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Abstract: The ability of a GroEL-based bio-layer interferometry (BLI) assay to detect structurally
altered and/or aggregated species of pharmaceutically relevant proteins is demonstrated. Assay
development included optimizing biotinylated-GroEL immobilization to streptavidin biosensors,
combined with biophysical and activity measurements showing native and biotinylated GroEL are
both stable and active. First, acidic fibroblast growth factor (FGF-1) was incubated under condi-
tions known to promote (40°C) and inhibit (heparin addition) molten globule formation. Heat
exposed (40°C) FGF-1 exhibited binding to GroEL-biosensors, which was significantly diminished in
the presence of heparin. Second, a polyclonal human IgG solution containing 6-8% non-native
dimer showed an increase in higher molecular weight aggregates upon heating by size exclusion
chromatography (SEC). The poly IgG solution displayed binding to GroEL-biosensors initially with
progressively increased binding upon heating. Enriched preparations of the IgG dimers or mono-
mers showed significant binding to GroEL-biosensors. Finally, a thermally treated IgG1 monoclonal
antibody (mAb) solution also demonstrated increased GroEL-biosensor binding, but with different
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kinetics. The bound complexes could be partially to fully dissociated after ATP addition (i.e., spe-
cific GroEL binding) depending on the protein, environmental stress, and the assay’s experimental
conditions. Transmission electron microscopy (TEM) images of GroEL-mAb complexes, released
from the biosensor, also confirmed interaction of bound complexes at the GroEL binding site with
heat-stressed mAb. Results indicate that the GroEL-biosensor-BLI method can detect conforma-
tionally altered and/or early aggregation states of proteins, and may potentially be useful as a
rapid, stability-indicating biosensor assay for monitoring the structural integrity and physical stabil-

ity of therapeutic protein candidates.

Keywords: protein aggregation; molten globule; bio-layer interferometry; GroEL; chaperonin; mono-

clonal antibody; stability; formulation

Introduction

The successful development of pharmacologically
active protein therapeutics has exhibited an ever-
expanding role in improving human health over the
past few decades. It is estimated that there are
about 150 protein-based drugs on the market with
sales exceeding $100 billion per year.! Notable suc-
cesses include the design and development of insulin
formulations of varying durations, and more
recently, the development and application of a wide
variety of novel anticancer therapeutics including
monoclonal antibodies (mAbs). There are currently
over 30 mAb based drugs approved for commercial
use with hundreds more in clinical trials.?

Acquiring and maintaining correctly folded pro-
teins is fundamentally important for successful
results in the pharmaceutical sciences. Within the
discovery phase of pharmaceutical research, this
goal is crucial during the testing of a new drug’s
ability to interact with protein based targets and as
part of the design of therapeutic strategies to correct
aberrant protein folding encountered in human dis-
ease.>* During pharmaceutical development, ensur-
ing the structural integrity of therapeutic proteins
during their manufacturing scale-up, long-term stor-
age, and administration to patients is a critical goal
of formulation development®” and comparability
assessments.®® Protein instability issues can affect
the success of a protein drug’s clinical development
due to insolubility, aggregate formation, and chemi-
cal degradation along with concomitant loss of
potency and increased potential for enhanced
immune reactions.'%12

During the storage of protein therapeutics, espe-
cially with high concentration mAb formulations for
subcutaneous administration,'® aggregate formation
is a common degradation pathway and typically
results in amorphous protein complexes that vary in
size, morphology, and composition.!* The aggrega-
tion degradation pathway leading to the formation
of these various multimers often is initiated through
a common intermediate where the initial stages of
aggregate formation starts with structural perturba-
tion events leading to the formation of non-native
dimers or related preaggregate species.® The detection
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of these preaggregate species, especially in the con-
text of a formulated pharmaceutical dosage forms, is
currently challenging and not easily accomplished
with current analytical technology.'®1

In this work, we demonstrate the analytical
development of a novel chaperonin-based, biolayer
interferometry (GroEL-BLI) assay system that has
the potential to enable pharmaceutical scientists to
detect structurally altered and/or early aggregate
species of virtually any therapeutic protein candi-
date that transiently exposes hydrophobic surfaces.
We used several pharmaceutically relevant proteins
as models to demonstrate the ability of this GroEL-
BLI biosensor methodology to rapidly detect preag-
gregate/aggregate formation in protein solutions
during slightly elevated (40-45°C) to moderate
(55°C) thermal stress.

Results

Preparing and testing biotinylated GroEL

Prior to preparing GroEL BLI biosensors, it was nec-
essary to determine if biotinylation affected the
structural integrity, stability, and activity of GroEL.
To address these questions, we first characterized
the physical stability of wild-type and biotinylated
GroEL proteins as a function of pH (3-8) and tem-
perature (10-87.5°C) with a variety of biophysical
techniques (Fig. 1). We also characterized the refold-
ing activity of the two GroEL proteins as a function
of temperature exposure at one pH (Supporting
Information Fig. S1).

In terms of the physical stability data, CD spec-
tra of both proteins displayed double minimums at
208 and 222 nm [Fig. 1(A-B)], which is indicative of
a-helical secondary structure, as expected from the
previously published X-ray crystal structure of
GroEL.'" The CD signal for both proteins decreases
at acidic pH indicating a loss of «-helical content.
Monitoring the ellipticity at 222 nm as a function of
temperature indicated that both proteins lost nega-
tive ellipticity at ~60°C [Fig. 1(C,D)], which corre-
sponds to thermal unfolding, at pH values of 4-8. At
pH 3, however, no changes in ellipticity versus tem-
perature were observed indicating both proteins

Probing Non-native Structural States of Proteins Using GroEL-BLI
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Figure 1. Biophysical characterization of stability profiles of GroEL and biotinylated GroEL as a function of temperature and
pH. (A, B) Circular dichroism spectra at 10°C indicate an overall a-helical secondary structure. (C, D) When the CD signal is
monitored at 222 nm as a function of temperature, the major loss in negative ellipticity initiates at ~60°C. (E, F) The major
increase in normalized ANS fluorescence intensity is observed at ~55°C, with the exception of pH 3, which decreases as a
function of temperature. (G, H) There were no measureable changes in turbidity as a function of temperature with the exception
of pH 5 and 6. (I, J) A three-index EPDs were generated that incorporated biophysical stability data from CD at 222 nm, ANS
fluorescence, turbidity measurements as a function of pH and temperature. The EPDs appear similar indicating similar physical
stability profiles. All measurements are an average of duplicate experiments and the error bars representing the data range.
Buffer baselines were subtracted from all measurements.
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were structurally perturbed at low pH. Perturba-
tions in tertiary structure (i.e., surface hydrophobic-
ity) were assessed using the extrinsic fluorescent
dye ANS. Normalized ANS fluorescence intensity
increased drastically at about 55—-60°C in the pres-
ence of both GroEL and biotinylated GroEL [Fig.
1(E,F)] at pH values of 4-8. At pH 3, both proteins
were structurally perturbed even at low tempera-
ture. The aggregation behavior of the two proteins
was monitored via optical density (360 nm) as a
function of temperature and pH. At pH 5 and 6,
both proteins formed aggregates as a function of
temperature [Fig. 1(G-H)], with no notable aggrega-
tion at more basic (pH 7 and 8) and acidic (pH 3)
solution conditions, consistent with the known pl
value of GroEL (pI=4.7). It should be noted that
both GroEL and biotinylated GroEL completely pre-
cipitated when exchanged into buffers at pH 4.
Using these biophysical stability data sets, we con-
structed two EPDs for the wild-type and biotinylated
GroEL proteins [Fig. 1(I-J)], as described in detail
elsewhere,'® to summarize and visualize their physi-
cal stability profile. The two EPDs appeared similar
in terms of the pH and temperature conditions dem-
onstrating that biotinylation does not significantly
affect the physical stability profile of GroEL. The
EPDs contained three phases representing the
native conformation from pH 5 to 8 and 10-55°C, a
molten globule species from pH 5 to 8 and 60-70°C,
and an unfolded/aggregated species at all tempera-
tures at pH 3 and pH range of 5-8 at temperatures
>70°C.

