
Kinetics and Thermodynamics of Dimer Formation and Dissociation for a
Recombinant Humanized Monoclonal Antibody to Vascular Endothelial Growth

Factor

Jamie M. R. Moore,‡ Thomas W. Patapoff, and Mary E. M. Cromwell*

Department of Pharmaceutical R&D, Genentech, Inc., 1 DNA Way, South San Francisco, California 94080

ReceiVed March 9, 1999; ReVised Manuscript ReceiVed July 27, 1999

ABSTRACT: The recombinant humanized antibody (rhuMAb) VEGF has a high affinity for vascular
endothelial growth factor and is currently being evaluated in clinical trials as a cancer therapeutic. Under
acidic pH and low ionic strength conditions, the antibody was predominantly present as monomer. Under
physiological conditions, the appearance of significant amounts of a noncovalent, reversible dimer were
observed by size-exclusion chromatography. The kinetics and thermodynamics of the reversible self-
association for rhuMAb VEGF monomer were investigated as a function of pH, temperature, and ionic
strength by size-exclusion chromatography using the concentration jump method. The rate constant for
dimer formation ranged 23-112 M-1 min-1 under the conditions studied, values that are significantly
lower than those reported in the literature for other proteins that self-associate. The rate constant for
dissociation ranged 0.0039-0.021 min-1. Gibbs’ free energies, enthalpies, entropies, and activation energies
were determined and revealed that dimer formation is optimal at pH 7.5-8.0, which may be reflective of
charge shielding occurring near the pI of the protein. There was a negative change in entropy for dissociation
(values from-18.1 to-12.8 cal/mol K). In the presence of D2O or 1 M NaCl, dimerization was enhanced.
The results of the kinetic and thermodynamic analysis of this study indicate that rhuMAb VEGF
dimerization occurs primarily through hydrophobic interactions.

There are many documented cases of proteins that revers-
ibly self-associate in aqueous conditions. The dimerization
of R-chymotrypsin, for example, has been studied by
measuring thermodynamic parameters as a function of pH
and ionic strength (1, 2). The effect of pH led to the discovery
of a direct interaction between the imidazole of a histidine
and theR-carboxyl of a tyrosine between monomers. The
enhancement of dimerization at high ionic strength resulted
from the displacement of water from hydrophobic regions
and charged groups in the contact region.

Immunoglobulin self-association has not been as exten-
sively studied. One group of antibodies known to reversibly
self-associate are cryoglobulins. The aggregation of these
serum immunoglobulins have been linked to the pathophysi-
ology of certain diseases such as rheumatoid arthritis (3) and
idiopathic cryoglobulinemia (4). Self-association of IgG1-l
myeloma protein is due to weak nonionic and hydrophobic
interactions (5). Other cryoglobulins, specifically IgG3, self-
associate via an interaction between glycosylated residues
and other residues in the CH2 and CH3 domains (6).

This paper further explores the self-association of antibod-
ies by studying the kinetics and thermodynamics of rhuMAb
VEGF1 self-association. RhuMAb VEGF is a member of the
class of new therapeutics being investigated for their inhibi-
tion of angiogenesis. A humanized monoclonal antibody to

vascular endothelial growth factor, rhuMAb VEGF, has been
shown to suppress tumor growth in animal models by
inhibiting VEGF-induced angiogenesis (7-10) and is cur-
rently being studied in clinical trials for the treatment of
several solid tumor cancers.

The reversible aggregate of rhuMAb VEGF was discov-
ered during its development for clinical studies. At pH 5.5
and below, rhuMAb VEGF existed predominately as a
monomer as determined by size-exclusion chromatography.
As pH, temperature, and ionic strength were raised, however,
the protein formed aggregates. The aggregate was nonco-
valent and reverted back to monomer upon dilution. Other
genetically engineered antibodies with the identical IgG1
framework as rhuMAb VEGF, such as trastuzumab and
rituximab, do not form reversible dimer. This appears to be
a unique characteristic of rhuMAb VEGF.

To understand the interactions responsible for rhuMAb
VEGF self-association, kinetic and thermodynamic analyses
were performed as a function of pH and ionic strength. This
study explored the pH range 6.5-8.5. The ratio of dimer to
monomer was monitored using size-exclusion chromatog-
raphy. The rates of association and dissociation were
determined at three temperatures. The dissociation equilib-
rium constant was calculated at a range of temperatures, 15-
40 °C, enabling determination of∆G°, ∆H°, and∆S°. The
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effects of added NaCl and CaCl2 were examined. Results
obtained from this study contribute to the understanding of
antibody self-association and will help develop a safe product
for clinical studies.

