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ABSTRACT: The in vitro binding stoichiometry of denosumab, an IgG2 fully human monoclonal
therapeutic antibody, to RANK ligand was determined by multiple complementary size separation
techniques with mass measuring detectors, including two solution-based techniques (size-exclusion
chromatography with static light scattering detection and sedimentation velocity analytical
ultracentrifugation) and a gas-phase analysis by electrospray ionization time-of-flight mass
spectrometry from aqueous nondenaturing solutions. The stoichiometry was determined under
defined conditions ranging from small excess RANK ligand to large excess denosumab (up to 40:1).
High concentrations of denosumab relative to RANK ligand were studied because of their
physiological relevance; a large excess of denosumab is anticipated in circulation for extended periods
relative to much lower concentrations of free soluble RANKL. The studies revealed that an assembly
including 3 denosumab antibody molecules bound to 2 RANKL trimers (3D2R) is the most stable
complex in DPBS at 37 °C. This differs from the 1:1 binding stoichiometry reported for RANKL and
osteoprotegerin (OPG), a soluble homodimeric decoy receptor which binds RANKL with high
affinity. Denosumab and RANKL also formed smaller assemblies including 1 denosumab and 2 RANKL trimer molecules
(1D2R) under conditions of excess RANKL, 3 denosumab molecules and 1 RANKL trimer (3D1R) under conditions of excess
denosumab, and larger assemblies, but these intermediate species were only present at lower temperatures (4 °C), shortly after
mixing denosumab and RANKL, and converted over time to the more stable 3D2R assembly.

The RANK ligand (RANKL) belongs to the tumor necrosis
factor (TNF) ligand family.1,2 It binds to RANK, a

receptor that mediates osteoclast formation, function, and
survival. RANKL originates on the surface of osteoblast lineage
cells, bone stromal cells, and other cells and binds to its
receptor, RANK, on the surface of osteoclasts,3 thereby
inducing bone breakdown. Metalloproteinase cleavage of
membrane-bound RANKL releases a soluble form that is fully
active in stimulating osteoclast formation. Like other TNF-
cytokines, cleaved RANKL has been shown to exist primarily as
a trimer in solution,4 and each RANKL trimer can bind
potentially up to three receptors. Osteoprotegerin (OPG) is a
soluble decoy receptor that blocks osteoclast formation by
binding RANKL and preventing it from associating with
RANK.5 Denosumab is an IgG2 monoclonal antibody with
specificity toward both soluble and membrane bound human
RANKL. Denosumab was engineered as an IgG2 isotype,
known to have little or no binding to FcγRs and, therefore,
minimal immune effector functions. Previous studies have
shown that denosumab binds with high affinity to RANKL (KD

= 3 pM by KinExA).6 This binding prevents ligand association
with RANK, thereby inhibiting osteoclastogenesis. To date, the
binding stoichiometry of denosumab to RANKL has remained

elusive. As both proteins are multivalent, it is possible that the
proteins do not bind in a simple 1:1 stoichiometry, but rather
combine to form more complex assemblies.
Several analytical techniques have been utilized in the field

for determining binding stoichiometry and characterizing
noncovalent antibody−antigen complexes, including size
exclusion chromatography (SEC) in combination with static
light scattering (SLS) detection,7−12 sedimentation velocity
analytical ultracentrifugation (SV-AUC),8,11−13 and “native”
electrospray ionization time-of-flight mass spectrometry (ESI
TOF MS) from aqueous nondenaturing solutions.13,14 Atomic
force microscopy (AFM) is yet another technique developed
for visualizing antibodies, antigens, and their complexes on a
surface in a small volume of phosphate buffered saline (PBS).
Solution-based techniques have an advantage in determining
the stoichiometry of the noncovalent complexes compared to
methods utilizing immobilization of the antibody or antigen on
a surface (Biacore, KinExA, other sensor chips), which can
reduce the dynamic range of the Fab arms and affect the
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stoichiometry.13 In this study we detail several different size
separation and mass measurement methodologies to character-
ize the binding stoichiometry of denosumab to RANKL in
physiologically relevant solutions in vitro.

■ EXPERIMENTAL PROCEDURES
Materials. Denosumab was prepared in a buffer containing

sodium acetate and sorbitol. FLAG human RANK fused to
human IgG1 fragment conserved (Fc) and human RANKL
(containing residues 143−317) were expressed in a stable
Chinese hamster ovary (CHO) cell line. RANKL was purified
by anion exchange chromatography followed by cation
exchange chromatography. FLAG human RANK Fc was
purified using immobilized protein A. Bacterially expressed
flag human RANKL (RANKL aglyco, containing residues 159−
317) was purified from the soluble fraction as previously
described.2 The purified proteins were dialyzed in Dulbecco’s
phosphate buffered saline without calcium or magnesium
(DPBS, 137 mM sodium chloride, 2.7 mM potassium chloride,
10 mM sodium phosphate, 1.76 mM potassium phosphate pH
7.4, Cellgro Cat. No. 21-031-CM). For the blended samples of
denosumab and RANKL analyzed by SV-AUC and SEC,
denosumab (supplied at 60 mg/mL) was added to a dilute
solution of RANKL in DPBS. The order of addition was
consistent across all experiments. Unless otherwise specified,
the concentration of denosumab was held constant at 360 μg/
mL, while the RANKL concentration was adjusted to achieve
the desired molar ratio of denosumab to RANKL. Sample
preparation procedures for the “native” ESI TOF MS and AFM
are described below. All samples were stored at 2−8 °C and
analyzed within 48 h dilution, unless indicated otherwise.
Methods. Analytical Ultracentrifugation. Sedimentation