We then compared the partitioning and refold-
ing efficiency of the two GroEL proteins using a
green fluorescence protein (GFP) refolding assay. In
this assay, acid denatured GFP is allowed to parti-
tion onto GroEL at neutral pH, which prevents GFP
from refolding and regaining its inherent fluores-
cence. Furthermore, upon addition of ATP, func-
tional GroEL releases GFP resulting in refolding
and a corresponding increase in native fluorescence.
As shown in Supporting Information Fig. S1, it was
observed that both the wild-type and the biotinyl-
ated GroEL showed similar acid denatured GFP cap-
ture/partitioning efficiencies and ATP induced GFP
refolding profiles when GroEL was subjected to tem-
peratures ranging from 20 to 65°C. When GroEL
was incubated at 80°C (prior to returning to ambient
temperature for performing the GFP refolding
assay), both wild-type and biotinylated GroEL sam-
ples were unable to bind unfolded GFP. In these
instances, the GFP refolding preceded as if no
GroEL was present. The near identical capture/
refolding efficiencies of biotinylated and native
GroEL indicated that biotinylation did not affect
GroEL activity. In addition, there is also a large
amount of direct experimental evidence, both from
this lab and others, that demonstrates that
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immobilization of GroEL onto surfaces, both through
specifically engineered sites (known biotin attach-
ment site) and random coupling (amine coupling or
antibody capture) results in functionally competent
immobilized GroEL.!%23

Optimizing loading of streptavidin biosensor
tips with biotinylated GroEL

The interaction of partially unfolded protein sub-
strates with GroEL can be followed using Biolayer
Interferometry (BLI) via two different methodolo-
gies. First, one can immobilize the test substrate
proteins onto the biosensor tip and allow them to
interact with wild-type GroEL in solution. This
method would be preferred when the test substrate
proteins are highly aggregation prone leading to
rapid loss in solution. Alternatively, if the test sub-
strate proteins display sufficient physical stability
(i.e., substrate proteins are in dynamic equilibrium
with partially folded states that are relatively stable
and soluble), one can immobilize the biotinylated
GroEL onto the BLI streptavidin biosensor tips and
allow the immobilized GroEL to interact and capture
transient hydrophobic species of the test substrate
protein as they appear in solution. This second
approach was selected as the preferred method for
this work since the goal was to test the stability of
pharmaceutically relevant proteins during storage
under accelerated stress conditions.

Although biotinylated GroEL easily immobilizes
onto the commercially available BLI streptavidin
tips, the amount loaded onto the tips had to be opti-
mized to minimize nonspecific binding of unrelated
proteins. For example, solutions of varying concen-
trations of biotinylated GroEL (from 0.005 to 1 mg/
mL) were used for immobilization onto the streptavi-
din BLI biosensors. These biosensor tips were tested
for nonspecific binding using a constant 1 mg/mL
concentration of bovine serum albumin (BSA). In the
absence of GroEL, BSA readily binds to the strepavi-
din BLI biosensors. Thus, the observed BSA binding
is assumed to represent nonspecific interactions
with the strepavidin coated BLI tip surface (since
the BSA is not biotinylated). As shown in Figure 2,
we observed that BSA binding (nonspecific binding
to tips, right Y-axis) decreased with increasing bio-
tinylated GroEL immobilization (specific binding to
streptavidin; left Y-axis). In addition, BSA binding to
strepavidin tips did not show characteristic dissocia-
tion from the GroEL-biosensors when the biosensor
tip was moved to buffer alone (data not shown), con-
sistent with the known inability of BSA to bind to
GroEL, 2426

The observed decrease in nonspecific BSA bind-
ing with respect to increasing GroEL loading concen-
tration occurs presumably since bound biotinylated
GroEL diminishes the exposed streptavidin-tip sur-
face area. At concentrations larger than 1 mg/mL

Probing Non-native Structural States of Proteins Using GroEL-BLI
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Figure 2. Optimizing biotinylated GroEL loading onto streptavidin biosensors. GroEL loading onto the streptavidin biosensor
tips was optimized to decrease nonspecific binding to the tip surfaces. Different concentrations of biotinylated GroEL ranging
from 5 to 1000 pg/mL were loaded onto streptavidin tips and the binding amplitudes from nonspecific binding of a fixed con-
centration of BSA (1 mg/mL) to the GroEL laden tips was recorded. The amount of non-specific binding decreases with increas-

ing concentration of GroEL binding to the tips.

biotinylated GroEL, BSA binding was substantially
diminished (BLI signal <0.01 nm). The nonspecific
nature of this BSA binding to the sub-optimally
loaded biotinylated GroEL tips (Fig. 2) was confirmed
by subsequent incubation with an ATP containing
solution where no accelerated decrease in the BLI
signal was observed (data not shown), as would be
expected for GroEL mediated binding (i.e., ATP bind-
ing to GroEL leads to protein substrate release.2”2®
Thus, to minimize nonspecific binding of protein sub-
strates (i.e., preaggregate or aggregate species) to the
biosensors, subsequent studies were carried out with
streptavidin tips optimally loaded with biotinylated
GroEL concentrations >1 mg/mL. In addition, the
extent of specific versus nonspecific binding to GroEL
was evaluated by incubating the captured species on
the GroEL biosensor tip with ATP containing solu-
tions and monitoring the rate and extent of substrate
dissociation as described below.

Detecting conformationally altered and heparin
stabilized FGF-1 using a GroEL-BLI biosensor
FGF-1 is small, heparin binding growth factor (MW
~16 kDa) that has been evaluated as a possible
therapeutic agent for wound healing and the treat-
ment of ischemic diseases.?’ FGF-1 is an inherently
conformationally unstable protein (thermal unfold-
ing temperature, T, of ~30—40°C as measured by
different biophysical methods) and is dramatically
structurally stabilized upon addition of heparin and

Naik et al.

related sulfated polyanions (T, > 60°C).3%*! We took
advantage of this well characterized system to eval-
uate the GroEL-BLI binding response to structurally
altered protein substrates. We hypothesized that
since FGF-1 exists as a molten globule in the
absence of heparin,>? under ambient solution condi-
tions, greater binding amplitudes would be observed.
On the other hand, in the presence of heparin, these
binding amplitudes should be significantly dimin-
ished. The experimental setup is illustrated in Fig-
ure 3(A) and includes loading of biotinylated GroEL
onto the streptavidin biosensor tips, incubation with
FGF solutions, buffer washing and ATP pulse stages
(see Methods section).

