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ABSTRACT
Multispecific therapeutic proteins come in a variety of formats, including bi- and tri-specific antibodies, 
dual-variable domain antibodies, and CrossMabs. These multivalent proteins are engineered to interact 
with multiple therapeutic target proteins with high specificity. Multi-domain proteins can be created by 
linking together a variety of high-affinity antibody fragments. The choice of protein domains and linkers 
not only affects the interactions of these molecules with therapeutic targets but also influences the 
intrinsic behavior in solution that affects their stability. The complexity of solution interactions may 
translate into developability and manufacturing challenges. Here, we use nuclear magnetic resonance 
(NMR) spectroscopy to study the solution behavior of a multivalent VHH molecule composed of three 
flexibly linked heavy-chain-only domains that show dramatic stabilization against thermal degradation in 
the presence of sucrose. A collection of NMR fingerprinting and profiling methods were used to simulta-
neously monitor the protein solution behavior and capture details of protein–excipient interactions. We 
provide a framework to characterize and begin to understand the role of molecular flexibility in protein 
stabilization with potential applications in the design of novel therapeutic protein scaffolds that include 
multivalent proteins, fusion proteins, antibody-drug conjugates, and proteins modified with flexible lipids.

Alphabetical list of abbreviations: Fab Fragment antigen-binding; Fc Fragment crystallizable; HMWHT 
High molecular weight; ∆HMW Difference between HMW species at stress temperature and 5°C controls; 
IgG Immunoglobulin G; mAbs Monoclonal antibodies; MV-VHHHT Multivalent VHH molecule with the 
format aC-L1-aC-L1-aD; NMRHT Nuclear magnetic resonance; scFvHT Single-chain fragment variable; 
SECHT Size-exclusion chromatography; VHH Variable domain of Heavy chain of Heavy chain-only antibody
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Introduction

Multivalent proteins consist of multiple domains, each of 
which binds to a specific target. Conventional monoclonal 
antibodies (mAbs) are exceedingly well-studied multivalent 
proteins. Each IgG isotype is composed of two antigen- 
binding F(ab)’ domains and one Fc domain. Each F(ab)’ 
binds to a single antigen, whereas the Fc region binds to Fc 
receptors in certain immune cells. The F(ab)’ and Fc regions 
are connected through a short flexible hinge. Conventional 
mAbs can be modified in a variety of ways to generate novel 
multivalent molecules. In one approach, antibodies with dif-
ferent specificities can be combined using a knobs-into-holes 
design to form multivalent bispecific mAbs (bsAbs) that retain 
the Fc region.1 Using other methods, antibody fragments, such 
as antigen-binding fragments (Fab), single-chain variable frag-
ments (scFv), or variable domains of the heavy chain of heavy 
chain-only antibody (VHH), can be connected in a single chain 
using flexible amino acid linkers to create complex molecules 
with multiple (and different) specificities and valencies.2 The 
choice of protein domains and linkers can alter the biological 
effects of these molecules. For example, multivalent molecules 
can be used to achieve unique specificities, cross-link multiple 

receptors, and potentially provide an engineering approach to 
combination therapies. They can also exhibit novel solution 
behavior that can affect their stability and manufacturability.

Therapeutic proteins are formulated to achieve desirable 
solution stability profiles. This is true even for well- 
behaved, thoroughly characterized, highly “developable” 
mAb scaffolds. However, the developability of novel mod-
alities is potentially much more uncertain. For conventional 
mAbs and novel scaffolds, a typical protein formulation 
includes active proteins, buffers, stabilizers (polyols, sugars, 
and antioxidants), surfactants, and other excipients, with 
the goal of maximizing physical and chemical stability to 
achieve acceptable shelf-life of the drug product. There is 
extensive literature correlating the impact of excipients on 
protein stability.1,3 Although, the general purpose of exci-
pients is well defined, there is limited understanding of 
protein-excipient interactions in solution.

