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Abstract

Recent microscopy and NMR studies have noticed substantial suppression of intracellular diffusion for
positively charged proteins, suggesting an overlooked role of electrostatic attraction in nonspecific protein
interactions in the predominantly negatively charged intracellular environment. Utilizing single-molecule
detection and statistics, here we quantify in aqueous solutions how protein diffusion, in the limit of low
diffuser concentration to avoid aggregate/coacervate formation, is modulated by differently charged
interactor proteins over wide concentration ranges. We thus report substantially suppressed diffusion when
oppositely charged interactors are added at ppm levels, yet unvaried diffusivities when same-charge
interactors are added beyond 1%. The electrostatic attraction-driven suppression of diffusion is sensitive
to the protein net charge states, as probed by varying the solution pH and ionic strength or chemically
modifying the proteins, and is robust across different diffuser-interactor pairs. By converting the measured
diffusivities to diffuser diameters, we further show that in the limit of excess interactors, a positively
charged diffuser molecule effectively drags along just one monolayer of negatively charged interactors,
where further interactions stop. We thus unveil ubiquitous, net charge-driven protein-protein interactions

and shed new light on the mechanism of charge-based diffusion suppression in the living cell.
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Introduction

Molecular diffusion stands as a fundamental process of the cell while also providing a valuable window
into intermolecular interactions.'® We recently developed single-molecule displacement/diffusivity
mapping (SMdM),’ in which the mass statistics of transient (~<1 ms) single-molecule displacements
enables the quantification of molecular translational diffusion in vitro®® and in the living cell.>”!%!! For
fluorescent proteins (FPs) expressed in the mammalian cell, SMdM unexpectedly unveils the protein net
charge as a key determinant of their diffusivity. Intriguingly, across diverse cytoplasmic, nuclear, and
intraorganellar environments, the possession of positive, but not negative, net charges substantially
impedes diffusion.>!! These results echo other recent microscopy and NMR observations in bacterial and

mammalian cells generally showing slower diffusion for positively charged proteins.!!®

Our analysis of the net charges of major proteins in the mammalian cell (per mass spectrometry-
detected abundances'”'®) shows an excessive preponderance of negative values.>!! Combined with the
known high abundance of intracellular small cations (~150 mM) but low availability of small anions (~20
mM),'?! we thus reason that in the mammalian cytoplasm, positive charges are predominantly carried by
small ions, whereas negative charges are mainly carried by RNA and proteins (Table S1). Consequently,
it is plausible that in the mammalian cell, positively charged proteins will be dragged by the predominantly
negatively charged intracellular macromolecules, thus explaining the above experimental observations of

charge-sign asymmetric impediment of diffusion.

However, the above model, which would imply strong ubiquitous net charge-driven protein-
protein interactions in intracellular environments, has yet to be validated experimentally or recapitulated
in vitro. As intracellular proteins are predominantly negatively charged, protein-induced macromolecular

crowding???*

is often examined between proteins of the same, negative charge sign. Meanwhile,
oppositely charged biomacromolecules have been mixed at near equimolar ratios at high (>~0.1 wt%

or >~10 uM) concentrations to generate polyelectrolyte complexes/coacervates as phase-separated,
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micrometer-sized droplets, with recent work extended to cells.

Uniquely enabled by the single-molecule detection mechanism of SMdM, here we examine in
aqueous solutions, in the low-concentration (~200 pM) limit of diffuser proteins, how interactor proteins
of opposite and same charge signs, over wide concentration ranges, differently interact with the diffuser
and thus modulate its translational diffusivity. This regime avoids the potential interferences of

aggregate/coacervate formation, and thus better emulates how individual diffuser molecules interact with



the crowded, predominantly negatively charged intracellular environment. We thus document ubiquitous,
net charge-driven nonspecific protein-protein interactions, wherein electrostatic attractions between
species of opposite net charges substantially suppress diffusion. By converting the measured diffusivity
to diffuser diameters, we further show that in the limit of excess interactors, a positively charged diffuser
molecule effectively drags along a monolayer of negatively charged interactors, thus a model to elucidate

the experimentally observed diffusion suppression of positively charged proteins in the living cell.