We tested FGF-1 that was incubated either at
ambient temperature or at 40°C for 5 min both with
and without heparin [Fig. 3(B)], and observed a sig-
nificantly diminished binding of FGF-1 to the GroEL
loaded biosensor in the presence of heparin. In addi-
tion, greater binding amplitudes were observed after
incubation at 40°C than at ambient temperature,
but only in the absence of heparin [Fig. 3(C)]. Upon
addition of ATP/osmolyte solution, there was an ini-
tial increase in binding amplitude reflecting a
change in the solution refractive index, followed by
a gradual decrease in the BLI signal that is most
apparent in the absence of heparin. After the final
buffer rinse, the binding amplitude was reduced by
~80% from the end of the association phase (Fig. 3,
Step 6). As an additional control, we tested the effect

PROTEIN SCIENCE ‘ VOL 23:1461-1478 1465
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of heparin on the substrate binding and release of
GFP protein to GroEL and found heparin had no
effect (Supporting Information Fig. S2). Taken
together, these results show that although the
GroEL-BLI method is able to specifically detect con-
formationally altered states of FGF-1, some of the
bound protein substrate to the GroEL biosensor is
not readily released by our standard ATP incubation
procedure. Possible reasons for this observation
include tight binding of the protein substrate species
to GroEL or some nonspecific interactions with the
biosensor (see Discussion section).

Correlation of GroEL-BLI binding with SEC
using a human polyclonal IgG subjected

to thermal stress

To determine the levels of preaggregate and/or
aggregate species formed in a stressed protein solu-
tion, and to compare results of the GroEL-BLI
method with a commonly used analytical method for
monitoring protein aggregate formation, we analyzed
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a polyclonal IgG preparation by a combination of size
exclusion chromatography (SEC) and GroEL-BLI. We
also heated the poly-IgG at 55°C over a 4 h time
course, and analyzed the levels of soluble aggregates
by SEC and the BLI binding amplitudes.

When the poly-IgG samples were analyzed by
analytical SEC, 6-8% dimer content was observed at
time zero [Fig. 4(B)]. This result is consistent with
the known presence of ~10-20% dimers in polyclonal
human IgG preparations due to the presence of idio-
type/anti-idiotype antibody complexes,>® although it
is possible some of the dimer species were formed
due to intermolecular disulfide interchange reactions.
Upon heating at 55°C, there was a gradual disap-
pearance of this dimeric species. After 60 min of
heating at pH 6.0, a larger “multimeric” species
begins to accumulate with increasing levels noted
over time by SEC [Fig. 4(B)]. There was no loss of
total peak area measured by SEC indicating no for-
mation of insoluble aggregates over the time course
of this study (data not shown).

Probing Non-native Structural States of Proteins Using GroEL-BLI
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the same poly-IgG solution heated over a 4 h time course. (C) Comparison of GroEL-BLI binding amplitudes and integrated
SEC dimer and multimer areas as a function of heating time at 55°C. Data are an average of three independent experiments

with the error bars representing the standard deviation.

The BLI sensorgrams indicate increased binding
amplitude as a function of heating time as shown in
Figure 4(A). At the end of the association phase, a
reading of ~0.6 nm binding amplitude was observed
even when no heat was applied to the sample [Fig.
4(A)]. This observed binding at time zero suggests
that there is structurally altered or non-native
dimeric species present in the starting preparation
(as observed by SEC analysis; see above). Upon heat
treatment, additional increases in binding amplitude
were recorded indicating formation of additional
non-native species due to heat treatment. Upon the
addition of ATP, a partial reduction in binding was
observed, indicating release of the poly-IgG species
from GroEL at each time point, along with some
species not readily released (perhaps due to either
tight binding of the protein substrate species to
GroEL or some nonspecific interactions with the
biosensor tip because of the formation of highly
aggregated species upon prolonged heating; see
Discussion section).

Naik et al.

A comparative summary of the SEC and BLI
results are shown in Figure 4(C). The BLI binding
signal was observed to be elevated at time zero and
further increased upon heating with the signal level-
ing off after about 60 min of heating. Concomitantly,
as monitored by SEC, the IgG dimer decreased from
~8% to less than 1% over the first 60 min of heating
followed by the appearance of the larger molecular
weight multimeric species. Taken together, these
data demonstrate the GroEL-BLI assay showed
changes in the poly-IgG binding profile to the bio-
sensor concurrently with changes in the levels of
soluble dimeric and multimeric aggregate species as
measured by SEC.

To better understand the nature of the interac-
tion of the different polyclonal IgG species with the
GroEL biosensor, the polyclonal IgG preparation
was further purified using preparative FPLC by col-
lecting monomer and dimer-enriched aliquots as
described in the Methods section. The enriched
monomer gave a predominant single peak when

PROTEIN SCIENCE ‘ VOL 23:1461-1478 1467
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ple (which is predominantly monomer). Enriched-dimer fraction was observed to bind with higher binding amplitudes than the
enriched monomer fractions. Due to limitations in isolating and obtaining higher concentrations of the enriched dimer species,

the 2.5 and 5 mg/mL studies were performed once.

analyzed by SEC [Fig. 5(A), blue trace]. The
enriched dimer peak showed mostly dimer with the
presence of some monomer and multimers [Fig. 5(A),
red trace]. The unfractionated polyclonal sample,
along with isolated monomer and dimer-enriched

1468 PROTEINSCIENCE.ORG

fractions from preparative SEC, were then incubated
with biotinylated GroEL-streptavidin biosensors at
various concentrations [Fig. 5(B)]. The three sam-
ples showed differential binding to GroEL biosensor
in a concentration dependent manner [Fig. 5(B)].

Probing Non-native Structural States of Proteins Using GroEL-BLI



The concentration dependent binding of the
monomer-enriched fraction was observed to be over-
all similar to that of the unfractionated polyclonal
antibodies at lower concentrations, with lower bind-
ing amplitudes at the higher protein concentrations
(as may be expected since the unfractionated mate-
rial contains higher percentage of dimer). On the
other hand, it was observed that the enriched
dimers displayed higher binding amplitudes to the
GroEL-BLI biosensor. The increase in BLI amplitude
from dimer binding is most likely due to the larger
mass of the dimers. In addition, the dimers may
have more hydrophobic surface area that can inter-
act with GroEL at time zero compared to monomers.
Multimers observed in the enriched dimer prepara-
tion were further isolated and examined for their
ability to bind the GroEL biosensor; and as shown in
Supporting Information Figure S4, the multimers do
not show any notable binding to the biotinylated
GroEL. At lower stress temperatures (42°C), the pol-
yclonal IgG binding signal shows a complete reversi-
ble dissociation with ATP addition and return to the
original baseline (Supporting Information Fig. S5). As
controls, nonspecific polyclonal IgG binding to strep-
tavidin tips was not reversed upon ATP addition.
Furthermore, the signal amplitudes using tips with
streptavidin alone were substantially higher than the
binding amplitudes with the GroEL biosensors for
both unstressed and low heat stressed polyclonal IgG
biosamples. Because of the inherent heterogeneity of
the polyclonal antibody preparation, it is difficult to
distinguish between these species in terms of describ-
ing the interaction of specific IgG species with the
GroEL. Therefore, subsequent experiments were per-
formed with a more highly purified monoclonal IgG1
antibody as described in the following section.

