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ABSTRACT: Multispecific biologics are an emerging class of
drugs, in which antibodies and/or proteins designed to bind
pharmacological targets are covalently linked or expressed as fusion
proteins to increase both therapeutic efficacy and safety. Epitope
mapping on the target proteins provides key information to
improve the affinity and also to monitor the manufacturing process
and drug stability. Solid-state NMR has been here used to identify
the pattern of the residues of the programmed cell death ligand 1
(PD-L1) ectodomain that are involved in the interaction with a
new multispecific biological drug. This is possible because the large
size and the intrinsic flexibility of the complexes are not limiting
factors for solid-state NMR.

■ INTRODUCTION

Drug discovery is a long and costly process that has a very low
success rate. Structural biology is the game-changer for the
identification and optimization of new lead compounds, but
the relevance of the structural information that can be gathered
is causing structural biology to emerge also for the develop-
ment of biotherapeutics.1,2

As defined by international guidelines, pharmaceutical
development should adhere to the Quality by Design paradigm
(QbD), described by ICH Q8 (R2)3 from the European
Medicine Agency (EMA) as a “systematic approach to
development that begins with predefined objectives and
emphasizes product and process understanding and process
control, based on sound science and quality risk management”.
This important concept has revolutionized drug development
by highlighting the importance of new analytical strategies
based on advanced product and process knowledge. Develop-
ing a drug under the QbD paradigm not only aims at
improving the quality and safety of pharmaceutical products
but also at increasing the success rate by improving Critical
Quality Attributes risk assessments, leading to more focused
control strategies and release testing panels.
Monoclonal antibodies (mAbs) are, to date, the major class

of biological drugs approved for the treatment of a large variety
of pathologies, and new engineering solutions have solved
most of the serious problems encountered in the therapeutic
use of these proteins, improving the interactions with the
effector cells, leading to less immunogenic molecules and
allowing the selection of high-affinity species.4,5 Among these

drugs, multispecific biologics obtained by fusing full-length
antibodies, fragment antigen-binding (FAB), or other proteins
together represent the next generation of biotherapeutics.6−12

This entire class of drugs can benefit from structural
information obtained by investigating their complexes with
the targets, for example, to reshape and optimize the
interaction site.13,14

Structural information at the atomic level about the
macromolecular complexes is routinely obtained using X-ray
crystallography,15,16 much less so by NMR17,18 and, more
recently, cryo-electron microscopy.19,20 However, the large
molecular weight and the flexibility of fusion-derived
biotherapeutics often prevent the structural characterization
of their complexes with the targets. For instance, a large
inherent flexibility makes it difficult to obtain crystals of
diffraction quality or cryo-EM reconstruction. At the same
time, the large molecular weight of these systems hampers a
deep structural characterization by NMR in solution, although
NMR is successfully used in the higher-order structure (HOS)
assessment.21−29 Relevant and complementary information can
be obtained from hydrogen−deuterium exchange coupled to
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mass spectrometry (HDX-MS): characterization of interaction
surfaces in protein complexes is one of the strengths of this
technique, but complex and extensive method optimization is
needed, and data interpretation is not straightforward.30,31

Thanks to advances in the instrumentation and in sample
preparation, solid-state NMR has reached sufficient maturity to
start tackling systems of outstanding complexity, such as
biological drugs, vaccine formulations, etc. A few years ago, a
pioneering work by the group of Lewandowski reported the
solid-state NMR characterization of a precipitated macro-
molecular complex between the first immunoglobulin binding
domain of streptococcal protein G (GB1) and a full-length
antibody.32 GB1 is a 6 kDa protein33 that is extensively used as
a standard in solid-state NMR,34 and is reported to bind
strongly to the crystallizable region fragment and weakly to the
antigen-binding fragment of human immunoglobulin G. These
results and previous studies on noncrystalline systems suggest
that also very large macromolecular systems involving fusion-
derived biologics can be characterized by solid-state NMR
spectroscopy.35−62 One of the advantages of the noncrystalline
samples, obtained by sedimentation or equivalently by
rehydrating freeze-dried proteins,63 is the absence of crystalline
(ordered) packing.45 Indeed, the shift perturbations due to the
contacts among the different protein molecules are averaged
over several poses with no energetic preferences and the
hydration state of the biomolecules is closer to that present in
solution.63,64 Therefore, a rehydrated freeze-dried material
corresponds to an extremely concentrated solution of the
protein, which is intrinsically comparable, for the scope of
chemical shift mapping, to the diluted sample used for
acquiring solution spectra.65

The observation of well-resolved spectra on a noncrystalline
system of a small protein is not trivial: in our experience,
noncrystalline samples of small proteinsincluding domains
or fragments of therapeutic targetscan provide poor-quality
solid-state NMR spectra63 that have discouraged so far the use
of this strategy in the investigation of pharmaceutical relevant
systems and in the development of biologics. Local structural
inhomogeneity under magic angle spinning (MAS) conditions
is among the possible reasons of the unsatisfactory quality of
solid-state spectra recorded on noncrystalline samples of some
small proteins. In the case of antibodies, however, since they
usually bind a target with very high affinity by establishing an
extensive network of interactions, a structural stabilization of
the interacting protein is expected.
Programmed cell death 1 (PD-1)/programmed cell death

ligand 1 (PD-L1) axis is one of the immune checkpoints that
under healthy conditions promote self-tolerance and protect
the host from autoimmunity.66 However, the PD-1/PD-L1
cascade is also used by several cancer cell lines to avoid the
immune response by overexpressing the PD-L1 transmem-
brane protein on the surface.67,68 The ectodomain of PD-L1 is
therefore the target for several in-use and in-development
antibodies employed in the therapy of cancers overexpressing
this protein.69−72 In this respect, the assignment of the target
protein in complex with biotherapeutics provides the way for a
structure-based approach to drug development and manufac-
turing.
This study explores the interaction between the PD-L1

receptor and an anti-PD-L1 biotherapeutic: an IgG1 fusion
protein of about 190 kDa, composed of an extracellular domain
(ECD) protein covalently linked via a flexible linker to the C-
terminus of each heavy chain of an anti-PD-L1 antibody

(Figure 1). Here, we show that the epitope mapping of this Fc-
fusion protein on the PD-L1 ectodomain can be achieved by

integrating solution and solid-state NMR studies and that the
structural information obtained with our approach can be used
to provide usable knowledge to develop a biotherapeutic under
the Quality by Design paradigm (QbD).

