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Study of Calsequestrin Aggregation by Flow
Field-Flow Fractionation with Light
Scattering Detection

Susan E. Shadle, Randy Rostock, Lou Bonfrisco, and
Martin E. Schimpf
Department of Chemistry, Boise State University, Boise, Idaho, USA

Abstract: Flow field-flow fractionation (FIFFF) with multi-angle light scattering
detection indicates that calsequestrin forms even numbered aggregates, supporting the
view that this Ca®" binding protein aggregates through the interaction of dimers.
Contrary to previous reports based on size exclusion chromatography, FIFFF further
indicates that the dimer is the stable species, with very little monomer present under
the conditions analyzed in this study. Increasing the concentration of K™ (100—
700 mM) causes the dimer to be the increasingly dominant species over monomer,
tetramer, and other aggregate species. Increasing the concentration of Ca®t (3-
10 mM) causes increased aggregation of dimers into higher order species. Finally,
addition of small amounts of the anthracycline analog trifluoperazine (0.10—-0.50 mM),
which is known to disrupt calsequestrin function, induces severe aggregation.

Keywords: Calsequestrin aggregation, Field-flow fractionation, Light scattering
detection

BACKGROUND

Calsequestrin (CSQ) is a protein that is present at high concentrations
(~100 mg/mL) in the sarcoplasmic reticulum. Its function in both the seques-
tration and regulated release of Ca®" from the sarcoplasmic reticulum is
believed to be important for healthy cardiac function.!'~® CSQ binds Ca*"
with moderate affinity (Kq ~1 mM)’ and high capacity (~20-80 Ca**/CSQ
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molecule).””~'?! The high capacity Ca®>" binding is believed to be coupled to
CSQ aggregation."?~ "1 As a divalent cation, Ca®" is thought to facilitate
aggregation by bridging between monomers of the protein. Crystallography
of CSQ shows that the protein forms linear polymers,'*'¥ which are
proposed to form the structural basis for CSQ aggregation, and for the
organized linear structures attributed to CSQ in vivo.''®!"!

Studies of CSQ aggregation using size exclusion chromatography (SEC)
have shown that, in response to increased Ca2+, CSQ monomers first form
dimers, then tetramers, then higher order aggregates.!'®! The dimerization is
proposed to occur via a “front-to-front” interface between monomers
observed in the crystal structure of CSQ. The formation of tetramers is
proposed to involve the dimerization of dimers through the “back-to-back”
interface observed in the crystal structure.!'® In addition, the aggregation of
CSQ is inhibited in the presence of increased K™ ion concentration.!'™

Small molecules, such as trifluoperazine (TFP) and anthracyclines, are
known to bind to CSQ with micromolar dissociation constants.''®?"
Although, these binding interactions may be related to cardiotoxic side
effects of these drugs, their effect on CSQ aggregation and function is not
understood. At relatively high concentrations (1 mM), TFP has been shown
to inhibit the binding of Ca** to CSQ by ~60%,!""! as well to decrease the
degree of CSQ precipitation.”'*! While decreased precipitation suggests that
TFP inhibits CSQ aggregation in solution, no studies have specifically
examined the direct effect.

In this work, we utilize flow field-flow fractionation (FIFFF) coupled with
multi-angle light scattering (MALS) to study CSQ aggregation in various
environments. Like SEC, FIFFF separates macromolecules according to their
hydrodynamic size, but FIFFF has certain advantages over SEC for the study
of protein aggregation. In both techniques, care must be taken to minimize
the interaction of protein with surfaces inside the separation conduit. Such inter-
actions, at best, decrease the separation efficiency; and in severe cases, irrever-
sibly adsorbed material is lost, and consequently, becomes unaccounted for in
the analysis. Interactions become more problematic as the size of the protein
(or other macromolecule) increases, because multiple contact points that lead
to prolonged or irreversible interactions occur more frequently. If ignored,
such artifacts in the separation process will lead to incorrect conclusions
about the makeup and behavior of the sample being analyzed. With charged
macromolecules, repulsive interactions will also lead to deterioration in the sep-
aration efficiency. Therefore, it is important to use an appropriate ionic strength
when analyzing such materials, in order to minimize charge repulsion without
altering the native structure of the macromolecule or promoting hydrophobic
interactions with the separation conduit.