Analysis of an IgG1 mAb solution subjected to
mild heat stress

Similar GroEL-biosensor binding studies along with
SEC analysis were performed using an IgGl mAb
containing lower levels of non-native dimer (~2% by
analytical SEC). It was observed that at the end of
the association phase, there was some initial binding
[Fig. 6(A), purple trace] at room temperature. This
binding amplitude (~0.3 nm for mAb) was lower as
compared to the binding amplitude observed with a
similar concentration of the polyclonal IgG that was
not subjected to heat stress [~0.6 nm for polyclonal,
Fig. 4(A)], consistent with the lower dimer content
observed by SEC. We also observed that the buffer
wash resulted in decreased BLI binding amplitude
followed by a more rapid return to baseline with the
ATP wash [Fig. 6(A)]. These results indicate the
presence of a species that predominantly binds
GroEL, which may be accompanied by some amount
of weaker or nonspecific binding under these
conditions.
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To determine the effect of mild temperature
exposure, the IgG1l mAb solution at 2.5 mg/mL was
incubated in GroEL buffer with 150 mM NaCl, pH
7.5 at 42°C for 5 and 15 min. These samples were
then equilibrated back to room temperature and
allowed to interact with the biotinylated GroEL BLI
biosensors. These heat-incubated mAb samples
showed progressively higher binding amplitudes
[Fig. 6(A), red and green traces] indicating potential
higher instability within the heat-treated samples.
An aliquot of the same mAb samples was also loaded
onto an SEC column and the area under the curve
(AUC) of the monomer, dimer, multimer, and frag-
ment species was measured [Fig. 6(B)]. Upon heat-
ing, small changes in the dimer and multimer
contents were noted by SEC, with slight increases in
the multimer peak. However, the multimer levels
were low and probably below the limit of quantita-
tion for a typical SEC experiment to monitor protein
aggregation.>*

To further characterize the nature of the inter-
action between the IgG mAb and GroEL, a reversi-
ble biotinylated GroEL biosensor was developed to
release the GroEL-mAb complexes that were formed
upon binding the heat-treated mAb to the GroEL-
BLI biosensor. For this reversible reaction, the
GroEL was biotinylated using LC-biotin with a
cleavable S-S bond (Methods section). The S-S biotin
GroEL was tested for binding and partitioning stud-
ies with GFP as a test substrate, and like the biotin-
ylated GroEL alone, this modified GroEL species
was also found to be fully functional with respect to
substrate capture and release (Supporting Informa-
tion Fig. S2). The S-S-biotin GroEL was loaded onto
streptavidin BLI tips and then dipped into a 2.5 mg/
mL mAb solution incubated at 42°C for 15 min (and
then allowed to equilibrate to room temperature). A
control experiment was also performed in which the
S-S-biotin GroEL streptavidin tips were dipped into
buffer alone. Following incubation with the heated
mAb solution, the tips were washed with buffer to
remove nonspecifically bound mAbs, and the bound
mAbs were eluted from the tip using DTT to reduce
the S-S- biotin linkage (see Methods section). As an
additional control, similar treatments of the mAb
with the DTT reducing agent did not show any
extensive changes in monomer, dimer or fragment
populations as measured by SEC (see Supporting
Information Fig. S3).

The GroEL samples were then analyzed by
TEM as shown in Figure 7. For the biotinylated
GroEL alone sample, both top (open barrel) and side
views of GroEL protein were observed [Fig. 7(A)l.
For the GroEL incubated with the heated mAb, dis-
tinct protein particles bound to the top of the GroEL
barrel, where the GroEL binding site is located, are
evident [Fig. 7(B)l. The TEM views preferentially
show primarily side views of the GroEL when
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Figure 6. Effect of heating on an IgG1 monoclonal antibody as measured by GroEL-BLI assay and SEC. The IgG1 mAb solu-
tion (2.5 mg/mL in GroEL buffer, 150 mM NaCl, pH 7.5) was heated to 42°C for 5 and 15 min, allowed to equilibrate to room
temperature and then incubated with biotinylated-GroEL streptavidin biosensors. (A) mAb binding to biosensor immobilized
GroEL was measured and binding amplitudes were observed to increase with heating time including a fraction of the mAb
binds to GroEL without heat treatment. The rate of release of samples from GroEL biosensor tip shows a dramatic increase
when ATP is added, indicative of specific binding to GroEL. (B) The SEC profile, including expansion of aggregation peaks in
the SEC profile, showed an increase between 5 and 15 min (~0.1% increase in AUC). When the BLI signal was compared to
peak area changes in SEC monomer and dimer contributions, BLI signals show substantial increases with time compared with
the corresponding area changes in monomer or dimer peaks by SEC.

complexed with heated protein, with the bound par-
ticles projecting from the GroEL binding -cavity.
These electron micrographs provide a visual confor-
mation of GroEL binding to a hydrophobic species
from the heated mAb solution.
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Discussion

In the cell, macromolecular crowding can result in
protein concentration levels that approach 300 mg/
mL.2® Molecular chaperones are constantly involved

in preventing in vivo intracellular aggregation

Probing Non-native Structural States of Proteins Using GroEL-BLI



Figure 7. TEM micrographs of heated treated IgG1 mAb bound to GroEL biosensor tips. Solutions (GroEL buffer, 150 mM
NaCl pH 7.5) without (A) and with (B) 2.5 mg/mL of IgG1 mAb were both heated at 42°C for 15 min, incubated in the presence
of streptavidin biosensors coupled with reversible S-S-biotinylated GroEL. Following association phase, samples were exposed
to a dissociation phase with GroEL buffer, and the biosensor tip was then immersed into a buffer containing 50 mM DTT to
covalently release GroEL and GroEL-mAb complexes from the biosensor tip (Methods section). The GroEL complexes were
wicked onto TEM grids, stained with uranyl acetate and observed under TEM. GroEL incubated with buffer alone show the
characteristic top view of GroEL molecule along with a few side views (A, right panels). In contrast, GroEL incubated with heat
treated mAb solution have predominantly side views and show GroEL bound to species that might potentially be mAb preag-
gregate species (B, red arrows and right panels). The micrographs also shows the presence of some free mAb molecules (B,
Blue arrows), potentially due to some dissociation of the mAb from GroEL during the dissociation phase.

