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The charge state of proteins in solution is a key biophysical parameter that modulates both long and short range macromolecular
interactions. However, unlike in the case of many small molecules, the effective charges of complex biomolecules in solution
cannot in general be predicted reliably from their chemical structures alone. Here we present an approach for quantifying the
effective charges of solvated biomolecules from independent measurements of their electrophoretic mobilities and diffusion
coefficients in free solution within a microfluidic device. We illustrate the potential of this approach by determining the effective
charges of a charge-ladder family of mutants of the calcium binding protein calbindin Dgy in solution under native conditions.
Furthermore, we explore ion-binding under native conditions, and demonstrate the ability to detect the chelation of a single
calcium ion through the change that ion binding imparts on the effective charge of calbindin Dgx. Our findings highlight the
difference between the dry sequence charge and effective charge of proteins in solution, and open up the route towards rapid and
quantitative charge measurements in small volumes in the condensed phase.

1 Introduction

Electrostatic interactions play a central role in many facets
of protein behaviour, including in the context of non-covalent
protein-ligand binding! that underlies signalling pathways in
nature. The charge state of proteins in solution is therefore
integral to their function, but commonly remains challenging
to quantify experimentally or predict theoretically. The elec-
trostatic characteristics of polyelectrolytes such as proteins
are significantly more complex than those of small molecules
due to factors including pK, perturbation of charged moi-
eties and charge screening either by solvent molecules or by
the polypeptide chain itself. Thus, the effective charges of
solvated proteins are challenging to predict and model accu-
rately. =3 Due to their importance for protein function, a con-
siderable effort has been focused on the development of com-
putational tools for the determination of the charge and tau-
tomerisation states of functional groups in native proteins. In
some studies, good agreement has been observed between the-
ory and experiment.*”’

In addition to non-specific screening, specific chemical in-
teractions between proteins and ions in solution can modify
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their overall charges.® The characterisation of protein-ligand
binding represents a complex challenge, which has been ad-
dressed through both experiments and theory.**-!! In recent
years, protein-ligand binding has been approached from a
quantum mechanical perspective aiming to provide detailed
information of the free energy of ligand binding and the opti-
mum conformation of the protein-ligand complex.®~!!

The ability to obtain experimental insights into the effective
charges of macromolecules in solution is therefore crucial for
the accurate evaluation of the electrostatic environment of a
protein under a given set of solution conditions. Movement
of proteins in an applied electric field is often used to gain
insight into their charge states through evaluation of their re-
spective electrophoretic mobilities. '>2! The electrophoretic
mobility, (., of molecules in solution is determined by their
effective charge, g, and diffusion coefficient, D. This param-
eter is thus a key observable in studies of the effective charge
states of proteins. The electrophoretic mobility of proteins in
solution has been investigated through measurements of the
relative migration in an electric field or the zeta potential, £,
using approaches such as capillary electrophoresis, native gel
electrophoresis, free-flow electrophoresis, and light scatter-
ing, 12-2!

With the aims of investigating the effective charge of a pro-
tein as a function of the dry charge as predicted from the amino
acid sequence and to quantify the effect of specific ion bind-
ing, we focused on calbindin Dgg. Calbindin Dy is a cytoso-
lic calcium binding protein, here we have studied the bovine
minor A form.?3 The 75 amino acid protein contains two EF-
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Fig. 1 Calbindin Dgy. Crystal structure of calbindin Dgy with the
two Ca* binding loops at the top of the structure (PDB 4ICB). %2
The protein charge ladder constructs were named according to their
predicted negative sequence charge: c7 - c14. Here the mutated
charged residues are highlighted: cyan for the removal of a negative
charge, pink for the introduction of a negative charge, and purple for
the replacement of a positive charge with a negatively charged
residue. The constructs in which a given substitution is present are
shown by the coloured bars below the label.

hand motifs,2* which can each chelate one Ca?™ ion.2225:26

Variation in the intracellular Ca>* concentration plays a cru-
cial role in a number of vital cellular signalling pathways,
controlling for instance memory and learning as well as cell
death through apoptosis. Calbindin Doy acts as a Ca’>* buffer
and facilitates calcium uptake in the gut by transporting Ca>*
across the cytosol of enterocytes. >’ The positive cooperativity
of Ca?" binding by the two EF-hands is key to the function of
calbindin Doy. 2 The three-dimensional structure of calbindin
is well characterised both by nuclear magnetic resonance spec-
trometry, NMR, and X-ray crystallography.?>2>-28-29 The pro-
tein is highly stable towards denaturation® and the individ-
ual pK, values have been measured for its 27 ionizable side-
chains.3'=33 This protein thus represents an ideal system for
our studies.