velocity experiments were performed using a Proteomelab XL-I
analytical ultracentrifuge (Beckman Coulter) with absorbance
detection at 280 nm. The exception was the analysis of low
concentration samples less than or equal to 12 μg/mL where
detection at 220 nm was employed. All experiments were
performed in double-sector Epon centerpieces (Beckman) with
quartz windows using a rotor speed of 40 000 rpm. The run
temperature was controlled to 20 °C unless otherwise specified.
Data analysis was performed using SEDFIT’s (version 11.3)
continuous c(s) distribution.15 The partial specific volumes of
denosumab and RANKL were estimated to be 0.7268 and
0.7292 mL/g, respectively, from the amino acid sequence using
SEDNTERP v. 1.08. As the partial specific volumes of the two
proteins agree within 0.3%, when evaluating solutions
containing mixtures of denosumab and RANKL, a partial
specific volume of 0.7268 was applied. The solvent density and
viscosity were estimated using SEDNTERP v. 1.08.
Size-Exclusion Chromatography with Static Light Scatter-

ing Detection. SEC-SLS was performed on an Agilent 1100
HPLC equipped with a variable wavelength detector (VWD). A
miniDawn TriStar light scattering detector (Wyatt Technolo-
gies) was connected immediately downstream of the VWD. For
both native and denaturing SEC, separation was accomplished
using a flow rate of 0.5 mL/min and a Tosoh TSK guard
column connected in series to two tandem Tosoh TSK Gel
G3000SWXL columns (7.8 mm i.d. × 300 mm, 5 μm). Ambient
column temperature was employed unless otherwise noted. For
native SEC, 150 mM sodium phosphate, 300 mM sodium
chloride, pH 7.0, was used as mobile phase. For denaturing
SEC, 5 M guanidine-HCl, 0.1 M sodium phosphate, pH 6.5,
was used as mobile phase. Data were collected using

absorbance detection at 280 nm for both native and denaturing
SEC.
The molar masses of individual peaks in the chromatograms

were determined using ASTRA software (v.5.3.4.13, Wyatt
Technologies). The absorptivity of denosumab at 280 nm
determined from the protein sequence was 1.4 mL mg−1 cm−1.
The absorptivity of aglycosylated RANKL E-coli determined
from the protein sequence was 1.76 mL mg−1 cm−1. The
absorptivity of glycosylated RANKL produced by CHO cells
(taking into account that the protein is 20 wt % carbohydrate)
was 1.5 mL mg−1 cm−1. A change in refractive index with
respect to concentration (dn/dc) of 0.186 mL g−1 was
employed.16

Native ESI TOF Mass Spectrometry of Denosumab: RANKL
Assemblies. Both glycosylated RANKL and aglycosylated
RANKL E coli were studied. An LCT Premier TOF MS
equipped with an ESI atmosphere−vacuum interface (Waters,
Milford, MA) was utilized for analysis of the noncovalent
complexes. Before analysis, denosumab and RANKL were
buffer exchanged into 50 mM ammonium acetate aqueous
solution at pH 6.8 using NAP-5 columns (GE Healthcare,
Piscataway, NJ). Protein concentrations were measured by RP
HPLC with UV detection at 214 and 280 nm against
denosumab and RANKL standards and diluted to proper
concentrations with 50 mM ammonium acetate. The “native”
ESI TOF MS analysis of denosumab, RANKL and their
mixtures was performed by direct infusion from a 500 μL
syringe at a flow rate of 10 μL/min. The mass spectrometer was
set to run in a positive ion V mode with a capillary voltage of
2600 V, sample cone 20 V, ion guide 1 at 120 V, source
temperature 100 °C, desolvation temperature 400 °C, desol-
vation gas flow 200 L/h, cone gas flow 20 L/h, and mass range
of m/z 1000−20 000. The mass spectrometer was calibrated in
this range using (CsI)nCs+ clusters. The calibration ESI mass
spectrum of the clusters was obtained by direct infusion at 10
μL/min flow rate of CsI dissolved in 50:50 of water:acetonitrile
at 20 μg/μL. This high concentration was required to generate
large (CsI)nCs+ clusters in the mass range up to m/z 20 000.
For more efficient throughput of the large assemblies through
the atmosphere−vacuum interface and transfer ion optics, ion
source pressure was increased from a typical value of 1.5 Torr
to 3 Torr by restricting the flow of nitrogen gas pumped out of
the interface by a rough vacuum pump. For that, a valve
(Speedvalve, Waters) was installed between the rough vacuum
pump and the atmosphere−vacuum interface for manual
restriction of the pumping flow, while the nitrogen gas flow
into the ion source remained the same.

■ RESULTS
Size Distribution of Denosumab−RANKL Assemblies.

Stock solutions of denosumab and RANKL as well as blends of
the two proteins were characterized using several different size
separation techniques to evaluate the binding stoichiometry of
their interaction under conditions ranging from small excess
RANKL in solution (1:3) to large excess denosumab (40:1).
The studies were designed to examine which assembly states
were possible under different concentration ratios and which
were the most thermodynamically favored. SV-AUC and SEC
measured size distributions for denosumab, RANKL, and four
blends of denosumab−RANKL are shown in Figures 1A and
1B, respectively. SV-AUC is an important complement to SEC
as it can provide superior resolution of species, and the
separation by size is not limited by a column exclusion volume.
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In SEC, larger species elute earlier from the column because
they penetrate into the pore system of the stationary phase to a
lesser extent than smaller species. Species larger than a
threshold size are not separated at all and elute in the column
exclusion volume (Figure 1B). Both analyses were performed
using the same sample preparations. SV-AUC analysis was
performed immediately after preparation while the remaining
samples were held at 2−8 °C for ∼24 h before SEC analysis.
The RANKL and denosumab sedimentation coefficients

determined from SV-AUC analysis were 4.5 and 6.3 S,
respectively (Figure 1A). For the four denosumab−RANKL
blends evaluated, excess denosumab in solution was only
observed for the 3:1 ratio. Excess RANKL was observed for
each of the other blends by SV-AUC. Multiple species with
sedimentation coefficients greater than 7 S were present for
each of the blends of denosumab and RANKL (3:1, 1:1, 1:2,
and 1:3, Figure 1A). These greater than 7 S species represent
complexes (assemblies) of denosumab and RANKL.
Under the condition of excess denosumab (3:1 blend),

assemblies with sedimentation coefficients of approximately
12.5 and 14 S along with several larger assemblies with
sedimentation coefficients greater than 15 S were observed.
The 12.5 and 14 S assemblies are denoted as 3D1R and 3D2R,
respectively, in Figure 1A. The assembly naming specifies the
number of denosumab (D) and RANKL trimer (R) molecules
in each complex; the evidence for these stoichiometries will be
detailed later in this section.