within this crowded environment. In a pharmaceuti-
cal setting, development of subcutaneously adminis-
tered protein formulations often requires high
concentrations (up to 200 mg/mL) that also creates a
crowded environment, but this time within a pri-
mary container (e.g., vials, cartridges, prefilled
syringes) used for storage and administration.?® In
this case, the problem that needs to be addressed
involves the prevention of deleterious protein
reversible self-association interactions as well as
irreversible aggregation when formulated at high
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concentrations. Minimizing and preventing protein
aggregation is particularly important to eliminate
possible immune side-reactions, ensure adequate
dosing and delivery of the drug, and increase the
shelf life of therapeutic protein drug candidates.
Although protein aggregation can be caused by
a combination of conformational instability (i.e.,
exposure of interior apolar residues) and colloidal
interactions (i.e., tendency of protein molecules to
interact in solution), protein aggregation pathways
typically begin with the formation of transient
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exposure of hydrophobic surfaces, arising predomi-
nantly through the misfolding of individual protein
molecules.?’” From a formulation development per-
spective, it is highly desirable to detect the forma-
tion of these initial misfolded preaggregates (i.e.,
conformationally altered monomers) along with the
small aggregation prone oligomers (e.g., conforma-
tionally altered dimers).?” Thus, the successful
development of analytical approaches to detect these
initial misfolded species is a major hurdle to the bet-
ter prediction of protein aggregation rates.® Cur-
rently, self-interaction chromatography is potentially
a very specific method for detecting preaggregate
species. For example, one recent report shows that
this type of detection can be achieved using biolayer
interferometry and attached monoclonal antibody
platforms.®® Although this method may be useful in
detecting self-associating antibodies, one is still
unable to determine the exact molecular alterations
that result in an interacting species (e.g., which
region of an IgG mAb interacts or undergoes confor-
mational alterations). Furthermore, one must
always be aware of the possibility of experimental
complexities (e.g., the attachment procedure to the
biolayer tips may compromise the conformation and/
or orientation of the immobilized mAb).

In this work we demonstrated that the chapero-
nin GroEL, in concert with Biolayer interferometry,
is a potentially useful detection system that can cap-
ture the preaggregate and/or the initial aggregate
populations defined by partially folded protein mono-
mers and dimers in formulations of therapeutically
relevant proteins (provided that hydrophobic surfa-
ces are stably or transiently exposed). This repre-
sents a new analytical tool to monitor formation of
conformationally altered monomers and/or early
aggregate species (e.g., dimers in this work). Since
the BLI detection system depends on changes in pro-
tein thickness on an immobilized GroEL biosensor
biolayer, changes at this interface due to the capture
of partially unfolded IgG monomers and dimers
were readily observed. This interaction is certainly
not unprecedented in the chaperonin field since
chemically unfolded monoclonal IgG Fab domains
and GroEL were first demonstrated to form com-
plexes by Schmidt and Buchner over 20 years ago.*?
Our work extends this previous observation and
shows that the dip and read format of a GroEL
chaperonin-dependent Biolayer interferometry bio-
sensor system can detect either partially folded mAb
monomers or initial dimeric aggregates from polyclo-
nal IgGs induced by various stress conditions. Curi-
ously, initial evaluation of multimeric sized fractions
from polyclonal IgGs do not seem to be able to bind
to GroEL (Supporting Information Fig. S4). This
observation supports the notion that conformation-
ally altered dimeric and/or monomeric sized IgGl
species are primary interacting with GroEL. As part
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of our future work, we plan to evaluate the ability of
isolated and purified Fc and Fab preparations to
bind GroEL biosensors to better understand the
nature of the interaction of IgGs with GroEL under
pharmaceutical conditions (also see below).

In terms of broad binding capabilities, GroEL is
perhaps the optimal chaperone that can be used to
detect the appearance of partial exposure of apolar
regions (partial unfolding) since the nucleotide free
form of the GroEL chaperone has the highest affin-
ity for hydrophobic partially folded proteins. Specifi-
cally, the GroEL chaperonin oligomer contains a
very large hydrophobic binding site that rings the
opening of the large 45 A wide interior central pro-
tein binding cavity. This large binding site can bind
to and accommodate very large protein domains.!”4°
Because of the tight binding interactions sometimes
approach antibody antigen binding affinities,*!
hydrophobic proteins remain bound to the immobi-
lized GroEL in the absence of ATP. Fortuitously, the
double heptamer barrel shape of the biotinylated
GroEL will invariably expose at least one if not both
of its binding sites since this large barrel structure
(14 X 14 nm?) is presumably randomly orientated
on the streptavidin BLI tip.

As the first stage of the development of a
GroEL-BLI assay, the physical stability and refold-
ing activity of the biotinylated GroEL was examined
and found to be virtually identical to its unmodified
wild-type counterpart (Fig. 1 and Supporting Infor-
mation Fig. S1). The biotinylated GroEL was then
used to develop a BLI assay where nonspecific BSA
binding was shown to be diminished when the con-
centration of biotinylated GroEL solutions for tip
loading was optimized (Fig. 2). The GroEL biosen-
sors were then used to probe the presence of preag-
gregates/aggregates in therapeutically relevant
protein solutions. In addition, the nature of the
interaction of these species with a GroEL biosensor
was evaluated. As controls, the nonspecific binding
of our test proteins was examined using streptavidin
tips alone. In these instances, binding could not be
easily reversed when ATP was added to the strepta-
vidin tips nor did we observe any substantial dissoci-
ation after the tips were dipped into buffer alone
(Supporting Information Fig. S5). In addition, biotin-
ylated GroEL did not dissociate from the BLI tips in
the presence of ATP (control trace (black) in Fig. 3).

The interaction of different proteins (FGF-1, pol-
yclonal IgGs and a monoclonal IgG1), exposed to dif-
ferent thermal treatments leading to some degree of
protein unfolding and aggregation, with the GroEL-
BLI biosensors was examined. First, the binding of
the conformationally unstable protein FGF-1 (acidic
fibroblast growth factor) to GroEL, and diminished
binding in the presence of the stabilizing polyanion
ligand heparin, demonstrates that this interaction is
sensitive to the presence of the FGF-1 molten
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globule population. Since the FGF-1 binding onto
the GroEL biosensor could be diminished with the
ligand, heparin, this binding detection method could
potentially also be used to readily assess the efficacy
of excipients on the stability of protein therapeutics
assuming the excipients do not affect GroEL bind-
ing. In this case, the interaction of a generic sub-
strate such as a partially folded green fluorescence
protein was unaffected by the presence of heparin
(Supporting Information Fig. S2). In addition,
GroEL binding of preaggregate species has been
shown previously to be unaffected by the presences
of low concentrations of excipient mixtures.*?