Here we show that by combining microfluidic measure-
ments of the sample electrophoretic mobility and diffusion co-
efficient we have developed a robust approach for determining
the effective charge of solvated proteins experimentally. Fur-
thermore, we have demonstrated the applicability of this tech-
nique to probe non-covalent interactions. In the present study
we quantified the change in net charge upon ion coordination
and were able to detect the specific binding of calbindin Doy
to a single calcium ion.

2 Results

A microfluidic platform for the determination of effective
protein charges

In order to develop a platform for the convenient and quan-
titative determination of protein charges in solution, we have
combined measurements of the diffusion coefficient and the
mobility of the molecule under the action of an external field
within a microfluidic device. These two quantities can be cou-
pled through the fluctuation-dissipation theorem to the effec-
tive charge of the protein. In particular, the drag that defines
the motion of a particle in a field is determined by the same
quantity, the diffusion coefficient D, that governs the fluctua-
tions of a particle under Brownian motion. This relationship is
described for a spherical particle by the Stokes-Einstein equa-
tion:

po Mot "

7'CT[RH

For a sphere D is determined by the viscosity of the solution,
1N, and the hydrodynamic radius, Ry, where kg and T are the
Boltzmann constant and absolute temperature, respectively.3*
The electrophoretic mobility of a species in solution is by di-
mensionality arguments related to D and a charge component,
the effective charge ¢.3* This connection is described by the
Nernst-Einstein relation:

_ 49D
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The value of u, can furthermore be related to the zeta poten-
tial, ¢, via the Hiickel equationf. This fluctuation-dissipation
relationship has been used as the basis for determining the (-
potential from light scattering measurements.>* We used the
simple and well-defined relationship in equation 2 to obtain
an absolute measure of the effective charges of the calbindin
constructs in solution. A particular feature of this approach is
that it enables the effective charge to be determined without
the need to make any assumptions regarding the shape of the
analyte. We achieved this objective through the application of
a microfluidic technique to measure D and the direct use of
this value in equation 2.

For the measurement of the mobility of solvated proteins
in an electric field, we used micro free-flow electrophoresis.
Macro scale free flow electrophoresis was introduced several
decades ago, '? and recent progress in microfabrication meth-
ods has allowed a number of approaches to be developed for
the integration of electrodes within microfluidic devices >3
in order to perform micro-free flow electrophoresis that does
not require large sample volumes or, in some cases, high volt-
ages.

Here, we have used soft lithography methods to achieve
the integration and automatic alignment of 3 dimensional
electrodes in direct contact with microfluidic channels
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Fig. 2 Microfluidic free-flow electrophoresis. (a) Diagram of the
microfluidic device design. Microsolidic components are shaded in
grey.*> The main channel contains pillar arrays for positioning of
the solder and support of the channel ceiling. (b) Fluorescence
intensity profiles of ¢9 in Ca®*, showing four repeats of a voltage
ramp from O - 4 V in blue - red. (c) Fluorescence images of analyte,
¢9in Ca?T, at 0 V and 4 V. (d) SEM images of the electrodes
aligned by a micro-pillar array. Top: the electrode interface at an
angle. Bottom: the electrodes as seen from the camera. (¢) The
measured sample deflections and currents at each applied potential
for the six construct in the presence of Ca2* or EDTA, error bars
show the standard deviation for four repeats. (f) Electrophoretic
velocity of the analytes against electric field, the slope gives the
electrophoretic mobility. (g) The electrophoretic mobilities plotted
against the predicted charge at pH 8.0, the error bars represent the
error on the linear fit to (f). The legend applies to panels (e - g).

as described in the electronic supplementary information,
ESIt.*41*3 The integration of solid wall electrodes flanking mi-
crofluidic channels allowed a uniform electric field to be ap-
plied across aqueous solutions. Moreover, calibration of the
cell constant and buffer conductivity allowed determination of
the electric field experienced by analyte molecules during the
experimentf. From these measurements the electrophoretic
mobility of proteins in solution could be quantified. The re-
sulting absolute values for p, permitted findings to be com-
pared between multiple buffer systems at a range of different
concentrations. *3 Quantitative free-flow electrophoresis could
thus be applied to determine the electrophoretic mobility of
solvated macromolecules directly, without the need for refer-
ence molecules as mobility standards.