Protein–excipient interactions are generally considered to 
be weak, nonspecific and can involve multiple solution com-
ponents. For example, arginine is reported to stabilize proteins 
against aggregation by binding to unfolded protein.4 Arginine 
can, however, potentially bind to charged protein patches or 
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aromatic side chains of folded proteins, perhaps even site- 
specifically.5 Similar behavior can be anticipated for other 
amino acids. Excipients can have multiple effects that may or 
may not be specific. Surfactants, such as polysorbate 80 or 
polysorbate 20 have been shown to bind proteins in solution, 
affecting protein stability.6,7

Sugars such as sucrose and trehalose are thought to provide 
stabilization by preferential exclusion, driving proteins into 
a more conformationally compact structure. They improve 
conformational stability but have limited impact on colloidal 
stability of the protein.8 Extensive literature has detailed the 
effect of sugars on protein stabilization during freeze-thaw9 

and freeze-drying,10 as well as in liquid11 or lyophilized 
state.12 The protection effect may lead to conformational 
changes that depend on the protein under investigation.13

The overall impact of excipient addition on protein struc-
ture has been probed directly, by using circular dichroism or 
indirectly, by monitoring changes in melting temperatures or 
specific volumes.14 However, a mechanistic understanding of 
protein–excipient interactions is still lacking. Moreover, the 
impact of protein structure on protein–excipient interactions 
is challenging to evaluate due to the lack of high-resolution 
analytical techniques that can simultaneously probe proteins as 
well as excipients. NMR spectroscopy is a powerful tool for this 
application, capable of providing detailed assessments of ther-
apeutic protein structure,15–17 interactions,18–21 and solution 
behavior.22 NMR structural fingerprints capture information 
about protein solution structure and conformation, as well as 
probe for site-specific interactions. Diffusion profiling and 
dynamics measurements are used to understand self- 
association, multimer assembly, aggregation, and the impact 
of sequence and formulation on molecular motions. An emer-
ging NMR application solution is to study the details of ther-
apeutic protein formulations.23–26 NMR spectroscopy is 
perhaps the only method that is capable of simultaneously 
assessing weak, multi-component interactions while providing 
structure and dynamics details. In all experiments, the struc-
tural content for all mixture components is encoded in a -
simple1H NMR, i.e., folded proteins, buffers, sucroses, and 
surfactants can be detected and differentiated. Interaction 
details can be arrayed and analyzed with diffusion and relaxa-
tion data.

The therapeutic protein used in this study was derived from 
VHH antibody fragments aC and aD that bind with high affinity 
to antigens C and D, respectively, where C and D are proteins 
on the surface of T and B cells that have roles in immune 
system regulation. Each VHH is approximately 12–13 kDa in 
size. They are linked by a flexible 35-amino acid linker (L1) to 
form a 42 kDa multivalent VHH molecule (MV-VHH) with the 
format aC-L1-aC-L1-aD. The MV-VHH protein was investi-
gated using NMR structural fingerprints, proton relaxation, 
and translational self-diffusion, as described below. Structural 
fingerprints and relaxation measurements assess the behavior 
of individual atoms and protein residues and can be affected by 
inter- and intra-molecular changes. Diffusion measurements 
are used to assess the bulk behavior of each molecule. 
A combination of methods is necessary to understand the 
changes that contribute to MV-VHH stabilization.

Results

A stress stability study (50°C) was carried out to evaluate the 
effects of increasing levels of sucrose on molecular stability, 
and the results were compared to a 5°C control. Increasing the 
sucrose content resulted in decreases in the high molecular 
weight (HMW) formation upon stress (Figure 1). In the 
absence of sucrose, the ∆%HMW was highest at 18%. 
A concentration-dependent decrease in the ∆%HMW of 3.8% 
was observed at 20% sucrose concentration.

To better understand the sucrose-dependent changes in 
protein stability, the MV-VHH structure and domain interac-
tions were assessed using 1D NMR profiling and 2D NMR 
structural fingerprinting. Examples of 1D NMR profiling and 
2D NMR structural fingerprinting data are shown in 
Figure 2a and 2b, respectively. Proton1H peaks originating 
from the folded domains (aC and aD), flexible linker (L1), 
buffer, and sucrose can be identified yielding a low-resolution 
structural assessment of sucrose-dependent protein changes; 
additionally, changes to buffer components and interactions 
can potentially be assessed. High-resolution 2D fingerprints 
from natural abundance13C-edited sfHMQC data were also 
acquired to set a baseline to understand sucrose-dependent 
protein changes that include site-specific sucrose binding, the 
effect of sucrose addition on MV-VHH structure, and identify 
changes in domain interactions. Figures 2b-2e shows 2D 
structural fingerprints of the individual folded domains com-
pared to the 2D fingerprint of the intact MV-VHH. The mono-
mer (Figures 2c and 2d) and multimer peak positions 
(Figure 2b) are nearly identical, as demonstrated in an overlay 
(Figure 2e), which strongly suggests that no structural 
changes occur upon linking and that the MV-VHH domains 
behave independently. More details can be found in 
Supplementary Figure S1.