EXPERIMENTAL PROCEDURES

Recombinant humanized anti-VEGF was purified to
homogeneity from Chinese hamster ovarian (CHO) cells (11).
Purified protein was dialyzed exhaustively against the desired
buffer conditions at 5°C. The following buffers were used:
10 mM Tris, pH 8.5,( 1 M NaCl; 10 mM sodium phos-
phate, pH 7.5,( 1 M NaCl; 10 mM Tris, pH 7.5,( 1 M
NaCl; 10 mM histidine, pH 6.5,( 1 M NaCl; 10 mM sodium
phosphate, pH 8.5, 8.0, 7.5, 7.0, and 6.5; 10 mM histidine,
pH 5.5. The effect of ionic strength was explored further
using 10 mM Tris, pH 7.5, with the addition of the following
salts: 0-500 mM CaCl2 and 0-1 M NaCl. The pH of the
buffers was adjusted after all the components were added.

Dissociation Experiments.For dissociation experiments,
the protein was concentrated to 30 mg/mL with a Centriprep
30 (Amicon). After concentration, the protein was filtered
through a 0.22µm membrane and stored at 40°C for 72-
96 h to increase the amount of dimer in the sample. The
initiation of the dissociation experiments was performed by
diluting the protein to 1 mg/mL using the same buffer. An
aliquot was taken immediately and placed at 5°C for the
initial time point. The protein solutions were dispensed into
polypropylene tubes and stored at 15, 30, and 40°C. Samples
were taken over time and stored immediately at 5°C until
analysis.

Equilibrium Experiments.The protein was concentrated
to 30 mg/mL with Centriprep 30 cells (Amicon). The protein
was then sterile filtered and stored at 40°C for 72-96 h to
accelerate dimer formation. The initiation of reequilibration
was performed by diluting the protein to 1 mg/mL using the
same buffer. This sample preparation was used for all protein
solutions to maintain consistency. The protein solutions were
dispensed into sterile polypropylene tubes and stored at 5,
15, 20, 25, 30, 35, and 40°C. Samples were pulled at
specified timepoints to ensure equilibrium was attained.

SEC.Size-exclusion chromatography (SEC) was used to
analyze the amount of monomer and dimer present in the
protein samples. Analysis was performed on an HP 1090M
HPLC (Hewlett-Packard) using the HP ChemStation soft-
ware. A TSK G3000SWXL column (TosoHaas) at ambient
temperature was used. The mobile phase was 10 mM
phosphate and 1.15 M sodium chloride, pH 7.4. An isocratic
gradient was utilized with a 1 mL/min flow rate for 15 min.
The injection volume was 10µL with detection at 214 and
280 nm. Data were reported as percent of total area of all
protein-related peaks. The concentration of each species was
determined by

with Mmonomer) 150 kDa andMdimer ) 300 kDa. The total
protein concentration was determined by UV absorbance at
280 nm using an absorptivity of 1.7 cm mL/mg. The total
area of the chromatograms was monitored to ensure mass
balance.

Multiangle Light Scattering.To confirm the molecular
mass of the aggregate species, a multiangle light scattering
experiment was performed using an on-line miniDAWN
light-scattering detector (Wyatt Technology) attached to the
outlet of the SEC column on the HPLC. A refractive index
detector was placed after the miniDAWN detector to
determine the relative protein concentration in each peak.
Using the SEC method described above, the individual peaks
on the chromatogram were analyzed for molecular mass
using Astra software (Wyatt Technology). The weight
average molecular mass was determined for each peak with
a Debye plot using the Zimm equation (12). The distribution
of molecular mass did not vary over each peak studied in
this experiment.

Determination of the ObserVed Rate Constant (kobs).
Assuming first-order kinetics for the dissociation reaction,
the observed rate constant for the dissociation of dimer to
monomer,kobs, was determined from a plot of the concentra-
tion of dimer (D) vs time (t), which was fit using Kaleida-
graph (Synergy Software) with the following equation

where [D]t is the concentration of dimer at timet, [D]eq is
the equilibrium concentration of dimer, and [D]0 is the initial
concentration of dimer. The error associated with the fit of
the data was typically 5-20%. The experiment-to-experiment
variability in the determination of the rate constants was
approximately 25%.

Calculation of kassocand kdissoc. A general treatment may
be undertaken to determine the rate constant for reactions
that are higher than first order for small perturbations from
equilibrium which follow first-order kinetics. For an elemen-
tary reaction of the form

which follows the rate law,

and the observed rate constant,kobs, is given by (13)

For the reaction studied here,

eq 3 may be rewritten by letting A represent the monomer
(M), C represent the dimer (D),kf ) kassoc, andkr ) kdissoc.
Substituting the stoichiometric amounts,a ) 2, b ) 0, c )
1, ande ) 0, into eq 3 reduces eq 5 to

Because there are two unknowns in this equation (kassocand
kdissoc) for any single concentration of [M]eq, the equation
for the equilibrium constant may be used to solve for the
second unknown. The dissociation equilibrium constant,KD,
is given by

concentration (M))
(% peak area)[total protein concentrated (mg/mL)]

(Mr) (100)
(1)