■ METHODS
Expression and Purification of [U-13C, 15N] and [U-2H, 13C,

15N] PD-L1. Escherichia coli BL21 (DE3) cells were transformed with
pET-21a (+) plasmid encoding PD-L1 gene (residues Ala18-Tyr134).
To obtain uniformly isotopically enriched PD-L1 [U-13C, 15N], the
cells were cultured in M9 Minimal Medium supplied with 3 g of 13C-
glucose, 1.1 g of 15N-NH4Cl, 1 cm3 of 0.1 mg·cm−3 solution of
ampicillin, 1 cm3 of 1 mg·cm−3 thiamine, 1 cm3 of 1 mg·cm−3 biotin, 1
mmol·dm−3 MgSO4, 0.3 mmol·dm−3 CaCl2, grown at 310 K, until
OD600 reached 0.8, then induced with 1 mmol·dm−3 isopropyl β-D-1-
thiogalactopyranoside. They were further grown at 310 K overnight
and then harvested by centrifugation at 7500g (JA-10 Beckman
Coulter) for 15 min at 277 K.

For uniformly isotopically enriched PD-L1 [U-2H, 13C, 15N], the
cells were cultured in 2H-13C-15N-enriched medium (E. coli-OD2 rich
growth media) containing 1 cm3 of 0.1 mg·cm−3 solution of
ampicillin, grown at 310 K, until OD600 reached 0.6, then induced
with 1 mmol·dm−3 isopropyl β-D-1-thiogalactopyranoside; all reagents
were previously dissolved in 2H2O. The cells were further grown at
310 K overnight and then harvested by centrifugation at 7500g (JA-10
Beckman Coulter) for 15 min at 277 K. In all instances, the pellet was
suspended, first, in 50 mmol·dm−3 Tris-HCl pH 8.0, 200 mmol·dm−3

NaCl, 10 mmol·dm−3 β-mercaptoethanol, and 10 mmol·dm−3

ethylenediaminetetraacetic acid (EDTA) (50 cm3 per dm3 of culture)
and sonicated for 30 s 10 times on ice at 277 K. The suspension was
centrifuged at 115,000g (Beckman Optima LE-80K Ultracentrifuge)
for 40 min and the supernatant discarded. The recovered pellet was
resuspended in 50 mmol·dm−3 Tris-HCl pH 8.0, 200 mmol·dm−3

NaCl, 10 mmol·dm−3 β-mercaptoethanol, 6 mol·dm−3 guanidinium
chloride (25 cm3 per dm3 of culture) and newly incubated at 277 K
overnight under magnetic stirring. Again, the suspension was
centrifuged at 115,000g (Beckman Optima LE-80K Ultracentrifuge)
for 40 min. The pellet was discarded, whereas the supernatant
containing the denatured protein solution was diluted in a refolding
buffer containing 0.1 mol·dm−3 Tris-HCl, pH 8.5, 1 mol·dm−3

arginine, 0.25 mmol·dm−3 reduced glutathione, and 0.25 mmol·
dm−3 oxidized glutathione.73 The solution was incubated at 277 K
under stirring, for 12−18 h, cleared by passing a 0.45 μm filter, and

Figure 1. Schematic representation of the anti-PD-L1 fusion protein.
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then dialyzed extensively against 10 mmol·dm−3 Tris, pH 8.0, 20
mmol·dm−3 NaCl. The protein solution was concentrated with an
Amicon Stirred Cell and then purified by size exclusion chromatog-
raphy on HiLoad Superdex 26/60 75pg (GE Healthcare) previously
equilibrated in 0.1 mol·dm−3 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES) pH 6.8 and 20 mmol·dm−3 NaCl.
NMR Measurements. Solution NMR experiments for backbone

resonance assignment [three-dimensional (3D) HNCA,74−76

HNCACB,77,78 CBCA(CO)NH,78,79 HNCO74−76] were performed
on [U-13C, 15N] samples of PD-L1 (at the concentration of 150 μmol·
dm−3) in the water buffer solution where the protein was more stable
[10 mmol·dm−3 Tris, pH 8, 20 mmol·dm−3 NaCl, 0.1% NaN3,
protease inhibitors (Roche)]. For 3D HNCACB nonuniform random
sampling at 64% and compressed-sensing reconstruction was used.80

A 3D HNCA was also recorded at a lower pH [buffer: 20 mmol·dm−3

HEPES, pH 6.8, 20 mmol·dm−3 NaCl, 0.1% NaN3, protease inhibitors
(Roche)] to identify a higher number of spin systems and to transfer
the protein assignment to buffer conditions closer to those of the anti-
PD-L1 fusion protein. All solution spectra were recorded at 298 K on
Bruker AVANCE III and AVANCE NEO NMR spectrometers,
operating at 1200, 950, and 900 MHz, 1H Larmor frequency (28.2,
22.3, and 21.1 T), respectively, equipped with triple-resonance cryo-
probes.
Complexes of [U-15N], [U-13C, 15N] or [U-2H, 13C, 15N] PD-L1