Figure 1. High molecular weight species generation upon thermal stress of 
MV-VHH at 50°C for 10 days. Sucrose concentration ranges from 0 to 20%. The 
difference between stressed and unstressed samples is plotted as the ∆%HMW as 
measured by ultra-performance size exclusion chromatography. 
(Figure 1) – Graph showing high molecular weight changes in stress as a function 
of increasing sucrose concentrations.

e2124902-2 J. PANCHAL ET AL.



The impact of sucrose addition on MV-VHH structure, 
conformation, and interactions was explored using the refer-
ence data in Figures 2a and 2c. In Figure 3a, the spectra of the 
MV-VHH protein with 0%, 4%, 8%, 12%, 16%, and 20% sucrose 
were compared. The experimental data were collected at 27°C, 
10 days after the samples were prepared and stored at 5°C 
(unstressed). Site-specific binding in these experiments would 
be detected as peak shifts or intensity variations. The identical 
traces in Figure 3a indicate that there are no detectable protein 
self-interactions or conformational changes due to sucrose 
addition. Intensity variations were, however, detected in the 
MV-VHH spectra (Figure 3b) collected on samples with 0%, 
4%, 8%, 12%, 16%, and 20% sucrose prepared and stored at 
50°C (stress) for 10 days prior to data collection at 27°C. The 
loss of the MV-VHH protein signal indicates monomer loss in 
those samples and is consistent with HMW species formation 
detected by size-exclusion chromatography in Figure 1. The 
monomer loss, as measured by NMR, is summarized in 
Figure 3c by comparing the integrals (3.3 to −1 ppm) for 
each spectrum in Figures 3a and 3b. Figure 3d shows higher 
resolution data from1H-13C correlation spectroscopy, where 
MV-VHH spectra from unstressed samples with 0% (black) 
and 20% (red) sucrose are overlaid, showing that no large 
peak shifts can be detected. Figure 3c error bars are calculated 
from the integral variation of the 5°C1H NMR data.

Interaction profiling was accomplished using a protein- 
enhanced diffusion-ordered spectroscopy (DOSY) experiment, 
Figure 4a. First, we collected translational self-diffusion data on 

the MV-VHH with 0% sucrose. The detection dimension of this 
data set is dominated by protein peaks, but an acetate signal 
was also identified at 1.9 ppm. From the MV-VHH diffusion 
data, a hydrodynamic radius, Rh, of 3.7 nm was calculated, 
whereas the aC and aD fragments had a hydrodynamic radius 
of 1.65 nm. These data indicate that the MV-VHH is in an 
extended conformation, which is consistent with the 2D 
1H,13C sfHMQC fingerprinting studies in Figure 2, which 
found that the folded VHH domains are flexibly linked with 
minimal intramolecular interactions. The cartoon in Figure 4b 
is a PyMOL27 model of the MV-VHH protein that incorporates 
NMR Rh determination, with non-interacting domain posi-
tioning. The protein structure is a homology model, created 
using the SWISS-model,28 using the MV-VHH primary 
sequence. Rh was calculated with HullRad.29 The aC VHHs are 
shown in orange, and the aD VHH is shown in green. The VHH 
s are joined by a flexible 35-residue linker shown in gray. The 
gray sphere (radius 2.8 nm) represents the extent of the surface 
anticipated from a compactly folded, single domain 42 kDa 
protein. Note that while our model for the MV-VHH protein is 
not compact, it is not completely extended, with a minimum 
interdomain distance ~30 Å

The effect of sucrose addition on the protein and buffer 
interactions was studied using the protein-enhanced DOSY 
experiment using protein samples that contain 4%, 8%, 12% 
16%, and 20% sucrose. The effect of increasing sucrose con-
centration on sucrose self-diffusion can be assessed by mon-
itoring the sucrose peak at 5.35 ppm, whereas the effect of 