We then evaluated two different antibody solu-
tions to correlate the appearance of preaggregate/
aggregate species by GroEL-BLI biosensor binding
with the time-dependent appearance of larger molec-
ular weight protein aggregates (using SEC) during
exposure to moderate or elevated heat stress condi-
tions. The conditions used in this work ranged from
slightly elevated physiological temperatures (42°C)
with a purified IgG1l mAb species (Fig. 6) and poly-
clonal IgG (Supporting Information Fig. S5) to
higher temperature stress (55°C) with the polyclonal
human Abs preparation (Fig. 4). In these instances,
an increase in the binding amplitudes preceded the
appearance of larger aggregated species (either
dimeric or multimeric species) as assessed by SEC.
For example, the GroEL biosensor enabled us to
probe the conformational properties of polyclonal
IgG at time zero as well as follow the time depend-
ent increase in binding as the polyclonal IgG species
were heat stressed. In addition, the polyclonal IgG
partitioning was observed for both isolated monomer
species and in solutions containing enriched polyclo-
nal IgG dimers. During heating, dimer populations
from the higher temperature stressed polyclonal IgG
populations actually decreased as the chaperonin
dependent BLI signal increased, perhaps indicating
that the GroEL-BLI biosensor was binding dissoci-
ated transients prior to multimer formation. The
exact nature of this binding interaction of GroEL
with different species formed during the heating of
polyclonal IgG solution is difficult to determine due
to the heterogeneous nature of this sample. Thus,
lower temperature stress with heterogeneous poly-
clonal IgG and homogeneous IgG1l monoclonal anti-
body was also examined during exposure to milder
heating conditions. The GroEL binding reactions
with IgG1 Ab appear to be specific since these bound
species showed accelerated dissociation kinetics from
the GroEL-BLI biosensor in the presence of ATP.
Depending on the osmolyte solution used in combi-
nation with the ATP, in some instances, one could
easily discern that the dissociation rate was dramat-
ically accelerated with ATP (Fig. 6). Under lower
temperature heat stress conditions (~42°C) the base-
line return of the BLI signal to the original values
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were essentially complete. The most important dem-
onstration of specific binding was realized when
GroEL-mAb complexes were removed, deposited on
TEM grids, and were directly visualized using nega-
tive stain electron microscopy resulted in the
appearance distinct GroEL-mAb substrate complexes
(Fig. 7). These GroEL-mAb complexes were readily
observed using the reversible S-S biotinylation pro-
cedure (Methods section). Interestingly, the mAb
binding was consistently localized at the GroEL
binding site located at the ends of the barrel struc-
tures (Fig. 7).

For experiments with FGF-1 and polyclonal
human IgG preparations, ATP binding to GroEL
decreased the chaperonin affinity for partially folded
proteins, leading to a detectable acceleration in the
dissociation rate of the bound protein substrates.
Nonetheless, in the IgG polyclonal sample that was
stressed at higher temperatures, the substrate disso-
ciation did not return to baseline. In this instance,
more complete dissociation may require additional
ATP pulses since these elevated heat stressed spe-
cies may have more exposed hydrophobic surfaces
resulting in tighter binding to GroEL. In fact, dur-
ing purification of GroEL in our labs, methanol or
acetone washes are required to remove contami-
nants tightly bound to the GroEL that could not be
removed by ATP addition or ATP osmolyte addition
alone. In some instances, tighter binding interac-
tions between the protein substrate and GroEL
require the combined binding free energies from
ATP and the cochaperonin GroES to relieve the
added structural constraints imposed by more exten-
sive binding.*®** Recently, it has been recognized
that in some instances, the C terminal tails may
also contribute to GroEL-substrate binding.*® Since
it is likely this will vary depending on the specific
protein, formulation, and environmental stress being
studied, method development activities for specific
proteins for specific stability monitoring applications
will require optimization of these assay parameters.

In terms of future work, we plan to explore the
extent in which BLI GroEL biosensor can be used as
a “general detector” of a wide range of potential pre-
aggregate species in different protein solutions
exposed to different environmental stresses (i.e.,
heat, agitation, light, freeze-thaw, etc.) in different
formulations. We plan to further evaluate the BLI
measurements in a more quantitative way (i.e., rela-
tive binding kinetics) and correlate these BLI meas-
urements with a variety of other analytical
techniques used to monitor protein aggregate forma-
tion across a larger size range (e.g., not only SEC,
but also light scattering, digital imaging methods,
etc.). Since IgGl mAb-GroEL complexes can be
directly visualized by TEM, future experiments
could be aimed at structurally classifying and char-
acterizing these complexes using single particle
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analysis. The goal of these future experiments will
be to reconstruct the GroEL-mAb populations, rais-
ing the possibility that one may be able to better
elucidate protein aggregation pathways by pinpoint-
ing the regions on the IgG molecule that are suscep-
tible to partial unfolding during environmental
stress. It will also be of interest to evaluate the
extent to which different types and classes of mono-
clonal antibodies, exposed to different environmental
stresses, will differ in terms of their GroEL biosen-
sor binding behavior. In addition, inhibition of BLI
GroEL biosensor binding could be a useful approach
to screen different excipients to identify stabilizers
of various proteins exposed to different environmen-
tal stresses.

Materials and Methods

Materials

The high purity nucleotide free high affinity form of
GroEL was produced in our lab as described previ-
ously.*® Biotinylation of the GroEL was carried out
as described below. The IgG1l monoclonal antibody
was prepared in our labs as described below. FGF-1
was provided by Dr. Michael Blaber, Florida State
University School of Medicine, and was prepared as
described previously.®® Polyclonal human antibody
preparation and green fluorescent protein (GFP)
were purchased from MP biochemicals (Santa Ana,
CA) and Calbiochem (Billerica, MA), respectively.
The polyclonal antibody was further purified in our
labs as described below. Analytical grades of Tris,
MgCl,, KCI, and EDTA from Fisher Scientific (Pitts-
burg, PA) and Na,HPO,, NaH,PO,, NaCl from
Sigma (St. Louis, MO) were used for preparing vari-
ous buffers and solutions.

GroEL was biotinylated using an EZ-link Sulfo-
NHS LC biotinlyation kit (Pierce, Rockford, IL), fol-
lowing the manufacturer’s instructions. Briefly, 15
uM of GroEL (tetradecamer) in pH 7.5 PBS was
incubated for 3 h at room temperature with 300 uM
of the biotinylation reagent. After 3 h, the excess
biotinylation reagent and the reaction products were
removed by dialysis using a 10 kDa MWCO Slide-A-
Lyzer dialysis cassette (Pierce Scientific, Rockford,
IL) against a total of 1 L of GroEL buffer (50 mM
Tris, 50 mM KCl, 10 mM MgCl,, 0.5 mM EDTA, pH
7.5) for 16 h at 4°C. The GroEL buffer has been pre-
viously developed to specifically enhance the activity
of GroEL and to facilitate protein substrate capture
and refolding.*” The biotinylation was quantified
using a biotin quantitation kit (Pierce Scientific,
Rockford, IL) and following the manufacturer’s
instructions. The labeling ratio was calculated to be
three biotin molecules per GroEL oligomer. Simi-
larly, the reversible S-S biotin GroEL was developed
by incubating 15 uM GroEL (tetradecamer) in
PBS buffer, pH 7.5 with 300 puM of EZ-Link
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Sulfo-NHS-SS-Biotin (Pierce Scientific, Rockford, IL)
for 3 h at room temperature. The excess biotinyla-
tion reagent and the reaction products were removed
by dialysis against GroEL buffer, as described above.
The biotinylation ratio was quantified to be three
reversible S-S biotin molecules per GroEL oligomer
using the biotin quantification kit (Pierce Scientific,
Rockford, IL).

An IgGl mAb was produced in our labs from
CHO cells. The cell-free supernatant was collected,
and loaded onto a protein A column (Pierce Scien-
tific, Rockford, IL). The bound antibody was eluted
from protein A following the manufacturer’s instruc-
tions. The eluted fractions containing the mAb was
further enriched and concentrated using 300 and
100 kDa Amicon ultrafiltration cassettes (Millipore,
Billerica, MA) that were prewashed with pH 7.5
PBS buffer (10 mM Na,HPO,, 2 mM NaH,PO,,
2.7 mM KCI, 140 mM NaCl from Sigma, St. Louis,
MO). The IgG1 mAb was shown to be ~97% pure by
SDS-PAGE and SE-HPLC and was stored in pH 7.5
PBS buffer at 4°C.