A charge ladder of calbindin Dy, constructs

We studied six calbindin Doy constructs with point mutations
conferring a range of predicted naked charges.**® In order
to visualise these constructs in the electrophoresis experiments
AlexaFluor488 was conjugated to a lysine residue as described
in Experimental procedures, thereby removing one positive
charge. The dye itself has a predicted net charge of - 2 e.*
Thus the addition of a fluorescent probe decreased the pre-
dicted construct sequence charges to between —14 and —7 e,
Fig. 1. These calbindin Dgy constructs were named accord-
ing to their predicted negative charge at pH 8.0: ¢7 - c14. The
specific residue changes for each construct are shown in Fig. 1.
We introduced variations from the wild-type charge of -10 e
by conservative mutations exchanging aspartate and glutamate
residues for asparagine and glutamine residues.

Five of the constructs (c7, ¢8, c10, c11 and c14) contained
two functional EF-hand sites. the wild-type minor A form of
calbindin Dy has a very high affinity for Ca?* with an aver-
age Ky of 3 nM at low ionic strength, as used in the present
study. 26 In the constructs c8 and c7 two and three negative sur-
face charges were substituted respectively, these changes have
been observed to lead to increased stability and reduced Ca®*
affinity with average Kp of 56 nM (c8) and 180 nM (c7). %443
The C-terminal EF-hand of calbindin Dgy, contains an Asn-
Gly sequence at residues 56-57, which is sensitive to deami-
dation. In the c11 construct, N56 was replaced with D56, thus
representing the deamidated a-isoform with largely retained
Ca?* affinity. % In construct c14, two lysine residues on the
protein surface were replaced with glutamate residues lead-
ing to a nominal change in the surface charge of -4 e. The
very high similarity of the NMR spectrum of this variant to
that of the wild-type indicate none or only very local struc-
tural changes.45 One of the constructs, ¢9, contained the point
mutation E27Q, Fig. 1. This glutamate residue serves as a
bidentate ligand providing two oxygens for Ca’>* coordina-
tion, the mutation was therefore expected to disrupt calcium
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ion chelation by the N-terminal EF-hand, as found upon E to
Q mutations at this position in other EF-hands.*° Thus, in the
presence of 0.1 mM Ca®* ¢9 would only be expected to bind
a single calcium ion, while the other five constructs would be
expected to bind two. In addition, we were able to modulate
the predicted construct charges through the addition of either
calcium ions or a large excess of the chelating agent ethylene-
diaminetetraacetic acid, EDTA, thereby creating a charge lad-
der of protein constructs with predicted charges ranging from
—14 to — 3 e. These charge ladder proteins were recombi-
nantly expressed, purified and labelled with Alexa488 as de-
scribed in the ESItand previously reported. 26301

Microfluidic free-flow electrophoresis

Microfluidic free-flow electrophoresis experiments were per-
formed for each of the six constructs in 5 mM Tris-HCl buffer
pH 8.0 containing either 0.1 mM EDTA or 0.1 mM CaCly,
Fig. 2. In this manner, we were able to measure the elec-
trophoretic mobility of both the apo- and the calcium bound
form of calbindin. Within the microfluidic device, the sam-
ple stream was flanked by buffer between integrated InBiSn
electrodes, Fig. 2(a+d). Sample molecules migrated accord-
ing to their electrophoretic mobility perpendicularly to the di-
rection of flow upon the application of an electrical potential
between the electrodes. The position of the sample signal was
recorded for applied potentials of O - 4 V at 0.5 V intervals,
Fig. 2(b) shows the sample fluorescence intensity for a cross
section of the channel for four repeats of the voltage ramp.
The deflection, 8, and current, /, were measured as a function
of the applied voltage, V, for each of the 12 samples, shown
in Fig. 2(e).