Unlike SEC, which is packed with micron sized particles, the open FIFFF
channel presents a minimal amount of surface area to the sample. Certainly,
deleterious sample interactions can occur if experimental conditions are not
optimized.m’zz] However, the force field that induces separation in FIFFF
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can be tuned to minimize sample interactions. The combination of low surface
area and the capability for optimization allows a much wider range of solvent
conditions to be utilized in FIFFF compared to SEC.'**! Furthermore, the open
channel provides a gentle environment for the sample; the absence of signifi-
cant shear allows for fragile macromolecules and their aggregates to be
separated without degredation.** Consequently, FIFFF is a valuable tool
for characterizing the hydrodynamic size of proteins, or for separating them
for further characterization by other techniques, particularly when the effect
of solvent conditions is under investigation, or when fragile or aggregated
proteins are involved.”>~2" In a recent comparison of techniques,”*® both
FIFFF and analytical ultracentrifugation (AUC) detected markedly higher
levels of aggregation than SEC. Furthermore, SEC failed to detect many of
the soluble higher order aggregates at all, and suffered from significant
sample loss. Liu and coworkers'?®! also found FIFFF to be superior to SEC
and AUC for analyzing shear sensitive proteins.

In the work reported here, we use FIFFF with MALS detection to re-
examine the aggregation of CSQ in the presence of K™ and Ca®", and
compare the results with those obtained using SEC. We also use FIFFF-
MALS to study the effect of TFP on CSQ aggregation.

EXPERIMENTAL
Expression and Purification of CSQ

Canine cardiac CSQ was overexpressed using Escherichia coli as an
expression vector, then purified using previously published procedures.’*”!
Following the purification, the CSQ sample was dialyzed for 3 days at 4°C
against 0.1 mM EGTA, with exchanges of the dialate twice daily. The
purified CSQ was exchanged into 10 mM TRIS buffer (pH 7.2) containing
100 mM KCl, using an Amicon Ultrafiltration 8050 stirred cell (Millipore
Corporation, Bedford, MA). The final concentration was determined by UV
spectroscopy to be 1.4 mg/mL. Samples were stored in 1 mL aliquots at
4°C. Prior to analysis, the desired ionic composition of an individual CSQ
aliquot was obtained through the addition of a standard buffer solution con-
taining the ions of interest in concentrated form.

Protein Separation

Protein aggregates were fractionated by asymmetric flow field-flow fraction-
ation using an Eclipse F separation system from Wyatt Technology (Santa
Barbara, CA). The trapezoidal channel has a length of 26.5cm and a
thickness of 350 wm. The accumulation wall membrane is made of polyether-
sulfone, with a molecular weight cutoff of 10,000 Da. Prior to analysis, all
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samples were filtered using a syringe filter containing a 0.2 pwm polyether-
sulfone membrane (Nalge Nunc International, Rochester, NY).

All carrier liquids contained 10 mM TRIS buffer (pH 7.2) and 0.02% NaN3
in 18 mQ-cm water. The K™ concentration was varied between 100—500 mM
through the addition of KCl, and the Ca®* concentration was varied between
0—10 mM through the addition of CaCl,. The TFP concentration was varied
between 0—0.50 mM. After preparation, carrier liquids were filtered through
0.02 pm Anodisc filters (Whatman International, Maidstone, England). All
vessels were acid stripped using 6 N HNOj. An inline filter, type GTTP
0.2 pm from Millipore Corp. (Billerica, MA) was placed between the pump
and channel to eliminate particles originating from the pump from entering
the channel. Samples were loaded using a single 100 pL injection, and
focused by opposing flow to a band approximately 6 mm downstream from
the injection port before elution. The focus time was 5 minutes, unless
otherwise noted. The outlet flow was maintained at 1 mL/min, while the
cross flow was varied according to the following program: 2 mL/min for 20
minutes, then decayed linearly to 0 mL/min over 5 minutes. Under these
flow conditions, the void time of the channel is 40 seconds.

When not in use, the channel was continually flushed with 0.02% NaNj at
a flow rate of 0.2 mL/min. Before each data collection period, the desired
buffer was pumped through the system at flow rate of 0.5-1.0 mL/min for
20-30 minutes while the detector signals were allowed to stabilize.

Bovine serum albumin (BSA), obtained from Sigma-Aldrich, was
analyzed daily to monitor the integrity of the channel. When the peak shape
became noticeably asymmetric, or the resolution of monomer and dimer
had noticeably deteriorated, the channel was rinsed with a 20% propanol-
water mixture. When the rinsing procedure failed to return the expected sep-
aration efficiency, the membrane was replaced.

