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ABSTRACT: Transitions between different oligomeric states of membrane proteins are
essential for proper cellular functions. However, the quantification of their oligomeric
states in cells is technically challenging. Here we developed a new method to quantify
oligomeric state(s) of highly expressed membrane proteins using the probability density
function of molecule density (PDFyp,) calculated from super-resolution localizations. We
provided the theoretical model of PDF,p, discussed the effects of protein concentration,
cell geometry, and photophysics of fluorescent proteins on PDFyyp, and provided
experimental criteria for proper quantification of oligomeric states. This method was
further validated using simulated single-molecule fluorescent movies and applied to two
membrane proteins, UhpT and SbmA in E. coli. The study shows that PDFyp, is useful in
quantifying oligomeric states of membrane proteins in cells that can help in understanding
cellular tasks. Potential applications to proteins with higher oligomeric states under high
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concentration and limitations of our methodology were also discussed.

1. INTRODUCTION

Transitions between different oligomeric states of membrane
proteins are essential in the regulation of apoptosis,’ tumor
formation,” and signal transduction.® However, to experimen-
tally determine oligomeric states of membrane proteins is not
trivial, especially when different oligomeric states coexist.
Multiple methods have been applied to identify the oligomeric
states of membrane proteins. Ensemble-based methods
1nclud1ng chemical cross- hnklng, Forster resonance energy
transfer,” fluorescence cross-correlation spectroscopy,’ and
number and brightness analysis’ are well-suited to measure the
substantial fractions of oligomer but lack the sensitivity to
quantify the subpopulation distributions if proteins exist in
multiple oligomeric states.

Single-molecule localization microscopy (SMLM)-based
approaches have also been applied to quantify oligomeric
states of membrane proteins.*”'* The SMLM-based methods
typically involve protein labeling and probe the oligomeric
state by stochastic bleaching, blinking behaviors of organic
fluorophores or fluorescent proteins (FPs), pair correlation
analysis, or protein colocalization within the region of
interest.>~'” For example, Durisic et al., Ulbrich et al,, and
Fricke et al. extracted the oligomeric state of membrane
proteins in cells by counting either the photobleaching steps or
the number of blinking events of FPs within an area of
interest.”~"> Kasai et al. examined the monomer—dimer
dynamic equilibrium using the colocalizations of labeled
GPCRs via single-molecule tracking.'”'® The number of
bleaching steps and blinking events are directly related to the
numbers of FPs and will change under different protein
concentrations. These methods are especially useful for cells
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with low protein concentrations where the interference of
neighbor proteins is minimized. However, for proteins
abundantly present in the cells, quantification of their
oligomeric state is still lacking. Given that cells often use
concentration as a way to regulate cellular properties,”' ™ it
is essential and necessary to determine the oligomeric state of
membrane proteins under high protein concentrations. A
quantification method effectively removing the complication of
protein concentration is especially useful for research involving
prokaryotic cells, which typically are only um in size and
because the concentration effect cannot be ignored with
prokaryotic cells. Veatch et al. used correlation functions to
quantify clustering in super-resolution fluorescence localization
images, and they included the protein concentration variables
for the first time in their analysis."” However, systematic
analysis of the correlation between protein oligomeric state and
protein concentration is still lacking.

Here we report a new single-molecule method to detect the
oligomeric states of membrane proteins in E. coli and discuss
how intracellular protein concentration affects the quantifica-
tion through super-resolution localizations. First, using a
theoretical model, we showed that the oligomeric states and
the fraction of different oligomeric species for membrane
proteins could be determined by the probability density
function of molecule density (PDFyp,). We then discussed the
effects of protein concentration, cell geometry, and photo-
physics of fluorescent proteins for the analysis as well as
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Figure 1. Single-molecule imaging data simulation. (a) Locations of membrane proteins were first generated in the 3D cell model. Projecting 3D
data onto the xy plane generated the 2D simulated data. (b) A subset of the 2D locations of membrane proteins was randomly sampled to reflect
photoconversion efficiency of mE0s3.2 (PE, g2 = 42%). (c) Calculation of the pairwise distance between molecules. Molecules within the r = 40

nm circular area were grouped to estimate the molecule density.

provided experimental criteria for proper quantification of
oligomeric states. After validating this method using simulated
SMLM movies, we further demonstrated a successful
application to the experimental SMLM data of a monomeric
sugar phosphate antiporter, UhpT, and a peptide antibiotic
transporter, SbmA, in E. coli. Potential applications to proteins
with higher oligomeric states under high concentration and
limitations of our methodology were also discussed using
theoretical models.

