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Abstract

Great strides toward routine single cell analyses have been made over the last decade,
particularly in the field of transcriptomics. For proteomics, amplification is not currently possible
and has necessitated the development of ultra-sensitive platforms capable of performing such
analyses on single cells. These platforms are improving in terms of throughput and
multiplexability but still fall short in relation to more established methods such as fluorescence
microscopy. However, microscopy methods rely on fluorescence intensity as a proxy for
protein abundance and are not currently capable of reporting this in terms of absolute copy
number. Here, a microfluidic implementation of single molecule microarrays for single cell
analysis is assessed in its ability to calibrate fluorescence microscopy data. We show that the
equivalence of measurements of the steady-state distribution of protein abundance to single
molecule microarray data can be exploited to pave the way for absolute quantitation by
fluorescence and immunofluorescence microscopy. The methods presented have been
developed using GFP but are extendable to other proteins and other biomolecules of interest.

Keywords — single molecule microarray, quantitative immunofluorescence, calibration

Introduction

A major goal in systems biology is to provide a complete and quantitative description of cellular
behaviour. This task, however, has been hampered by the difficulty in measuring absolute
protein abundances, their variation and exactly which proteins are expressed in a particular
cell to begin with. While sufficient in most circumstances, relative quantitation of protein
expression or abundance can be misleading. The case may arise whereby the relative
abundance of a specific protein to itself or another species in a cell may not change in
response to different conditions but may change significantly in terms of absolute quantity.
Absolute quantification is attractive for the modelling of cellular networks and, perhaps most
importantly, it also allows comparisons of results between different laboratories to be made.

Mass spectrometry (MS) is capable of analysing the proteome to considerable depth where it
can catalogue protein expression, protein interactions and identify sites of protein
modification.” A major limitation to MS and bulk methods of analysis is the averaging of protein
concentration within a sample which masks any cellular heterogeneity within a cell population.
Great strides toward single cell metabolomics have been made 23, while single cell proteomics
using MS has only very recently been reported. In a landmark achievement for MS, Budnik et
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al. classified cells and explored the relationship between mRNA and protein abundances in
single mammalian cells by characterising over a thousand proteins.*

Single cell protein expression is more routinely approached using flow cytometry,
predominantly to assess cell surface proteins in heterogeneous cell populations.> Measures
of cellular fluorescence, a consequence of the excitation of a fluorescence antibody binding to
its antigen or a fusion protein, are generally expressed in arbitrary units. As such, the absolute
numbers of the respective cell surface proteins of interest remain unknown. Bead-enhanced
quantitation in flow cytometry was initially used to enumerate the absolute numbers of different
cell types in complex blood-derived samples.® Methods have since been developed to use
beads with a defined number of fluorescent species on their surface to calibrate fluorescent
measurements of cell surface markers.”® Flow cytometry can be used to probe intracellular
protein expression; however, there are a lack of calibration approaches for intracellular
proteins. Flow cytometry workflows are capable of measuring thousands of cells per second;
however, using small samples of a few hundred cells is often not possible due to substantial
cell losses. A number of microfluidic chip methods for single cell proteomics have emerged
over the last decade, which are inherently more capable in studying rare cells.’®'> These
single cell platforms rely on the spatial separation of microarrayed spots or barcodes to assay
and identify specific proteins. One of the most notable has been the single cell Western Blot
from the Herr lab;'4'¢ a single cell analogue of the conventional technique is performed on a
device that comprises an array of microwells moulded in a thin layer of a polyacrylamide gel.
Single cell microfluidic platforms are rapidly evolving and are beginning to be applied in
clinically relevant applications; however, the barriers to entry remain high and the ubiquity and
unique advantages of fluorescence microscopy are limiting their adoption.

Analysing cells with fluorescence microscopy imaging has several advantages over integrative
measurements such as flow cytometry or microfluidic based methods. Microscopy, of course,
can preserve protein localisation such that morphological, spatial and even temporal
information can be collected across sub-cellular and supra-cellular length scales.!”
Fluorescent labels may be introduced into cells in several ways but specific proteins are
typically labelled by either immunofluorescence or the genetic introduction of a fluorescent
protein. 81 Quantitative microscopy depends on a consistent ratiometric relationship between
the fluorescent signal intensity and the number of target proteins. Fluorescent fusion proteins
have a 1:1 stoichiometry between the fluorescent protein and the target, which is either
inserted into the genome of the cell or can be expressed from a plasmid. While more
challenging, introducing the fusion protein into the genome means that the protein may be
expressed from its endogenous promoter at its endogenous level and can be more biologically
relevant.?? Of course, fusion proteins can be undesirable since any modification to a protein
can interfere with its stability, activity and function.? To address this, Lo et al. developed the
protein quantitation ratioing technique, whereby a genetic tag separates during translation to
produce a stoichiometric ratio of a fluorescent protein and a protein of interest from a single
strand of RNA.22 Since they become separated this minimises any interference with the target
while also allowing the fluorescent protein to be used as a readout for the number of proteins
of interest.