Under conditions of excess RANKL (1:1, 1:2, and 1:3
blends), the 14 S (3D2R) and larger assemblies were also
observed, along with two additional species at approximately 8
and 11.5 S (1D2R) that were not observed under conditions of
excess denosumab. The 12.5 S (3D1R) assembly was not
observed when RANKL trimer was in excess.
The SEC distributions (Figure 1B) show similar trends to

those observed by SV-AUC (Figure 1A), where the association
of denosumab to RANKL results in the formation of multiple
species. Taking into account the retention times of the species
(larger assemblies elute earlier) and their peak areas, the species
eluting at 26, 24.5, and 24 min by SEC (Figure 1B) correspond
to the 11.5 S (1D2R), 12.5 S (3D1R), and 14 S (3D2R)
assemblies detected by SV-AUC (Figure 1A). Assemblies
present in the SV-AUC distributions with sedimentation
coefficients greater than 14 S elute as a single peak at the
SEC column exclusion volume (23 min). A peak corresponding
to the 8 S SV-AUC assembly was not observed by SEC. As with
SV-AUC, by SEC the 3D1R assembly was only observed under
conditions of excess denosumab and the 1D2R species was only
observed when RANKL was in excess. The 3D2R and larger
assemblies were present regardless of which protein was in
excess.
Although the SV-AUC and SEC size distributions show good

agreement, some differences between the size distributions of
the two methods were observed (Figure 1). Under conditions
of excess RANKL a species at ∼8 S was detected by SV-AUC
but not observed by SEC. In addition, SV-AUC resolved
multiple larger assemblies, whereas by SEC these species eluted
as a single peak. Finally, no free RANKL was detected by SEC
for the 1:1 blend, but some excess RANKL was observed by
SV-AUC, ∼10%. Differences in the distributions of species
observed between SEC and SV-AUC are likely due to a
confluence of factors. First, SV-AUC allows for enhanced
resolution of species compared to SEC. Second, there were
differences in the time between sample preparation and the
time of analysis. For SV-AUC the samples were analyzed
immediately after preparation versus analysis 24 h after
preparation by SEC. A discussion of observed changes in the
size distributions with respect to time is provided in the
following section. Finally, sample dilution upon injection onto
the SEC column which employed a mobile phase of 150 mM
sodium phosphate, 300 mM sodium chloride, pH 7.4, could
lead to dissociation of weakly associated species.

Stability and Equilibration of Complexes and Stoi-
chiometry When Denosumab Is in Large Excess.
Additional studies were performed to evaluate the stability of
the denosumab−RANKL assemblies. Specifically, the effects of
temperature, time after mixing, concentration, and excess
reagent (denosumab or RANKL) were evaluated. The first
three conditions were evaluated by SV-AUC due to the
method’s enhanced resolution of the denosumab−RANKL
assemblies, while the effect of excess reagent was evaluated by
SV-AUC and SEC.
To confirm assemblies observed at 20 °C (Figure 1A) are

representative of those present at physiological temperature,
three preparations of denosumab−RANKL containing excess
RANKL (1:1, 1:2, and 1:3) and 4 preparations containing
excess denosumab (40:1, 20:1, 10:1, and 3:1) were evaluated by
SV-AUC experiments at 37 °C immediately after preparation
(Figure 2A). For each preparation evaluated, the levels of larger
assemblies present were lower at 37 °C compared to 20 °C.
The sedimentation coefficients of the species observed in

Figure 1. SV-AUC and SEC measured size distributions for
denosumab (indicated by a ratio of 1:0 denosumab to RANKL),
RANKL (ratio of 0:1), and four blends (3:1, 1:1, 1:2, and 1:3) of
denosumab−RANKL (25× zoom). Ratios represent the molar
concentration of denosumab to RANKL trimer. Unless otherwise
specified, all samples were analyzed at a constant denosumab
concentration of 360 μg/mL. (A) SV-AUC at 20 °C immediately
after mixing; (B) SEC at ambient temperature after 24 h at 2−8 °C.
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Figure 2A were shifted to higher values compared to Figure 1A
due to differences in solution viscosity at 37 °C compared to 20
°C, which results in differences in the rate of sedimentation. By
conversion of the assembly sedimentation coefficients in
Figures 1A and 2A to s20,w (experimental sedimentation
coefficients converted to the conditions of water at 20 °C), it
was confirmed that the species at approximately 17, 18, and 20

S in Figure 2A correspond to assemblies 1D2R, 3D1R, and
3D2R, respectively (data not shown).
Results from the excess RANKL preparations (1:1, 1:2, and

1:3) analyzed at 37 °C were in agreement with the results at 20
°C. The assemblies observed at 20 °C, the 8 S assembly (12.5 S
at 37 °C), 1D2R, and 3D2R, were also present at 37 °C. For all
three preparations of excess RANKL the dominant assembly