Figure 2. (a) The1H NMR spectrum of the aC-L1-aC-L1-aD multivalent protein (MV-VHH). Peaks from different regions of the folded protein (sidechain methyls from 0 to 2 
ppm, and backbone amide from 6 to 10 ppm), backbone amides of the flexible linker (sharp peaks at 8.5 ppm), excipients, water, and buffer can be detected and 
differentiated. (b-e): 2D 13C sfHMQC spectra of (b) MV-VHH, (c) aC VHH monomer, (d) aD VHH monomer and (e) an overlay of each monomer spectrum on top of the 
MV-VHH spectrum. The nearly identical spectra for aC and aD VHHs as monomers and linked multimers suggest that the aC and aD domains are non-interacting ‘beads on 
a string’ in the MV-VHH format. 
(Figure 2) – NMR spectra of individual domains of multivalent VHH protein overlaid on top of MV-VHH spectrum to show no interaction between the domains in 
solution.
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Figure 3. Effect of sucrose on MV-VHH protein behavior from NMR fingerprinting. (a) Overlay of1H NMR spectra of MV-VHH with 0 (black), 4 (magenta), 8 (green), 12 
(Orange), 16 (blue) and 20% (red) sucrose show that NMR signals from the MV-VHH protein are not affected by sucrose addition with no thermal stress. (b) Overlay 
of1H NMR spectra of MV-VHH with 0, 4, 8, 12, 16 and 20% sucrose showing loss of NMR signal following thermal stress, consistent with monomer loss in forming high MW 
species in Figure 1. (c) Variation of NMR signal intensities from 3a (gray) and 3b (blue). Intensities for unstressed samples vary by 1%, while thermal stress reduces the 
NMR signal by more than 20% for samples without sucrose. (d) Overlay of the MV-VHH

1H, 13C sfHMQC data with 0% (black) and 20% (red) sucrose with no stress. No 
direct protein–sucrose interaction was detected using 2D NMR fingerprints. No changes in 3b or 3c suggest the sucrose-dependent MV-VHH stabilization is not a result of 
site-specific binding and does not result in detectable changes in structure or conformation. 
(Figure 3) Overlayed NMR spectra of MV-VHH protein in the presence of different concentrations of sucrose showing no change in NMR fingerprint, which suggests there 
is no site-specific binding between protein and sucrose.

Figure 4. (a) The diffusion behavior of all protonated solution components can be monitored in situ under formulation conditions using a protein-enhanced DOSY 
experiment. (b) Model of a flexibly linked trivalent-VHH, with hydrodynamic radius Rh 3.7 nm. The gray sphere indicates the hydrodynamic radius of 2.8 nm expected for 
a compact, single domain 42 kDa protein. 
(Figure 4) – Diffusion behavior of protonated solution components (protein, sucrose, acetate buffer) along with model of flexibly linked trivalent VHH.

e2124902-4 J. PANCHAL ET AL.



sucrose addition on MV-VHH self-diffusion can be assessed by 
focusing on peaks in the protein methyl region (1–0 ppm). As 
expected from changes in the solution viscosity, the transla-
tional diffusion constants for both sucrose and MV-VHH 
decrease with increasing sucrose concentration. To determine 
the expected MV-VHH diffusion behavior due to viscosity, 
a sucrose correction factor was calculated from the observed 
sucrose Dt measurements, based on the observation that the 
slope of diffusion versus sucrose concentration for sucrose in 
the absence and presence of the protein was the same, and then 
applied to the protein Dt measurements (Supplementary 
Figure S2). When the correction factor is applied, the decrease 
in the MV-VHH diffusion in Figure 5a (■) can be entirely 
accounted for by the sucrose viscosity, resulting in a constant 
Dt (●) from which the MV-VHH hydrodynamic radius can be 
calculated. The calculated Rh, 3.7 nm, is constant in all data 
sets; no evidence of compaction can be detected in these 
experiments.

In these same samples and DOSY data sets, the NMR signal 
for acetate (1.9 ppm) allowed us to detect the diffusion beha-
vior of 10 mM acetate (Figure 5b), which is dramatically 
different from sucrose diffusion behavior. In the buffer 
alone or together with sucrose, acetate diffuses rapidly (●) 
and is nearly out of the detection range for our protein- 
enhanced DOSY measurements, which use gradients to sup-
press small-molecule signals so that protein signals can be 
detected. In all samples with the MV-VHH protein, acetate 
diffusion (▴) is slower than in buffer-only samples and ranges 
between the MV-VHH diffusion rate (■) and free acetate 
diffusion rate (●). In experiments on protein in acetate buffer 
with no sucrose, acetate diffusion slows and nearly matches 
the protein diffusion rate, which is consistent with acetate- 
protein binding. The addition of sucrose to samples contain-
ing protein increases the acetate diffusion rate, trending 

toward the free diffusion rate with increasing sucrose, con-
sistent with an increase in free acetate, and reduced acetate– 
protein interactions.