2. METHODS

2.1. Simulations of the Spatial Distribution of
Membrane Proteins in Confined Space. Monomeric
molecules of membrane proteins were randomly placed on
the cell surface to mimic protein locations observed in single-
molecule fluorescent images. We first modeled the three-
dimensional (3D) cell geometry as a cylinder capped by two
hemispheres™” for simplicity with cell length and width adapted
from our experimental results. Within a single cell, a set of x, y,
and z coordinates (i.e., one location) were randomly generated
and only accepted when points were intersecting with the cell
surface. This procedure was repeated until achieving a total
molecule number (N,) of 300 to 4800. Results were the
averages of the simulations from 900 cells to ensure statistically
saturated conclusions.

For the spatial distribution of multimeric membrane
proteins (i.e., dimer, trimer, tetramer, pentamer, and hexamer),
locations of molecules other than the initial location are
simulated using a two-dimensional (2D) Brownian diffusion
model. In short, with a chromosome diffusion'®** constant D
= 0.025 mm?%™' and a time resolution ¢ = 0.04 ms, we
generated the distribution of displacement vector (7;, where i

= x or y) following P(7, t) = $exp(—4%zt). We randomly

chose an 7. from the distribution of the displacement vector to
perform the 2D diffusion on a 3D curved surface and calculate
the subsequent positions. These new positions, together with
the initial position, then constituted the random orientations of
each molecule within the multimeric proteins with an average
size of 2 nm. This step was repeated until all the locations of
molecules were determined. Finally, the corresponding 2D
simulated data were generated from 3D data by discarding the
location information in the z-direction (Figure la, bottom).
Note that all simulations will contain the same number of

molecules (N,) rather than the same number of protein
complexes. For example, a trimeric membrane protein will only
have one-third of initial locations compared to that of the
monomeric protein. The final location list of membrane
proteins was created by randomly sampling a subset of this
location list to reflect the finite photoconversion efficiency
(PEpos32 = 42%, Figure 1b)'>*° of mEos3.2.

2.2. Generation of PDFy,; for Membrane Protein with
Single Oligomeric State. With the simulated locations, the
pairwise distances between molecules were calculated (Figure
1c). Molecules close to each other were grouped into the same
cluster based on their pairwise distances. For the single-
molecule super-resolution imaging condition, the minimum
required distance to distinguish two adjacent objects is
typically 4 times the localization precision.”” Considering our
localization precision of 20 nm, molecules with a pairwise
distance shorter than 80 nm were first grouped into the same
cluster. If assigned into multiple clusters in the first place, the
molecule will be regrouped into the cluster where the distance
between the molecule and the center-of-mass of the cluster is
the shortest. This process generated a distribution of molecule
density (i.e., MD, number of molecules within each circular
area A, A = r%, r = 40 nm), which is then normalized to the
area to create the probability density function of molecule
density (PDFyp, Figure 2a).

2.3. Generation of PDFy,; of Membrane Proteins with
Multiple Oligomeric States. The corresponding simulation
of membrane proteins existing in multiple oligomeric states
was generated through two steps: First, various fractions of 2D
data were mixed while maintaining the same total number of
molecules. Second, the mixed locations were sampled based on
the photoconversion efficiency of mEos3.2. For example, we
assumed the dimeric membrane protein exists as dimer and
monomer with a fractional population of 60 and 40%,
respectively. We sampled 30% dimeric proteins (two molecules
per dimeric protein) and 40% monomeric proteins from the
original dimeric and monomeric pools so that the total number
of molecule remained the same after mixing. These locations
were further selected according to the PE,_ g, to result in the
final locations for subsequent clustering. Locations within 40
nm radius were grouped to produce the PDF,, as described in
section 2.2.