Figure 2. SV-AUC measured size distributions for denosumab−RANKL blends analyzed at physiological temperature, 37 °C. Ratios represent the
molar concentration of denosumab to RANKL trimer. Unless otherwise specified, all samples were analyzed at a constant denosumab concentration
of 360 μg/mL. (A) SV-AUC of preparations containing excess RANKL (1:1, 1:2, and 1:3) and excess denosumab (3:1, 10:1, 20:1, and 40:1)
analyzed immediately after mixing; (B) SV-AUC of preparations containing excess denosumab analyzed immediately after mixing, after 24 h at 37
°C, and after 1 week at 37 °C; and (C) SV-AUC of 3:1 preparations at denosumab concentrations of 6, 9, and 12 μg/mL. Samples were held for 6 h
at 37 °C prior to analysis.
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was 3D2R. When denosumab was present in large excess (40:1,
20:1, 10:1), assembly 3D1R, with a sedimentation coefficient
between that of assembly 1D2R and assembly 3D2R, at ∼18 S,
was the predominant assembly immediately after mixing
(Figure 2A). The profile of the 3:1 preparation analyzed at
37 °C (Figure 2A) was in agreement with the observations at
20 °C (Figure 1A). For the 3:1 preparation under both
temperature conditions, assemblies 3D1R and 3D2R were
present in similar amounts immediately after mixing. Some
assembly 3D2R was also present for the 10:1 preparation in
Figure 2A; however, the dominant assembly was assembly
3D1R. Little to no assembly 3D2R was observed for the 20:1
and 40:1 preparations immediately after mixing (Figure 2A).
The effect of time on the denosumab−RANKL assemblies

was evaluated for the four preparations containing excess
denosumab (40:1, 20:1, 10:1, and 3:1 denosumab to RANKL
trimer). Each sample was evaluated at three time points:
immediately after preparation, after 24 h incubation at 37 °C,
and after 1 week incubation at 37 °C (Figure 2B). Because of
the long run times of SV-AUC analysis, typically 6 h, short time
intervals were not possible. After 24 h incubation at 37 °C, a
decrease in assembly 3D1R and a corresponding increase in
assembly 3D2R were observed for the 3:1 and 10:1
preparations. For all preparations, after 1 week at 37 °C,
assembly 3D1R was shown to dissociate and assembly 3D2R
was the dominant assembly. The three excess RANKL
preparations (1:1, 1:2, and 1:3, Figure 2A) at time zero were

also analyzed after 24 h incubation at 37 °C (data not shown)
and showed only a slight change in their size distributions. For
all excess RANKL preparations, assembly 3D2R persisted as the
dominant assembly and the relative amounts of larger
assemblies and assembly 1D2R declined slightly. The results
suggest that regardless of which molecule is initially present in
excess, when given adequate time the equilibrium distribution
shifts toward the formation of assembly 3D2R.
The 3:1 blends of denosumab and RANKL shown earlier

(Figures 1 and 2A,B) to form predominantly assembly 3D2R,
used an arbitrary high concentration of denosumab (360 μg/
mL). To extend these studies and examine denosumab
concentrations (6, 9, and 12 μg/mL) that are observed in
vivo,18 additional SV-AUC experiments at physiological
temperature were performed. Blends of 3:1 denosumab to
RANKL were prepared by dilution into DPBS equilibrated to
37 °C. Samples were held for 6 h at 37 °C prior to analysis.
Data acquisition was performed at 37 °C with detection at 220
nm. The SV-AUC size distributions revealed (Figure 2C) that
at low concentrations of denosumab assembly 3D2R remained
dominant. Assemblies 1D2R and 3D1R were either not
observed or in such low abundance that they were not well
resolved from assembly 3D2R. The larger assemblies above 20
S accounted for less than 6% of the total absorbance.
To evaluate the stability of assembly 1D2R and assembly

3D2R in the presence of small excess denosumab or RANKL,
purified SEC fractions of 1D2R and 3D2R were collected into

Figure 3. SEC analysis of purified fractions of the (A) 1D2R assembly and (B) 3D2R assembly collected into solutions of DPBS (solid line), DPBS
with RANKL (dotted line), or DPBS with denosumab (dashed line). Chromatograms were normalized to the maximum signal intensity.
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each of the following solutions: DPBS, DPBS containing
RANKL and DPBS containing denosumab. After collection,
each solution was immediately reanalyzed by SEC (Figure 3).
All experiments were carried out at ambient temperature.

Assembly 1D2R appeared stable when collected into DPBS and
RANKL (Figure 3A). However, when collected into a solution
containing denosumab, all of assembly 1D2R was converted to
assembly 3D2R and larger assemblies. On the basis of the

Figure 4. Electrospray ionization mass spectra of (A) RANKL at 0.08 μg/μL, (B) denosumab at 0.2 μg/μL, and (C) their mixture at molar ratio of
3:2 of denosumab:RANKL trimer and concentrations of 0.1 and 0.04 μg/μL, respectively, in 50 mM ammonium acetate. (D) Magnified view of the
dominant assembly 3D2R and larger assembly region from (C). (E) Calibration mass spectrum of (CsI)nCs+ clusters with measured masses in black
and theoretical masses in blue and italics. (F) Deconvoluted ESI mass spectra of the multiply changed ions created by RANKL, denosumab, and their
assemblies.
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results of the temperature dependence studies, these larger
assemblies would likely dissociate at physiological temperature.
This result suggests that assembly 1D2R becomes a building
block for assembly 3D2R after addition of denosumab.
When assembly 3D2R was collected into DPBS, denosumab,

and RANKL-containing solutions, only small changes to the
size distribution were observed (Figure 3B). When the 3D2R
assembly was collected in the presence of excess denosumab,
some larger assemblies were formed, but assembly 3D2R
remained the dominant species. Again, the species larger than
assembly 3D2R would likely dissociate at physiological
temperature based on the results shown in Figure 2. When
assembly 3D2R was collected in the presence of excess
RANKL, some assembly 1D2R was formed, but this accounts
for only 13% of the total size distribution. These results support
the conclusion that assembly 3D2R is the thermodynamically
favored binding stoichiometry of denosumab to RANKL.
Measurement of Masses of Denosumab−RANKL