In previous sections, diffusion NMR experiments were used 
to understand excipient–protein interactions and calculate 
their effect on the MV-VHH hydrodynamic radius. We next 
used proton R1 and R2 NMR relaxation measurements to 
probe the effect of sucrose on MV-VHH motions. To compare 
the motions in different parts of the protein, R2 was measured 
for sidechain methyl (●) and backbone amides (▼) found in 
the core of the folded aC and aD domains, as well as linker 
amides (■) (Figure 6a). While anticipated trends of increasing 
aC and aD R2s with increasing sucrose were observed, two 
unanticipated results were obtained. First, an inflection point is 
reached at ~10% sucrose where the R2s originating from aC 
and aD atoms start increasing more dramatically. At 0% 
sucrose, the linker R2 in Figure 6a is consistent with greater 
flexibility than the methyl and aC and aD amide R2s, as 
expected. The sucrose-dependent linker R2 behavior is 
remarkable, trending lower with increasing amounts of 
sucrose, in opposition to the R2 behavior from the folded aC 
and aD domains; this is the second unanticipated result that 
suggests sucrose addition influences protein motions, prefer-
entially reducing slow linker dynamics at higher sucrose 
concentrations.

As in the case of diffusion measurements, viscosity (η) also 
affects NMR relaxation measurements, noting that R1 ∝ 1/η 
while R2 ∝ η. A simple method to deconvolute the viscosity 
contribution to the study of protein NMR dynamics is to 
calculate the parameter R1*R2, which is viscosity independent, 
but highly sensitive to slow (ms-μs) motions and motional 
anisotropy. Plots of R1*R2 vs R2/R1, using the same data in 
Figure 6a, are shown in Figure 6b. These results show the same 
trends, suggesting that the effect of sucrose on protein 

Figure 5. Sucrose-dependent diffusion behavior of MV-VHH and acetate. (a) Measured diffusion behavior of MV-VHH as a function of sucrose (■) and MV-VHH diffusion 
values corrected for sucrose viscosity (●). The hydrodynamic radius of the MV-VHH is constant and, when calibrated, is calculated to be 3.7 nm from the diffusion 
constant. (b) Diffusion behavior of acetate alone (●) and acetate in the presence of the MV-VHH (▴) shows the reduction of acetate–protein interactions at higher sucrose 
concentrations. ■ MV-VHH diffusion values are replotted from 5 A. Error bars for Log Dt diffusion data are very small (< 0.03) and have been left off for clarity. 
(Figure 5) Changes in diffusion behavior of MV-VHH as function of sucrose and that of acetate showing interaction between acetate and protein as a function of 
increasing sucrose concentration.
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relaxation data is to affect protein motions. The outcome of the 
relaxation studies is that significant differences in linker 
motions were detected by either viscosity-dependent R2 or by 
viscosity-independent R1*R2, and these effects can be 
accounted for by reduced ms-μs linker motions and/or con-
formational exchange effects for samples with increasing 
amounts of sucrose.

The use of the R1*R2 parameter is an example of factoring 
viscosity out of relaxation data to better understand the under-
lying motions. Another approach is to use the viscosity depen-
dence in the diffusion data to calculate the expected effect of 
sucrose viscosity on protein NMR R2 rates. If the MV-VHH R2 
rate is influenced primarily by rotational diffusion (tumbling), 
then R2 ~ ητc, where η is the solution viscosity and τc is the 
rotational correlation time; viscosity (η) can be measured 
directly by diffusion NMR or by viscometry. In Figure 7, 

experimental measurement of MV-VHH R2 values (●) as 
a function of sucrose concentration are shown to be signifi-
cantly lower than those derived from applying a simple viscos-
ity correction factor to the data without sucrose (line). The 
significant differences can be accounted for by changes in 
internal motions that reduced ms-μ

s motions and/or conformational exchange effects that can 
be related to protein unfolding.

The prevailing mechanism for sucrose-dependent protein 
stabilization is preferential exclusion, leading to protein hydra-
tion and stabilization.30,31 The expected change in protein 
hydration is challenging to directly measure experimentally, 
due to rapid water diffusion; no change in water occupancy is 
anticipated. Measurements of directly bound water cannot 
typically be distinguished from bulk water, except in examples 
of water that occupy internal cavities. Nonetheless, we can use 

