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remains a challenge for soft matter science and biophysics. For proteins in particular, the complexity of the surface at a
molecular level poses a challenge for any theoretical and numerical description. A soft matter approach, based on patchy

models, has been useful in describing protein phase behaviour. In this work we examine how chemical modification of the

protein surface, by addition of a fluorophore, affects the physical properties of protein solutions. By using a carefully

controlled experimental protein model (human gamma-D crystallin) and numerical simulations, we demonstrate that

protein solution behaviour defined by anisotropic surface effects can be captured by a custom patchy particle model. In

particular, the chemical modification is found to be equivalent to the addition of a large hydrophobic surface patch with a

large attractive potential energy well, which produces a significant increase in the temperature at which liquid-liquid phase

separation occurs, even for very low fractions of fluorescently labelled proteins. These results are therefore directly

relevant to all applications based on the use of fluorescent labelling by chemical modification, which have become

increasingly important in the understanding of biological processes and biophysical interactions.

Introduction

The ability to harness the versatility of anisotropic colloids to build
new materials is of significant interest to soft matter scientists.™?
Advances in synthesis have allowed these materials to be exploited
as biomaterials and/or photonic devices.”? Concurrently,
development of patchy particle models has occurred in which
isotropic interaction potentials are replaced by those incorporating
anisotropy, by specifically defining regions on the particle surface
with a number of fixed (attractive) potentials.“_6 Here, there is a
direct analogy to be drawn with proteins. Proteins can also be
considered as patchy particles, in which the diversity in the
chemical surface, due to variations in the surface exposed amino
acids, creates anisotropy at a molecular level.” Indeed, it is widely
acknowledged that protein phase behaviour can only be fully
explained by accounting for these anisotropic effects.®’

The modification of proteins by chemical methods is a versatile
mechanism to label a protein for detection, or to modify its
behaviour, for example by (PEG)ylation, which increases the
number of potential variations (and therefore functions) of a

. . 10-13 ) .
particular protein. It is currently exploited for several
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applications, ranging from the adaptation of therapeutic
biomolecules to improve stability and/or function to the production
of novel, functional materials and bottom-up approaches to
synthetic biology.lo‘m‘15 One of the most useful ways that chemical
modification is already exploited is for the fluorescent labelling of
proteins, which allows direct visualisation of biomolecules in-situ,
with increasing resolution due to the ongoing development of
specialised imaging techniques,le’17 Indeed, exciting advances in
both microscopy and single-molecule detection are currently used
for investigating protein distribution, translocation and interactions
both in-vitro and in-vivo.*® Covalently attached fluorescent dyes
have also been used as a means to screen for the formation of
protein crystals.19 Thus, the use of fluorescent labelling of proteins
plays an important role for the exploration and understanding of
the mechanisms involved in many biological problems, such as
intra/inter-cellular communication, genomics, unravelling the
origins of pathologies associated with protein condensation
diseases and the mechanisms that govern protein-self association
during the production of proteins as therapies.u‘m’zo’21 To
fluorescently label proteins, there are currently three main
established strategies; Small organic molecules that are covalently
attached to the biomolecule of interest, fusion proteins in which an
inherently fluorescent protein is co-expressed (or fused) with the
protein of interest or the use of quantum dots (or indeed small
molecule fluorescent dyes), that are functionalised to form a biotin-
avidin pair with the biomolecule under study.zz_24 Of these three
routes, covalent attachment of an organic fluorophore is
considered to be the most versatile method of labelling for
fluorescence imaging and sensing of biological specimens.22

While the pace of advances in fluorescence imaging and single
molecule analysis increases rapidly, little consideration has been

J. Name., 2013, 00, 1-3 | 1



Physical Chemistry Chemical Physics

given to the impact that fluorescent labelling of proteins has on
protein solution behaviour and if these need to be considered when
interpreting fluorescence data. Indeed, the solution behaviour of a
protein is very sensitive to changes in its environment.?> Protein
solution behaviour is also sometimes dramatically altered by
(comparatively minor) changes to the protein surface, for example
by mutagenesis, specific binding of ions or by changes in pH and
this can have consequences for the pathogenesis of several known
protein condensation diseases.”* % Hence, one would expect a
significant impact also with the presence of a fluorescent label.
Some studies have indeed discussed the role that fluorescent
labelling has on specific protein characteristics; Bovine Serum
Albumin (BSA) labelled with fluoroscein isothiocyanate (FITC)
exhibited a larger diffusion coefficient and higher levels of
irreversibly adsorbed proteins at the oil-water interface.”® A
chemically modified Green Fluorescent Protein (GFP) exhibited a
more acidic pl than the unlabelled protein.30 Several different small
molecule fluorophores have also been investigated to determine
which had least effect on cellular function and adherence of
leucocytes to endothelial cells.®® A further study has shown that
monomerically labelled and mixtures of unlabelled and labelled Gag
(a viral protein) assemble into morphologically indistinguishable
clusters at a lipid membrane.*