The cell constant characterising each set of electrodes was
determined by measurements of the conductance of a KClI so-
lution of known conductivity as described in the ESI{.** The
conductivities, o, of the buffer solutions used were then de-
termined from measurements of their conductance in the elec-
trophoretic devices. Through these measurements we were
also able to take into account variation between individual mi-
crofluidic devices and buffer solutions used, Fig. 2(e) and (f).

Combining the buffer conductance in a given device and
the measured current and using Ohm’s law we determined
the effective voltage drop, Vefrective, across the solution. We
were then able to obtain an absolute value for the electric field
strength, E, across the solution from division of Vigfective bY
the distance between the electrodes. The electrophoretic ve-
locities, vy, were calculated by division of § by the residence
time between the electrodes, which was known from the flow
rate through the device and the channel dimensions, Fig. 2(f).
Linear fits to the slopes of the plots of velocity against electric
field, shown in Fig. 2(f), were then performed to determine
the electrophoretic mobility, y, = v4/E, of each construct,

Fig. 2(2)*.

Measurements of the charge ladder diffusion coefficients

The diffusion coefficient of proteins in solution can be evalu-
ated through observation of their diffusion perpendicularly to
the direction of flow under laminar flow conditions within mi-
crofluidic channels. -3 We performed microfluidic diffusion
experiments to measure the diffusion coefficients of each con-
struct in both of the buffer solutions used, Fig. 3. For each
construct we recorded the fluorescence intensity profile of the
analyte diffusing into flanking buffer solution at 12 time points
within the channel shown in Fig. 3(a) at three different flow
rates, Fig. 3(b). For each data set the diffusion coefficient best
describing the observed fluorescence profiles was determined
through a least squares fit of simulated diffusion profiles to
the datat, Fig. 3(c).> These experiments enabled us to probe
for changes in the construct size due to the point mutations,
but also to investigate whether the addition of the fluorescent
label had altered the size of calbindin markedly.

We found that the diffusion coefficient of calbindin did not
vary considerably between constructs and solution conditions.
This is in agreement with previous studies indicating that the
binding of Ca>* does not lead to extensive structural changes
in of the protein calbindin Dgy.?° We then used the measured
diffusion coefficients to estimate the size of the calbindin con-
structs. The relation between the diffusion coefficient and di-
mensions describing proteins and their complexes can be chal-
lenging to describe for non-globular conformations.>® How-
ever, structural studies have found calbindin Dy to be a glob-
ular protein. >>?° From the measured diffusion coefficients we
therefore calculated the corresponding hydrodynamic radii,
Ry, assuming a spherical shape and using the Stokes-Einstein
equation. We found the mean radius to be 1.5 + 0.2 nm,
which is in good agreement with previously reported values,
Fig. 3(c).?>?° These results also indicate that the attachment
of AlexaFluor488 did not change the size of the protein sig-
nificantly.

Effective charges of the charge ladder constructs in solu-
tion

The effective charges of the calbindin constructs were calcu-
lated through the use of the measured electrophoretic mobili-
ties and the diffusion coefficient. We note, that here the value
for the diffusion coefficient was used directly, without assum-
ing a specific shape or the corresponding hydrodynamic ra-
dius. The microfluidic experiments were performed at pH 8.0,
which is outside the previously reported range of pK, values
for the acidic residues>2. Experimentally determined values
pKa for the carboxylic side-chains have been reported, with
the highest being 6.5 for Glu27.3? At pH 8.0 primary amine
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Fig. 3 Diffusion experiments. (a) Diagram of the microfluidic
device used for the diffusion coefficient measurements showing the
buffer and sample inlets and outlet. The 12 observation points are
shaded in green. (b) The diffusion profiles of a calbindin sample, c9

in EDTA buffer, at every second of the 12 different incubation times.