Assemblies by Native ESI TOF Mass Spectrometry. The
high resolution and mass accuracy of the ESI TOF MS enabled
accurate measurement of the masses in the gas phase. Both
glycosylated RANKL produced in mammalian cells (Figure 4)
and aglycosylated RANKL produced in E. coli (Supporting
Information Figure S1) were utilized for this analysis. Mass
analyzers, including the TOF mass analyzer used in this study,
measure mass indirectly as mass-to-charge ratio (m/z) as
shown in Figures 4A−E. The electrosprayed proteins appear in
the positive ESI mass spectra as multiple peaks on the m/z
scale, each with a different number of charges (z) due to the
different number of protons acquired from the electrospray
solution.19 Denosumab produces several clearly resolved peaks
in the range of m/z 5000−6000 with the number of charges
from 30+ to 23+. Molecular weight (m) of a protein can be
calculated from any peak by multiplying its m/z value by the
number of charges (z). Although multiplicity of the peaks
complicates ESI mass spectra of large proteins, it improves
mass accuracy and precision by providing multiple measure-
ment of the molecular weight. The charges can be assigned to
the peaks either manually using a relatively simple algorithm19

or automatically using a deconvolution software program, like
MassLynx program from Waters used in this study. The
deconvoluted ESI mass spectra, generated by the deconvolution
software program (Figure 4F), show molecular weight values of
proteins. A deconvoluted ESI mass spectrum of denosumab
shows several peaks near 147.5 kDa. They are 162 Da apart due
to the variation in the number of terminal galactose residues on
two biantennary oligosaccharides typically observed on human
IgG2 antibodies. More abundant glycosylation of proteins
broadens the mass peaks, reduces ionization efficiency, and
complicates the deconvolution. Broad peaks and relatively small
numbers of peaks in ESI mass spectra decrease accuracy of
charge assignment and mass determination. The glycosylated
RANKL produced broad poorly resolved peaks above m/z
4000 due to the variable number of sugar antennas and sialic
acid residues on RANKL trimers and possibly other oligomers
(Figure 4A). The ESI mass spectrum of RANKL also contained
a series of better defined peaks below m/z 2000 (Figure 4A).
The deconvoluted mass spectrum of these peaks produced
multiple mass peaks of the glycosylation profile from 23 to 26
kDa with an average mass of 24.5 kDa of RANKL monomer
(Figure 4F). The observation of RANKL monomers and
dimers (Figure 1A and Figure S1) was unexpected because
these species were not observed during SEC and SV-AUC

analyses described above. RANKL monomers and dimers were
observed in the ESI mass spectra from the 50 mM ammonium
acetate solution, suggesting that a small part of RANKL trimers
may be disrupted by the electrospray ionization conditions or
by the 50 mM ammonium acetate solution conditions with
relatively low ionic strength. Therefore, these additional species
are likely artifacts of the method due to the limited stability of
trimeric RANKL during ESI or in ammonium acetate, which
may cause unfolding and subunit dissociation. In the
deconvoluted mass spectrum of monomeric RANKL (Figure
4F), two series of peaks 292 Da apart were detected, which is a
mass of sialic acid residue and a typical sign of glycosylation.
The difference between the measured mass of 24.5 kDa and
calculated mass of the protein portion of the RANKL monomer
of 19.7 kDa indicated that ∼20% of RANKL mass was due to
the glycosylation. These heterogeneous oligosaccharides
broadened the mass peaks (to 23−25 kDa, Figure 4F), hence
decreasing the accuracy of mass measurements. The glycosy-
lated RANKL trimer (and possibly other oligomers) produced
even broader and poorer resolved peaks above m/z 4000
(Figure 4A). The deconvolution procedure using MassLynx
software revealed several broad peaks near 74 kDa (Figure 4F),
which matched the expected mass of the RANKL trimer. Of
particular note, the mass spectrum of denosumab mixed with
RANKL trimer was dominated by relatively sharp peaks in the
range of m/z 9500−11 500 (Figure 4C,D) with a deconvoluted
mass of 591 kDa (Figure 4F), which is consistent with a
complex composed of 3 denosumab antibody molecules bound
to 2 RANKL trimers (3D2R). In addition to this predominant
assembly, two other species were detected with masses of 640−
720 and 1100−1180 kDa. The masses of these species were
consistent with an intermediate complex and a dimer of the
main complex, respectively (Figure 4C,D). There was no free
denosumab or RANKL remaining in the ESI mass spectra for
denosumab:RANKL blended at 3:2 ratio (3D2R, Figure 4C,D),
further suggesting that this is the binding stoichiometry. The
assembly state of 3 denosumab antibodies and 2 soluble
RANKL trimers represents the minimum number of molecules
necessary to satisfy the valencies of a bivalent antibody bound
to a trivalent ligand. When either denosumab or RANKL was in
excess in the blends, the peaks due to free denosumab or
RANKL, respectively, would appear in the ESI mass spectra
below m/z 10 000 in Figure 4C (data not shown). The mass
measurements by ESI-TOF MS were performed at room
temperature within ∼1 h after the buffer exchange to 50 mM
ammonium acetate and blending of denosumab and RANKL.
On the basis of the SV-AUC results, it is likely that the
additional, less abundant and larger assemblies are transitional
assemblies present prior to complete equilibration of the
sample. It is also possible that these additional species may be
artifacts of the method due to the poor stability of trimeric
RANKL during ESI or in ammonium acetate, which may cause
unfolding and subunit dissociation. To improve mass accuracy
measurements for RANKL, the same experiment was repeated
with aglycosylated RANKL and yielded very similar results
(Figure S1 and related text). Apart from the unexpected
subunit dissociation, the predominant gas-phase complex of
denosumab:RANKL trimer at a 3:2 ratio reflects the main
interaction state of these molecules in solution.