with the anti-PD-L1 fusion protein were prepared by adding
increasing aliquots of product [10 mg·cm−3 (∼50 μmol·dm−3)] to
the solution of PD-L1 [50 μmol·dm−3 in 100 mmol·dm−3 HEPES, 20
mmol·dm−3 NaCl, pH 6.8] to reach the concentrations of 2.5, 5, and
7.5 μmol·dm−3 of anti-PD-L1 fusion protein. Each addition of the
anti-PD-L1 fusion protein was monitored by two-dimensional (2D)
1H-15N SOFAST HMQC spectra.81 The excess of unbound PD-L1
was then purified from the complex by HiLoad Superdex 16/60
200pg gel filtration (GF) chromatography and buffer-exchanged to 1
mmol·dm−3 HEPES and 4 mmol·dm−3 NaCl. The solutions of the
complexes (containing ∼10 mg of material) were freeze-dried and the
materials used to pack 3.2 mm zirconia thin-wall rotors (open-ended,
with bottom and top Vespel caps, Bruker Biospin). The dry samples
were then rehydrated by multiple additions of Milli-Q H2O until the
resolution of the one-dimensional (1D) {1H}13C CP82 (ωH = 70 kHz;
ωC = 42 kHz) spectra stopped changing. Silicon plugs (courtesy of
Bruker Biospin) placed below the turbine cap were used to close the
rotor and preserve hydration. The complex between [U-2H, 13C, 15N]
PD-L1 and anti-PD-L1 fusion protein was subsequently transferred in
a 1.3 mm zirconia rotor (Bruker Biospin).
A sample of PD-L1 in the presence of a nonbinding antibody (nb-

mAb) was also prepared as reference sample. Increasing aliquots of
this product [25 mg cm−3 (∼170 μmol·dm−3)] to reach the
concentrations of 12.5 and 25 μmol·dm−3 nb-mAb were added to
the solution of [U-13C, 15N] PD-L1 [50 μmol·dm−3 in 100 mmol·
dm−3 HEPES, 20 mmol·dm−3 NaCl, pH 6.8]. PD-L1 and nb-mAb
were co-lyophilized, and the material (∼13.4 mg) used to fill thick
walls 3.2 mm zirconia rotor. Also in this case, the dry material was
rehydrated with Milli-Q H2O and the spectra acquired.
Another control sample of [U-13C, 15N] free PD-L1 was prepared

by lyophilization in the presence of PEG, and spectra were acquired
before and after rehydration, for reference to the SSNMR.
The SSNMR spectra of PD-L1 in the presence of mAbs were

collected on a Bruker Avance III spectrometer operating at 800 MHz,
1H Larmor frequency (18.8 T, 201.2 MHz 13C Larmor frequency),
equipped with a Bruker 3.2 mm Efree, and Bruker 1.3 mm NCH
probe-heads. The spectra of the free protein were, instead, acquired
on a Bruker Avance III 850 MHz, 1H Larmor frequency, wide-bore
spectrometer (20 T, 213.6 MHz 13C Larmor frequency), equipped
with a 3.2 mm DVT MAS probe head in triple-resonance mode. The
spectra were recorded at 14 and 60 kHz MAS frequencies, for the 3.2
and 1.3 mm rotors, respectively, and the sample temperature was kept
at ∼290 K.
Standard 13C-detected SSNMR spectra [2D 15N-13C NCA, 15N-13C

NCO, and 13C-13C DARR, mixing time 50 ms]83−87 were acquired on
the samples in 3.2 mm rotors, while 1H-detected SSNMR spectra [2D

15N-1H (H)NH CP-heteronuclear single quantum coherence
(HSQC), 3D (H)CANH, 3D (H)CONH, and the 1H-13C 2D
plane of 3D (H)(CA)CB(CA)NH]88 were acquired on the sample in
1.3 mm rotor, using the pulse sequences reported in the
literature.89−92 Experimental details are reported in Tables S1 and
S2. For comparison, two-dimensional carbon-detected solution NMR
spectra [13C-15N CON (best-version), CACO and CBCACO]93,94

were acquired using a Bruker AVANCE NEO 700 spectrometer
equipped with a triple-resonance Cryo-Probe optimized for 13C-direct
detection, on a sample of free PD-L1 (50 μmol·dm−3 in 100 mmol·
dm−3 MES, pH 6.8, 20 mmol·dm−3 NaCl).

All of the spectra were processed with the Bruker TopSpin 3.2
software and analyzed with the program CARA.95

■ RESULTS
First, we proceeded to an extensive NMR characterization of
the isolated PD-L1 ectodomain in solution and in the solid
state to evaluate the quality of the spectra and to perform the
backbone assignment. Isotopically enriched samples of PD-L1
ectodomain can be expressed in E. coli, while the labeling of
full-length antibodies is still extremely challenging, although
not impossible in principle.

NMR Characterization of the Isolated PD-L1 Ectodo-
main. The 2D 1H-15N HSQC of free PD-L1 in solution shows
sharp and well-resolved signals, as expected for a structured
low-molecular-weight protein (∼13.5 kDa). The backbone
assignment of free PD-L1 was obtained from the analysis of
triple-resonance spectra acquired on samples of [U-13C, 15N]
PD-L1 in solution. All residues but the first three and Asp-61
could be assigned on the spectra (percentage of assignment
97%, Figure 2). In total, 114 signals could be identified and

assigned for the free protein in solution. This is, to the best of
our knowledge, the only available assignment of PD-L1. The
assignment has been deposited on the bmrb under the
accession code 51169.
Then, the isolated PD-L1 ectodomain was freeze-dried and

the sample was analyzed by SSNMR. As expected for a small
protein, the 1D {1H}13C CP spectrum of the dry material
displays broad signals (Figure S1). Also the controlled

Figure 2. 2D 1H 15N HSQC spectrum of the free PD-L1 in solution
[at the concentration of 50 μmol·dm−3 in 10 mmol·dm−3 Tris, pH 8,
20 mmol·dm−3 NaCl, 0.1% NaN3, and with protease inhibitors
(Roche)] with the assignment of the resonances reported in black.
Dashed black circles indicate the missing peaks at pH 8 that
conversely were assigned at pH 6.8. The spectrum was acquired on a
spectrometer operating at 950 MHz and 298 K.
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hydration of the material41,42 did not improve the quality and
resolution of the spectra in the solid state (Figures S1 and S2).
NMR Analysis of PD-L1 in the Presence of the Anti-