It is therefore reasonable to ask how and to what extent
fluorescent labelling of proteins alters the solution behaviour and if
this has consequences for understanding protein interactions within
the cellular environment and more widely in interpreting analytical
data which requires proteins to be labelled. To do this directly and
unambiguously, we examine variations in the phase behaviour of
protein solutions upon addition of labelled proteins. Phase
diagrams are used to characterize the interactions between
macromolecules, including colloidal particles and proteins.g‘zs‘B‘34
These studies have shown that the effective inter-protein
interaction potential results from the complex interplay of both
attractive and repulsive contributions.?® Proteins are inherently
anisotropic, since each surface exposed amino acid contributes to
varying degrees to the overall net-interaction potential.9 This
anisotropy has been shown to have a direct influence on protein
phase behaviour.?®*3%% Liquid-liquid phase separation (LLPS)
occurs for proteins interacting via short-ranged net attractive
forces. >33 Indeed, the temperature at which LLPS occurs is
sensitive to the strength of net attraction between proteins in
solution and can be used to probe the relative changes in protein
inter-particle interactions as a result of altered protein chemistry,
changisnag solution conditions or the presence of a second protein
type.™

In this study, we experimentally assess the phase diagram for
human yD-crystallin (HGD), which is a structural protein in the eye
lens that undergoes LLPS due to short-ranged attractive interactions
which dominate its behaviour at physiological pH (at the pl of the
protein).9‘37‘39‘40 The native protein is remarkably stable in-vivo.*!
Several point mutations in HGD have been linked to congenital
cataract formation due to significantly decreased solubility of the
protein at body temperature leading to increased light scattering
and, eventually, blindness.>”**™* Therefore, LLPS of HGD is a readily
quantifiable phase transition through which the effect that the
addition of a fluorescent dye, through covalent attachment of an
organic fluorophore, can be probed. Additionally, the surface
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chemistry of HGD ensures that the both the position and number of
small molecules conjugated to the protein can be controlled.

We will quantify the changes in phase behaviour of HGD upon
addition of a small amount (less than 1/100) of fluorescently
labelled proteins. We will demonstrate that, even when the fraction
of labelled proteins is very low, the chemical modification
introduced by small molecule tagging leads to a collective increase
in net attraction between proteins in solution. To account for these
surprising results, we propose the hypothesis that the addition of a
fluorescent molecule to a protein is the equivalent of adding a large
attractive hydrophobic patch to the surface of a protein. By
comparison of experimental results with numerical investigations of
a specifically devised patchy particle model to account for the
fluorescent labelling we will provide a description that accounts for
the increased tendency of protein solutions containing labelled
proteins to phase separate. We will also show how fluorescent
labelling is a simple yet effective way of demonstrating the
directionality of protein-protein interactions by chemical
modification (at two different amino acid positions) of HGD. Our
results are therefore relevant for all current uses of fluorescent
labelling of proteins, clearly indicating that the enhanced protein-
protein interactions need to be taken into account for a correct
comparison between labelled and unlabelled conditions.

Methods

Experiments
Sample Preparation and Experimental Techniques

Preparation of materials: Analytical grade sodium hydroxide, glacial
acetic acid, sodium azide, sodium dihydrogen orthophosphate
dihydrate, dibasic sodium phosphate heptahydrate, sodium
chloride, sodium borate, dithiothreitol (DTT), hydrochloric acid, LB
Broth, LB agar, magnesium sulfate heptahydrate, and
ethylenediaminetetraacetic acid (EDTA) were purchased from
Fisher Scientific (Dublin, Ireland). Tris hydrochloride was purchased
from Merck Millipore (Cork, Ireland). Dimethylformamide (DMF)
was purchased from Romil (Cambridge, UK) and used without
further purification. All buffers were prepared using Milli Q water.
All buffers were filtered through a 0.45 um MillexHV syringe filter or
a 0.45 um nylon membrane filter (Millipore, Cork, Ireland) prior to
use. Amicon Ultra 4 ml centrifugal filters were used for buffer
exchange (Millipore, Cork, Ireland). Protein concentration was
determined using a mass extinction coefficient value equal to 2.09
mg'1 mlem™.

Expression, purification and characterisation of protein: HGD was
prepared by recombinant methods as previously described.”® HGD
purity was confirmed at >98% by SDS-PAGE and size exclusion HPLC.
The molecular weight of HGD was confirmed to be 20608 + 1 Da by
intact molecular weight analysis using electrospray ionisation mass
spectrometry, carried out in ‘FingerPrints’ Proteomics Facility at the
University of Dundee, Scotland, UK and is in agreement with
previously published data.” The volume fraction is calculated using
the expression ¢ = ¢v where ¢ is the concentration in mg ml™, ¢ is
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the volume fraction and v is the partial specific volume equal to 7.1
+0.1x10% ml mg'1 for they crystallins.46

Modification of Lys-2 and Cys-110 amino acid residues: Amine
modification of Lys-2 in HGD was carried out using an AnaTag Hilyte
405 kit, purchased from AnaSpec (Freemont, CA, USA), as per
supplied instructions via amine modification after purification.
Absorbance values to calculate labelling efficiency were determined
using a Perkin Elmer Lambda 35 UV/Vis spectrophotometer and UV
Win Lab — Scan Lambda 35 software. Thiol modification of Cys-110
in HGD using DyLight 405, Malemide (Pierce Biotechnology,
Rockford, IL, USA) was performed as per manufacturer’s
instructions after protein purification. Labelling efficiency was
determined  spectroscopically as for amine modification.
Fluorescently labelled proteins were exchanged with 0.1 M sodium
phosphate buffer at pH 7 prior to use.