Immunofluorescence requires cells to be first fixed to conserve their structure and allow their
posterior analysis. Depending on the fixative, this preservation may or may not involve the
cross-linking of proteins. Once fixed, cells are then permeabilised to allow antibodies, typically,
to access the intracellular volume and label proteins. For absolute quantification,
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immunofluorescence is a much greater challenge owing to the problems in performance,
particularly specificity, and variability of any antibody (performance, structure, affinity), access
to the target protein epitope that may be fully or partially blocked, the presence of any post-
translational modifications on the target protein and the cross-reactivity of the antibody for
non-target species. The issues that antibodies can present in general have been captured in
a number of thought-provoking reports.?3-25 Furthermore, the choice of fluorophore and their
number, and by how much this varies, conjugated to the antibody may also need to be taken
into consideration.?627 |t quickly becomes apparent, then, that absolute quantification is much
harder to achieve in practice.

Toward this goal, Toki et al. took steps to show the quantitative potential of
immunofluorescence using mass spectrometry.?® In this manuscript, we demonstrate a
method to achieve absolute quantification of single cell intracellular protein copy numbers
using immunofluorescence microscopy (Fig. 1). An immunofluorescence method is shown to
produce data with a consistent ratiometric relationship between the fluorescent signal intensity
and the protein copy number of GFP in a human breast cancer cell line. The absolute
quantification of protein copy number in these cells was achieved using a single molecule
microarray method and used to calibrate the immunofluorescence data. We show that the
intensity distribution of GFP protein abundance in these cells as determined by cell
fluorescence is reproduced by immunofluorescence and by our calibrated microarrays. The
latter technique being capable of quantifying absolute copy number in a cell and so allows us
to in turn ‘calibrate’ the immunofluorescence data. The method presented does not rely on a
precise measurement of a fluorescent standard but on the equivalence between single cell
measurements of the steady-state distributions of protein abundance per cell in a population
by two different methods. The approach is conceptually simple and may be easily adopted by
other labs.

Immunofluorescence Microscopy Single cell fluorescence
P (log,,AFU)

Cell Culture
— calibration

» Absolute quantification
by immunofluroescence
microscopy

GFP proteins per cell

Single Cell Microarray Chip
(log,,N)

Fig. 1. A summary of the workflow of the proposed protocol to achieve absolute
quantification of single cell intracellular protein copy number using immunofluorescence
microscopy. Immunofluorescence methods can produce data whereby the protein copy
number per cell is assessed using fluorescent signal intensity (AFU; arbitrary fluorescent
units). Using the Single Cell Microarray Chip, the absolute copy number (N) of a target
protein can be measured. By comparing the summary parameters of the resulting
distributions, immunofluorescence microscopy data may then be calibrated from arbitrary
to absolute units.
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Methods

Single Cell Immunofluorescence

Immunostaining of fixed cells. Cells were fixed, permeabilised then immunostained following
methods described in Stadler et al.?®. At ~80% confluence cells were removed from the
incubator and washed 3x with PBS. For fixation, cells were treated with freshly made 4%
paraformaldehyde in cell growth media then washed 3x with PBS. Cells were permeabilised
using 0.1% (w/v) Triton X-100, replacing the solution every 5 min for a total exposure of 15
min. Cells were blocked with 4% bovine serum albumin in PBS (PBSA), replacing the solution
every 5 min for a total exposure of 10 min. Cells were then incubated overnight at 4°C with 1
hug mL-" anti-copGFP antibody (Evrogen, Europe) and 1 ug mL-" goat anti-rabbit labelled with
Alexa Fluor 647 (Lot 1910774; Thermo Fisher, Europe) in 4% PBSA. The degree of labelling
is 5, i.e. the average number of moles of dye per mole of antibody, and should be taken into
account when calibrating, therefore sources which provide the molar ratio and variance of dye
to antibody are preferable or, alternatively, must be measured by absorbance. After washing
4x with PBS for 10min, cell nuclei were stained with 300 nM Hoechst 33342 in PBS and
washed again 4x with PBS for 10min. Wells were filled with 78% glycerol in PBS, sealed and
stored at 4°C before image acquisition.