[D] t ) [D]eq + ([D]0 - [D]eq)exp(-kobst) (2)

aA + bB {\}
kf

kr
cC + eE (3)

-d[A]/(a dt) ) kf [A] a[B]b - kr[C]c[E]e (4)

kobs) kf[A] eq
a[B]eq

b(a2/[A] eq+ b2/[B]eq) +

kr[C]eq
c[E]eq

e(e2/[E]eq + c2/[C]eq) (5)

2M {\}
kassoc

kdissoc
D (6)

kobs) 4kassoc[M] eq + kdissoc (7)
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whereγi is the activity coefficient and is assumed to be unity.
Equation 8 may be substituted into eq 7 to yield

Oncekdissoc has been determined,kassoc may be calculated
from eq 8. The temperature dependence ofkassocandkdissoc

may be determined by an Arrhenius plot. The slope of a
plot of ln kdissoc vs 1/T (K-1) gives-Ea/R, whereEa is the
activation energy for the dissociation reaction, andR is the
gas constant, 1.987 cal mol-1 K-1. A similar plot may be
constructed for the association reaction to determine the
activation energy for that reaction.

RESULTS

Determination of the Aggregate Molecular Mass.Figure
1 shows the size-exclusion chromatograms of rhuMAb
VEGF in 10 mM sodium phosphate, pH 7.5, diluted to 1
mg/mL from 30 mg/mL at the intial time point, after 1 h of
storage at 40°C and at equilibrium. Equilibrium was
achieved when the concentrations of each peak no longer
changed over time. During equilibration at 1 mg/mL, the
area of the aggregated species, peak 2, decreased over time
while that of the monomer, peak 1, increased. This demon-
strated that the rhuMAb VEGF aggregate was dissociable
and presumably noncovalent.

To confirm that dissociation of the aggregate did not occur
on the HPLC column during analysis, the individual peaks
were fraction-collected into a polypropylene tube on ice and
reinjected onto the column. The results are displayed in the
lower graph in Figure 1. Less than 2% of the total peak area
in the fraction containing aggregate can be attributed to
monomer, indicating that negligble dissociation occurs during
the HPLC analysis. Similarly, the monomer fraction showed
no aggregate upon reinjection. This demonstrated that the
amounts of monomer and aggregated species were not
changing on the HPLC column during analysis.

Initially, the molecular masses of the monomer and the
aggregated species were estimated to be 150 kDa and∼410
kDa by a comparison of the SEC retention times of the
individual peaks with those of molecular mass standards
(Bio-Rad; data not shown). Because the molecular mass of
the aggregate roughly corresponded to trimer rather than
dimer, multiangle light scattering (MALS) was used to
confirm the molecular mass. MALS indicated that, as
expected, the molecular mass of the monomer was 150 kDa.
However, the molecular mass of the aggregate was 300 kDa,
consistent with dimer (data not shown). It is believed that
the erroneous result from the SEC molecular mass standard
comparison was due to the shape of the dimeric protein
resulting in a larger than expected hydrodynamic radius as
compared to the proteins used as molecular mass standards.

Effects of Temperature and pH.To investigate the effects
of temperature and pH on the rate of dissociation of the
rhuMAb VEGF dimer, 30 mg/mL rhuMAb VEGF solutions
at pH 8.5, 8.0, 7.5, 7.0, and 6.5, previously incubated at 40
°C for 3 days to expedite dimer formation, were diluted to
1 mg/mL, split into aliquots and stored at 40, 30, and 15

°C. The kinetics of dissociation were assessed by sampling
each of these solutions over time to determine the amounts
of monomer and dimer present.

Figure 2 displays the results from this study at 40°C. The
observed rate of dissociation,kobs, was determined using a
single-exponential fit of the data points and is presented as
the line through the points in Figure 2. The observed rate
constant,kobs, for the dissociation reaction decreased ap-
proximately 25% with an increase in pH from 6.5 to 8.5
(Table 1). This translated to a similar reduction inkdissoc.
These decreases were accompanied by an increase of more
than 50% inkassocas pH was raised from 6.5 to 8.0, followed
by a decrease as the pH was further increased to pH 8.5.

KD )
[M] eq

2(γM)

[D]eq(γD)
)

[M] eq
2

[D]eq

)
kdissoc

kassoc
(8)

kdissoc) kobs/[4([D ]eq/[M] eq) + 1] (9)