Modification with FITC: HGD was labelled using FITC (Pierce
Biotechnology, Rockford, IL, USA) as per supplied instructions after
purification. Conjugation efficiency was determined
spectroscopically as per manufacturer’s instructions after extensive
washing using a Perkin Elmer Lambda 35 UV/Vis spectrophotometer
and UV Win Lab — Scan Lambda 35 software.

Circular Dichroism spectra: Circular Dichroism (CD) spectra were
attained for samples of unlabelled HGD, amine modified HGD and
thiol modified HGD at a concentration of 0.1 mg mtin 0.1 M
sodium phosphate buffer at pH 7 using near and far UV
wavelengths at the Institute of Molecular, Cell, and Systems
Biology, College of Medical, Veterinary, and Life Sciences, University
of Glasgow, Scotland, UK using a JASCO J-810 spectropolarimeter.
OriginPro 9.1 was used to construct the spectra.

Phase separation measurements: Liquid-liquid coexistence curves
were measured for unlabelled HGD, mixtures of unlabelled HGD
and amine modified HGD, and mixtures of unlabelled HGD and thiol
modified HGD using a method outlined previously.25 A Perkin Elmer
Lambda 35 UV/Vis spectrophotometer and UV Win Lab — Timedrive
Lambda 35 associated software was used to measure the
percentage transmission of light (A = 600 nm). A Thermo Scientific
K10 water bath attached to a Thermo Scientific D10 temperature
control was used for temperature regulation. The temperature of
the system was monitored using an Omega HH509R thermocouple.
OriginPro 9.1 was used to construct phase diagrams.

Fluorescence measurements: A Molecular Devices Spectra Max
M2e plate reader and SoftMax Pro 6.2.1. software were used to
spectroscopically measure fluorescence intensity.

Model and Simulation Details

Model for the unlabelled proteins: The unlabelled HGD proteins
(U-type particles) are modelled based on the work of H. Liu et al.

This journal is © The Royal Society of Chemistry 20xx
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where Kern-Frenkel patchy particles are complemented with a
square-well (SW) attraction.””*® This model reproduces the correct
width of the experimental coexistence curve of bovine gamma-
crystallin. Thus we represent the unlabelled proteins as hard
spheres of diameter o,, interacting via a SW attraction

o0 lf |7}j| <Op,
Vew (|7,j|)= —&sw if 0, S|7ij|35m+5SWC"W 1)
0 otherwise.
where |r7l| is the vector between the centres of particles i and j. In
addition the surface of the particles is decorated by four randomly-
located attractive sites (patches) which do not overlap. The

interaction potential between patches is the product of a radial
contribution modulated by an angular function

Vi =Vswu (|Zj|)G(;2j’;ia’ i5) (2)

where 7, and 74 are the unit vectors from the centre of particle
i(j) to the centre of the a8 patch on the surface and Vg, is a
square well potential of width 6, and depth g. The function G
modulates the potential and depends on the reciprocal orientation
of two particles

i i >cos(n9max)u,
7. ): SR >cos(9max)U7 (3)

0 otherwise.

Parameters for the unlabelled patches (U) are shown in Table 1.
This is a modified version of the model used in Ref. 47 where the
patches were not randomly located, but arranged in a tetrahedral
geometry on the surface of the particle. This model captures the
experimental value of the critical packing fraction ¢, = 0.21 for HGD.
In addition the model correctly reproduces the experimental width
of the liquid-liquid coexistence curve.

Table 1: Parameters of the interaction potential for the model of
unlabelled proteins as in Ref. 47

Suu €u,u c08(Bmaxlu Ssw Esw

0.05 5 0.95 0.5 1.0

Model for the labelled proteins

Since no minimal models have been proposed to describe the
addition of a fluorescent dye to a protein have been described, we
have accounted for the presence of a fluorescent dye by adding a
fifth patch to the model of the unlabelled protein. Hence a labelled
HGD (L-type particles) is the same as an unlabelled particle except
for the presence of an additional patch on the particle surface. U-
type and L-type particles are sketched in Fig. 1. Accounting for the
differences in chemistry between an aromatic amino acid (i.e.
Phenyalanine, Tryptophan, Tyrosine) and a typical fluorescent dye,
we create the additional patch (L-patch) such that it is wider and
more attractive than the patches on the unlabelled protein. This
assumption is reasonable on the basis that the majority of standard
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fluorescent molecules have molecular weights that are significantly
larger than any of the aromatic amino acid side chains on the
protein surface and are also significantly more hydrophobic due to
the presence of several aromatic groups (Fig. 2). Using these
considerations, we estimate the size of the patch to be 3-4 larger
than a hydrophobic amino acid.

U particle

L patch U patch

Isotropic
SW

Fig. 1. Patchy particles used for modelling HGD proteins. Particles
with four patches (U-patches) are unlabelled proteins (U-type),
while the particle with green (wider) patch corresponds to a
fluorescently labelled protein.