Immunofluorescence image acquisition. Wide-field fluorescence microscopy was performed
on an inverted microscope (Nikon Ti-E, Nikon, Japan) using a mercury lamp (Nikon, Japan)
using standard DAPI and FITC filter sets (Nikon, Japan), imaging Hoechst 33342 stained
nuclei and GFP, respectively. If required, a Cy5 filter set (Chroma, USA) was used to image
dye-labelled antibodies. Images were acquired with an electron-multiplied CCD camera (IXON
DU-897E; Andor Technologies, Ireland). The EM-CCD camera settings were as follows; 200
ms acquisition time, electron multiplier gain 10 and the readout mode set to 1MHz at 16-bit.
Tile scans of 20 x 20 fields of view (~2.66 mm x 2.66 mm) were acquired using a 60x NA =
1.49 oil immersion objective for each fluorescence channel with an additional brightfield scan
using a standard halogen lamp. The focal plane was maintained by a Nikon Perfect Focus
System (Nikon, Japan) and a motorised stage ensured good overlap between image channels.
The microscope platform was controlled using the NIS Elements software (Nikon, Japan)
during acquisitions to automatically acquire large field images.

Immunofluorescence image analysis. CellProfiler (Broad Institute) was used to analyse and
segment images to identify cell nuclear and cytoplasmic extents, aided by the nuclear stain or
GFP fluorescence. The total fluorescence intensity was determined by summing all pixel
intensities for each cell identified. Datasets were exported, and further analysis was performed
using MATLAB.

Single Molecule Microarray Chip

Chip fabrication. Based on previous work, a single molecule microfluidic platform to assess
protein copy number with single cell resolution was used (Fig. 4)."%'" See supporting
information for further details.

Cell pulldowns. Cells were harvested from 4 wells of the 8 well chambered coverglass used
for culturing using trypsin/EDTA. Cells are re-suspended in a solution of 4% bovine serum
albumin in PBS and put on ice. The chip is secured on the microscope platform and cells in
suspension are flowed through the main channel, to which the analysis chambers are
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connected. Cells are manually isolated into chambers using a single beam optical trap (100-
200 mW, 1070nm, Ytterbium fibre laser; IPG Laser, Germany) focussed using a 60x NA =
1.49 oil immersion objective. GFP cellular fluorescence is unaffected by the optical trap (Fig.
S1). Cells are subsequently lysed by optical lysis achieved by focussing a single 6 ns pulse
(1064nm, Surelite SLI-10 Nd:YAG; Continuum, USA) into the vicinity of a cell; cells are
sheared and lysed by the action of the laser. GFP cellular fluorescence is unaffected by the
laser lysis pulse (Fig. $2). Upon lysis, cellular protein is free to diffuse into the chamber and
able to bind to an antibody spot. Spots are imaged pre- and post-lysis using single molecule
total internal reflection fluorescence (TIRF) microscopy (488 nm Versalase; Laser 2000, UK).
During TIRF imaging, we maintain a low power of the excitation laser (1.5 mW) and short
exposure times (200 ms) in order to minimise photobleaching. When developing the protein
assay, each spot is imaged every 10 min for 30 min then every 20 min for a further 60 min, a
total of 7 images over 90 min. Each spot is exposed to the excitation laser for a total of 1.4 s.
This time series is enough to capture a binding curve for each spot. Equilibrium is achieved
within 30-40 min as confirmed by imaging. It is only necessary, then, to capture a single image
of each spot once equilibrium has been reached. The copGFP variant of GFP is not particularly
susceptible to photobleaching and so this along with the considerations above ensure minimal
photobleaching of fluorophores bound to the microarray spot.