PD-L1 Fusion Protein. Samples of the PD-L1/anti-PD-L1
fusion protein complex were prepared by adding a solution of
the product to solutions of the isotopically enriched PD-L1,
and the titration was monitored by NMR. The addition of the
anti-PD-L1 fusion protein to the solution of [U-13C, 15N] PD-
L1 caused a global decrease in the intensity of the target
protein’s signals in the 1D 1H and 2D 1H-15N SOFAST
HMQC NMR spectra (Figures S3 and S4). This effect is due
to the severe broadening of resonances resulting from the
increase of the reorientation correlation time experienced by
PD-L1, upon binding to the fusion protein.
Substoichiometric concentrations of the anti-PD-L1 drug

were added to the PD-L1 solutions. The large PD-L1/anti-PD-
L1 fusion protein complex was then purified from the residual
free PD-L1 protein by gel filtration (GF) chromatography and
characterized by solution NMR. Only a few signals (Gln/Asn
side chains and the C-terminal HN), corresponding to atoms
that preserve internal mobility after binding to the anti-PD-L1
fusion protein, were observed in the 2D 1H-15N SOFAST
HMQC NMR spectrum acquired after GF (Figure S5), while
signals of the free PD-L1 protein were completely disappeared.
Then, the PD-L1/anti-PD-L1 fusion protein complex was

freeze-dried and analyzed by SSNMR. The 1D {1H}13C CP
spectrum collected on the freeze-dried sample was of poor
quality. However, the stepwise hydration of the material leads
to a significant improvement in quality and resolution of the
spectrum (Figure 3A).
Hetero- and homonuclear correlation spectra were recorded

on the rehydrated sample (Figure S6) and used for resonance
assignment. The assignment of the 2D 15N 13C NCA spectrum
(Figure 4) was obtained starting from the data collected in
solution on the isolated PD-L1 and complemented by the
analysis of the 2D 15N 13C NCO and 13C-13C DARR (Figure

5A) spectra of the complex which allowed us, at the same time,
to obtain side-chain assignments. First, the assignment of free
PD-L1 in solution was superimposed on the 2D 15N 13C NCA
spectrum (Figure S7A,B). The assignment was then matched
to the closest signals in the spectrum by identifying the Cα
frequencies of the neighboring signals also in the 2D 13C-13C
DARR spectrum (Figure S7C). The pattern of carbon
resonances correlated to the Cα frequencies in the 2D
13C-13C DARR spectrum allowed us to identify the spin
systems characteristic of each residue type and distinguish
among possible ambiguities. The resolution of 2D 15N 13C
NCO was lower with respect to the other spectra; however,
some signals in the 2D 15N 13C NCO were helpful in
confirming the 15N chemical shift values of some residues
obtained from the 2D 15N 13C NCA spectrum.
Finally, a total of 99 spin systems could be identified and

assigned in 13C-detected spectra. Interestingly, in addition to

Figure 3. 1D {1H}13C CP SSNMR spectra of freeze-dried [U-13C, 15N] PD-L1 in complex with the anti-PD-L1 fusion protein (black, A) and in the
presence of the nonbinding mAb (red, B). The spectra were recorded on the dried materials and after the addition of increasing amounts of Milli-Q
H2O. Spectra were acquired on a spectrometer operating at 800 MHz (1H Larmor frequency) with a MAS of 14 kHz and a temperature of ∼290 K.

Figure 4. 2D 15N 13C NCA spectrum of [U-13C, 15N] PD-L1 in
complex with the anti-PD-L1 fusion protein. The assignment of the
resonances is reported in black. The spectrum was acquired on a
spectrometer operating at 800 MHz (1H Larmor frequency) with a
MAS of 14 kHz and a temperature of ∼290 K.
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the three signals missing in solution NMR spectra, the signals
of other residues located in flexible loops of PD-L1 (K25, L48,
Q66, G70, L74-V76, K89, M115, G120, A132-Y134) are
missing in the SSNMR spectra of the complex.
To improve the assignment of the resonances and the

quality of the chemical shift mapping, a set of 1H-detected
spectra was also acquired on a sample of [U-2H,13C, 15N] PD-
L1 in complex with the anti-PD-L1 fusion protein, prepared
under the same experimental conditions of the previously
described complex ([U-13C, 15N] PD-L1/anti-PD-L1 drug).
The sample was then transferred in a 1.3 mm rotor. The 2D
15N-1H (H)NH CP-HSQC spectrum of the PD-L1/anti-PD-
L1 fusion protein complex is of high quality (Figure 6). Also in
this case, the assignment of the SSNMR spectrum was
obtained starting from the available assignment of the free
protein in solution and confirmed by the analysis of 3D spectra
[(H)CANH, (H)CONH, 2D 13C-1H plane of (H)(CA)-

CBNH]. Also in the 1H-detected spectra, some signals of
residues belonging to flexible loops of PD-L1 (K41, K46, M59-
D61, Q66, G70, L74-V76, Q83, L106, Y134) are missing.
Summarizing, a total of 99 spin systems could be identified and
assigned also in the 1H-detected spectra. Interestingly, in the
solid state, some signals could be identified in the 13C-detected
spectra, while others in the 1H-detected spectra.