OH

Fig. 2. Structure of Phenylalanine (A) and FITC (B)

The label is chemically attached to the surface of the protein rather
than being a composite part of the structure and therefore has the
potential to extend beyond the surface of the molecule, thereby
allowing contact with more than one other protein. Hence we allow
the L-patch to form more than one bond with the U-patches of both
U-type and L-type particles (Fig. 1). A second characteristic of the
model is that the L-patch on a particle does not directly interact
with a L-patch on another L-type particle. If this happens it would
cause the L-type particles to associate in small stable clusters since
the L-L bond would be the most energetically favourable. This
possibility was excluded experimentally.

Evaluation of the critical points

To accurately evaluate the critical point and the liquid-liquid
coexistence line of the unlabelled particles we perform umbrella
sampling grand-canonical Monte Carlo simulations (US-GCMC) and
histogram reweighting.“g‘50 Thus we identify the correct order
parameter M that, at the critical point, has a probability distribution
P(M) that follows the one typical of the Ising universality class.”™*
This parameter M = p — su is the linear combination of the number

4| J. Name., 2012, 00, 1-3

density p and the energy density u trough the field-mixing
parameter s.>°%*°

To locate the critical point we tune the temperature T and the
chemical potential u of the system until the numerical joint
distribution P (N, E; T, u) projected over N shows the double-peaked
shape typical of the Ising probability distribution P(M); this is the
signature of the presence of large density fluctuations in the system
in the vicinity of the critical point. We then implement a fitting
procedure based on the histogram reweighting technique that
allows us to transform the joint distribution P (N, E; T, u), evaluated
at Tand y, into P (N, E; T, i) at T' and u' and to extract the best
values of T', u' and s for which the numerical P(M) is the closest to
the Ising distribution.”®* The reweighting technique is also used to
evaluate the liquid-liquid coexistence line; At temperatures lower
than T, the liquid-liquid coexistence densities are obtained by
imposing the equality of the areas below the two peaks of the
reweighted P(N, E; T, u) projected over N and centred in N, = pCL3
where p, is the critical density and L is the length of the simulation
box.

The procedure to evaluate the critical point in the binary
mixtures is similar to that employed for the pure system except for
the fact that a different order parameter needs to be considered. In
particular we choose M = p,, + ap,, where p, is the number density
of the species U(L) and a is a mixing parameter.55 Hence the
numerical joint distribution P(Ny, N, uy, p,) will depend only on the
number of particles of the two species and the associated chemical
potentials. Note that since the joint distribution does not depend
on the energy, T is a parameter that cannot be varied to locate the
critical points. This means that each T we search for the critical
temperature T, of a mixture of a given concentration x, of species
U and L, mapping in this way T,. We then select the specific T,
corresponding to the desired concentration of L-type particles, e.g.
x, = 0.01 to 0.02, to compare with the experimental values of
concentrations of labelled proteins with amine modification.

Results and Discussion

HGD has two surface-exposed primary amines (the terminal amine
and e-amine of lysine in position 2). Control of pH during
conjugation ensures that only the free amine of the lysine is
modified by labelling. HGD has 6 unpaired cysteine residues but
only one is surface-exposed (at position 110).* Therefore, using
commercially available labelling methodologies, it is only possible to
label HGD in one position on the protein in each case (i.e. for a
particular label type only a single molecule of dye is conjugated to
the protein) (Fig. 3). This allows us to explore both the chemical
and directional anisotropy imposed by the addition of the
fluorophore.

Two commonly used fluorescent dyes were selected initially; HiLyte
Fluor 405 which labels the lysine in position 2 by formation of a
carboxamide bond between the reduced e-amine group of the
lysine and the succinimidyl ester of the dye and DyLight Maleimide

This journal is © The Royal Society of Chemistry 20xx
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405, used to label the cysteine residue at position 110 via the
formation of a thioether bond between the reduced thiol group of
the cysteine and the maleimide group of the dye.

Fig. 3. Topological rendering of HGD indicating each site used for
fluorescent labelling. Lys-2 is shown in green and Cys-110 in red.

For many applications, labelled protein is used at low labelling
densities in solution in combination with unlabelled protein. The
high sensitivity of fluorescence methods in general requires low
quantities of labelled protein. Using lower amounts of labelled
protein may also be used as a strategy to mitigate any potential
impact labelling may have on the structure or behaviour of a
protein. Typically labelled proteins ranging from x, = 0.0001 to x, =
0.01 (where x, is the fraction of labelled proteins for a combined
protein volume fraction x; = 1) are used. Therefore, protein labelled
by the methods described above, were mixed in known quantities
with unlabelled HGD and the temperature at which liquid-liquid
phase separation occurred was measured at each composition (Fig.
4 a,b).