Figure 6. Proton R2 relaxation data reveals changes in motion as a function of sucrose for aC and aD methyl groups, aC and aD amides (6.5–10 ppm), and L1 amides (8.5 
ppm). (a)1H R2 for different regions of the protein show distinct behavior in response to sucrose. (b) R1*R2 and R2/R1 reveal anisotropic behavior for different regions of 
the MV-VHH. Arrows show the direction of increasing sucrose concentration for each region. Dramatically different behavior is observed for the linker amides. Error bars 
are the mean squared error from an exponential fit to R1 and R2 data. 
(Figure 6) Proton R2 relaxation data show movement in distinct solution behavior of linker vs VHH domains.
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observed changes to water-source interactions as a surrogate 
measurement for changes in water–protein interactions. The 
results of water R232 measurements are shown in Figure 8a. 
While water protons are broadened by sucrose interactions, 
they exhibit very little broadening (R2 is less than 1 s−1) in 
buffer alone and in buffer with protein. Differences in water R2 
decay rates in sucrose-buffer solutions are compared to water 
R2 decay rates in sucrose-buffer-protein solutions in Figure 8b. 
At 20% sucrose, the water R2 value is reduced by 5 s−1 in the 
presence of protein. At 8% sucrose, the change in water R2 is 
less than 1 s−1. The trend in Figure 8b of lower-than-expected 
water R2 in the presence of 20% sucrose suggests an overall 
reduction of sucrose–water interactions, consistent with 
increased water–protein interactions associated with preferen-
tial protein hydration.

Discussion

From a protein engineering perspective, molecules with multi-
ple well-defined binding domains can be produced by a wide 
variety of strategies.33 In one approach, Fc-directed modifica-
tions in traditional IgG mAbs can lead to bispecific mAbs with 
improved properties.34 Unique scaffolds can be created by 
linking together antibody fragments or small protein scaffolds 
that have been evolved or designed to yield high-affinity target/ 
antigen interactions.35 Due to their smaller size, architecture 
and lack of Fc binding, novel therapeutic protein scaffolds, 
such as VHH fragments can potentially bind to targets that 
are difficult for traditional antibodies to reach, for example, 
providing access to regions of tumor micro-environments. 
Multivalent molecules engineered from novel scaffolds can 
potentially bind to and crosslink multiple cell surface receptors 
to enhance signaling in the same cell; alternatively, different 
specificities can be selected to crosslink different cell types. 
Multiple epitopes on the same target protein can potentially 

be engaged. Moreover, MV-VHH proteins potentially offer an 
engineering approach to combination therapies, delivering 
multiple therapeutic proteins with different mechanisms.

While many of the above applications have exciting thera-
peutic potential, combining novel protein scaffolds into multi-
valent therapeutic proteins will likely present different stability, 
developability and manufacturing challenges when compared 
with traditional mAbs. The MV-VHH molecule in this study 
was selected for clinical development based on its biological 
efficacy, to which linker length and composition were contri-
buting factors. Only this molecule is produced in the large 
quantities necessary for formulation development. 
Purification and formulation behavior that was observed for 
certain multivalent VHH molecules has led us to study these 

Figure 7. MV-VHH methyl R2 shows changes in motions in response to sucrose. 
MV-VHH methyl R2 compared to expected R2 purely due to viscosity. The mea-
sured R2 data in the 20% sample are significantly lower (78s−1) than the antici-
pated 93s−1 expected from the viscosity differences, which can be related MV-VHH 

motional or conformational differences. 
(Figure 7) R2 changes in NMR as a function of sucrose concentration that cannot 
be attributed to viscosity along and arise due to potential motional or conforma-
tional differences with increase in sucrose concentration.

Figure 8. (a) Water proton broadening is observed for solutions of buffer (black), 
protein (red), protein and sucrose (blue) and sucrose (green). The water R2 is < 
1 s−1 in protein and buffer samples with no sucrose. (b) Water proton R2 values as 
a function of sucrose for buffer-sucrose samples (○) and for buffer-sucrose-protein 
samples (●). Sucrose-dependent changes in water R2 values are attributed to 
increased water–protein interactions. Errors in fitting water R2 decay are very 
small (< 0.2 Hz) and are left off for clarity. 
(Figure 8) Monitoring protein–water interactions as a function of sucrose 
concentration.
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molecules in more detail. Our method-of-choice to study the 
sucrose-dependent stabilization of the MV-VHH molecule has 
been NMR spectroscopy. All molecules in the formulated pro-
tein sample can be studied together; protein–protein and pro-
tein–excipient interactions can be studied simultaneously. 
Additional advantages are that the solution NMR measure-
ments are made in situ; formulated protein samples need not 
be diluted, frozen, heated, or digested; and no manipulation is 
necessary or desired. Measurements are made on the entire 
formulation (a mixture of proteins and excipients) rather than 
the active pharmaceutical ingredient (in this case, the MV-VHH 
protein). Most importantly, NMR allows detection of changes 
to protein structure, conformation, and dynamics.