The solid green lines represent the data, and the dashed black lines
show the fit. (c) Calculated radii for the 12 samples, the error bar
shows the standard deviation between results from experiments at
three flow rates: 80, 120 and 160 uLhr~!. The dashed horizontal
line indicates the mean radius of 1.5£0.2 nm.

groups of all side chains would be expected to be predomi-
nantly in the protonated state.3! However, pK, perturbation of
the N-terminus could still influence the charge of the folded
proteins in solution. Furthermore, the different mutations in-
troduced in each protein construct may not affect the over-
all charge equally. The change in the effective charge could
depend on the specific electrostatic environment of each sub-
stitution, for instance in cl11 the introduction of an aspartate
residue in the already electronegative environment of the C-
terminal EF-hand may have a reduced effect on the solvated
charge compared to mutations elsewhere in the protein. ®

The data shown in Fig. 4(a) indicate that there is a correla-
tion between the expected charge of the primary protein struc-
ture plus any coordinated calcium ions and the measured ef-
fective charge of the solvated protein. Notably this does not
appear to be a direct linear relationship. The measured charges
of the protein constructs are smaller than the predicted se-
quence charges, likewise the variations between the solvated
protein charges were smaller than the predicted range of dry
charges. It is interesting to note that for the constructs pre-
dicted to carry a higher charge, the net charge appears to reach
a plateau, Fig. 4(a). Qualitatively similar trends have been
observed using capillary electrophoresis.'” Crucially, we are
able to capture this trend by investigating a large range of pre-
dicted construct charges.

To compare our results with qualitative data obtained
through conventional methods, we investigated the constructs
by native gel electrophoresis. Agarose gels were cast and run
in buffer containing either 1 mM Ca®* or 1 mM EDTA to
probe the Ca®>* bound or apo form of the calbindin constructs,
Fig. 4(c). 13

3 Discussion

A significant fraction of residues, 27 out of 75 in wild type
calbindin Dgy are expected to contain charged moieties at
pH 8.31733 Detailed descriptions of the charges of colloid
particles and surfaces with uniform charge distributions have
been developed.3*>’ In particular, the empirical relationship
between § and the surface charge at the Stern layer of a parti-
cle has been described by Loeb, Overbeek, and Wiersema. 34
The expression for this relationship predicts a plateau in the
zeta potential as the surface charge increases and can be found
in the electronic supplementary informationf. Although the
model for colloid particles cannot be applied directly to pro-
tein molecules with their heterogeneous distribution of oppos-
ing charges, the high charge density of the protein molecule
could result in the observed non-linear relation between the
effective and the construct charge, Fig. 4(a).

We investigated the specific effect of calbindin interaction
with Ca?* by characterising each construct in 5 mM Tris-HCI
buffer containing either 0.1 mM CaCl, or EDTA. Through
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Fig. 4 Charge determination. (a) The net charges of the solvated
calbindin constructs found by combining the measured
electrophoretic mobilities with the mean diffusion coefficient. (b)
The measured change in net charge as a result of the presence of free
Ca2*. The top and bottom of the bars correspond to the charge in
the presence and absence of Ca?* respectively. (c) Native gel
electrophoresis of the six calbindin constructs in the presence of
Ca2* (top) or EDTA (bottom). The images show the fluorescence
signal of the labelled constructs.

these experiments, we determined the change in the effec-
tive charge of calbindin caused by the interaction with Ca’*,
Fig. 4(b). This approach does not rely on specific knowledge
of the dry construct charge. Thus, this strategy could be use-
ful in probing the effect of specific solution parameters on sol-
vated proteins.

Under the experimental conditions used here, all the cal-
bindin constructs would be expected to chelate Ca>* 26:44-46
The change in the effective protein charge in the presence of
Ca?* is shown in Fig. 4(b). In all cases the addition of Ca%t
increased the effective protein charge. The construct with the
disrupted EF-hand, c9, exhibited the smallest change in effec-
tive charge in the presence of calcium ions, this observation is
in agreement with the binding of just one calcium ion. Con-
struct c11, which corresponds to the deamidated form of E56,
exhibited the second lowest change in effective charge in the
presence of calcium, which could reflect a change in calcium
binding affinity.