2.4. Simulation of Single-Molecule Imaging Data
with Photophysics of mEos3.2 Integrated. To mimic the
experimental single-molecule imaging condition using
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Figure 2. PDF,;, estimated from protein locations based on the theoretical model. (a) PDFyy, of membrane proteins with different oligomeric
states under N, of 300. Dash lines represent the corresponding truncated Gaussian fitting results. The different PDFy, distributions of monomer
(M), dimer (D), trimer (T), tetramer (Q), pentamer (P), and hexamer (H) suggest that the PDFyp, method is effective to differentiate membrane
proteins with the oligomeric state varying from monomer to hexamer. (b) N, and (c) cellular geometry-dependent PDFy, of monomeric
membrane proteins. L and W denote the length and width of a cell. (d) PDFyy, of the dimeric membrane protein with 40:60 (M/D)
subpopulations (solid square) and its fitting result (dash-dot line) fall in between the PDFy, of the pure monomeric (blue dash line) state and that
of the dimeric (red dash line) state. (e) Fitting the PDFy, in d with a combined truncated Gaussian function resolved the subpopulations of
monomer (blue shade) and dimer (red shade). (f) Fitting results of relative populations of membrane dimeric protein existing in the various
monomer to dimer subpopulations. Error bars for all simulated PDFy, are within ~5%.

mEos3.2, we generated the corresponding single-molecule
fluorescent movies by modeling the photon conversion and
photophysics of mEos3.2 within an appropriate cell shape by
MATLAB. This approach approximated the detection of
fluorescently tagged proteins in E. coli cells. The algorithm of
our simulation method included the following procedures: (1)
building a sequence of photoconversion events of the
membrane proteins, (2) implanting the photophysics of
mEos3.2, and (3) rendering each location with a point-spread
function (PSF) and noise. In short, after the generation of
random localizations on the cell membrane, we selected 42% of
the localizations to reflect the photoconversion efficiency of
mEos3.2. Each of these chosen localizations undergoes a series
of blinking and bleaching events to reflect the photophysics of
mEos3.2 and generates the localization sequences. Simulated
locations in each sequence were convoluted with a PSF with a
full width at half-maximum of 300 nm. Finally, the background
noises were added to all PSFs so that the averaged signal-to-
noise ratio of each image is comparable to our experimental
conditions and produces the simulated single-molecule
fluorescence images and movie.

2.5. Sample Preparation and Super-Resolution Imag-
ing. Single-molecule fluorescent movies were collected
through a similar approach as reported by Chen et al. (see
details in the SI, sections 2 and 3).19’23 Briefly, We fused
membrane proteins UhpT and SbmA with mEos3.2 by
molecular cloning and expressed them in BW25113 and
JWO0358-1 E. coli strains, respectively. We then performed
photoactivated localization microscopy (PALM) to localize the
2D locations of individual fusion proteins UhpT-mEos3.2 and
SbmA-mEos3.2 in fixed E. coli cells at a sampling rate of 33.3
Hz under 561 nm laser power density of 6.5 kW/cm? (i.e., k,
of 35 + 5 s7') until the mEos3.2 tag was photobleached (S,
section 5).

3. RESULTS AND DISCUSSION

3.1. Theoretical PDF,,;, of Membrane Proteins with
Different Oligomeric States. Figure 2a shows the PDFy, of
membrane proteins with oligomeric states ranging from
monomer (M) to hexamer (H) under an N, of 300. The
PDFyy, of membrane proteins with different oligomeric states
shows unique distributions, and the peak of the PDFyp shifts
to higher MD when moving from monomer (M) to hexamer
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Figure 3. PDF,, estimated from protein locations extracted from simulated images. (a) Photoblinking effect on PDFy, of monomeric membrane
protein at different photobleaching rate constants, k,. (b) Same as a but after removing duplicated localizations. (c) Oligomeric-state-dependent
PDFy, estimated from simulated images agrees well with the theoretical model. (d) PDFy, estimated from simulated images (black solid square)
is consistent with the theoretical values (red sold square). The fitting result (dash-dot line) represents the sum of monomeric (blue shade) and

dimeric (red shade) subpopulations.