FIGURE 1: Representative SEC chromatograms of rhuMAb VEGF
dimer (peak 2) and monomer (peak 1). In the top graph, the
displayed data follow the kinetics of reequilibration for a 30 mg/
mL rhuMAb VEGF solution at pH 7.5, previously stored at 40°C
to expedite dimer formation at this concentration, after dilution to
1 mg/mL. Data are from the initial timepoint (s), after 1 h of
storage at 40°C (- - -), and at equilibrium at 40°C (- - -). A
small amount of trimer was observed in some experiments.
Conditions were used to minimize the amount of trimer present to
less than 2% of the total peak area. Because it was often not possible
to get good separation between the dimer and trimer, the trimer
peak area was included with that of the dimer. The contribution of
the trimer area was less than 15% of the total area attributed to
dimer. The shoulder following the main peak was included with
the main peak area. This shoulder is believed to be a different
glycosylated form of the antibody. In the lower graph, fraction-
collected dimer (-‚-) and monomer (s) were reinjected onto the
HPLC column to demonstrate that reequilibration of the rhuMAb
VEGF monomer/dimer was not occurring during sample analysis.
Less than 2% of the total peak area of the reinjected dimer peak
was attributable to monomer, while the reinjected monomer peak
showed no evidence of the presence of dimer.
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Attempts were made to investigate the kinetics of dimer
formation and dissociation at pH 5.5, but insignificant levels
of dimer formed at this pH even at 30 mg/mL.

Arrhenius plots reveal that there is a linear dependence
of ln kassocand lnkdissoc on inverse temperature at each pH
studied. The activation energies determined from the Ar-
rhenius plots for both the association and dissociation reac-
tions range from 9.1 kcal to 11.7 kcal and are displayed in
Table 2. At pH 8.0, the activation energy for the dissociation
reaction was 1.4 kcal higher than that for the association
reaction. At the other pH conditions studied, the activation
energy for the dissociation reaction wase0.4 kcal higher
than that observed for the association reaction. The total
amount of dimer present was highly dependent on pH as
was reflected in the dissociation equilibrium constants,KD,
displayed in Table 1. At pH 6.5 and 7.0, the differences
between activation energies for the association and dissocia-
tion reactions were less than 1 kcal/mol, indicating that the

monomer and dimer are almost equivalent enthalpically
(Table 2). As the pH was increased to pH 8.0, the activation
energy for dissociation increases more than that for the
association reaction, indicating that the dimerization is
enthalpically favored at this pH compared to the others
investigated. At pH 8.5, the activation energies for the
forward and reverse reactions are again similar. However,
because the fit of the data in the Arrhenius plot at pH 8.5 is
not as good as the fits at the other pHs, the decreases in the
activation energies observed at this pH may not be signifi-
cantly different to those at pH 8.0.

A more extensive investigation of pH was performed by
thermodynamic analysis. A 10 mM sodium phosphate buffer
was made at pH 6.5, 7.0, 7.5, 8.0, and 8.5. The equilibrium
constants for the various pH buffered solutions are shown
in the top graph in Figure 3. The most striking observation
is the minimum values ofKD observed in the pH range 7.5-
8.5. This indicates that there is an optimal pH for dimer
formation. The standard Gibbs’ free energy for the dissocia-
tion reaction was calculated at each pH (Figure 3, bottom
graph) using the following equation:

whereR is equal to 1.987 cal/mol K. The maximum free
energy at pH 7.5-8.0 confirms that the dimerization reaction
is more favorable in this narrow pH range.

The standard enthalpy,∆H°, for the rhuMAb VEGF dimer
dissociation was determined as a function of pH using the
van’t Hoff equation:

and plotting-ln KD vs (1/T) with the slope equal to∆H°/R.
The van’t Hoff equation was utilized with the assumption
that the change in enthalpy,∆H°, was independent of
temperature in the temperature range studied (15-40 °C).
The linear relationship observed in Figure 4 confirms this
assumption and indicates there is no significant change in
the heat capacity. The slopes are slightly positive (0-1.4
kcal/mol), indicating that the reaction is endothermic. The
difference in activation energies calculated from Arrhenius
plots for association and dissociation reactions are in
agreement with the enthalpy values for this reaction reported
in Table 3.

Effect of Ionic Strength.The effects of ionic strength on
the kinetics of rhuMAb VEGF dimer dissociation were
investigated by diluting the 30 mg/mL rhuMAb VEGF
solution to 1 mg/mL with either 10 mM Tris or 10 mM
sodium phosphate, pH 7.5, containing up to 1 M sodium
chloride. The data presented here are the average of the two
experiments. As the ionic strength of the medium was

FIGURE 2: The pH dependence of rhuMAb VEGF dimer dissocia-
tion. This figure displays the observed kinetics of dimer dissociation
at pH 6.5 (filled circle), pH 7.0 (diamond), pH 7.5 (open circle),
pH 8.0 (×), and pH 8.5 (+) at 40 °C. The curves through the
individual points represent the best fit of the data with a single
exponential (see eq 2) to determinekobs. The error between
experiments for the determination ofkobs was∼25%, although the
relative rates did not change.