Determination of Stoichiometries of the Predominant
Denosumab−RANKL Assemblies in Solution by SEC-SLS
Followed by Denaturing SEC. To determine the size of the
assemblies in solution as well as the ratio of the constituents,
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the denosumab−RANKL assemblies 1D2R, 3D1R, and 3D2R
were assessed by SEC with SLS detection under native
conditions and by SEC under conditions to denature and
dissociate the assemblies. Evaluation of the 8 S assembly
observed by SV-AUC (Figure 1) was not possible as it was not
observed by SEC. Purified fractions of the assemblies were
collected after elution from the SEC column. Assemblies 1D2R
and 3D2R were collected from a denosumab−RANKL
preparation containing excess RANKL, while assembly 3D1R
was collected from an excess denosumab preparation.
Separation conditions utilized for assembly 1D2R and 3D2R
fraction collection differed slightly from the conditions used in
Figure 1B. Briefly, two tandem Tosoh TSK Gel G4000 columns
were employed for separation followed by fraction collection in
order to achieve improved resolution of species. Separation
conditions for assembly 3D1R were identical to those used in
Figure 1B.
To enrich for assemblies 1D2R and 3D2R (and to reduce the

presence of larger assemblies), excess RANKL preparations of
denosumab−RANKL were incubated overnight at 37 °C.
Immediately following two rounds of purification, each fraction
was reanalyzed by SEC-SLS to assess peak purity and assembly
molar mass. An overlay of the size exclusion chromatograms for
stock material and purified fractions is shown in Figure 5A. The

purity of the assembly 3D2R enriched fraction was 97%. The
purity of the assembly 1D2R enriched fraction, however, was
only 48% even though a narrow time window and multiple
rounds of purification were used for sample collection. This
result was not unexpected based on the results of the assembly
stability study (Figure 3), which revealed that the 1D2R
assembly converted to 3D2R assemblies and released free
RANKL upon conversion. The SEC-SLS weight-averaged
molecular weight of purified assembly 1D2R was found to be
∼296 kDa. The molecular weight of purified assembly 3D2R
was found to be ∼576 kDa (Figure 5A). Within the error of the
measurement of ∼7% (this value refers to the precision of the
measurement based on internal qualification of the method),
the SLS measured molecular weight of assembly 3D2R is
consistent with the molecular weight of the predominant
denosumab−RANKL assembly of 591 kDa measured in gas
phase by ESI TOF MS.
To enrich for assembly 3D1R, fractions were collected from a

stock denosumab−RANKL preparation containing excess
denosumab prepared the day of collection. An overlay of the
chromatograms for stock material and purified assembly 3D2R
is shown in Figure 5B. As a reference, a purified fraction of
assembly 3D2R using the same column set up is also displayed
in Figure 5B (blue line). The purity of assembly 3D1R was

Figure 5. Size exclusion chromatograms with UV and static light scattering (SLS) detection of purified fractions of (A) 1D2R (red line) and 3D2R
(blue line) assemblies overlaid with denosumab−RANKL stock preparation containing excess RANKL (black line) and (B) the 3D1R (green line)
and 3D2R (blue line) assemblies overlaid with denosumab−RANKL stock preparation containing excess denosumab (black line). The molar mass
measured by SLS for each fraction is plotted as closed circles. (Different column settings were used in (A) and (B), resulting in different elution
time.) Chromatograms were normalized to the maximum absorbance signal intensity of the predominant denosumab−RANKL assembly.
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86%, and the SEC-SLS molecular weight of the purified
assembly was 535 kDa. The SEC-SLS results were consistent
with the SV-AUC findings, which suggest the size of assembly
3D1R, based on the sedimentation coefficient, is somewhere
between assembly 1D2R and assembly 3D2R.
The purified fractions were then separated under denaturing

SEC conditions to dissociate the assemblies and determine the
relative concentration of denosumab and RANKL in each
fraction. The peak areas and relative fractions of denosumab
and RANKL determined from denaturing SEC are listed in
Table 1. The chromatograms from denaturing SEC for
denosumab, RANKL, and assemblies 1D2R, 3D1R, and
3D2R are shown in Figure S2. Assembly 1D2R, which is
present only under conditions of excess RANKL, was found to
be 50% denosumab and 50% RANKL by mass, which is
consistent with a single molecule of denosumab bound to two
RANKL trimers (1D2R), based on the known molecular weight
values of denosumab and RANKL (147 and 76 kDa,
respectively, by SEC-SLS). Assembly 3D2R, present in all
mixtures, was found to be 75% denosumab and 25% RANKL
by mass, in agreement with three denosumab molecules bound
to two RANKL trimers (3D2R). Finally, assembly 3D1R, which
is present only under conditions of excess denosumab in
solution, was found to be approximately 85% denosumab and
15% RANKL by mass, which is consistent with 3 denosumab
molecules bound to one RANKL trimer (3D1R).
AFM of Denosumab, RANKL, and Their Mixture. AFM

images of denosumab:RANKL trimer mixed at 1:1 molar ratio
(Figure S3) revealed species which, according to their sizes,
correspond to assembly 3D2R and larger assemblies also
detected by SEC, SV-AUC, and native ESI TOF MS. Similar to
the data shown in Figures 1 and 4, AFM images in Figure S3
were acquired at ambient temperature shortly after blending the
stock solutions of denosumab and RANKL, which can explain
the observation of larger assemblies present with assembly
3D2R. These larger assemblies are not observed after
incubation for >24 h at physiological temperatures according
to the SV-AUC and SEC studies.
Interaction of Denosumab−RANKL Assemblies with