Here, we present a method to assess protein–excipient 
interactions in therapeutic formulations using NMR spectro-
scopy. Structural profiling was used to capture the protein’s 
solution conformation and higher-order structure and to probe 
for site-specific interactions. Diffusion profiling was used to 
assess protein Brownian motion, as well as to delineate multi- 
component intermolecular interactions between all solution 
components. R2 measurements provide information on local 
motions and interactions.

In our initial studies, a combination of NMR characteriza-
tion techniques revealed MV-VHH domains aC and aD to be 
flexibly linked with no observable domain interactions. No 
evidence of site-specific sucrose–protein interaction, no pro-
tein conformational changes, and no changes to VHH-VHH 
interactions were detected. Sucrose addition produced 
MV-VHH protein translational diffusion changes that were 
consistent with sucrose viscosity; no direct change in 
MV-VHH hydrodynamic radius was detected. In these same 
data sets, sucrose and acetate (buffer) diffusion can also be 
measured. Slower small-molecule diffusion is expected when 
interacting with larger molecules. Sucrose was found to have 
no interactions with MV-VHH, consistent with preferential 
sucrose exclusion resulting in protein hydration. Acetate–pro-
tein interactions were clearly detected in samples with no 
sucrose; acetate–protein interactions were reduced by increas-
ing sucrose concentrations. Increased hydration then results in 
acetate displacement from the MV-VHH molecule. Direct water 
R2 measurements support an increase in protein hydration as 
a function of increasing sucrose concentrations. Each NMR 
method has the potential to detect sucrose-dependent changes 
in protein interactions or behavior. The use of multiple NMR 
methods helps to identify unknown attributes, in this case 
linker motions, that can be correlated with other differences, 
e.g., hydration changes and acetate interactions, to help build 
a better understanding of the behavior of a single protein.

Key insights were revealed in studies of MV-VHH dynamic 
behavior. Sucrose-dependent changes in protein dynamics were 
measured by R2 relaxation studies in which linker and VHH 
atoms could easily be distinguished. Protein R2 measurements 
indicate a reduction of slow VHH domain motions expected from 
viscosity alone. L1-linker dynamics were profoundly different 
from folded domain motions; samples with higher amounts of 
sucrose showed faster linker dynamics, clearly trending in the 
opposite direction expected from measured solution viscosity.

Sucrose-stabilized MV-VHH was determined to be structu-
rally and conformationally the same as MV-VHH with no 

sucrose. Changes in other data sets suggest that sucrose is 
acting indirectly (modulating water-protein and acetate–pro-
tein interactions) to affect the dynamic behavior of the L1 
linker and folded domains. By combining all of the data, we 
can infer that protein motions associated with aggregation are 
quenched by hydration. These same motions might also be 
present in VHH; they are perhaps amplified in the linker, 
which is not stabilized by protein folding and is completely 
accessible to solvent. While these studies involved a specific 
MV-VHH protein, we anticipate that the results are general-
izable and highlight the importance of modulating specific 
protein motions to improve protein stability. A more complete 
understanding of the linker's influence on multivalent VHH 
stability will require additional studies, for example, that 
could include the effect of linkers with different lengths and 
compositions. We further anticipate that studies like these can 
be valuable to understand details of protein dynamics and 
protein–excipient interactions in a wide range of bioconju-
gated molecules that include antibody-drug-conjugates and 
an ever-widening array of multivalent, multispecific proteins 
where linker behavior will affect overall stability.

Materials and Methods

The MV-VHH protein was recombinantly produced in-house 
using mammalian expression systems and standard purifica-
tion training. Glacial acetic acid, sodium acetate trihydrate, and 
sucrose were procured from Sigma-Aldrich (St Louis, MO). 
Polysorbate 80 (PS80) was purchased from Croda (Edison, NJ). 
MV-VHH was dialyzed overnight into acetate buffer at pH 
between 4.6 and 5.5 with polysorbate 80 and 0%, 4%, 8%, 
12%, 16%, or 20% sucrose. Samples were filtered using 
0.22 µm filter (EMD Millipore Burlington, MA) and used for 
NMR analysis. The final samples contained 20 mM MV-VHH 
protein in a 10 mM, acetate buffer. About 6.25% D2O was 
added as a lock solvent to all samples; no internal reference 
was used. NMR studies were performed on a Bruker Avance 
HD 800 spectrometer equipped with a 5 mm TCI cryoprobe. 
2D fingerprinting data were acquired using a 5 mm sample 
tube, 500 µL sample volume; all other data were acquired using 
a 3 mm sample tube, 160 µL sample volume.