Sample Detection and Characterization by Light Scattering

As the fractionated sample elutes from the FIFFF channel, it passes first
through a DAWN EOS multi-angle light scattering (MALS) detector,
followed by an Optilab DSP detector, both manufactured by Wyatt Technol-
ogy (Santa Barbara, CA). Weight average molecular weight was calculated by
ASTRA V analysis software from Wyatt Technology, using the Zimm model
and a first order fit of the resulting Debye plots.

RESULTS AND DISCUSSION

Preliminary experiments were designed to optimize the sample load, focus
time, and flow rate conditions to be used with the various carrier liquids.
Figure 1 illustrates the elution profiles obtained in 3 mM Ca*" and 500 mM
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Figure 1. FIFFF-MALS analysis of CSQ in the presence of 500 mM K™ and 3 mM
Ca®™, obtained using various focus times. The elution profiles were recorded by light
scattered by the protein at an angle of ninety degrees relative to the incoming light
beam. The sample load was 144 g, except when focus time was 6 minutes, where
the sample load was 108 .g.

K™, using focus times between 4 and 6 minutes, as recorded by the ninety
degree light scattering detector. Also displayed in Figure 1 are the molar
masses calculated from the MALS and dRI signals of the eluting
protein fractions. The molar mass data for the different elution profiles
consistently indicates two primary species with molar masses of 90,000 Da
and 180,000 Da. Since the molar mass of the CSQ monomer (lacking
its signal sequence)”® is 45.3 kDa, these two species are likely the dimer
and tetramer, respectively. From the trend in the molar mass plot, it appears
that there may also be a small amount of monomer that elutes before 5
minutes, although deterioration of the signal makes it difficult to say with
certainty.

The goal of varying the focus time is to find a range of focus times in
which the elution profiles are unchanged, thereby indicating that the
focusing procedure is not significantly affecting the analysis. Figure 1 illus-
trates that this goal was reached. The small amount of material that elutes
between 2 and 5 minutes when the focus time is 4 minutes indicates incom-
plete focusing. We note that the smaller peak area obtained with a 6-minute
focus time is due to a sample load, which was decreased from 144 g to
108 wg by dilution of the original protein solution. Recoveries, calculated
from the peak area recorded by the differential refractive index (dRI)
detector, varied in no systematic way between 96 and 111%.

Based on our evaluation of elution profiles obtained with various flow
rates, sample loads, and focus times, we chose the flow program outlined
above, along with a focus time of 5 minutes and a sample load of 144 pg
for all remaining data displayed in this report. However, it should be noted
that optimum settings, particularly the cross flow rate, change with the
amount of protein aggregation, and consequently, the ionic makeup of the
carrier liquid. However, effects of the ionic conditions on protein aggregation
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are more directly observed by comparing elution profiles obtained under a
single set of conditions.

Figure 2 compares the elution profiles recorded by the dRI detector when
CSQ is dissolved and analyzed in environments with increasing K+ concen-
tration. Displaying the dRI signal, rather than the light scattering signal, is
better for visually comparing the relative amounts of the different species
because the dRI signal is linear with concentration, whereas the light scatter-
ing response increases with molar mass, as well as sample concentration.

The data in Figure 2 indicates an increasing tendency toward the
formation of dimers as the concentration of K™ is increased in the absence
of Ca%*. At both 300 and 500 mM K™, there is a clear indication that signifi-
cant amounts of monomer exist, although the resolution of monomer and
dimer is better at the lower K™ concentration. Furthermore, while a significant
amount of tetramer exists at all concentrations, the amount decreases with
increasing K concentration.

Kang et al.""® also reported a decrease in CSQ aggregation with increas-
ing concentrations of K*. However, their analysis by SEC-MALS indicates
that monomer is the dominant species in the absence of Ca**. Our initial
reaction to this disagreement was that one or both of two factors are respon-
sible—either the aggregates are not robust enough to withstand the sheer
forces that exist in an SEC column, or field induced concentration of the
sample at the channel wall is causing sample aggregation. However, further
analysis by FIFFF using a range of flow rates and focus times indicates that
in this case, at least, any aggregation induced by the FIFFF experiment is
minimal. For further confirmation of the FIFFF result, the same CSQ
sample in 500 mM KCl was analyzed by analytical ultracentrifugation
(AUC).BY The AUC analysis (data not shown) confirmed the presence of
three species having distinct sedimentation coefficients, with the intermediate
sized species being present in the greatest amount. Based on these results, and

the recent report by Gabrielson, et al.*® that SEC fails to identify aggregates
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Figure 2. FIFFF-MALS analysis of CSQ in the presence of varying amounts of K*.
The elution profiles were recorded by the dRI detector.
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seen by both FIFFF and AUC, we are confident that dimers and tetramers of
CSQ exist in significant amounts, even in the absence of Ca’t. Furthermore,
our results lend further support to the proposed mechanism''® that CSQ aggre-
gates by first forming dimers through front-to-front interactions, followed by
the back-to-back interaction of dimers to produce tetramers and larger aggre-
gates. Such a mechanism precludes the formation of trimers and other odd
numbered aggregates.

