relationship between conformational states and function.

In summary, this study delivers a robust atomic-level framework for
characterizing bivalirudin and its impurities, facilitating pharmaceutical
quality control, through transferable atom-level fingerprints for impu-
rity identification and orthogonal quality assessment of generic peptide
therapeutics [25].
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