The observed increase in net charge was lower than the 42 e
expected per chelated Ca’*. Indeed, we measured a change in
charge of up to +2 e for the binding of two calcium ions. It
is possible that in the absence of Ca>* calbindin is able to in-
teract transiently with other ions present in the solution, the
replacement of these counter ions by calcium ions would re-
sult in the observed change in the effective charge. The lesser
effect on the protein net charge could furthermore be con-
ferred by electrostatic interactions, such as intramolecular salt
bridges and charge screening, either within the protein or by
the electrolytes associated with the solvated macromolecule.

The relative migration of the protein constructs on the na-
tive gels was in qualitative agreement with our findings from
free-flow electrophoresis, in that the relative positions of the
protein bands on the gel did not correspond directly to the
magnitudes of their expected relative charges, Fig. 4(c). For
instance, c14 did not migrate twice as far as c7. As noted in
the free-flow electrophoresis experiments, the mobility of c9
appeared to be less reduced than those of the other constructs
in the presence of Ca’>*. Unlike the free-flow electrophoresis
measurements, however, we could not directly compare the
native gels run in the presence of Ca>* or EDTA, as these re-
ported on the relative movement through a matrix rather than
providing a quantitative measurement of the absolute mobility.

In free-flow electrophoresis molecules are separated by the
application of an electric field perpendicular to the direction
of flow. Because the sample components are separated in a
perpendicular direction to the fluid flow, rather than tempo-
rally in their arrival at a detector, free-flow electrophoresis
has potential as both an analytical and a preparative method.
Our adaptation of free-flow electrophoresis to the micrometer
scale therefore confers a number of possible advantages. The
volume and amount of sample material required for measure-
ments within microfluidic channels are considerably lower
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than those necessary for assays in bulk solution. The measure-
ment time is reduced from minutes or hours to milliseconds
and seconds. Given the device dimensions used in this study,
electroosmotic flow does not have a significant influence on
sample migration in the electric field. 3

The sample position was monitored via a fluorescent label,
this approach enabled the sample molecules to be visualised
irrespective of their size. Unlike techniques relying on light
scattering, where the light scattering properties scale with the
analyte size, thus introducing a bias for the detection of larger
species in a mixture. Within microfluidic channels it is pos-
sible to characterise sample molecules with dimensions from
the angstrom to the micrometer scale, a limit defined by the
channel dimensions.

In this study we have used the fluorescence of a covalently
attached fluorophore to visualise the sample molecules. This
detection method has the advantage of enabling us to study
electrostatic effects over a very wide range of protein concen-
trations. Low nM concentrations are routinely accessible with
the appropriate optical equipment. With the method presented
here it is therefore possible to investigate or alleviate by di-
lution concentration dependent electrostatic phenomena, such
as screening at high protein concentrations.>3! However, al-
though general labelling strategies are available, which can be
applied to label for instance primary amines under native so-
lution conditions, there is the risk of perturbing the protein
structure or function through the introduction of a label. Fu-
ture directions could therefore include exploring the intrinsic
fluorescence of aromatic residues. Here, we found that the
label did not alter the size of calbindin considerably.

4 Conclusions

In the present study we have presented an approach to quan-
tify the effective charges of proteins under native conditions
in free solution. We have used a microfluidic platform to de-
termine both the electrophoretic mobility and the diffusion
coefficient of a protein, and used the fluctuation-dissipation
theorem to connect directly these measurements to the effec-
tive charge of the analyte without the requirement for any ad-
justable parameters or assumptions regarding the shape or size
of the molecular species to be analysed. We have demon-
strated that this method is applicable to analysing protein sam-
ples even at low micromolar concentrations, and have illus-
trated its applicability to characterise a charge-ladder family
of mutants of the protein calbindin. These experiments shed
light on the non-linear relation between construct charge and
the effective charge of the solvated protein, providing insights
into the fundamental physicochemical parameters characteris-
ing biomolecules in solution. Moreover, our findings demon-
strate that microfluidic free-flow electrophoresis can detect
non-covalent interactions, such as those between calbindin

Doy and Ca”*. This method can therefore be applied to detect
specific ion binding by proteins in solution. The methodology
presented in this paper is generally applicable to investigate
macromolecules in solution and can be applied to develop a
quantitative framework of understanding for biomolecules and
their non-covalent interactions in solution.
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