The temperature at which the onset of liquid-liquid phase
separation occurs is referred to as the phase separation
temperature (T,,) and is determined by taking the average of the
Teoud (defined as the temperature at which the solution clouds upon
cooling (at 50% transmission)), and T, (defined as the
temperature at which the solution clears upon reheating) from the
experimental measurements. We observe significant increases in
the liquid-liquid phase separation temperatures (T,,) for the
mixtures in both cases at compositions with very low fractions of
labelled protein (i.e there is an increase in the temperature at
which the liquid-liquid coexistence curve is measured). To a first
approximation, we can use the single-component description of the
liquid-liquid coexistence curve to describe the experimental data
even for the mixtures (Equation 4) where ¢ and ¢. are the volume
fraction of the sample and critical volume fractions respectively; A
is a parameter that determines the width of the liquid-liquid
coexistence curve; T and T, are the sample temperature and critical
temperature respectively (in Kelvin) and B is an exponent term for
the three dimensional Ising model equal to 0.325.%¢

(547

The degree to which T,, changes is, however, different for the two
positions at which the protein was labelled. For the protein mixture
containing protein modified with HiLyte 405 at the amine 2

(4)
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position, it was possible to add up to x;, = 0.01 of labelled protein
before significant precipitation of protein occurred.

31014 x,=0.0

300_0 x, =0.002
< x, = 0.006
g 290" x =0.0075
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[ | . £%99

270-,;‘f_)9—

260 r r r : )
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Fig. 4. Liquid-liquid coexistence curves for unlabelled HGD and
binary protein mixtures in aqueous solution of unlabelled and
amine modified (Fig. 4a,c) and thiol modified (Fig. 4b) HGD with
increasing labelled protein fractions (x;). Panel A indicates binary
protein mixtures in aqueous solution of unlabelled HGD and HGD
amine modified with HiLyte Fluor 405. Panel B shows unlabelled
HGD and binary protein mixtures in aqueous solution of unlabelled
HGD and HGD thiol modified using DyLight 405 Maleimide. Panel C
indicates the liquid-liquid coexistence curves for unlabelled HGD
and a binary protein mixture in agueous solution of unlabelled HGD
and HGD modified using FITC (assuming on average 1 dye molecule
per labelled protein).
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At protein compositions containing up to x, = 0.01 the protein
remained in solution up to a total protein volume fraction of ~ 0.07.
The liquid-liquid phase separation that did occur at x, = 0.01 was
due to the formation of reversible non-covalent aggregates above
this total protein volume fraction. It was possible to re-disperse
these aggregates upon dilution. For the protein modified at the
cysteine 110 position, it was only possible to add labelled protein
fractions, x; = 0.002 before precipitation occurred. We also observe
a change in the shape of the liquid-liquid coexistence curve with
increasing fractions of labelled protein in each case. It was not
possible to obtain further points on the liquid-liquid coexistence
curve experimentally, since further concentration of protein within
the ranges that we have measured resulted in precipitation (due to
the net increase in attraction).

To ensure that these observations were not related only to
the specific chemistry of the dyes that we selected, we also labelled
protein with FITC, which is a widely used fluorescent dye (for which
the chemical structure is known). In this case, we have not
specifically labelled a particular amino acid (since FITC will
covalently attach to both primary and secondary amines). Again,
the FITC labelled proteins were used in mixtures with unlabelled
HGD. A significant change in the liquid-liquid coexistence curve is
also observed in this case (Fig. 4c). Therefore, the addition of the
labelled proteins (and therefore a strong hydrophobic patch) alters
the solution behaviour, the extent of which is governed by both the
specific chemistry of the dye (i.e. its hydrophobicity, and therefore
the strength of the attraction) and also by the position on the
protein surface in which the label is placed.

The critical point for several gamma crystallins has been
measured previously and occurs at ¢. = 0.21 (300 mg ml'l) and 277
K (4"C).56758 To estimate the critical temperature for each of the
protein mixtures, we fit each liquid-liquid coexistence curve using
Equation 4, assuming that the critical volume fraction (¢.) did not
change with the addition of labelled protein. Values for T, (the
critical temperature) and A (related to the width of the liquid-liquid
coexistence curve) are shown in Table 1. The width of the liquid-
liquid coexistence curve is determined by the range of the inter-
protein interaction, with a decrease in width indicative of an
increase in the range of the interaction.””® The decreasing width
of the liquid-liquid coexistence curve observed indicates that the
range and strength of the attractive interaction is increasing. This is
consistent with our view that fluorescent labelling is the equivalent
of adding a hydrophobic patch that increases inter-protein
attraction.

Table 1. Estimated changes in critical temperature (AT.) for each
protein mixture with different labelled protein fractions (x,) at a
total protein volume fraction of 0.21.

Labelled Protein T. (K) AT, (K) A
Unlabelled HGD 277 0 2.6
HiLyte Fluor 405 labelled amine,

280 3 2.5
x, =0.002
HiLyte Fluor 405 labelled amine,

287 10 2.2
x, = 0.006
HiLyte Fluor 405 labelled amine, 297 20 1.8

6| J. Name., 2012, 00, 1-3
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x, =0.0075
HiLyte Fluor 405 labelled amine,
308 31 1.6

x,=0.01
DyLight 405 Maleimide labelled

i 291 14 2.1
thiol, x, = 0.001
DyLight 405 Maleimide labelled

] 301 24 1.9
thiol, x, = 0.002
FITC labelled HGD, x, = 0.002 297 20 1.9

Furthermore, both the molecular weight and number of

hydrophobic groups in the fluorescent dye are significantly greater
than for a hydrophobic amino acid (Fig. 2). Therefore, we expect
that the strength of the attraction at this patch to be higher than
other attractive patches on the protein surface. These results
clearly show that upon increasing labelled protein fractions a
significant increase in net-attraction of the system is observed.