Results and discussion

We started by examining the diffusion of hen-egg-white lysozyme (HEWL) in a solution of bovine serum
albumin (BSA). With an isoelectric point of ~10.7, the diffuser HEWL has an estimated net charge of +7
at the cytoplasmic pH of 7.3 (Table S2). Meanwhile, the interactor, the common protein standard BSA
has an isoelectric point of ~5.0 and is -17 charged at pH 7.3 (Table S2).
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Fig. 1. Single-molecule diffusivity quantification unveils strong HEWL-BSA interactions in the low-concentration limit.
(a) Schematics of the excitation sequence in SMdM, in which paired pulses were repeatedly applied across tandem
camera frames to capture transient single-molecule displacements in the wide field over the time window defined
by the pulse separation. (b) Example histograms of single-molecule displacements from SMdM, for 200 pM Cy3B-
labeled HEWL diffusing in a pH = 7.3 buffer of 2 mM ionic strength, with and without the addition of 0.03% BSA.
Blue lines: fits to the SMdM diffusion model, yielding diffusion coefficients D of 100.9+1.2 and 21.2+0.2 ym?/s (95%
confidence intervals), respectively. (c) SMdM-determined D values for 200 pM Cy3B-labeled HEWL in pH = 7.3
buffers at ionic strengths of 2, 10, 100, and 500 mM, as a function of added BSA (bottom scale: weight percentage;
top scale: molar concentration).

Fluorescently labeled HEWL was first diluted to ~200 pM in a pH = 7.3 buffer. At this low

concentration, the average distance between individual HEWL molecules in the solution was ~2 um, thus



permitting robust single-molecule detection and minimizing the likelihood of interactions between
different HEWL molecules. For SMdM, an excitation laser repeatedly illuminated the sample as paired
stroboscopic pulses across tandem camera frames at a fixed center-to-center separation of 600 pus (Fig.
1a), thus enabling the rapid wide-field detection of ~10° transient single-molecule displacements for the
600 us time window in ~3 min (Methods).>® Fitting the accumulated single-molecule displacements to
our diffusion model (Fig. 1b and Methods) yielded diffusion coefficient D with ~1% precisions.® While
the sub-millisecond time scale we probe does not resolve the individual transient interactions between
biomolecules, it characterizes the averaged effects relevant to intracellular transports at sub-micrometer

length scales.

For the starting 1 mM phosphate pH = 7.3 buffer (ionic strength ~2 mM), as well as buffers with
KCl added to ionic strengths of 10, 100, and 500 mM, SMdM determined comparable D values of 101-
104 um?/s for Cy3B-labeled HEWL (Fig. 1b). These values agree with our previous SMdM results,
expected based on the 15 kDa molecular weight (Fig. S1).53?

Notably, as we added BSA to the sample, SMdM detected substantial drops in D in a
concentration-dependent manner (Fig. 1c¢). In buffers of low ionic strengths of 2 and 10 mM, ~10%
suppression in D was noted at 3x10™* wt% (weight percentage), or 3 ppm (parts per million), addition of
BSA. Note that 3 ppm BSA (45 nM) was still >200-fold over the ~200 pM concentration of the HEWL
diffuser used in the measurement, and so interactions were not limited by the available amount of the BSA
interactor in the solution. Increasing the BSA concentration to 0.01% (100 ppm; 1.5 uM) suppressed the
HEWL D values to <30 um?/s, and this value stabilized to ~20 um?*/s for BSA concentrations of >0.03%
(4.5 uM). In comparison, the diffusivity of the Cy3B dye itself remained largely unaffected at >300 pm?/s
for BSA additions up to 1% (Fig. S2).

With the higher ionic strength of 100 mM, ~10% suppression in the D value of Cy3B-labeled
HEWL was observed at 30 ppm (450 nM) BSA addition, and 300 ppm and 0.3% BSA additions
suppressed the HEWL D values to ~50 and ~20 pm?/s, respectively. For the very high ionic strength of
500 mM, diffusion suppression occurred at >~0.1% (15 uM) BSA addition, with 1% and 10% BSA
additions suppressing D to 68 and 38 um?/s, respectively.

To further elucidate the effects of ionic strength in this system, in another experiment, we initiated
BSA-induced diffusion slowdown for HEWL in a 1 mM phosphate pH = 7.3 buffer, and then gradually
added KCI to raise the ionic strength. SMdM detected HEWL diffusivity recovery in this process (Fig.