Table 1: Observed and Calculated Rate Constants for rhuMAb
VEGF Dimer Dissociation and Association

temp
(°C) pH solvent

kobs

(min
-1)b

kassoc

(M-1

min-1)c
kdissoc

(min-1)
KD

(M)d

40 7.5 10 mM phosphate 0.021 99 0.018 1.8× 10-4

30 7.5 10 mM phosphate 0.012 63 0.011 1.8× 10-4

15 7.5 10 mM phosphate 0.0045 23 0.0039 1.8× 10-4

40 6.5 10 mM phosphate 0.023 61 0.021 3.5× 10-4

7.0 10 mM phosphate 0.022 85 0.020 2.3× 10-4

7.5 10 mM phosphate 0.021 99 0.018 1.8× 10-4

8.0 10 mM phosphate 0.020 105 0.019 1.8× 10-4

8.5 10 mM phosphate 0.018 81 0.016 2.0× 10-4

40 7.5 a 0.017 81 0.015 1.9× 10-4

7.5 10 mM NaCl 0.021 95 0.018 1.6× 10-4

7.5 100 mM NaCl 0.017 104 0.014 1.4× 10-4

7.5 500 mM NaCl 0.011 86 0.009 1.0× 10-4

7.5 1 M NaCl 0.013 112 0.010 9.1× 10-5

a The results from the experiment to examine the effects of ionic
strength are the average of two experiments, one performed in 10 mM
tris, pH 7.5, and the other performed in 10 mM sodium phosphate, pH
7.5. b The error in the fit ofkobs ranged 5-20%, while the error from
repeat experiments was approximately 25%.c The error in the deter-
mination of kassoc varied between 5 and 23%.d The error associated
with KD ranged 2-6%.

Table 2: Activation Energies for Dimer Association and
Dissociation as a Function of pH

pH
Ea for association

(kcal/mol)
Ea for dissociation

(kcal/mol)

6.5 9.1 9.3
7.0 10.8 10.8
7.5 10.7 11.1
8.0 10.1 11.5
8.5 11.3 11.7

∆G° ) -RT ln KD (10)

d ln KD

d(1/T)
) -∆H°

R
(11)
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increased with NaCl,kobs for dimer dissociation decreased
as displayed in Figure 5. The overall decrease inkobsresulted
from an increase inkassocand a concurrent decrease inkdissoc

(Table 1) at higher ionic strengths.
The effect of ionic strength on the thermodynamics of

dissociation of rhuMAb VEGF dimer was studied under three

pH conditions. Table 4 lists the thermodynamic parameters
calculated for those three systems. In the presence of 1 M
NaCl, there was a decrease in theKD, indicating an increase
in ionic strength favored dimer formation. The effect of ionic
strength was further studied at pH 7.5 and 40°C using NaCl
and CaCl2 and varying their concentration from 0 to 1 M .
The dependence of Gibbs’ free energy as a function of ionic
strength is plotted in Figure 6. For both salts, an increase in
ionic strength favors the dimerization reaction.

The thermodynamic values reported in Tables 3 and 4 fall
within the range of values reported for other proteins studied
under comparable conditions. The Gibbs’ free energy for the
dimer dissociation of IgG1-l myeloma protein (IgG-MIT) is
5.1 kcal/mol (5) and 5.9 kcal/mol for the dimer dissociation
a-chymotrypsin (1, 2).

FIGURE 3: Thermodynamic parameters determined as a function
of pH and temperature. In the top graph, theKD (filled circles) and
the net charge (open circles) of rhuMAb VEGF at each pH are
shown. Samples are 1 mg/mL rhuMAb VEGF and 10 mM sodium
phosphate, incubated at 40°C. The total number of charges on the
protein was determined by simple addition of all charged species
from the amino acid side chains at each pH, ignoring any
contributions from the charges on the carbohydrates. The net charge
is the difference in the number of positively charged species and
negatively charged species at each pH. The isoelectric point for
rhuMAb VEGF was determined to be between 8.2 and 8.3 by
isoelectric focusing (data not shown.) This lower experimental value
may be reflective of how the protein folds. In the lower graph, a
plot of Gibbs’ free energy as a function of pH and temperature is
displayed. The samples are 1 mg/mL rhuMAb VEGF in 10 mM
sodium phosphate incubated at 40°C (triangles), 30°C (circles)
and 15°C (squares).

FIGURE 4: van’t Hoff plot of -ln KD vs 1/T. The slope, obtained
by linear regression, is∆H°/R. Samples are 1 mg/mL rhuMAb
VEGF and 10 mM sodium phosphate, pH 8.0 (filled circles), pH
7.0 (squares), pH 6.5 (open circles).

Table 3: Thermodynamic Parameters for rhuMAb VEGF Dimer
Dissociation as a Function of pHa

pH KD (M)
∆G°

(kcal/mol)
∆H°

(kcal/mol)
T∆S°

(kcal/mol)

6.5 3.5× 10-4 4.9 0.4 -4.6
7.0 2.3× 10-4 5.2 0.0 -5.2
7.5 1.8× 10-4 5.4 0.4 -4.9
8.0 1.8× 10-4 5.4 1.3 -4.0
8.5 2.0× 10-4 5.3 0.4 -4.9
7.5+ D2O 1.3× 10-4 5.6 ND ND
7.5+ H2O 1.8× 10-4 5.3 ND ND

a Error ise1 × 10-5 for KD ande0.1 for ∆G°, ∆H°, and∆S°. ND
) not determined. Conditions: 1 mg/mL rhuMAb VEGF and 10 mM
sodium phosphate, incubated at 40°C.