Calibration. The microfluidic chip additionally consists of an independently addressed
‘Calibration channel’ (Fig. 4A). Placed along the length of this channel are 25 chambers of the
same dimensions as the single cell analysis chambers. Standard solutions of protein of known
concentration are flowed through the chambers and allowed to reach binding equilibrium with
antibody spots aligned into each chamber. A concentration series is performed to determine
the single molecule count at equilibrium for known concentrations of recombinant GFP protein,
from 10 to 10° molecules per chamber, including buffer only controls to assess the response
at zero concentration. The sequence of solutions that are flowed through the calibration
channel are from low to high concentrations. Since spots are imaged and analysed at
equilibrium there is no requirement for the device to be rinsed between conditions. In each
chamber, the antibody spots nominally contain the same concentration of antibody
immobilised in each microarray spot. This will enable single molecule counts from lysed single
cells to be converted to absolute protein copy numbers per cell. See supporting information
for further details.

Single molecule image analysis. Methods have been described in detail elsewhere.®0 We
perform 2D Gaussian peak fitting by implementing the GDSC plugin by Alex Herbert for
ImageJ/Fiji.3' The total number of single molecules is defined as the number of peaks in the
image which converge to a 2D Gaussian profile, determined by least squares fitting of the
data. For images where there is a significant degree of single molecule overlap, the number
of single molecules is estimated from dividing the total intensity of a thresholded image by the
average single molecule intensity.

Results & discussion

Precision of fixation/permeabilization

Preparative techniques for immunofluorescence are well established and have been
extensively characterised. Here, the concern is that the procedures to fix and stain cells may
result in a measured distribution of single cell protein expression that significantly differs from
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the ‘true’ distribution. The methods used here have been optimised for cytoplasmic protein
staining of mammalian cells.?°32 However, the issue remains that, while strong fixation
ensures proteins are immobilised and localisation information is preserved, epitope
recognition and penetration of antibodies may be impaired to a degree which precludes the
overall metrological goal of this work.

To determine if this is the case, a stably transfected MCF7 cell line expressing GFP was used
to determine the precision of the fixation, permeabilization and staining process and used
alongside a non-transfected MCF7 cell line as a control. MCF7 and MCF7/GFP cells were
grown in fibronectin coated chambers of an 8 well chambered coverglass. Live cell microscopy
was first performed to determine the distribution of GFP protein abundance in MCF7/GFP cells
and would serve as the ‘ground truth’ distribution (Fig. 2A).

Cells were fixed with and without a subsequent permeabilization step as described in the
methods. The results show that the distribution of single cell GFP protein expression is
preserved (Fig. 2C & 2D).
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Fig. 2. Measuring single cell protein distributions using fluorescence and
immunofluorescence microscopy, units of arbitrary fluorescence units (AFU). GFP
abundance in MCF7-GFP cells is quantified for live cells that are (A) attached (n = 1565) or
(B) detached (n = 839), for attached cells that are (C) fixed (n = 1613) or (D) fixed and
additionally permeabilised (n = 1450), and for (E) MCF-GFP (n = 803) and (F) MCF7 (no
GFP control, n = 1519) cells that have been fixed, permeabilised and immunofluorescently
stained. Figures show representative fluorescence & immunofluorescence images of cells
along with corresponding histograms of single cell fluorescence intensity as a measure of
protein abundance.
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A comparison of the fluorescence intensities from cell regions and background of both fixed
MCF7/GFP and MCF7 control cells confirmed that the fluorescence signal was specific to GFP
rather than arising from artefacts of fixation or any other form of endogenous
autofluorescence, such as that from NADH or FAD.33

The steady-state GFP protein distributions are unimodal and asymmetric, a consequence of
relative rates of mRNA and protein transcription and translation, respectively, to their
degradation.®* Protein distributions may be represented by their mean and variance; however,
there are potential problems in doing so for non-symmetric distributions, which have been
discussed elsewhere.®> The complete probability distribution of cellular fluorescence or protein
abundance is required to characterise certain models of gene expression.® It has been shown
that gamma distributions can well approximate particular protein distributions and is confirmed
for GFP in the cell line used here. By fitting, the gamma parameters of shape (k) and scale
(6) were estimated and summarised for all experiments in Fig. 2 (see Fig. 3).
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Fig. 3. Summary parameters of gamma fits to fluorescence, immunofluorescence and single
molecule microscopy data presented in Fig. 2 and Fig. 4. MCF7-GFP and non-transfected
MCF7 cells are denoted by GFP+ and GFP-, respectively. Key: “Live (attached)” denotes
cells that are grown upon and imaged attached to coverslips; “Live (detached” denotes cells
which have been enzymatically detached from substrates in culture prior to imaging; “Fixed”
denotes cells which have been grown upon coverslips and treated with a fixative (see
Methods); “Fixed+Perm” denotes conditions as in “Fixed” where cells are treated
subsequently with a permeabilising agent; “Immuno-GFP” and “Immuno-AB” denotes cells
which have been treated following the immunofluorescence staining protocol for both GFP+
and GFP- cell lines. “Immuno-GFP” and “Immuno-AB” refers to the fluorescence signal
arising from the GFP protein and labelled antibody channels, respectively. “Single Molecule”
refers to measurements of GFP+ cells using single molecule microarrays.
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Precision of Immunofluorescence