The monomer and dimer species in the polyclo-
nal human antibody preparation were isolated by
Preparative Size Exclusion Fast Protein Liquid Chro-
matography (SE-FPLC) using a BioLogic DuoFlow
system (BioRad, Richmond, CA) equipped with a
Superose 12 10/300 GL size exclusion column (10 X
300 mm, particle size 11 um, GE Healthcare, Piscat-
away, NJ) and a BioLogic QuadTec UV/Visible
absorbance detector (BioRad, Richmond, CA). The
“GroEL buffer” (50 mM Tris, 50 mM KCl, 10 mM
MgCly, 0.5 mM EDTA, pH 7.5) with an additional
150 mM NaCl was used as the running buffer at a
flow rate of 1 mL/min. Five milligrams of poly-IgG in
pH 7.5 PBS buffer were loaded onto the column, fol-
lowed by the collection of 0.5 mL fractions. Fractions
corresponding to the IgG monomer peaks as moni-
tored by both UV absorbance at 280 nm and SDS-
PAGE were pooled and concentrated using 100 kDa
MWCO Amicon ultrafiltration cartridges prewashed
with GroEL buffer. Since it was difficult to purify suf-
ficient amounts of the dimer species for analysis (the
polyclonal IgG preparation contains ~4-5% dimers
as measured by preparative SEC column), the protein
solution was incubated under mild heating conditions
of 37°C for 48 h, followed by incubation at room tem-
perature for a further 120 h. This treatment led to
an increase in the dimer population in the polyclonal
IgG to about 15%. This heated sample was then
loaded on the SE-FPLC and the dimer fractions col-
lected and pooled as described above.

Methods

Biophysical characterization of GroEL and
biotinylated GroEL. Far-UV circular dichroism
spectroscopy. Circular dichroism analysis was
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performed using a Chirascan-plus CD spectrometer
(Applied Photophysics, Leatherhead, UK) equipped
with a 4-cell position temperature controlled peltier
unit (Quantum Northwest, Liberty Lake, WA). Far-
UV CD spectra of GroEL and biotinylated GroEL at
0.1 mg/mL were collected from 260 to 200 nm using
0.1 cm path length quartz cuvettes (Starna Cells,
Atascadero, CA). Data were acquired every 1 nm for
0.5 s. Ellipticity at 222 nm was monitored as a func-
tion of temperature from 10 to 87.5°C in 2.5°C incre-
ments using a heating rate of 1°C/min and allowing
the sample to equilibrate at 1 min at each tempera-
ture. Data were then subjected to a three-point
Savitzky-Golay smoothing filter using the Chirascan
software. The ellipticity value of the buffer alone
was subtracted from all measurements.

Turbidity. The optical density at 360 nm was
monitored as a function of temperature using a
Cary-100 UV-Vis spectrophotometer (Agilent Tech-
nologies, Santa Clara, CA) equipped with a 12-cell
temperature controlled peltier unit. Duplicate sam-
ples of GroEL and biotinylated GroEL at 0.1 mg/mL
were analyzed using 1 cm quartz cuvettes. The tem-
perature was ramped from 10 to 87.5°C in 2.5°C
increments using a heating rate of 1°C/min and a 1
min equilibration time at each temperature. The
optical density of the buffer alone was subtracted
from all measurements.

Extrinsic fluorescence. Accessibility of exposed
hydrophobic moieties of GroEL and biotinylated
GroEL as a function of temperature was assessed
using 8-Anilino-1-naphthalenesulfonate as a probe
(ANS, Sigma, St Louis, MO). Fifty micromolar ANS
was added to a 0.1 mg/mL protein solution and incu-
bated in the dark for at least 5 min at 10°C. Fluores-
data obtained wusing a Photon
Technologies International QM-40 spectrofluorometer
(PTI, Birmingham, NJ) equipped with a 4-cell peltier
holder (Quantum Northwest, Liberty Lake, WA).
Duplicate samples were excited at 372 nm and the
emission spectrum was monitored from 400 to
600 nm while scanning every 1 nm and using a 0.5 s
integration time. Spectra were collected as a function
of temperature (10-87.5°C). The excitation and emis-
sion slits were both set at 2 nm. The spectra were
collected every 2.5°C with a 3 min equilibration time
at each temperature. The emission values of the
buffer containing 50 uM ANS were subtracted from
all measurements. Normalized fluorescence intensity
at 480 nm was plotted as a function of temperature.
Empirical phase diagram construction. The
three-index empirical phase diagrams (EPDs) were
constructed as described previously’®*® to summa-
rize and facilitate the analysis of the biophysical sta-
bility data sets from different instruments (CD
signal at 222 nm, ANS fluorescence intensity, and
OD3gp). Calculations were performed and data visu-
alization phase diagrams were prepared using

cence were
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in-house laboratory software (Middaugh Suite) as
described in detail elsewhere.'®

GFP refolding assay. GFP refolding was used to
test the GroEL partitioning and refolding efficien-
cies. Green fluorescent protein (GFP) was treated
using 125 mM HCI (Sigma, St. Louis, MO) to obtain
unfolded GFP. Wild-type or biotinylated GroEL was
heated from 10 to 80°C in 2.5°C increments using a
heating rate of 1°C/min and each sample was
allowed to equilibrate for 1 min at each tempera-
ture. Aliquots were withdrawn at 20°, 35°, 50°, 65°,
and 80°C and the GroEL samples were allowed to
equilibrate to ambient temperature. Denatured GFP
at 0.5 uM was incubated with 1 uM (tetradecamer)
of biotinylated GroEL or wild type GroEL from each
temperature point in GroEL buffer, pH 7.5. As a
control, 0.5 uM of denatured GFP alone was diluted
with GroEL buffer, pH 7.5. The GFP fluorescence
was measured using a SpectraMax M5 microplate
reader (Molecular Devices, Sunnyvale, CA) with
excitation and emission wavelengths set at 395 and
510 nm, respectively. Ten millimolar ATP (pH
adjusted to 7.5) was then added to each GroEL-GFP
mixture. The GFP refolding and the resulting
increase in fluorescence was then measured over 30
min as described above. In addition, the GFP refold-
ing assay was also used to determine if heparin
interfered with FGF-1 binding to GroEL as
described in the text.

Bio-layer interferometry (BLI). BLI detects
changes in mass (protein thickness) on a biosensor
tip where changes in the reflectance interference
wave pattern between the sample and an internal
reflectance reference layer result in a phase shift (A
in nanometers), and these changes can be followed
in real-time in both kinetic and quantitative
modes.*® Moreover, because BLI is a rapid dip and
read procedure, it is a particularly attractive tech-
nique for high-throughput development.*® BLI
experiments were performed using a single channel
BLItz system (ForteBio, Menlo Park, CA) using
streptavidin biosensors. The BLItz platform stirring
speed gave optimal signal responses at 2000 rpm
and above. The biotinylated GroEL was loaded onto
the streptavidin biosensors (Forte Bio, Menlo Park,
CA) using the following methodology. Biosensors
were first hydrated for at least 10 min in GroEL
buffer followed by loading the biotinylated GroEL
onto the streptavidin tips at increasing concentra-
tions (from 0.005 to 1.0 mg/mL) with a 5 min incuba-
tion time at each protein concentration. The tips
were then washed briefly (30 s) with the GroEL
buffer to remove nonspecifically bound GroEL and
each GroEL loaded biosensor tip was then incubated
with 1 mg/mL bovine serum albumin (BSA) (Sigma,
St. Louis, MO) in GroEL buffer for 5 min to
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determine the extent of nonspecific binding. The
amplitude of BSA binding to the biotinylated GroEL
loaded tips after 5 min was recorded and plotted as
a function of GroEL loading to determine the opti-
mal loading concentration.