Chemical Shift Perturbation (CSP) Can Map the
Binding Regions of PD-L1. The availability of protein
assignment for the isolated PD-L1 ectodomain in solution and
for the same protein in complex with the anti-PD-L1 fusion
protein in the solid state allows for the analysis of the chemical
shift perturbation (CSP). The CSP of 13Cα/15N and 1H/15N
resonances was calculated from the assignment of 13C- and 1H-
detected SSNMR spectra, respectively, using the assignment of
the isolated [U-2H, 13C, 15N] PD-L1 obtained in solution as
reference. Although all residues experience a chemical shift
variation moving from solution to solid-state experiments,34

those experiencing the largest chemical shift variations (Q47,
E58, E60, I65, E72, Q77, H78, Q83, A93, C114, I116, Y118,
and Y123 according to 13Cα/15N chemical shift values; M36,
C40, V44, I64, I65, F67, V68, Q77, H78, S80, D108, G110,
C114, I116, Y118, D122, R125, and I126 according to 1H/15N
chemical shift values) are located on PD-L1 β-sheets and form
a large interaction surface (Figure 7).
The CSP values were also analyzed using different

thresholds obtained from the iterative procedure proposed
by Schumann and co-workers.96 Interestingly, this analysis
showed that residues below the new calculated threshold are
located in regions noninteracting with the anti-PDL-1 fusion
protein (see the Supporting Information for more details,
Figure S8).

Comment about Spectral Quality. To confirm that the
observed improvement in quality of the solid-state spectra of
PD-L1 was due to its binding to the anti-PD-L1 fusion protein,
the target was titrated with a noninteracting monoclonal
antibody (nb-mAb). As expected, also at high concentrations
(PD-L1: nb-mAb, 1:0.5 molar ratio, Figure S9), this antibody
does not affect the signals of PD-L1 in a 2D 1H-15N SOFAST

Figure 5. 2D 13C-13C DARR spectra acquired on rehydrated samples of freeze-dried complex of [U-13C, 15N] PD-L1 with the anti-PD-L1 fusion
protein (black, A) and of the mixture of [U-13C, 15N] PD-L1 with the nonbinding mAb (red, B). The assignment of I65 side chain is indicated by a
blue box. Spectra were acquired on a spectrometer operating at 800 MHz (1H Larmor frequency) with a MAS of 14 kHz and a temperature of
∼290 K.

Figure 6. 2D 15N 1H (H)NH CP-HSQC spectrum of [U-2H, 13C,
15N] PD-L1 in complex with the anti-PD-L1 fusion protein. The
assigned resonances are reported in black. The spectrum was acquired
on the rehydrated freeze-dried material, using a spectrometer
operating at 800 MHz (1H Larmor frequency) with a MAS of 60
kHz and a temperature of ∼290 K.
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HMQC NMR spectrum. Then, the PD-L1/nb-mAb mixture
was freeze-dried and analyzed by SSNMR in a 3.2 mm rotor.
The experiments recorded on the sample show that in the
presence of the nonbinding mAb, the stepwise rehydration
does not improve sizably the quality and resolution of the
solid-state spectra (Figures 3B and 5B). However, in some
regions of this DARR spectrum, the signals are sufficiently
resolved to be assigned and compared with those present in
the 2D DARR spectrum recorded on the PD-L1/anti-PD-L1
fusion protein complex (Figure 8). The analysis of the two
spectra allowed us to evaluate the occurrence of a meaningful
chemical shift perturbation for some signals. Most of the
signals experiencing the largest shift are indeed located on PD-
L1 β-sheets that form the binding surface for anti-PD-L1
fusion protein. Conversely, the signals experiencing negligible

effects are located on the opposite face of the PD-L1 protein.
In this respect, it is interesting to point out that the signals of
Ile54, Ile64, and Ile65, placed on the binding interface, are
missing in the DARR spectrum of PD-L1 in the presence of
nonbinding mAb, while they are present in the DARR
spectrum of the PD-L1/anti-PD-L1 fusion protein complex.
The appearance of these signals is consistent with a unique and
more rigid conformation of the related residues due to the
interaction with the anti-PD-L1 fusion protein.

■ DISCUSSION

The last advances in antibody engineering have led to the
development of complex fused biologics with multispecific
activity and increased structural complexity. Understanding
such a structural complexity and how it impacts the function of

Figure 7. Chemical shift perturbation (CSP) of free PD-L1 in solution with respect to rehydrated freeze-dried PD-L1/anti-PD-L1 fusion protein

complex in the solid state, evaluated according to the formula (A) ( /2) ( /5)1
2 C

2
N

2δ δ δΔ = Δ + Δα and (B) ( /5)1
2 H

2
N

2δ δ δΔ = Δ + Δ . The

residues experiencing the largest variations (> mean + σ) have been highlighted in magenta and blue, respectively. The secondary structure
representation is reported on the top of the plot. The β-strands facing Avelumab in the structure of the complex are highlighted in yellow. (C, D)
CSP mapping (on the structure with PDB code: 5GRJ) with all of the residues experiencing the largest perturbations colored in magenta and blue,
respectively. (E, F) Interacting surface of PD-L1 in 5GRJ with only the solvent-exposed residues experiencing the largest CSP highlighted in
magenta and blue, respectively. The solvent-exposed residues are labeled in yellow. The residues missing in the 2D 15N 13C NCA and in the 2D 15N
1H (H)NH CP-HSQC spectra are colored in light gray.
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a biotherapeutic is, on the one hand, not a trivial task, but, on
the other hand, it is of paramount importance during drug
development because it is strictly linked to the QbD concept.
Indeed, detailed product knowledge is instrumental to the
production of safer and more effective drugs and to improve
process control strategies.
The epitope mapping on a target can provide the structural

information needed to understand the mechanism of action of
biologics by supporting structure−activity relationship (SAR)
studies, that are critical during pharmaceutical development.
SAR can indeed be used to explain the different ways in which
a ligand interacts with a receptor: this, in turn, can be used to
optimize the physicochemical and functional properties of a
biotherapeutic (e.g., solubility, potency, pharmacokinetics,
etc.) and can support the design of mutants with larger
interacting surfaces and affinities or capable of binding mutated
targets.
The results here reported prove that a detailed character-