(H), suggesting that PDFyp can differentiate membrane
proteins with different oligomeric states.

Since PDFyy is directly related to the total number of
molecules inside the cells, we evaluated the effect of molecule
concentration on PDFyyp, in differentiating the oligomeric
states. Figure 2b shows the PDFy;, of monomeric membrane
proteins with N, varying from 300 to 4800. The PDF,p, shows
a broadened distribution as the N, increases and reaches a
steady state when N, > 1200. This deviation is because of the
shortened distances between molecules under high molecule
concentration. Such a condition resulted in grouping molecules
from neighboring proteins and changed the PDFy. On the
other hand, the low molecule concentration conditions
naturally eliminate the potential incorrect grouping but will
require averaging more cells to reach the statistically saturated
conclusion. On the basis of our simulation, it will need
averaging over 200 cells for membrane proteins with lower
oligomeric states (i.e., monomer to trimer) under low molecule
concentration conditions to achieve stable results (SI, Section
4). As for membrane proteins with higher oligomeric states
(i.e., tetramer and above), averaging over 200 cells with a high
concentration (~1000 locations) is needed. In addition to
molecule concentration, cellular geometry can also affect the
PDFyp. Figure 2c shows the PDFyp, for cells with aspect ratios

(i.e., cell length/cell width) of 1.7, 2.5, and 4, which represent
the cells with typical, doubled width, and doubled length
cellular geometries, respectively. The increase in length or
width will both increase the cellular volume and thus shift the
PDFyp toward to the low MD.

The PDF,y, of monomeric to hexameric conditions can be
well-described by a truncated Gaussian function (Figure 2a),
where the fitted centers and widths both provide information
on the oligomeric state of membrane proteins (details in
section 3.4). The center locations of the fitting results move to
a higher MD for higher oligomeric states as expected. More
importantly, our theoretical model also works for membrane
proteins existing in mixed oligomeric states.

For example, Figure 2d shows the simulated PDFy, of the
membrane protein with monomer and dimer coexisting in a
ratio of 40:60. The PDFyy, falls between the PDFy, of pure
monomeric and dimeric states. We determined the sub-
population of a target protein by fitting the PDFy, with a
combined truncated Gaussian function f = p;G4 + (1 — pg) Gy
where G4 and G,, are the theoretical truncated Gaussian
functions for pure dimer and monomer, respectively. p; and (1
— pg) represent the fractions of the dimeric and monomeric
states, respectively (Figure 2e). The same analysis was
performed across various subpopulation conditions. The
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Figure 4. PDF,j, estimated from experimental data of UhpT and SbmA. (a) Comparison between the experimentally determined PDFy, of UhpT
and theoretical PDFy, of the monomeric protein under different N,. (b) Same as a but for SbmA.

comparison between theoretical and fitted subpopulations was
summarized in Figure 2f, where the averaged errors (the
difference between theoretical and fitted values over the
theoretical value) of all four conditions are within 15%.
Together, these results demonstrate that PDFy, can effectively
differentiate membrane proteins with different oligomeric
states and determine the relative populations of proteins
existing in multiple oligomeric states.

3.2. Validation of Theoretical PDF,;, with Simulated
Single-Molecule Image Data. We verified our theoretical
model using simulated single-molecule fluorescence images
with the photophysics of mEos3.2 implanted. To mimic the
experimental single-molecule imaging condition using
mEos3.2, we generated the corresponding movies of single-
molecule fluorescence images by modeling the photoconver-
sion and photophysics of mEos3.2 within an appropriate cell
geometry with the two-state model”” using MATLAB (S,
section S). The simulated images faithfully reproduced the
photophysics of mEos3.2 and therefore were suitable to
validate the feasibility of PDFy;p in quantifying the oligomeric
states of membrane proteins.