2a). Together, the observed ionic strength-dependent BSA suppression of HEWL diffusion suggests that
the HEWL-BSA interaction is driven by electrostatic attractions and thus reversible when the protein

charges are screened by high salts.
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Fig. 2. The HEWL-BSA interaction is driven by electrostatic attractions based on the protein net charge. (a) SMdM-
determined diffusion coefficient D for 200 pM Cy3B-labeled HEWL initially diffusing in a pH = 7.3 buffer of 2 mM
ionic strength, to which 0.03% BSA and then KCI of different concentrations were sequentially added. (b) SMdM-
determined D values for 200 pM Cy3B-labeled HEWL diffusing in 1 mM phosphate (pH = 7.3) or acetate (pH = 5.0)
buffers, at different wt% of added BSA. (c) SMdM-determined D values in pH = 7.3 buffers of 2 mM ionic strength,
for 200 pM Cy3B-labeled HEWL in the presence of varied wt% of methylated BSA (mBSA) (red) and 200 pM Cy3B-
labeled succinylated HEWL (green) and HEWL (black) in the presence of varied wt% of BSA.

To directly probe the charge effects, we compared SMdM results in a 1 mM acetate buffer of pH
= 5.0, the isoelectric point of BSA. We thus observed no changes in the HEWL diffusivity for BSA
additions up to 0.1%, and only ~10% drops at higher BSA additions (Fig. 2b). These results corroborate
our mechanism based on charge interactions, which vanished as BSA became neutral at its isoelectric

point.

With the pH = 7.3 buffer, we further examined the diffusions of HEWL in methylated BSA (mBSA)
and succinylated HEWL in BSA. These chemical modifications flip the net charges of BSA and HEWL
to positive and negative, respectively.*>*** We thus found that for both systems, no appreciable suppression
of diffusion occurred for up to 0.1% mBSA/BSA additions (Fig. 2¢). ~10% D depressions were noted at
1% mBSA/BSA additions, attributable to slight increases in the solution viscosity. These results suggest
negligible interactions between diffusers and interactors of the same charge signs. Together, SMdM
showed that the BSA suppression of HEWL diffusion is driven by electrostatic attractions owing to the

opposite net charges carried by the two proteins.



To generalize the above findings of electrostatic attraction-driven protein interactions, we next
probed the diffusion of HEWL in the presence of the 45 kDa ovalbumin (isoelectric point: 4.5; estimated
net charge at pH 7.3: -12), another common protein standard readily obtainable at bulk quantities. SMdM
showed substantial, ionic strength-sensitive suppressions of diffusion as ovalbumin was added (Fig. 3a),

similar to our results above with BSA addition.
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Fig. 3. Generalizing charge-driven interactions to HEWL-ovalbumin and avidin-BSA systems. (a) SMdM-determined
diffusion coefficient D for 200 pM Cy3B-labeled HEWL in pH = 7.3 buffers at ionic strengths of 2, 10, and 100 mM,
as a function of added ovalbumin (bottom scale: weight percentage; top scale: molar concentration). (b) Two-color
SMdM D values for 200 pM Cy5-labeled avidin and 200 pM Cy3B-labeled streptavidin concurrently added to a pH
= 7.3 buffer of 2 mM ionic strength, as a function of added BSA. (c) Two-color SMdM D values in another sample
under similar conditions as (b), but with Cy3B-labeled avidin replacing Cy3B-labeled streptavidin.

In another assay, we compared the diffusion behaviors of avidin and streptavidin in BSA solutions.
While similar in structure and both tightly bind biotin for bioconjugation applications, the ~68 kDa avidin
tetramer has an isoelectric point of 10.5 and an ~+23 net charge at pH 7.3, whereas the ~60 kDa
streptavidin tetramer has an isoelectric point of 6.4 and an estimated net charge of -4 at pH 7.3. Notably,
as we separately labeled avidin and streptavidin with Cy5 and Cy3B and added both into the same sample
to perform SMdM in two color channels, the addition of BSA suppressed diffusion of the former but not
the latter (Fig. 3b). In comparison, in another sample in which Cy5- and Cy3B-labeled avidin were added
into the same solution for two-color SMdM, similar diffusion suppressions by BSA were observed for

both (Fig. 3c¢).

To further generalize the above net-charge-based interaction/noninteraction rules, we compared
the diffusion of 8 different proteins (Table S2), each at ~200 pM concentration, in pH 7.3 buffers with
varied BSA additions (Fig. 4a). Before adding BSA, the SMdM-determined D values of the different

proteins (Fig. S1) showed molecule-weight dependences in excellent agreement with the Young-Carroad-
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Bell model,*? consistent with our previous results.® With BSA added, the 3 negatively charged proteins,
Cy3B-labeled BSA, a-lactalbumin, and streptavidin, exhibited unvaried diffusivities up to 0.1% (15 uM)
BSA addition and <10% suppressions at 1% (150 uM) BSA addition attributed to the aforementioned
increases in solution viscosity. In contrast, the 4 substantially positively charged (>+5) proteins (Cy3B-
labeled HEWL, CXCL9, avidin, and Histone H1.0) all exhibited markedly suppressed diffusion at ppm-
level BSA additions, and converged to similar D values of ~20 um?/s at >0.1% (15 uM) BSA levels. The
mildly positively charged Cy3B-labeled RNase A (~+3 net charge) showed an intermediate behavior in
which modest diffusion suppressions were observed for >0.01% (1.5 uM) BSA additions, with an ~40%
suppression achieved at 1% (150 uM) BSA. Together, SMdM has demonstrated ubiquitous, nonspecific