The results so far demonstrate that the probability distribution of the abundance of an
intrinsically fluorescent protein in a cell population as measured by direct fluorescence is not
significantly altered during fixation or permeabilisation. Next, an anti-GFP antibody would be
needed to compare the resulting distribution as determined by immunofluorescence to the
live-cell and direct fluorescence fix/permeabilised distributions.

Immunofluorescence of the MCF7 and MCF7/GFP cell lines was repeated where cells would
be incubated with a primary anti-GFP antibody and fluorescent secondary antibody. The
fluorescence of GFP permits a cell-to-cell comparison between the antibody complex that
binds and the GFP protein itself. The staining of the cells by antibody shows that the cells
have been comprehensively permeabilised, rendering the pH of the intracellular
compartments to that of the buffer i.e. pH 7.4 for PBS. Therefore, we expect the variation in
fluorophore intensity due to pH to be minimised or removed altogether.

The distribution of protein abundance as measured by single cell immunofluorescence (Fig.
2E & 2F) was then compared to the single cell distributions of live cell fluorescence, for both
attached and detached cells, and fluorescence of cells that were fixed and cells that were fixed
and permeabilised. Fitting of the distribution parameters showed good agreement with all the
distributions measured (Fig. 3), particularly the distribution of GFP in live cells (attached),
which served as the ‘ground truth’ (Fig. 2A).

Absolute quantification of Cellular GFP

It has been shown that the ‘ground truth’ distribution of GFP protein abundance as measured
by live cell fluorescence is preserved when performing single cell immunofluorescence
microscopy. To determine the absolute protein copy numbers of GFP, a single molecule
microarray microfluidic-based method was used (Fig. 4). The chip permits a reduced volume
antibody microarray for the sensitive detection of proteins in single cells.’®'" Cells are
harvested from culture and introduced into the chip by a syringe pump. An optical trap formed
part of the microscope setup and was used to serially isolate individual cells into separate
analysis chambers. Cells parked in the chambers were fluorescently imaged before being
optically lysed. Upon cell lysis, cellular material diffuses within the chamber and target analytes
bind to the immobilised antibody spot. This is where the scaling advantages of using a
microfluidic chip are most advantageous, since the nanolitre-scale chamber volume reduces
the time to achieve equilibrium and raises the effective concentration of analytes and their
capture agents.

Total internal fluorescence (TIRF) microscopy was used to image spots and image datasets
were analysed using single molecule detection algorithms to enumerate the amount of GFP
bound to each microarray spot. The number of single molecules counted per spot was
converted to an absolute protein copy number by way of a calibration curve. Recombinant
protein is introduced into the calibration channel of the chip and concentrations spanning 10
to 10° proteins per chamber are tested to establish the calibration curve (Fig. 4E). The majority
of binding of GFP is complete within 30 min.; to ensure equilibrium has been achieved and
the assay is fully completed we image after 60 min. Preparation of pre-fabricated chips (filling
with blocking buffer, mounting on microscope stage) can take up to 30 min. The total operation
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time from harvesting cells to completing lysis can be achieved within 2 hours (n = 100 cells),
with an additional hands-off time of 60 min. required for completion of the binding assay and
TIRF imaging of the spots. Parallel operation can enable several chip experiments to be

completed in a working day by an experienced user.
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Fig. 4. Using a microfluidic single molecule microarray technique to determine the absolute
protein abundance of GFP per single cell. The (A) Single Cell Microarray Chip is formed of
a main and calibration channel. (B) Cells are flowed through a main channel from which (C)
they are isolated into individual analysis chambers using an optical trap (red arrowhead).
The red-dashed circle demarcates (D) a microarrayed antibody spot present in each
chamber which captures GFP protein from lysed cells. (E) A calibration curve is established
by flowing known concentrations of recombinant GFP protein through the calibration
channel; used to convert single molecule counts per spot to number of GFP proteins per
chamber and by extension, per single cell. (F) Protein binding to the antibody spot is imaged
using TIRF microscopy. The evanescent field extends ~100 nm from the coverslip surface
and so only proteins bound to the spot are imaged, with high contrast and strong
background rejection enabling single molecule resolution. (G) The histogram is a measure
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of the distribution of GFP protein abundance per single cell (N) within a population of MCF7-
GFP cells (n = 264).