The above results are based on the strong assumption that, within
the volume fraction range that we have probed, the protein
remains monomeric, the critical volume fraction does not change
and there is no significant change to protein structure. We
performed SE-HPLC (size exclusion high pressure liquid
chromatography) on the protein mixtures to determine if it was
possible to detect even small amounts of protein aggregates in our
samples. None were detected, even at high total protein volume
fraction (¢ = 0.07). The presence of protein aggregates has been
previously shown to increase T, but we find no evidence that this
is the source of the increase in T,y in our case.*

To probe this further, we induced LLPS in a sample and
allowed the concentrated and dilute phases to fully phase
separate.62 We then measured both the total protein volume
fraction and the fluorescence intensity in each of the two phases
(Fig. 5). The protein volume fractions measured in each phase are
consistent with a critical volume fraction that does not change upon
the addition of labelled protein (to within the experimentally
measureable range). Furthermore, the measurements clearly
indicate that the density of labelled protein in the concentrated
phase is higher than in the dilute phase and therefore that the
fluorescently labelled protein preferentially partitions into the
concentrated phase after phase separation. In this case before LLPS,
labelled protein is present at x, = 0.002. After phase separation the
labelled protein fraction in the dilute phase is x, = 0.0012 and in the
concentrated phase is x;, = 0.0025.

We also performed circular dichroism spectroscopy to
determine if structural change to the protein occurs after labelling
(Fig.6). A structural change as a result of unfolding can lead to an
increase in net attraction due to exposure of hydrophobic amino
acid resides from the protein interior. To establish if this was the
case for our protein mixtures in aqueous solution, we used far and
near circular dichroism (CD) spectroscopy for comparative analysis
of secondary and tertiary structure between the unlabelled protein
and the protein labelled at both positions.

This journal is © The Royal Society of Chemistry 20xx



Page 7 of 10

Physicat Chemistry. Chemical Physics

282-
279-
27647

273

Temperature (K)

270

——x, =0.002

267

012 018 024 030 0.36
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Fig. 5. Liquid-liquid coexistence curves for unlabelled HGD and for a
protein mixture containing x, = 0.002 amine modified HGD (with
HiLyte Fluor 405). The diamonds indicate the volume fractions for
the dilute phase (¢ = 0.067) and concentrated phase (¢ = 0.351)
after liquid-liquid phase separation. The dashed line is a tie-line and
connects the pair of volume fractions after phase separation. The
measurements are consistent in both cases with a critical volume
fraction ¢, =0.21.
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Fig. 6. Near (a) and far (b) UV spectra showing unlabelled HGD
(black), amine modified HGD (green) and thiol modified HGD (red).

This journal is © The Royal Society of Chemistry 20xx

While there is no change in the secondary structure of the protein
for either modification, there is a slight perturbation in the near UV
spectral data in the region corresponding to phenylalanine (255 nm
to 270 nm) for the amine modified protein.63 There is only 1
phenylalanine in close proximity to lysine in position 2 which is the
phenylalanine in position 11. However, the CD spectrum indicates
that this change in structure is very local and does not significantly
impact the protein structure. There is no measured change in the
tertiary structure for the thiol modified protein.

We have so far demonstrated that fluorescent labelling of HGD in
position 2 via an amine modification and at position 110 via a thiol
modification leads to an increase in the net attraction between
proteins in solution. This increase is unrelated to the formation of
protein aggregates, although the increase in net attraction does
eventually lead to aggregation. When aggregation does occur, it
involves a significant volume of the protein material (not only the
labelled protein) and appears to arise due to the collective increase
in net attraction (rather than by nucleation via the labelled protein).
The increase in attraction arises from a small amount of labelled
protein in solution and not as a result of a significant change to the
protein structure. While the effect is not limited to a single type of
small molecule label, the extent of the impact is related both to the
specific chemistry of the dye and the position on the protein in
which the modification is made. While it is not overly surprising that
the addition of a fluorescent (hydrophobic) molecule has some
impact on solution behaviour, the very low labelled protein
fractions at which a significant effect occurs is somewhat
unexpected.

To gain a microscopic understanding of the primary
mechanism responsible for the shift in T, for LLPS when a small
fraction of protein is labelled, we numerically study a simple patchy
model which incorporates the essential elements required to
describe the experimentally observed behaviour. Patchy particle
models with implicit solvent have been used to describe the phase
behaviour of rubredoxin and |ysozyme,47’61’64 To show that the
model used in this work correctly captures the value of the critical
volume fraction as well as the experimental width of the liquid-
liquid coexistence curve of HGD we report a comparison between
numerical and experimental data in Fig. 7.