FIGURE 5: Increased ionic strength effects on the rate of rhuMAb
VEGF dimer dissociation and association. The rate constants for
rhuMAb VEGF dimer dissociation (diamonds) and association
(filled circles) were investigated as a function of increasing sodium
chloride concentration at pH 7.5. The line connecting the points
serves merely as a visual guide. A small effect is observed on both
kassocandkdissoc. The relative lack of sensitivity of these rate constants
to ionic strength as compared to other proteins suggests that
rhuMAb VEGF self-association does not occur through a specific
electrostatic interaction.

Table 4: Thermodynamic Parameters for rhuMAb VEGF Dimer
Dissociation as a Function of Ionic Strengtha

pH
KD

(M)
∆G°

(kcal/mol)
∆H°

(kcal/mol)
T∆S°

(kcal/mol)

6.5 2.6× 10-4 5.1 0 -5.1
7.5 8.7× 10-5 5.8 0 -5.8
8.5 1.1× 10-4 5.7 0 -5.7

a Error is e1 × 10-5 for KD and e0.1 for ∆G°, ∆H°, and ∆S°.
Conditions: 1 mg/mL rhuMAb VEGF and 10 mM sodium phosphate
with 1 M NaCl, incubated at 40°C.
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DISCUSSION

During formulation development of rhuMAb VEGF for
clinical studies, there was significant self-association of the
protein to form dimer and larger oligomers. There are some
reports in the literature that monoclonal serum immunoglo-
bulins self-associate (6, 14), and these oligomeric antibodies
may contribute to the pathology associated with several
disorders including idiopathic cryoglobulinemia (3) and
rheumatoid arthritis (4). Thus, understanding the factors
governing the association and dissociation of dimeric anti-
bodies may be critical to formulating a safe therapeutic
product.

Although oligomeric antibodies have been implicated in
the pathologies of diseases, antibody dimerization is not often
observed. For example, trastuzumab, another genetically
engineered antibody with the same IgG1 framework and 92%
sequence homology to rhuMAb VEGF (11, 15), does not
form a significant amount of aggregate under identical
conditions (data not shown). The reversible self-association
of rhuMAB VEGF is an uncommon phenomenon for an
IgG1 antibody, although it is a distinguishing feature of
antibodies of the IgG3 isotype (6).

In addition to the unique formation of a homodimer, the
self-association of the rhuMAb VEGF was found to be much
slower than that observed for other proteins, even those much
larger than rhuMAb VEGF. A partial listing of rate constants
for protein self-association from the literature is presented
in Table 5. In the experiment reported here, the rate constant
for rhuMAb VEGF association was found to range between
23 and 112 M-1 min-1 under the various conditions studied.
These rates are more than fifty times slower than the rate of
self-association of phosphorylase b dimer (240 kDa) to form
tetramer (16). While the rate of association of the rhuMAb
VEGF dimer is much slower than observed for other proteins,
the rate of dissociation,kdissoc, is within the range of rates
reported. As displayed in Table 5, the rates of dissociation
vary greater than 6 orders of magnitude between proteins
listed and even vary extensively for one protein under
different conditions. For example,kdissocfor stem cell factor
increased more than 100-fold when the pH of the solution
was decreased from 8.2 to 3.2 (17). Thekdissoc for rhuMAb
VEGF dimer varied from 0.0039 to 0.021 min-1. An ad-
vantage of these slow kinetics is the ability to study this
system using size-exclusion chromatography, because both

association and dissociation of the rhuMAb VEGF dimer
occur over a slower time scale than used by the chromato-
graphic method.

From the slow kinetics of rhuMAb VEGF self-association,
it may be concluded that the association is not diffusion-
limited. This indicates there are additional variables besides
diffusion governing the rate of rhuMAb VEGF self-associa-
tion. These variables may include such factors as the pH
and the ionic strength of the medium, which could serve to
enhance specific protein-protein interactions. Interactions
that drive protein self-association include hydrophobic
interactions, ionic interactions, or a combination of the two.
Information obtained from a kinetic and a thermodynamic
analysis of the factors governing dimerization may be used
to elucidate the type of interaction responsible for protein
self-association.

Thermodynamic analysis of rhuMAB VEGF dissociation
suggests that there is a hydrophobic interaction responsible
for self-association. The enthalpy is near zero for the
dissociation of rhuMAb VEGF, indicating that the self-
association must be entropically driven. The standard en-
tropy, ∆S°, was calculated from

for the various conditions and is listed in Tables 3 and 4.
The dissociation of dimer to monomer results in a decrease
in entropy, which is indicative of a hydrophobic interaction.
As dimer dissociates to monomer, water molecules must
order themselves around the exposed hydrophobic side chains
of the monomer thus decreasing entropy (2).