For the assay presented here, the average background single molecule count and its variation
sets the limit of detection (LOD). The LOD at 2 + 302 (572 molecules) corresponds to

2.22 + 0.24 x 10* GFP proteins, where p2f is the mean single molecule background count

and o2 is its standard deviation. The dynamic range is defined between the LOD and the

limit of saturation (LOS). The LOS at u$ — 30%% is (3.13 x 105 molecules) corresponds to

1.19 + 0.04 x 107 GFP proteins, where u3jf is the mean single molecule count at saturation

and o%¢ is its standard deviation. The dynamic range spans 2.73 + 0.06 orders of magnitude.

The dynamic range of the calibration curve is limited by non-specific binding (NSB) and the
saturation limit, or capacity, of the capture antibody spot. The functionalised surfaces used
here are optimised in supporting high density microarrays and limiting NSB to ~0.0056
molecules um2 (approx. 100 molecules per field of view). This compares favourably with other
single molecule pull down assays.3” From data reported in Jain et al., we estimate NSB on
their surfaces to be ~0.038 molecules pum-2 (approx. 30 molecules per field of view).3” Surfaces
that better reject NSB will lead to lower LODs. For example, with reference to Fig. 4E reducing
NSB to approx. 10 molecules per field of view would result in a LOD of approx. 10® GFP
proteins per analysis chamber. Modifications to single cell chamber volume (Fig. 4C), antibody
affinity and capture spot size (Fig. 4D) that result in improved LODs and dynamic ranges more
suited to low copy number proteins (<103 proteins) have been explored in detail elsewhere.38
The methods used here may be extended to reject non-specifically bound molecules by the
kinetic fingerprinting single molecule binding events.3°

A histogram of absolute GFP copy number per single cell is shown in Fig. 4G along with the
corresponding fitting parameters in Fig. 3. The shape parameter of the absolute number
distribution is in good agreement with the values measured by fluorescence and
immunofluorescence microscopy. The data from which the distributions in Fig. 2 are derived
are measured in arbitrary fluorescence units (AFU) and meaningless beyond any relative
assessment of cellular protein expression. The equivalence between the single cell microarray
and immunofluorescence data demonstrates in principle how the latter may be calibrated to
achieve absolute quantification. The process of calibrating the distributions is demonstrated
in Fig. 5. By normalising the immunofluorescence distribution to the ‘single molecule’
distribution, a calibration factor may be calculated for the immunofluorescence microscopy
data in order to calibrate units of protein abundance from AFU to absolute protein copy
number. For the distributions shown here, 65y (1.74 £ 0.16 x 105 proteins) and 6,5 (2.00 +
0.59 x 103 AFU) are the scale parameters of the fitted gamma distributions for the single
molecule and immunofluorescence results, respectively (Fig. 3). The number of dyes per
antibody must be taken into account when calibrating the immunofluorescence data (see
methods) and the overall calibration factor is numerically equal to 17.4 + 5.4 proteins AFU-".
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Fig. 5. Calibrating fluorescence and immunofluorescence data. Provided the methods
employed to measure single cell protein abundances are accurately measuring the ‘shape’
parameters of the ground truth distribution, a distribution which measures protein
abundance in arbitrary fluorescence units may be calibrated to absolute units. Here, GFP
protein abundance in these cells is well approximated by a gamma distribution. In this case,
calibration is achieved by ratioing the scale parameters of the distributions. The
immunofluorescence data presented in Fig. 3 “UImmuno-Ab” is represented here by the red
histogram. See text for numerical details.