The simulated images are then analyzed by the home-built
MATLAB program iqPALM'" to extract the locations of
individual molecules. The laser-excitation-intensity-dependent
PDFyp, of monomer protein (Figure 3a) shows that the
blinking events broaden the PDFy, and shift the peak to the
higher MD under low excitation density (ie, the slow
photobleaching rate, k;,). This problem gets even worse for
membrane proteins with the higher oligomeric state because of
higher probability grouping the blinking events within a
cluster. The high laser power excitation can typically reduce
this complication because of blinking events. Once the power
density is high enough to result in a k, > 50 s, the PDFy

then merges within 5% error. However, for research where
phototoxicity is a concern and high laser power density is not
preferred, proper estimation of PDFyyp, can be achieved by
implanting an algorithm to remove repeated localizations. In
the algorithm, the interdistances of locations in adjacent frames
were first calculated. If the distance is smaller than 2 times the
localization precision, localizations in the later frames were
considered as the same spot and thus removed. The remaining
localizations then constitute the final PDFyy. Figure 3b
demonstrates that, after removing duplicated localizations, the
PDF,p, merged under a much lower photobleaching rate (k;, >
20 s7h).

Simulated monomeric, dimeric, and trimeric single-molecule
images with k, of 100 s™' are used to generate the
corresponding PDFyy, for validating our quantification
method. Molecule locations and repeated locations in the
adjacent frame were extracted and removed respectively as
described previously. PDFy, resulting from fitted locations of
purely monomeric, dimeric, and trimeric conditions agree
excellently with the theoretical values (Figure 3c). The
oligomeric-state-dependent PDFy, retains the same trend
regardless of the choice of r (SI, Section 5.2). Furthermore, for
PDFp, resulting from dimeric proteins with mixed monomeric
and dimeric populations, fitting PDFyy, with the combined
truncated Gaussian function recovers the individual population
within 10% error (Figure 3d). These results collectively
validated that PDFyp, is useful in quantifying oligomeric states
of membrane proteins.

3.3. Determination of Oligomeric States of Highly
Expressed Membrane Proteins with PDFyp. After
confirming that PDFyy, is effective to probe the oligomeric
states of membrane proteins by using simulated single-
molecule fluorescent movies, we applied this method to two
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membrane proteins, UhpT and SbmaA, in E. coli cells to extract
their oligomeric states.

To compare the experimental data and our theoretical
model directly, we minimized the effect of protein concen-
tration and cell geometry by only selecting cells with similar
sizes and molecule concentrations. Note that the single-
molecule super-resolution imaging allows simultaneous
quantifications of localizations of each membrane protein
molecule and the overall molecule concentrations for each cell.
This unique advantage enables the deconvolution of protein
concentration from the determination of oligomeric states of
membrane proteins. Overcounting due to photophysics of
mEos3.2 were alleviated by removing repeated spots in the
subsequent frames and imaging cells with a high laser power
density of 6.5 kW/cm? (i.e, k, = 35 s71).

Membrane protein UhpT is a transporter protein that
facilitates the uptake of phosphorylated hexose molecules into
E. coli and has been reported presenting as a monomer through
size-exclusion chromatography.”® Figure 4a shows the
comparison between the experimentally determined PDF,y,
of UhpT and the corresponding monomeric simulation under
two high molecule concentrations. Note that at each
concentration, the theoretical model is generated based on
the experimentally determined molecule concentration and cell
geometry. The experimental determined PDF,; of UhpT
shifts toward the higher MD region with an increasing number
of molecules. More importantly, the simulated PDFy,
describes the experimental data well at both protein
concentrations (<5% error). It not only suggests that UhpT
is indeed existing as a monomer in the cell but also validates
that PDFyp, is effective in quantifying the oligomeric states of
membrane proteins in cells.

We then performed the same analysis on the dimeric
membrane protein, SbmA. SbmA is a transporter protein
involved in the uptake of diverse substrates such as microcin
B17 and J25, bleomycin, and peptide nucleic acid.””*° Runti et
al.*” have reported that SbmA functions as a dimer but can also
exist as a monomer through bacterial two-hybrid and cross-
linking assays. Figure 4b shows the experimentally determined
PDFyp of SbmA under two molecule concentrations. The
PDFyp falls in between the simulations of pure monomeric
and dimeric states. This discrepancy clearly indicates that
SbmA exists in more than one oligomeric state.