Ultra-Performance Size Exclusion Chromatography

Waters BEH200 column (4.6 × 150 mm) was used for ultra- 
performance size-exclusion chromatography. Samples were 
diluted to 5 mg/mL and injected using 50 µL loop. Mobile 
phase consisted of 50 mM phosphate buffer with high levels 
of arginine with flow rate of 0.5 mL/min. A wavelength of 
280 nm was used for detection, and the chromatograms were 
integrated using Empower2 software (Waters 
Corporation, MA).

Profiling and Structural Fingerprinting

A simple1H NMR spectrum of formulated proteins provides 
a rapid, low-resolution assessment of protein structural 
changes. Initial data consisted of a protein profile23 that uses 
a diffusion filter to reduce the NMR signal from sucrose and 
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buffer molecules. In the diffusion filtered proton NMR profile, 
all proton-containing solution components were identified by 
their1H NMR signals. In addition, protons from the protein 
backbone, side chain, and linker were identified by their dis-
tinctive chemical shifts. For concentrated, well-behaved 
proteins,1,,13C sfHMQC data were acquired for the protein 
methyl groups to provide a higher resolution assessment of 
ligand binding and/or structural changes. The1,,13C sfHMQC 
data sets in this study were collected using signals from the 
naturally abundant13C isotope, without enrichment.

Protein-enhanced DOSY

Pulsed magnetic field gradient NMR experiments were used to 
measure the translational diffusion of multiple molecules in 
complex mixtures. DOSY NMR experiments are commonly 
used to separate the signals of each proton-containing solution 
component by its proton1H NMR signals and translational 
diffusion constant (Dt). The decay of the1H NMR signal for 
each molecule in a gradient magnetic field yields the transla-
tional diffusion constant for each molecule. In NMR measure-
ments of formulated proteins,20 DOSY experiments can yield, 
simultaneously, the diffusion constants of the protein and 
other solution components, such as PEG, sucrose, buffer, and 
water, and the effects of solution viscosity can be deconvoluted. 
Diffusion NMR experiments are typically performed with 
a linear magnetic field gradient that varies from an initial 
value of 5% to a final value of 95%. A modified protein- 
enhanced DOSY experiment was made by starting the initial 
gradient magnetic field at 30%, which efficiently reduced the 
excipient and water signals, leaving mostly the protein DOSY 
NMR signal. From the diffusion data, an effective protein 
radius of hydration (Rh) can be calculated by: 

Rh ¼
kT

6πηDt 

More details are discussed in Supplementary Figure S3

Diffusion filtered proton R1 and R2

Proton relaxation measurements were used to probe molecular 
motions ranging from nanosecond to millisecond timescales. 
A conventional inversion-recovery experimental measure-
ment, with relaxation delays from 1 ms to 2 sec, was modified 
with a diffusion filter to produce protein-enhanced R1 mea-
surement that reduces the1H NMR signals from all non- 
protein buffer components. The conventional Carr-Purcell- 
Meiboom-Gill (CPMG) proton-R2 measurement (effective 
vCPMG = 500 s−1) was also modified with a diffusion filter to 
reduce the1H NMR signals from all non-protein buffer 
components.22 At low protein concentration, proton-R2 
relaxation rates are proportional to the molecule’s volume 
(R2 α tc = 4πηr3/kT) but are also strongly affected by motional 
anisotropy and intermolecular interactions. These anisotropic 
components were qualitatively separated using a R1*R2 
parameter,36 and, more recently, R2Dt correlations22 have 
been used to assess and differentiate intermolecular interac-
tions and internal/external motions. Additional experimental 

details, processing parameters, and R1 and R2 pulse sequences 
can be found in Supplementary Methods.

Thermal stress stability study

A 20 mg/mL sample of the MV-VHH protein with different 
levels of sucrose was exposed to a stress temperature of 50°C 
for 10 days, and corresponding unstressed controls were stored 
at 5°C for the duration of the study. The samples were analyzed 
using size-exclusion chromatography, and the HMW and main 
peaks were calculated using Empower software (Waters 
Corporation, MA). The reported ∆HMW values are difference 
between HMW at stress temperature and 5°C controls.

Viscosity measurements

Viscosity measurements were performed using m-VROC visc-
ometer (Rheosense, San Ramon, CA). The instrument was 
equilibrated at 20°C, and all viscosity measurements were 
carried out at the same temperature. Fifty percent glycerol 
was used as the viscosity standard (5 cP). Each sample was 
measured 10 times; the first four replicates were discarded, and 
the last six measurements were averaged to report viscosity for 
the sample. Both placebo and protein solutions were measured 
in a similar manner.
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