ization of the binding to the target of very large and flexible
biologics can be achieved by integrating solution and solid-
state NMR experiments. The epitope mapping on PD-L1
obtained by this NMR approach nicely matches with the
interacting surface previously observed in the X-ray structure
of the PD-L1 in complex with Avelumab-scFv (PDB code:
5GRJ),97 another anti-PD-L1 mAb that shares with the tested
fusion protein the same Fab sequence (only three amino acids
are mutated). Most of the residues experiencing the largest
effects are hydrophobic amino acids: aromatic and aliphatic
residues forming a wide hydrophobic patch on PD-L1 that is
targeted by the anti-PD-L1 fusion protein. At the same time,

residue R125 of PD-L1 that in the crystallographic complex97

is close to residue S95 of Avelumab, as well as E58 that is
involved in hydrogen bonding with residue Y52 of mAb
experience a large chemical shift variation in the presence of
our tested anti-PD-L1 fusion protein.
An additional aspect that should be considered is the

importance of the characterization of a protein structure per se
and not necessarily when the molecule is bound to its target.
Indeed, the higher-order structure (HOS) of a protein
intended as secondary, tertiary, and quaternary structuresis a
fingerprint covering structural quality attributes potentially
linked to the function of a biologic that is constantly
monitored during its development. Unwanted perturbations
of the folding introduced during the manufacturing process or
formulation optimization may in fact lead, for example, to loss
of function and/or immunogenicity. The dependence of the
binding mechanism on the structural features of the interacting
proteins suggests the use of our epitope mapping approach in
HOS comparative studies, as the solid-state NMR spectra of
the complex allow us to map the fingerprint of a biologic “left”
on the target. The chemical shift perturbation (CSP)
experienced by the target in the complex is sensitive to the
HOS of the antibodyor at least of its binding domainand
it can be used as an “indirect” measure of the ligand structure.
Overall, this approach opens new ways to monitor HOS

during pharmaceutical development, allowing us to focus on
the structural alterations that may affect target recognition and
binding affinity, thus linking HOS assessment to the drug
mechanism of action.

Figure 8. (A) Selected regions (C/Cα of Gly, Cβ/Cγ2 and Cβ/Cα of Thr, Cα/Cβ of Ala, Cδ1/Cali of Ile) of 2D
13C-13C DARR spectra acquired

on samples of rehydrated freeze-dried complex of [U-13C, 15N] PD-L1 with the anti-PD-L1 fusion protein PD-L1 (black) and rehydrated freeze-
dried mixture of [U-13C, 15N] PD-L1 with nonbinding mAb (red). The assignment of the two spectra is reported. In the Ile region of PD-L1/nb-
mAb spectrum, some signals are missing. The signals of the assigned Ile in this region are labeled in red. (B) Cartoon representation of the
structure of PD-L1 in complex with Avelumab-scFv (PDB code: 5GRJ), with highlighted in blue the residues experiencing the largest shift and in
red the nonshifting/nonpresent residues in the spectra of PD-L1/nb-mAb with respect to the spectra of PD-L1 in the presence of anti-PD-L1
fusion protein.
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The experimental protocol used here to prepare the sample
is simple and every step is easily controlled. The methodology
does not require the isotopic enrichment of the biological drug,
which is usually expressed in eukaryotic cells and where the
labeling is highly expensive, although feasible. Conversely,
targets can often be obtained in E. coli expression system where
the labeling is easy, inexpensive, and with high yields.
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van Schooten, W. C.; Brüggemann, M.; Buelow, R.; Force Aldred, S.
Multispecific Antibody Development Platform Based on Human
Heavy Chain Antibodies. Front. Immunol. 2019, 9, No. 3037.
(10) Mandrup, O. A.; Ong, S. C.; Lykkemark, S.; Dinesen, A.;
Rudnik-Jansen, I.; Dagnæs-Hansen, N. F.; Andersen, J. T.; Alvarez-
Vallina, L.; Howard, K. A. Programmable Half-Life and Anti-Tumour
Effects of Bispecific T-Cell Engager-Albumin Fusions with Tuned
FcRn Affinity. Commun. Biol. 2021, 4, No. 310.
(11) Zhong, X.; D’Antona, A. M. Recent Advances in the Molecular
Design and Applications of Multispecific Biotherapeutics. Antibodies
2021, 10, No. 13.
(12) Weidle, U. H.; Kontermann, R. E.; Brinkmann, U. Tumor-
Antigen−Binding Bispecific Antibodies for Cancer Treatment. Semin.
Oncol. 2014, 41, 653−660.
(13) Renaud, J.-P.; Chari, A.; Ciferri, C.; Liu, W.; Rémigy, H.-W.;
Stark, H.; Wiesmann, C. Cryo-EM in Drug Discovery: Achievements,
Limitations and Prospects. Nat. Rev. Drug Discovery 2018, 17, 471−
492.
(14) Goswami, D.; Zhang, J.; Bondarenko, P. V.; Zhang, Z. MS-
Based Conformation Analysis of Recombinant Proteins in Design,
Optimization and Development of Biopharmaceuticals. Methods
2018, 144, 134−151.
(15) Zhou, D.; Duyvesteyn, H. M. E.; Chen, C.-P.; Huang, C.-G.;
Chen, T.-H.; Shih, S.-R.; Lin, Y.-C.; Cheng, C.-Y.; Cheng, S.-H.;
Huang, Y.-C.; Lin, T.-Y.; Ma, C.; Huo, J.; Carrique, L.; Malinauskas,
T.; Ruza, R. R.; Shah, P. N. M.; Tan, T. K.; Rijal, P.; Donat, R. F.;
Godwin, K.; Buttigieg, K. R.; Tree, J. A.; Radecke, J.; Paterson, N. G.;
Supasa, P.; Mongkolsapaya, J.; Screaton, G. R.; Carroll, M. W.;
Gilbert-Jaramillo, J.; Knight, M. L.; James, W.; Owens, R. J.; Naismith,
J. H.; Townsend, A. R.; Fry, E. E.; Zhao, Y.; Ren, J.; Stuart, D. I.;
Huang, K.-Y. A. Structural Basis for the Neutralization of SARS-CoV-
2 by an Antibody from a Convalescent Patient. Nat. Struct. Mol. Biol.
2020, 27, 950−958.
(16) Kallewaard, N. L.; Corti, D.; Collins, P. J.; Neu, U.; McAuliffe,
J. M.; Benjamin, E.; Wachter-Rosati, L.; Palmer-Hill, F. J.; Yuan, A.
Q.; Walker, P. A.; Vorlaender, M. K.; Bianchi, S.; Guarino, B.; De
Marco, A.; Vanzetta, F.; Agatic, G.; Foglierini, M.; Pinna, D.;