To support the existence of a hydrophobic effect, the
dissociation equilibrium constant was determined in the
presence of deuterium oxide (D2O). It has been proposed
that hydrophobic interactions are stronger in the presence
of D2O (18). If the dimerization of rhuMAb VEGF is the
result of a hydrophobic interaction, then it will be favored
in the presence of D2O. Samples of rhuMAb VEGF at 30

FIGURE 6: Plot of Gibbs’ free energy as a function of ionic strength.
The rhuMAb VEGF samples are 1 mg/mL in 10 mM Tris, pH 7.5,
incubated at 40°C with added NaCl (open circles) and added CaCl2
(filled circles).

Table 5: Reported Rates of Association and Dissociation for
Protein Self-Association

protein reactiona

kassoc

(M-1

min-1)
kdissoc

(min-1)
temp
(°C) conditions

platelet factor 4b 2M T D 8 × 106 2100 30
phosphorylase bc 2D T T 6 × 103 0.63 28.5 pH 6.9

7 × 103 0.42 25 pH 6.9
6 × 103 0.10 20 pH 6.9
6 × 103 0.063 16 pH 6.9

stem cell factord 2M T D 1.54 37 pH 3.2
0.054 37 pH 4.5
0.068 37 pH 4.5,

1 M NaCl
0.0032 37 pH 8.2

hexokinase PIe 2M T D 7 × 106 12.6 20 pH 8.0,
0.1 M KCl

HIV protease
subunitsf

2M T D 2 × 107 1.5 37 pH 7.5

4 × 107 0.20 37 pH 6.0
growth hormoneg 2M T D 1 × 106 1.25 25 pH 7.5,

0.1 M NaCl
a M ) monomer, D) dimer, T) tetramer; data have been converted

to the appropriate units where necessary.b Data from ref27, results in
the presence of 0.1 mM AMP.c Data from ref16. d Data from ref17.
e Data from ref28, in the absence of glucose.f Data from ref29. g Data
from ref 30.

∆G° ) ∆H° - T∆S° (12)
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mg/mL were diluted to 1 mg/mL in either D2O or H2O, and
the dissociation equilibrium constant at 40°C was deter-
mined. No insoluble aggregates were observed as a result
of the addition of D2O. As seen in Table 3, dimerization
was enhanced in the presence of D2O. The lowerKD observed
for rhuMAb VEGF in D2O supports the idea that, as dimer
forms, water is excluded from the hydrophobic side chains
of the monomer. Similar results were observed for the
dimerization of R-chymotrypsin, a protein that has been
shown to self-associate partly due to a hydrophobic effect
(1, 2).

There are other immunoglobulins that self-associate due
to hydrophobic effects, such as IgG-MIT(5). The self-
association of IgG-MIT was determined to be enthalpically
driven, whereas the dimer formation of rhuMAb VEGF is
entropically favored. These differences suggest that there are
other interactions, along with hydrophobicity, that are
involved in self-association of rhuMAb VEGF.

In addition to the hydrophobic interaction, the rhuMAb
VEGF monomers could interact via electrostatic interactions.
Electrostatic interactions have been shown to be involved
in the self-association of stem cell factor (17), as well as
R-chymotrypsin (1, 2) and platelet factor 4 (19). Unlike the
specific anionic-cationic interaction that forms theR-chy-
motrypsin dimer (1, 2), the dependence of rhuMAb VEGF
dimerization on pH correlates with the pI of the protein. This
can been seen in the top graph in Figure 3 where the
theoretical net charge is plotted as a function of pH. This
value was calculated from the contribution of all the amino
acids (20) and ignores any contribution from carbohydrates.
The top graph in Figure 3 demonstrates that theKD is at a
minimum when the net charge is near zero. The decrease in
net charge and thus a decrease in repulsive forces may allow
the dimer to form.

This assumption is supported from the kinetic analysis in
which the rate constant for association at pH 6.5 was only
60% of that observed at pH 7.5 and 8.0. Because this
difference occurs over a fairly narrow pH range, it is unlikely
due to a conformational effect of the protein because there
are only a few residues that will have a change in ionization
over this range. Ionizable groups with pKa values in the range
6.5-9.0 include histidine and terminal amino groups (21).
Cysteine also has an ionizable group in this pH range, but
there are no free thiols in rhuMAb VEGF.

As with the pH effect, there was a relatively small ionic
strength effect on the rate of rhuMAb VEGF dimer forma-
tion, with kassocincreasing only∼20% as the ionic strength
of the solution was increased with the addition of 1 M NaCl.
The tendency to form more dimer at high ionic strengths
(Table 1) suggests that the dimer formation is not due to a
specific ionic interaction. These results are consistent with
the pH data and imply that charge shielding, which results
in a decrease in the repulsive forces, leads to an increase in
the rate of dimerization.