To dissect the relative subpopulations in different oligomeric
states, we tentatively fitted the PDFyp of SbmA with a
combined truncated Gaussian model (assuming SbmA has
both monomeric and dimeric states) as described previously.
The fitting results quantified ~30% of SbmA existing as the
dimer and 70% as the monomer.

If considering SbmA as a self-associating dimerizing protein,
the equilibrium of the self-associating dimerizing proteins can

K,
be described as M + M @D D, where M, D, and Ky, represent
the monomer, dimer, and equilibrium dissociation constant,
respectively. Ky can be expressed in terms of the concen-
trations of M ([M]) and D ([D]) through Ky, = [M]*/[D].
The concentration of total monomers ([M]1) can be expressed
as [M]; = [M] + 2[D]. This will give [D] = ([M]; — [M])/2.
Substituting the [D] in the K, equation with the [D] expressed
in terms of [M] and [M]y results in K, = 2[M]*/[M]; — [M].
Localizations of each molecule were determined by fitting
individual point-spread functions with a 2D Gaussian function.
After the photoconversion efficiency was corrected, number of
moles of protein can be estimated via dividing the number of
molecules by the Avogadro constant. Dimensions of each cell

DOI: 10.1021/acs.jpch.8b10402
J. Phys. Chem. B XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.jpcb.8b10402

The Journal of Physical Chemistry B

C
sl © N, =279
’ A
\ — — M (theo)
i \\ o UhpT (with R)
EE 04 \\ % UhpT (without R)
& \
\\
i B
\\
= , R — -
1 2 3 4 5
MD (molecule / A)

Figure 6. Application of randomness index R to remove complication of the cluster. (a,b) Examples of heterogeneous distribution of proteins in
low (a) and high (b) molecule concentration conditions. (c) PDFy, of UhpT with and without R-thresholding under low molecule concentration.

were determined by fitting the transmission images of each E.
coli cell with a model of a cylinder capped by two hemispheres
as described by Chen et al.'® The volume of the inner
membrane is around 2—4% of the whole cell volume for
bacteria based on the average size of typical E. coli cells (i.e., 2
um long and 0.5 ym wide) as well as the average thickness of
the outer membrane (4 nm), periplasmic space (11 nm), and
inner membrane (4 nm).>"** We estimated the [M]; by
dividing the number of moles of protein by the volume of inner
membrane. [M] and [D] were then calculated via multiplying
[M] with their corresponding populations. By calculating K,
under two molecule concentrations, we estimate that the K, of
SbmA in a cell is 490 + 366 uM.

3.4. Ability of PDFyp, To Distinguish Membrane
Proteins with Different Oligomeric States under High
Molecule Concentrations. Figure 2b shows that the PDFy
spreads and shifts to higher MD as molecule concentration
increases. Such a spread resulting from high molecule
concentration may raise the concern that PDF,;, cannot
distinguish proteins with different oligomeric states at a high
molecule concentration. To address this concern, we further
examined the theoretical PDFy;, of monomeric to hexameric
proteins at high molecule concentration. Figure Sa shows the
same analysis as Figure 2a but with higher molecule number,
N, = 4800. Even though the difference between oligomeric
states became smaller, the theoretical PDFyy of each
oligomeric state still shows its characteristic shape, indicating
that PDFy;, can distinguish membrane proteins with different
oligomeric states under high molecule concentrations.