Fernandez-Rodriguez, B.; Fruehwirth, A.; Silacci, C.; Ogrodowicz, R.
W.; Martin, S. R.; Sallusto, F.; Suzich, J. A.; Lanzavecchia, A.; Zhu, Q.;
Gamblin, S. J.; Skehel, J. J. Structure and Function Analysis of an
Antibody Recognizing All Influenza A Subtypes. Cell 2016, 166, 596−
608.
(17) Jiang, Y.; Rossi, P.; Kalodimos, C. G. Structural Basis for Client
Recognition and Activity of Hsp40 Chaperones. Science 2019, 365,
1313−1319.
(18) Kato, H.; van Ingen, H.; Zhou, B.-R.; Feng, H.; Bustin, M.; Kay,
L. E.; Bai, Y. Architecture of the High Mobility Group Nucleosomal
Protein 2-Nucleosome Complex as Revealed by Methyl-Based NMR.
Proc. Natl. Acad. Sci. U.S.A. 2011, 108, 12283−12288.
(19) Eshun-Wilson, L.; Zhang, R.; Portran, D.; Nachury, M. V.;
Toso, D. B.; Löhr, T.; Vendruscolo, M.; Bonomi, M.; Fraser, J. S.;
Nogales, E. Effects of α-Tubulin Acetylation on Microtubule Structure
and Stability. Proc. Natl. Acad. Sci. U.S.A. 2019, 116, 10366−10371.
(20) Huo, J.; Le Bas, A.; Ruza, R. R.; Duyvesteyn, H. M. E.;
Mikolajek, H.; Malinauskas, T.; Tan, T. K.; Rijal, P.; Dumoux, M.;
Ward, P. N.; Ren, J.; Zhou, D.; Harrison, P. J.; Weckener, M.; Clare,
D. K.; Vogirala, V. K.; Radecke, J.; Moynié, L.; Zhao, Y.; Gilbert-
Jaramillo, J.; Knight, M. L.; Tree, J. A.; Buttigieg, K. R.; Coombes, N.;
Elmore, M. J.; Carroll, M. W.; Carrique, L.; Shah, P. N. M.; James, W.;
Townsend, A. R.; Stuart, D. I.; Owens, R. J.; Naismith, J. H.
Neutralizing Nanobodies Bind SARS-CoV-2 Spike RBD and Block
Interaction with ACE2. Nat. Struct. Mol. Biol. 2020, 27, 846−854.
(21) Arbogast, L. W.; Brinson, R. G.; Marino, J. P. Mapping
Monoclonal Antibody Structure by 2D 13C NMR at Natural
Abundance. Anal. Chem. 2015, 87, 3556−3561.
(22) Brinson, R. G.; Marino, J. P.; Delaglio, F.; Arbogast, L. W.;
Evans, R. M.; Kearsley, A.; Gingras, G.; Ghasriani, H.; Aubin, Y.;
Pierens, G. K.; Jia, X.; Mobli, M.; Grant, H. G.; Keizer, D. W.;
Schweimer, K.; Ståhle, J.; Widmalm, G.; Zartler, E. R.; Lawrence, C.
W.; Reardon, P. N.; Cort, J. R.; Xu, P.; Ni, F.; Yanaka, S.; Kato, K.;
Parnham, S. R.; Tsao, D.; Blomgren, A.; Rundlöf, T.; Trieloff, N.;
Schmieder, P.; Ross, A.; Skidmore, K.; Chen, K.; Keire, D.; Freedberg,
D. I.; Suter-Stahel, T.; Wider, G.; Ilc, G.; Plavec, J.; Bradley, S. A.;
Baldisseri, D. M.; Sforca̧, M. L.; Zeri, A. C.; de, M.; Wei, J. Y.; Szabo,
C. M.; Amezcua, C. A.; Jordan, J. B.; Wikström, M. Enabling
Adoption of 2D-NMR for the Higher Order Structure Assessment of
Monoclonal Antibody Therapeutics. mAbs 2019, 11, 94−105.
(23) Brinson, R. G.; Ghasriani, H.; Hodgson, D. J.; Adams, K. M.;
McEwen, I.; Freedberg, D. I.; Chen, K.; Keire, D. A.; Aubin, Y.;
Marino, J. P. Application of 2D-NMR with Room Temperature NMR
Probes for the Assessment of the Higher Order Structure of
Filgrastim. J. Pharm. Biomed. Anal. 2017, 141, 229−233.
(24) Ghasriani, H.; Hodgson, D. J.; Brinson, R. G.; McEwen, I.;
Buhse, L. F.; Kozlowski, S.; Marino, J. P.; Aubin, Y.; Keire, D. A.
Precision and Robustness of 2D-NMR for Structure Assessment of
Filgrastim Biosimilars. Nat. Biotechnol. 2016, 34, 139−141.
(25) Arbogast, L. W.; Brinson, R. G.; Formolo, T.; Hoopes, J. T.;
Marino, J. P. 2D 1HN, 15N Correlated NMR Methods at Natural
Abundance for Obtaining Structural Maps and Statistical Compara-
bility of Monoclonal Antibodies. Pharm. Res. 2016, 33, 462−475.
(26) Arbogast, L. W.; Delaglio, F.; Tolman, J. R.; Marino, J. P.
Selective Suppression of Excipient Signals in 2D 1H-13C Methyl
Spectra of Biopharmaceutical Products. J. Biomol. NMR 2018, 72,
149−161.
(27) Arbogast, L. W.; Delaglio, F.; Brinson, R. G.; Marino, J. P.
Assessment of the Higher-Order Structure of Formulated Monoclonal
Antibody Therapeutics by 2D Methyl Correlated NMR and Principal
Component Analysis. Curr. Protoc. Protein Sci. 2020, 100, No. e105.
(28) Haxholm, G. W.; Petersen, B. O.; Malmstrøm, J. Higher-Order
Structure Characterization of Pharmaceutical Proteins by 2D Nuclear
Magnetic Resonance Methyl Fingerprinting. J. Pharm. Sci. 2019, 108,
3029−3035.
(29) Rößler, P.; Mathieu, D.; Gossert, A. D. Enabling NMR Studies
of High Molecular Weight Systems Without the Need for
Deuteration: The XL-ALSOFAST Experiment with Delayed Decou-
pling. Angew. Chem., Int. Ed. 2020, 59, 19329−19337.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c03232
J. Am. Chem. Soc. 2022, 144, 10006−10016