RANK. Previous studies utilizing Biacore and other surface-
based methods have indicated that denosumab binds RANKL
with very high affinity.6 In order to investigate if the
engagement of RANKL in the assemblies with denosumab
blocks it from binding to RANK, we evaluated binding by SEC
(Figure 6). Denosumab and RANKL were mixed together to
form the complexes, and then RANK-Fc was added at 1:1 ratio
with respect to denosumab. The experiment showed that the
presence of RANK did not have an effect on the denosumab−
RANKL assemblies when RANKL trimer was at the same
molar concentration as denosumab or at a molar concentration
lower than denosumab. However, when the relative molar

abundance of RANKL trimer exceeded denosumab, the excess
RANKL trimer formed complexes with RANK, as expected
(Figure 6, bottom, red dashed trace). In addition to the
RANK−RANKL trimer complex eluting at 36 min, a minor
peak increased at 31.5 min. This peak was not present in the
chromatograms when only RANK and RANKL were mixed
(data not shown), suggesting that all three moleculesRANK,
RANKL, and denosumabmay be involved in the species
eluting at 31.5 min. This species appears to develop only in
relative molar excess of RANKL and RANK with respect to
denosumab. In summary, denosumab−RANKL assemblies did
not bind to RANK according to the employed SEC binding
assay with the exception of significant excess of RANKL and
RANK.

Table 1. Molar Composition of Denosumab and RANKL Trimer in Purified Assemblies 1D2R, 3D2R, and 3D1Ra

dSEC peak area (mAU s) dSEC peak mass (μg) moles

assembly SEC-SLS molecular mass (kDa) Dmab RANKL Dmab RANKL Dmab RANKL

1D2R 296 3091.2 2915.3 18.4 16.2 1 1.70
3D2R 576 4822.2 1622.2 28.7 9 3 1.82
3D1R 535 71700.4 14009.6 426.8 77.8 3 1.06

aTo derive the moles of denosumab and RANKL trimer present in each assembly, the peak mass of each molecule (denosumab or RANKL trimer)
measured by denaturing SEC was divided by the SEC-SLS determined molecular mass of native denosumab (147 kDa) or RANKL trimer (76 kDa),
respectively. The resulting moles of denosumab and RANKL trimer were multiplied by a constant factor to adjust the moles of denosumab to a
whole number.

Figure 6. Size exclusion chromatograms of denosumab:RANKL
mixtures (solid traces) and denosumab:RANKL:RANK-Fc mixtures
(dashed traces). Denosumab and RANKL were mixed together at
different ratios, and then RANK-Fc was added at 1:1 ratio with respect
to denosumab. After 30 min incubation in PBS at room temperature
the mixtures were placed in an autosampler at 4 °C for SEC analysis.
The conditions of SEC separation were similar to those described in
Figure 3, but two columns of a smaller diameter of 4.6 mm and a lower
flow rate of 0.15 mL/min were utilized.
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■ DISCUSSION

Interactions between RANKL and denosumab, a fully human
monoclonal anti-RANKL antibody, were assessed in this study.
Previously, free soluble RANKL (usually detected with
Biomedica Gruppe ELISA kit using OPG capture) was
measured in human plasma at 1−10 pg/mL level (0.2−0.6
pM;20 0.08 pM (1.6 pg/mL),21 0.69 pM22). Total circulating
concentration of soluble RANKL, including OPG-bound plus
free RANKL, was measured using Apotech ELISA kit at
approximately 0.1 μg/mL.22 A typical denosumab dose of 60−
120 mg (0.9−1.7 mg/kg human) produced serum concen-
trations of denosumab of approximately 5−10 μg/mL,18 which
is significantly higher than total RANKL and orders of
magnitude higher than free RANKL concentrations. As with
most protein therapeutics and their targets, it is difficult to
ascertain their relative concentrations at various sites of action
in disease states for which they are indicated. RANKL, which
can exist in soluble and membrane-bound forms, is likely to be
found at lower concentrations in peripheral blood than in target
tissues or diseased tissues including bone marrow and inflamed
joints. The current work therefore explored a range of molar
concentration ratios for denosumab and RANKL to identify
possible binding interactions and their relative thermodynamic
stability. The commonly used methodologies to study protein−
protein interactions, e.g. Biacore and KinExA, require
immobilization of one of the proteins of interest. This
immobilization reduces the range of motion of the Fab arms
of IgG antibodies and for multivalent proteins can inhibit access
to binding sites, preventing the determination of the true
binding stoichiometry in solution.13 In this study several
orthogonal size separation methodologies, (SV-AUC, SEC,
AFM, and native ESI-TOF mass spectrometry) were applied to
determine the binding stoichiometry of denosumab to RANKL.
All of these methods allowed for analysis of the binding
interactions in solution and in gas phase without protein
immobilization. The studies described in this article revealed
the predominant denosumab−RANKL assembly consisted of 3
denosumab molecules bound to 2 RANKL trimers (Figure 7,
3D2R). The formation of this complex, and the concomitant
dissociation of all other complexes with incubation at 37 °C, is
likely a thermodynamically driven process as less energetically
favorable species relax to the dominant assembly state at
equilibrium. The 3D2R species is energetically favored because
it is composed of the minimum number of molecules required
for all binding sites on both proteins to be occupied.
Interestingly, osteoprotegerin (OPG), a homodimeric receptor
which also binds with high affinity to RANKL, has been shown
to prefer a 1:1 binding stoichiometry with RANKL trimer.5 An
important distinction is that OPG−Fc dimer, utilized in the
study in ref 5, is envisioned to have both OPG TNFR domains
deeply inserted into 2 of 3 grooves of the RANKL trimer. In
contrast, only one of the two denosumab antigen binding
regions (Fabs) interacts with a single trimer, allowing the
second Fab to interact with a separate trimer.
Several transition intermediate denosumab−RANKL assem-