To model unlabelled-labelled interactions we have
performed a study in which we vary the parameters characterising
the L-patch: attraction strength g, ;, angular width (8,,,J; and width
of the patch &, ;, aiming to achieve an increase of T, in agreement
with experimental results. In Table 3 we summarise all the different
combinations of parameters for the L-patch and the corresponding
values of ¢. and T, with respect to the critical temperature of the
unlabelled system (T/TUC). The resulting fits to the Ising probability
distribution for estimating the critical point are shown in Fig. 8 for
unlabelled particles and mixtures with x;, ~ 0.02.

Most of the simulations have been carried out with a wide
angular width compared to that of the U-patches, in order to allow
for multiple bonding. The bonding volume, i.e. the volume available
to form bonds with other particles depends on the angular width
and on the interaction width. Whenever the condition

1
in(©® _ 5
snd MAX)L>2(1+5U,LU) ?

is satisfied, the patch can be involved in more than one bond. We
note that, since the bonding angle is already very wide, the increase
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of the interaction width does not contribute to a significant increase
of the critical temperature. On the other end, a further increase of
the bonding angle would create overlaps with the other patches of
the same particle. Finally, if the L-patch is too attractive, bonds with
other proteins becomes irreversible and it is not possible to use
grand-canonical simulations to estimate the critical point of the
system.

® Isotropic SW complemented with patches interactions
— Fit to simulations
4 HGD experimental data
- Fitto HGD data
- Isotropic SW interaction (from Lomakin et al., JCP 104 (1996))

1.005
1
0.995
2o 0.99
30.985
&~ 0.98
0.975
0.97
0.965

0 0.07 014 0.21 028 035 042

¢
Fig 7. Comparison between the experimental liquid-liquid

coexistence curve of unlabelled HGD protein and different
numerical models. Squares are results for the Kern-Frenkel patchy
model with four patches randomly distributed on the surface and
complemented with a SW attraction. The thin dashed line is the
liquid-liquid coexistence curve of a simple SW model from Ref. 61:
the isotropic attraction captures the position of the critical volume
fraction doesn’t quantitatively describe the amplitude of the liquid-
liquid coexistence curve. Solid lines are fits to the critical scaling to
describe the liquid-liquid coexistence curve. T, is the critical
temperature. For the patchy model we find T, = 0.8184.

In our simulations this occurs for bonding energy g,,/eyy > 1.5
(when the bonding angle of the L-patch is set to cos(Byax). = 0.723
and the width of the patch is 6;,, = 0.175). Hence we cannot directly
probe the relevant to
experiments, where the energetic contribution brought by the

range of bonding energies directly

fluorescent molecule is estimated to be 3-4 times larger than the
typical protein-protein attraction. As a consequence, to allow for a
comparison with experiments we need to resort to extrapolation of
the critical temperature to higher bonding energies. For instance,
focusing on the case in which the composition of the labelled
proteins is x;, ~ 0.02, the extrapolation values of the bonding
energies comparable to the energetic contribution brought by the
fluorescent molecule in the experimental system is shown in Fig. 9.
The addition of a very small percentage of labelled proteins, as little
as X; = 0.02 produces a significant increase in the critical
temperature of the mixtures, in qualitative agreement with
experimental results. We also see a shift of the critical volume
fraction to larger values when compared to the unlabelled system.
However a crude extrapolation suggests that this would shift to ¢, =
0.23 when g, /gy ~ 4. For experiments HGD in mixtures with the
amine modified protein at x, = 0.002, for which we have an
experimental point on the descending arm of the liquid-liquid
coexistence line, the experimental data is consistent with a similar
critical volume fraction (¢, = 0.21) as for the unlabelled case,

8 | J. Name., 2012, 00, 1-3

although an increase to higher values cannot be excluded since the
fitting function (Equation 4) strictly holds only for one-component
systems. Finally, we have also monitored the relative concentration
of labelled proteins in the two phases of the liquid-liquid phase
separated mixtures, finding that they are present only in the dense
phase. This is due to the larger strength of the fluorescent label
attraction which forms longer-lived bonds with respect to
unlabelled proteins making it favourable for them to be in the
concentrated phase. This is consistent with the experimental results
where a 1:2 ratio of labelled protein is found between the dilute
and concentrated phases (from an initial x, = 0.002 of labelled
protein) (Fig. 5).