The self-association of some proteins has been shown to
depend largely on pH and ionic strength. In the case of stem
cell factor, thekdissocwas shown to be highly dependent on
the pH of the solution, leading the authors to conclude that
the association of the monomers occurred through electro-
static interactions at the monomer-monomer interface (17).
With platelet factor 4, the amount of dimer was significantly
affected by pH and by the ionic strength, leading to the

conclusion by Mayo and Chen that dimer formation in this
system resulted from an intermolecular salt bridge between
Glu28 and Lys50 (19). In this study, there was relatively
little variability in the kdissoc for rhuMAb VEGF dimer
dissociation under all of the conditions studied (Table 1).
The effects of pH and ionic strength on the rate of dimer
dissociation were modest, with only a 25% difference
observed over the pH range and sodium chloride range
studied. By comparison, the effects of temperature on the
rate of dissociation showed a greater than 4-fold decrease at
pH 7.5 when the temperature was decreased from 40 to 15
°C, with similar results observed at other pHs. These results
are in marked contrast to those observed for stem cell factor
and platelet factor 4. The lack of sensitivity of the rhuMAb
VEGF dimer dissociation on the ionic strength and pH of
the solution suggests that electrostatic interactions are not
the predominant source of the interactions leading to dimer-
ization. The increase in the amount of dimer in the presence
of 1 M NaCl also indicates that hydrophobic interactions
may contribute to rhuMAb VEGF dimerization and that there
are no specific ionic interactions leading to self-association.

A thermodynamic analysis of the data supports the
supposition that there are no specific ionic interactions
contributing to the self-association of rhuMAb VEGF. The
theory of linked functions (22) was used to determine if the
dimer enhancement was due to an ionic interaction. In Figure
7, the logarithm of the dissociation equilibruim constant was
plotted against the logarithm of the ion-pair activity (a). The
relationship is linear, and using the equations worked out
by Wyman (22), Tanford (23), and Aune and Timasheff (1,
2), the slope of the line is determined to be∆Vpref

The quantity∆Vpref is the difference between the preferential
binding of solvent components to monomer and dimer.

In Figure 7,∆Vpref is 0.13 for NaCl and 0.001 for CaCl2.
These values are small compared to other proteins that self-
associate under ionic conditions, such asR-chymotrypsin
where∆Vpref is 1.06 for NaCl. Since∆Vpref is substantially
less than 1 for both NaCl and CaCl2, no ion binding is

FIGURE 7: A plot of ln KD vs -ln a. The rhuMAb VEGF samples
are 1 mg/mL in 10 mM Tris, pH 7.5, incubated at 40°C with added
NaCl (open circles) and added CaCl2 (filled circles). The ion pair
activity was estimated using the mean activity coefficients for CaCl2
and NaCl at 25°C (31).

(∂ ln K)

(∂ ln a)
) ∆Vpref (13)
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occurring during rhuMAb VEGF dimer formation, and there
are no ion-specific interactions resulting in the formation of
rhuMAb VEGF dimer.

The study reported here determined that rhuMAb VEGF
monomer self-association is the result of a hydrophobic
interaction, although there does appear to be a small
electrostatic contribution as determined by the sensitivity of
self-association to the pH of the solution. It has been
proposed that the interactions leading to self-association of
monoclonal antibodies occur in the unique sequences in the
variable region of the antibody (24), although there is
relatively little literature concerning this topic. By definition,
the hypervariable regions of antibodies show the greatest
differences in sequences between different antibodies of the
same class. Thus, involvement of the Fab in self-association
of rhuMAb VEGF would not be unexpected. Preliminary
competition experiments comparing the binding of VEGF
to the rhuMAb VEGF monomer and to the rhuMAb VEGF
dimer imply that the Fab region of the antibody is near the
binding interface of the dimer, because VEGF bound
predominantly to the monomer form (data not shown.)

If the Fab of rhuMAb VEGF is proven to be involved in
dimer formation, its participation does not exclude the
involvement of other regions of the antibody in dimerization.
Studies of bovine immunoglobulin G1 showed that removal
of the Fc portion of the protein by pepsin removed its ability
to self-associate (25). Protein MAT, a human IgM cryopre-
cipitating cold agglutinin, self-associates via an interaction
between the Fab region and a carbohydrate moiety on the
Fc portion of the protein (26). Studies of murine IgG3
reported that glycosylation in the Fc portion was influential
in the self-association of the antibody (6). The involvement
of the Fc region in rhuMAB VEGF dimerization could be
further studied using other antibodies that contain identical
Fc regions to rhuMAb VEGF, namely trastuzumab. Inves-
tigation of the participation of these regions and the specific
interactions leading to rhuMAb VEGF dimerization are
currently under investigation in our laboratory.
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