protein-protein interactions owing to electrostatic attractions between opposite net charges.
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Fig. 4. SMdM survey of the diffusivity of different proteins in BSA solutions shows consistent slowdowns for
positively charged species. (a) SMdM-determined diffusion coefficients D for 8 different Cy3B-labeled diffuser
proteins separately added at 200 pM to pH = 7.3 buffers of 2 mM ionic strength, as a function of added BSA (bottom
scale: weight percentage; top scale: molar concentration). The proteins are listed in the legend with their estimated
net charge z. LacA, a-lactalbumin; Str, streptavidin; H1.0, Histone H1.0. See also Table S2. (b) Effective diffuser
diameters (2x Stokes radii) of the different diffusers at different BSA concentrations, as converted from the D values
in (a) through the Stokes-Einstein equation (methods). Inset model: A positively charged diffuser drags along a
dynamic shell of negatively charged BSA interactors.

To rationalize the above curious convergence of D to ~20 pm?/s at high BSA concentrations for
the positively charged proteins, we converted the D values in Fig. 4a to effective diameters (2% Stokes
radii) of the diffusers using the Stokes-Einstein equation (Methods). We thus found that as the differently
sized diffuser proteins started with dissimilar diameters in the buffer, the negatively charged species

maintained their effective diameters with BSA addition, whereas the positively charged species had their



effective diameters quickly grown and stabilized to ~17-22 nm for >0.1% (15 uM) BSA additions (Fig.
4b). This size is ~3% the diameter of the interactor BSA (~7.5 nm based on our D values and previous
studies), thus pointing to a model in which the positively charged diffuser, in the limit of low abundance,
drags along a potentially dynamic shell of negatively charged BSA (Fig. 4b inset) to manifest a diffusion

coefficient commensurate with that size.

As the positive net charge on a diffuser molecule is readily overcompensated by just a few BSA
molecules, after the positive diffuser attracts a first layer of BSA interactors, the resultant dynamic
complex will appear to the outside as being negatively charged. It is thus likely that electrostatic attraction
stops right with the first BSA layer, which defines the apparent D of the diffuser regardless of further
increases in BSA concentration. Before that limit is reached, how the D value evolves as a function of the
interactor concentration may depend on the sizes and charge distributions of the diffuser and the interactor,
awaiting future theoretical and experimental investigations. The low diffuser concentration allowed in
SMdM measurements was instrumental in elucidating the above model, so that the amounts of the
interactor remained in high excess over the diffuser throughout the measurement. It is thus unlikely for
further complexing to occur through the interaction of multiple diffuser molecules with the same interactor
molecule, a condition previously shown to generate micrometer-sized aggregates or coacervates when

oppositely charged biomacromolecules are mixed at near equimolar ratios.?>2830-31

Conclusion

In conclusion, through SMdM, we have quantified how protein diffusion, in the limit of low diffuser
concentrations, is modulated by differently charged interactor proteins over wide concentration ranges.
We thus unveiled ubiquitous, net charge-driven protein-protein interactions and showed that in the limit
of excess interactors, a positively charged diffuser molecule effectively drags along one monolayer of

negatively charged interactors.

As the mammalian intracellular environment is dominated by negatively charged proteins®!! and
RNA counterbalanced by small cations (Tabel S1), the rarely encountered positively charged proteins
would similarly drag along a dynamic shell of negatively charged macromolecules without further
inducing aggregates or coacervates. The resultant complex thus provides an intuitive, refined model for
the mechanism underlying the experimentally observed diffusion slowdown of positively charged proteins
in the living cell. Intracellular macromolecular crowding, which progressively obstructs the diffusion of

2,22

larger particles,™“ conceivably further amplifies diffusion suppression, and such effects may be examined



in future studies. Interactions with cellular membranes, membrane proteins, and membrane-associated

5

cytoskeletons,®> as well as the diverse intraorganellar environments,'! further add to the equation.

Meanwhile, the demonstrated SMdM quantification of effective diffuser diameters opens new paths to

elucidating molecular interactions through single-molecule detection.
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