Table 3. Parameters of the L-patch and corresponding critical
temperatures for different fractions of labelled protein.
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Ey,u (D max)L 5 UL X (%) Tcu b
1.0 0.723 0.175 1.12 1.0056 0.214
0.723 0.175 1.57 1.0081 0.215
0.723 0.175 2.14 1.0099 0.214
0.723 0.175 2.90 1.0130 0.214
1.1 0.723 0.175 1.13 1.0062 0.215
0.723 0.175 1.48 1.0081 0.214
0.723 0.175 2.16 1.0105 0.214
0.723 0.175 3.10 1.0142 0.214
1.2 0.723 0.175 1.97 1.0105 0.217
0.723 0.175 1.95 1.0105 0.217
0.723 0.175 2.61 1.0105 0.213
0.723 0.175 1.62 1.0105 0.217
0.723 0.175 2.05 1.0111 0.217
0.723 0.175 2.60 1.0142 0.216
0.723 0.175 4.16 1.0203 0.217
1.5 0.723 0.175 1.66 1.0105 0.217
0.723 0.175 2.23 1.0126 0.219
0.723 0.175 2.51 1.0139 0.219
0.6
— lIsing curve
0.5 USGC-MC Simulations U-type particles
0.4
S
=03
A
0.2
0.1
0 -
8 226 <15 0756 0 075 156 226 3
M = py + su
— lIsing curve
0.6 T. = 1.0099, ”UL/ vu =1.0
A Tczlmzl.; =13
05 oI .= =1.5
0.4
o
=03
&
D2
0.1 Xi~2%
O L b\
-3 2256 -15 075 0 075 15 225 3
M = py + apr,
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Fig. 8. Top Panel: Best fit of numerical data (full circles) to the Ising
order parameter distribution P (M = py + su) (solid line) of
monodisperse system of unlabelled (U-type) particles. The mixing
parameter is s = 0.028. The simulation box is L = 5. Bottom Panel:
the same as before but for the binary mixtures with x, ~ 0.02, when
the interaction strength of the L-patch (g, / €yy) is varied. The
order parameter is given by M = p, + ap,. For all the three curves a
= 0.001. The simulation box is L = 5. The angular width of the L-
patch is set to (Bymax). = 0.723 and the width §,, = 0.175.

1.05

0.235
1.04 ¢(Q.225
10.2154
5,103 | 05 T T
L]
o 1.02
&~
1.01
1
0.99
0 105 1 145 2 2.5 3 385 4
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Fig. 9. Evolution of the critical temperature of the mixture of
labelled and unlabelled particles (normalised to the critical
temperature of the unlabelled system TUC) as a function of the bond
energy between a U-patch and a L-patch g . The fraction of
labelled particles is x, ~ 0.02. The darker area in the plot
corresponds to the range of interaction energies comparable to
experiments. Inset: critical volume fraction ¢, as a function of g .

Conclusion

We have demonstrated that small molecule fluorescent labelling of
protein increases the net attraction in protein solutions at low
labelled protein fractions. The temperature at which liquid-liquid
phase separation for HGD occurs increases when using fluorescent
dyes with different chemistries and is also affected by positioning
these dyes in different sites on the protein. By careful control of the
labelling conditions, it was possible to ensure that each labelled
protein contained only 1 dye molecule and hence the ratio of
labelled to unlabelled protein could be unambiguously calculated. It
appears that both the specific chemistry of the dye molecule and
the position at which it is located on the surface of the protein are
important in determining the extent to which the net attraction
To understand the microscopic basis for these
observations, we have numerically assessed a simple patchy particle
model in which unlabelled proteins as represented by a 4-patch
particle complemented with an isotropic SW potential and for
labelled proteins by the addition of a fifth patch to this model.
Using Monte Carlo simulations for mixtures of these particles at
labelled protein compositions within the range of the experimental
values, we find a good agreement between the model and
experiments. The net increase in attraction in the system is derived
from an increase in the total number of bonds in the system due to
the addition of a large, hydrophobic region on the protein surface,
which occurs upon labelling. We note that while a simple model can

increases.

This journal is © The Royal Society of Chemistry 20xx
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guantitatively describe the liquid-liquid phase coexistence of the
unlabelled HGD solutions, it does not fully describe the chemical
modification induced by the fluorescent labelling in terms of the
interaction potential. Our attempt to model this by the presence of
an additional patch only qualitatively captures the experimental
behaviour. We have tested different potential models (e.g. with and
without the presence of the isotropic SW) as well as different
combinations of parameters of the fifth patch but we have not been
able to reach quantitatively the same change in the critical
temperatures. However, the fact that the critical volume fraction
does not change significantly is well reproduced by the present
model. These findings suggest that more fundamental work is
needed to understand how to model correctly the fluorescent label
in a quantitative way. There may of course be other surface effects
with the addition of dye that we have not yet considered. For
example the fluorescent dye, when present alongside other
hydrophobic amino acids on the surface, could increase the
effective size of the additional attractive site on the protein surface.
These possibilities will be explored in future work.

The current work however provides important observations.
While anecdotally we know that fluorescent labelling can alter the
solubility of the protein (and this has led to a number of new dyes
being developed to offset these effects), we explain for the first
time that the origin of the decrease in solubility is not due to the
formation of aggregates in itself (although this is a downstream
consequence) or a significant change in protein structure, but as a
result of a net-increase in attraction due to an increase in the total
number of attractive sites in the system as a whole. We have also
demonstrated that these effects can be significant, even at sites on
the protein which may be considered biologically inert. While the
cysteine at position 110 for HGD is important in maintaining its
solubility, the amine in position 2 has no known biological
significance and there are no known mutations at this position for
this protein which result in a change in protein solution behaviour.

With the increasing dependence on fluorescence methods
to understand protein behaviour, this study provides for the first
time a quantitative assessment of the effects that these established
methodologies can have on the stability of protein solutions. Thus,
while it is clear that the use of fluorescence by chemical
modification requires careful control and may best be limited to the
lowest possible amounts of labelled protein, it also suggests that
the interpretation of results involving even small amounts of
fluorescently labelled protein must account for these important
effects. More broadly, these results may suggest a more general
mechanism by which anisotropic protein-protein interactions in
protein mixtures determine solution behaviour.
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