In the next set of experiments, we held various concentrations of Kt
constant, while increasing the concentration of Ca®'. The trends were
similar, whether the K concentration was 300, 500, or 700 mM. Figure 3
displays the elution profiles with a fixed K* concentration of 500 mM and
Ca®* concentrations of 0, 3, and 10 mM. As the Ca®* concentration is
increased from O to 3 mM, the protein undergoes a subtle shift, with less
monomer and more dimer and tetramer. Small amounts of hexamer are also
apparent. The elution of these higher order aggregates leads to a divergence
in the molar mass profiles above 9 minutes because of insufficient resolution
by the FIFFF channel. As the concentration of Ca®* is further increased, the
trend continues, and very large aggregates begin to form. Sample loss also
becomes a factor, as indicated by a 40% reduction in the area of the peaks
that elute within the experimental run time. Similar trends were observed at
K* concentrations of 300 mM and 700 mM.

In the final set of experiments, we held the K™ and Ca®* concentrations at
300 mM and 3 mM, respectively, while varying the concentration of TFP. The
results are illustrated in Figure 4. With the addition of 0.10 mM TFP, the
distribution shifts away from monomer and dimer toward more tetramer and
hexamer. Otherwise, the profiles are fairly similar, with little, if any higher
order aggregates. However, a new component begins to appear as a
shoulder in the elution profile before 5 minutes. As the TFP concentration is
increased to 0.50 mM, large aggregates begin to appear, and the shoulder
below 5 minutes becomes a significant feature in the elution profile. This
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e / / 0mM CaCl,
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£
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Figure 3. FIFFF-MALS analysis of CSQ in the presence of 500 mM K* and varying
concentrations of Ca>". The elution profiles were recorded by the dRI detector.
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Figure 4. FIFFF-MALS analysis of CSQ in the presence of 300 mM K™, 3 mM Ca**,
and varying amounts of TFP. The elution profiles were recorded by the dRI detector.

early eluting component is clearly retained by the system, since the channel
void time is below 1 minute. However, the component is clearly not
protein, as it fails to register on the light scattering detector. Quite possibly
it is TFP that either interacts with the accumulation wall, and is therefore
retained, or is released by the protein during elution through the channel.
Previous models have proposed that ligand binding to CSQ would hinder
dimer formation and subsequent aggregation.!'”’ However, the FIFFF data
indicate that TFP induces CSQ aggregation. Given that TFP is known to
reduce Ca*" binding,!'”' it is likely that the TFP dependent aggregation is
in some way distinct from Ca®" dependent aggregation, and results in aggre-
gates less capable of binding Ca™.

CONCLUSIONS

Flow field-flow fractionation combined with multi-angle light scattering
detection is a useful tool for studying protein aggregation. Compared to
SEC, the resolution of relatively low molecular weight proteins (<100,000
Da) is inferior, but the gentle nature of the separation makes FIFFF-MALS
particularly useful for the study of proteins that form loosely associated aggre-
gates. Consistent with reports on other proteins, the aggregation behavior
indicated by FIFFF-MALS agrees well with analytical ultracentrifugation,
but has the advantage that molar masses can be calculated with more
accuracy. With AUC, conversion of the measured sedimentation coefficient
to molar mass requires a well defined shape factor, which can be difficult
and variable for aggregates. In this work, for example, calculation of the
monomer mass of calsequestrin by the AUC software was highly accurate,
but because of the linear nature of the aggregates, the mass calculated
for dimer and tetramer was significantly less than the true mass. Still,
FIFFF-MALS has its own issues, including potential interactions with the
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accumulation wall and diminishing resolution for lower mass molecules.
Consequently, a range of techniques is necessary for obtaining the most
complete picture of complex interacting systems.

The data presented here supports the basic tenets of the model of CSQ
aggregation.">'®1° In particular, results indicate CSQ aggregates by first
forming dimers, then tetramers and higher order aggregates. However, the
dependence on K™ concentration may be slightly different than originally
proposed. In addition, the finding that TFP induces CSQ aggregation
suggests that additional studies are needed to fully understand the functional
effects of small molecule binding to CSQ.
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