As described in section 3.1, the PDFy, can be well-fitted by
a normalized truncated Gaussian function

G = —1 e_(x_”)z/h72

2
2no

where ¢ and o are the mean and standard deviation of the
distribution, respectively. To further explore how the molecule
concentration and oligomeric state correlate with the truncated
Gaussian function, we examined their effects on both g and o
individually. Figure Sb,c shows the effect of molecule
concentration using dimer, tetramer, and hexamer as examples.
As the molecule concentration increases, the y increases
initially and decreases after N; > 600. On the other hand, the ¢
monotonically increases with increasing molecule concen-
tration for all oligomeric states. The hexamer also shows the
most significant broadening (i.e., steepest slope) as molecule

concentration increases. Figure Sd,e shows the oligomeric-
state-dependent y and 6. In general, both y and o increase with
oligomeric states, except when the oligomeric state = 1. Under
the highest molecule concentration, the oligomeric-state
dependence became weaker for y but stronger for o. Higher
molecule concentration and oligomeric state both resulted in
larger ¢ but had an opposite effect on p. In terms of
differentiating proteins with higher oligomeric states or higher
molecule concentration, 6, could be a better parameter
compared to PDFy and p due to the larger difference at
high molecule concentrations.

Note that our method quantifies the molecule concentration
and PDFyy, simultaneously at the single-cell level. This allows
comparison between cells with similar molecule concentration
and naturally prevents confusion between the two cases: (1)
lower oligomeric state with high molecule concentration and
(2) higher oligomeric state with low molecule concentration.

3.5. Limitation of PDF,,; and Alternative Approaches.
Since our theoretical model is based on the assumption that
proteins are randomly distributed on the membrane surface,
PDF,p, is especially suitable to quantify the oligomeric states of
proteins abundantly present on the cell surface (i.e., typically
uniformly distributed). However, in the low molecule
concentration condition, PDFy;, will be interfered with by
the heterogeneous distribution of proteins. For example,
heterogeneous distributions of proteins were both observed
(Figure 6a,b, R = 0.4 and 1.1 for low and high concentration,
respectively). In the low molecule concentration condition, the
cluster resulted in large errors in estimating the PDFyy, and
cannot report the correct oligomeric state. On the other hand,
in the high molecule concentration condition, even though the
clusters are still observable, the remaining localizations are
sufficient to report the correct oligomeric states and alleviate
the problem.

To determine the oligomeric states of proteins with low
molecule concentration conditions by PDFyy, cells with
heterogeneous distribution need to be removed first. To do
so, we first calculated the randomness index R for each E. coli
cell (SI, Section 6) and its corresponding theoretical models.>
The distribution of R for the theoretical models then provides
the Ry,eqnolq to remove the cells with proteins heterogeneously
distributed on the membrane surface, thus leading to the final
localizations for subsequent analysis. The application of R is
only required when the number of localizations is low. Figure
6¢ shows the PDFyp of UhpT with and without the R-

DOI: 10.1021/acs.jpch.8b10402
J. Phys. Chem. B XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.8b10402/suppl_file/jp8b10402_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.8b10402

The Journal of Physical Chemistry B

thresholding. The PDFy, with the R-thresholding satisfactorily
describes the theoretical model, suggesting the effectiveness of
the R-thresholding approach to quantify the oligomeric states
of membrane proteins under low molecule concentrations.

4. CONCLUSION

In conclusion, super-resolved localizations of membrane
proteins allow direct assessment of their oligomeric states in
cells, but the analysis can be complicated by the protein
concentration, cell geometry, and photophysics of fluorescent
tags. Here we develop a protein density function of molecule
density (PDF,yp) approach to determine oligomeric states of
abundant membrane proteins in cells. We first validated the
PDFy, approach with simulated single-molecule data and
further applied it to investigate the oligomeric states of two
membrane proteins, UhpT and SbmA. Our results suggest that
UhpT exists as a monomer and SbmA exists as a mixture of
monomer and dimer with and equilibrium dissociation
constant of ~490 uM. The limitations, an alternative approach,
and applicability of our method were also discussed. Our
simulated results also suggest that this PDFy method is
effective for membrane proteins with oligomeric states up to
hexamer (Figure 2a—5a). Oligomeric-state-dependent PDFy,
of cytosolic proteins remains to be characterized with other
techniques such as multicolor FRET.”* Collectively, PDFyp,
will allow us to directly access the function of proteins
susceptible to its oligomeric state and may be applicable for
other systems such as neuronal signal transduction.*>*
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