blies were observed (1D2R, 3D1R, and larger assemblies). A
1D1R assembly was also observed but only by SV-AUC. The
species at 8 S (Figure 1A) is smaller than the 1D2R assembly, it
is formed only under conditions of excess RANKL, and it is not
present in RANKL alone. These observations suggest that the 8
S species in Figure 1A is 1D1R. Several other species from the
proposed reaction scheme (Figure 7) were not detected by the

utilized techniques, including complexes of 2 molecules of
denosumab and 1 RANKL trimer and 2 molecules of
denosumab and 2 RANKL trimers. We expect that these
assemblies exist in our experiments, but only as short-lived
precursors to assemblies 1D2R, 3D1R, and 3D2R, and remain
undetectable on the time scale of our measurements (Figure 7).
In these studies, we determined the most favorable binding
stoichiometry under defined in vitro conditions, but it is
important to note that in vivo the levels of RANKL can vary
depending on the tissue, and denosumab concentrations will
vary over time following dosing.18

Denosumab binding (J.K.S., unpublished) has been localized
to the DE loop region of human RANKL,2 a polar region (tip)
of the cylindrically shaped elongated RANKL molecule that is
opposite from the RANKL-expressing cell surface. (Note that
in our schematics of soluble RANKL the remnant of the stalk
region that attaches the ligand to the cell surface is depicted by
a short rod.) The relatively small propeller-like complexes are
possible because binding of two Fab arms of a denosumab
antibody to the tips of two different RANKL trimers, facing
each other, does not create steric hindrance at the center of the
complex. This is different from the binding stoichiometry
reported for the 5c8 antibody to soluble CD40 ligand (CD40L)
trimer.23 That antibody bound to equatorial (middle) regions
of soluble CD40L trimers to form large, snowflake-like
complexes.23 The small, propeller-like complexes were not
possible because 5c8 antibodies could not cross-link two
CD40L trimers facing each other. It is important to note that
the 5c8 antibody also formed large, snowflake-like aggregates
on Jurkat cells expressing membrane-bound CD40L.23 This is
because the 5c8 antibody could cross-link separate ligand
trimers that are side-by-side and facing the same direction,

Figure 7. Proposed reaction schemes of denosumab and RANKL
interactions and formation of their complexes. (A) When denosumab
is present in molar excess, the reaction pathway proceeds through the
assembly of an intermediate complex of 3 denosumab molecules
bound to 1 RANKL trimer (3D1R). (B) When RANKL is present in
molar equivalency or excess, a precursor complex consisting of 1
denosumab and 2 RANKL trimers (1D2R) is formed. Only the labeled
assemblies were captured and their stoichiometry was determined. In
both schemes, the reaction ultimately favors formation of assembly
3D2R.
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which was a possible arrangement on the cell surface. The 5c8
antibodies disappeared from the cell surface after 2 h, most
likely due to internalization.23 Denosumab, however, binds
polar sites of two RANKL ligand trimers facing each other,
which is only possible in solution and not likely to occur on the
cell surface. Thus, on cells, denosumab is not likely to form
large complexes with RANKL as is observed with the 5c8
antibody which binds to an equatorial site of CD40L.
Irrespective, denosumab binds both forms of RANKL, soluble
and membrane-bound (unpublished), to block receptor
recognition.
The results of our studies on the interaction of denosumab

and soluble RANKL are consistent with the reaction scheme
and complexes illustrated in Figure 7. When RANKL is present
in excess, a single denosumab antibody molecule binds one
then two RANKL trimers to form assembly 1D2R (an
intermediate form), and then other denosumab molecules
bind the remaining free binding epitopes of the RANKL trimers
to create assembly 3D2R (Figure 7B). When denosumab is
present in excess over soluble RANKL, three denosumab
molecules bind to a single RANKL trimer (3D1R), wherein
each antibody is associated with one subunit (Figure 7A).
Given sufficient time, the assemblies re-equilibrate to form the
more stable 3:2 assembly (3D2R). Under the time scale of a
biological assay (5 days6) and the life of denosumab in
circulation (from weeks to months18), all intermediate
assemblies would be converted to 3D2R assembly, which
blocks RANKL from interactions with RANK according to the
in vitro SEC binding assay (Figure 6). When denosumab is
present is excess (as it would occur in vivo after dosing), 3D1R
and then 3D2R complexes are formed, wherein all subunits of
the RANKL trimer are in a complex with an antibody “arm”
(Figure 7A), and osteoclast formation is fully suppressed.6

The following observations suggest that assembly 3D2R (3
denosumab molecules bound to 2 RANKL trimers) is the most
stable denosumab−RANKL complex. Purified assembly 1D2R
converted to produce a significant amount of assembly 3D2R
and free RANKL trimer. When denosumab was added to
assembly 1D2R, it was entirely converted to assembly 3D2R,
and a small amount of larger species. This indicates that
assembly 1D2R is a relatively weak complex or a building block
for the other assemblies. The larger assemblies were abundant
only at lower temperatures (4 °C and room temperature) and
immediately after the mixing of denosumab and RANKL. They
were observed during experiments in which the blended
solutions were kept at low temperatures, SV-AUC, SEC
(Figures 1 and 6), and AFM (Figure S4), but were present
only at trace levels when incubated at 37 °C (Figure 2) and,
therefore, may not be physiologically relevant. These
observations suggest that the larger assemblies form during
the mixing from the assemblies 1D2R and 3D2R and cross-
linking antibodies or RANKL molecules. With time and at
physiological temperature, the larger assemblies dissociate to
form the more stable assembly 3D2R. Denosumab is a fully
human monoclonal antibody specific to RANKL that inhibits
osteoclast formation, activation, and survival. Using multiple
complementary size separation techniques, we show here for
the first time that the most stable complex of denosumab with
soluble RANKL is an assembly containing three antibody
molecules bound to two RANKL trimers.
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