The accuracy of this approach requires the stoichiometry of labelling of the fluorescent protein
with the target to be known. The formation of the chromophore of GFP depends on the correct
folding of the protein. This makes GFP a good candidate for these goals given that the protein
is itself fluorescent and the ‘labelling’ is 1:1 for active GFP. The epitope may remain intact in
non-folded GFP; however, will not be counted in our assay. In the introduction, we noted a
number of confounding factors when employing immunofluorescence quantitatively. Here we
are uncertain as to the exact degree by which each of these factors affect the result. However,
we contend that these are not significant enough to preclude the metrological goals of this
work as evidenced by the results presented in Fig. 3 and Fig. 5. Of course, we expect these
confounding factors to become more important when extending this more broadly to
endogenous proteins. In addition, other factors that will need to be considered include post-
translational modifications and the presence of binding partners. Generally, proteins of interest
may be labelled genetically or chemically with a fluorescent tag. Alternatively, the antibody
assay used here would be extended to include a labelled detection antibody in a sandwich
format: endogenous proteins (non-fluorescent) would be captured by the immobilised antibody
(non-fluorescent) and the binding of a second labelled antibody (fluorescent) from solution
would allow the complex to be imaged. For the case of non-fluorescent endogenous proteins,
the same principle of equivalence would apply to achieve absolute quantification.
Furthermore, since cells, as biological entities, can be unpredictable then apparently unrelated
changes, such as culture medium or passage number, could alter their protein expression
pattern. To act as either primary or secondary standards, further investigation is required.
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Importantly, what we have shown in the case of GFP in these cells is that the shape of the
distribution of protein abundance is preserved.

Conclusions

Fluorescence and immunofluorescence microscopy are widely used techniques in measuring
the expression and subcellular location or proteins. Here, it's been shown that single molecule
microarrays are a suitable calibrant in achieving absolute quantification using fluorescence
and immunofluorescence single cell data. The approach was tested using a fluorescent
reporter cell line using GFP to determine the accuracy and precision of the method. We believe
this is an important step toward absolute quantification of protein copy number using high-
content fluorescence microscopy. In the process of developing the method, it was shown that
the distributions of fluorescent protein in live cells is equivalent to the calibrated single
molecule array data. This would imply that this method has the potential in calibrating time-
resolved live cell microscopy data.

The approach relies on the equivalence of each method to faithfully measure the steady state
distribution of protein expression within a population of cells. A calibration factor can then be
established using the summary parameters of the distributions. The benefit of using single
molecule methods is that the detected molecules’ fluorescence is digitised and makes it more
robust to systematic variation, which is desirable for any standardisation framework achieving
instrument independent measurements. Since the distribution of many cells in a population is
being calibrated and not individual cells, it might be expected that this confers some
robustness to the technique to the variation of the imaging parameters of the fluorescence
measurements. For instance, microscopy measurements using this cell line on different
instrumentation platforms in different laboratories would be expected to produce a single cell
distribution of GFP protein abundance that will be identical, or at least insignificantly different,
in terms of the fitted gamma distribution shape parameter yet likely differ in terms of the
numerical value of the scale parameter. In that case, a calibration factor may be calculated
using the single molecule results reported here. This would be of interest and an important
point to consider for anyone wishing to adopt these methods. There will of course be limitations
and steps must be made to ensure sufficient signal to noise ratios of cellular fluorescence or
single molecule intensity to background. Otherwise, the quantification of low concentrations
may result in numerical artefacts if imaging conditions become substantially altered.

Using a cell line expressing free GFP has been useful in developing the method but perhaps
of limited interest biologically. Strategies to engineer cells to express fluorescently labelled
proteins are becoming ever more accessible. However, it is important that the functionality
and expression level of a fluorescent fusion protein be similar to that of the wild-type protein.
Encouragingly, Stadler et al. undertook a systematic analysis of over 500 human proteins and
showed that for 80% of these proteins the same subcellular localisation pattern was obtained
using fluorescent protein tagging in live cells or immunofluorescence.'” Cell lines are regularly
employed as standards but not in a purely metrological sense. They may be authenticated
using genetic profiling and due to historical cases of contamination have led to researchers
annotating, sometimes as a pre-requisite, biologically relevant publications with sequence
data.#%4' However, cell line genomes can be unstable and cultures will diverge due to
accumulated mutations.*?> While these and other considerations will need to be taken into
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account if cells lines are to be used as metrological standards, this is an important technical
step forward in achieving absolute protein quantification with high content fluorescence and
immunofluorescence microscopy.

Supporting Information

Background: Comparison Methods for Measuring Protein Expression in Single Cells.
Methods: Method of cell culture, Single Molecule Microarray Chip Fabrication, Effect of the
Optical Trap on Cellular Fluorescence, Effect of the Optical Lysis Laser on Cellular
Fluorescence, Single Molecule Count Calibration. Results: Minimum detectable change in
copy number.
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