10014

https://doi.org/10.1038/s41586-020-2548-6
https://doi.org/10.1038/s41422-020-00446-w
https://doi.org/10.1038/s41422-020-00446-w
https://www.ema.europa.eu/en/ich-q8-r2-pharmaceutical-development
https://www.ema.europa.eu/en/ich-q8-r2-pharmaceutical-development
https://doi.org/10.1186/s12929-019-0592-z
https://doi.org/10.1186/s12929-019-0592-z
https://doi.org/10.1080/19420862.2020.1787121
https://doi.org/10.1080/19420862.2020.1787121
https://doi.org/10.1080/19420862.2020.1787121
https://doi.org/10.1080/19420862.2020.1787121
https://doi.org/10.4161/mabs.1.2.7631
https://doi.org/10.4161/mabs.1.2.7631
https://doi.org/10.4161/mabs.1.2.7631
https://doi.org/10.1016/j.xphs.2019.05.031
https://doi.org/10.1016/j.xphs.2019.05.031
https://doi.org/10.1016/j.copbio.2011.06.002
https://doi.org/10.1016/j.copbio.2011.06.002
https://doi.org/10.3389/fimmu.2018.03037
https://doi.org/10.3389/fimmu.2018.03037
https://doi.org/10.1038/s42003-021-01790-2
https://doi.org/10.1038/s42003-021-01790-2
https://doi.org/10.1038/s42003-021-01790-2
https://doi.org/10.3390/antib10020013
https://doi.org/10.3390/antib10020013
https://doi.org/10.1053/j.seminoncol.2014.08.004
https://doi.org/10.1053/j.seminoncol.2014.08.004
https://doi.org/10.1038/nrd.2018.77
https://doi.org/10.1038/nrd.2018.77
https://doi.org/10.1016/j.ymeth.2018.04.011
https://doi.org/10.1016/j.ymeth.2018.04.011
https://doi.org/10.1016/j.ymeth.2018.04.011
https://doi.org/10.1038/s41594-020-0480-y
https://doi.org/10.1038/s41594-020-0480-y
https://doi.org/10.1016/j.cell.2016.05.073
https://doi.org/10.1016/j.cell.2016.05.073
https://doi.org/10.1126/science.aax1280
https://doi.org/10.1126/science.aax1280
https://doi.org/10.1073/pnas.1105848108
https://doi.org/10.1073/pnas.1105848108
https://doi.org/10.1073/pnas.1900441116
https://doi.org/10.1073/pnas.1900441116
https://doi.org/10.1038/s41594-020-0469-6
https://doi.org/10.1038/s41594-020-0469-6
https://doi.org/10.1021/ac504804m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac504804m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac504804m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/19420862.2018.1544454
https://doi.org/10.1080/19420862.2018.1544454
https://doi.org/10.1080/19420862.2018.1544454
https://doi.org/10.1016/j.jpba.2017.03.063
https://doi.org/10.1016/j.jpba.2017.03.063
https://doi.org/10.1016/j.jpba.2017.03.063
https://doi.org/10.1038/nbt.3474
https://doi.org/10.1038/nbt.3474
https://doi.org/10.1007/s11095-015-1802-3
https://doi.org/10.1007/s11095-015-1802-3
https://doi.org/10.1007/s11095-015-1802-3
https://doi.org/10.1007/s10858-018-0214-1
https://doi.org/10.1007/s10858-018-0214-1
https://doi.org/10.1002/cpps.105
https://doi.org/10.1002/cpps.105
https://doi.org/10.1002/cpps.105
https://doi.org/10.1016/j.xphs.2019.04.032
https://doi.org/10.1016/j.xphs.2019.04.032
https://doi.org/10.1016/j.xphs.2019.04.032
https://doi.org/10.1002/anie.202007715
https://doi.org/10.1002/anie.202007715
https://doi.org/10.1002/anie.202007715
https://doi.org/10.1002/anie.202007715
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c03232?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(30) Ständer, S.; Grauslund, L.; Scarselli, M.; Norais, N.; Rand, K.
Epitope Mapping of Polyclonal Antibodies by Hydrogen−Deuterium
Exchange Mass Spectrometry (HDX-MS). Anal. Chem. 2021, 93,
11669−11678.
(31) Ozohanics, O.; Ambrus, A. Hydrogen-Deuterium Exchange
Mass Spectrometry: A Novel Structural Biology Approach to
Structure, Dynamics and Interactions of Proteins and Their
Complexes. Life 2020, 10, No. 286.
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