The BLI runs were performed at room tempera-
ture as follows (although some experiments had
some specific alterations to this general protocol; see
below): a buffer baseline for 30 s was run followed
by biotinylated GroEL loading for 170 s (in GroEL
buffer). Another baseline was run for 30 s in buffer
containing at least 0.1M NaCl to remove excess bio-
tinylated GroEL followed by an association phase
(experimental sample) for 300 s. The addition of
NaCl to the buffer was essential to decrease electro-
static interactions between GroEL and the proteins
(data not shown). The association phase was fol-
lowed by a dissociation phase (buffer alone) for
220 s. To dissociate bound substrate from GroEL bio-
sensor, 3 pulses of 20 mM ATP in GroEL buffer
were run for 120 s each, and the end run was a
return to a 60 s wash with buffer alone. The BLI
method for FGF-1, poly-IgG, and the IgG mAb were
each optimized and are as follows:

BLI analysis of FGF-1. FGF-1 in 50 mM sodium
phosphate, 0.1M NaCl, 10 mM ammonium sulfate,
2 mM dithiothreitol (DTT) (pH 7.5), referred to as
“crystallization buffer” was assayed by GroEL-BLI.
FGF-1 samples at 0.3 mg/mL with and without hep-
arin at a 3:1 (w/w) heparin:FGF-1 ratio were pre-
pared and then incubated at room temperature and
at 40°C for 5 min in crystallization buffer, followed
by quenching on ice for at least 5 min before analy-
sis by BLI at ambient temperature. The ATP release
steps were performed using 20 mM ATP in an osmo-
lyte mixture that consisted of 4M urea and 4M glyc-
erol in GroEL buffer at ambient temperature. The
biosensor hydration, dissociation, and final buffer
wash steps were performed in crystallization buffer.

BLI analysis of Poly-IgG. Human poly-IgG (MP
Biomedicals, Santa Ana, CA) at 0.5 mg/mL concen-
tration was diluted in 20 mM citrate-phosphate
buffer (pH 6.0) with a total ionic strength of 0.15
(adjusted with NaCl), placed in 5 mL glass vials,
and capped with rubber stoppers (West Pharmaceut-
icals, Exton, PA). The vialed solutions were heated
at 55°C and aliquots were removed at 0, 5, 10, 20,
30, 60, 120, and 240 min, quenched on ice for at
least 5 min prior to analysis by BLI (and SE-HPLC).
The BLI ATP release steps were performed in buffer
containing 20 mM ATP and 1M sucrose in GroEL
buffer. All experiments were performed at ambient
temperature. The biosensor hydration, dissociation,
and final buffer wash steps were performed in
20 mM citrate-phosphate buffer (pH 6.0) with a total
ionic strength of 0.15.

BLI analysis of IgG1 mAb. The IgGl mAb stock

solution was diluted in GroEL buffer containing
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150 mM NaCl. This diluted solution (2.5 mg/mL)
placed in 0.6 mL microcentrifuge tubes was then
heated on an orbital heating block maintained at
42°C for 5 min or 15 min. After heating, the mAb
solutions were allowed to equilibrate back to room
temperature. Biotinylated GroEL streptavidin bio-
sensors were then dipped into an aliquot of the mAb
solution and the binding amplitude recorded. The
BLI experiments were carried out as described
above using the general BLI analysis protocol.

Size exclusion high performance liquid chro-
matography (SE-HPLC). Analytical SE-HPLC
analysis of the polyclonal human antibody prepara-
tions was performed using a Shimadzu prominence
UFLC HPLC system equipped with a diode array
detector (Shimadzu Corporation, Kyoto, Japan) at
KU, Lawrence laboratories. A TSKgel BioAssist
G3SWxl1 gel filtration column (Tosoh Corporation,
Tokyo, Japan), 7.8 mm X 3.0 cm with a 5 pm parti-
cle size, along with the corresponding guard column
(6.0 mm X 4.0 cm, 7 pm particle size), was operated
at ambient temperature and was equilibrated with
at least 10 column volumes of 200 mM sodium phos-
phate, pH 6.8 that was sterile filtered (0.22 pum pore
size). Twenty-five micrograms of each sample were
injected with a total run time of 30 min. Peak inte-
grations were performed using the dual wavelength
method (OD 280 nm and OD 214 nm), as described
previously.*

For the IgG1l mAb experiments, analytical SE-
HPLC was performed using a Waters 600S LC sys-
tem equipped with a 996 photodiode array detector
at KUMC, Kansas City laboratories. Ten microliter
of the aliquot was loaded onto a Phenomenex BioSep
Sec S3000 column (300 X 7.8 mm, 5 pm particle
size) with GroEL buffer containing 150 mM NaCl as
the running buffer.

Transmission electron microscopy (TEM). BLI
tips containing either mAb-S-S biotinylated GroEL
complex or S-S biotinylated GroEL alone was used
for TEM sample preparation. To prepare the mAb-
GroEL complex, mAb solution heated at 42°C for 15
min was incubated with the S-S biotinylated GroEL
streptavidin biosensors for 5 min. The excess bound
mAbs were removed by washing the biosensor tips
with GroEL buffer containing 150 mM NaCl in a
dissociation phase (220 s). The control tips contain-
ing GroEL alone was prepared by incubating the S-
S biotinylated GroEL streptavidin biosensors for 5
min with GroEL buffer containing 150 mM NaCl.
The immobilized complexes (GroEL-mAb or GroEL)
were removed from the BLI biosensor tips by
immersing the tip directly into 2 pL of GroEL buffer
containing 50 mM dithiothreitol (DTT, Sigma, St.
Louis, MO). The DTT cleaves the S-S biotin bond
and results in the elution of the biotinylated GroEL
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into the DTT-buffer solution. A control run with
IgG1 mAb treated under these same conditions and
analyzed by SEC as discussed in the text indicates
that very little change in size distribution occurred
(Supporting Information Figure section). The 2 uL
solution containing biosensor released GroEL was
wicked onto carbon-coated Cu 300 mesh EM grids
(Electron Microscopy Science) that were glow-
discharged prior to use. The samples were allowed
to incubate for 1 min on the grids and then the grids
were briefly washed by immersion into three sepa-
rate water droplets. After washing, the grids were
negatively stained using 1% uranyl acetate (pH 7).
Samples were then imaged using a JEOL-1200 EXII
transmission electron microscope at 100 keV housed
at the University of Kansas Medical Campus
(KUMCO) as described previously.®®
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