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Abstract. Using single-molecule microscopy, we present a method to
quantify the number of single autofluorescent proteins when they can-
not be optically resolved. This method relies on the measurement of
the total intensity emitted by each aggregate until it photobleaches.
This strategy overcomes the inherent problem of blinking of green
fluorescent proteins. In the case of small protein aggregates, our
method permits us to describe the mean composition with a precision
of one protein. For aggregates containing a large number of proteins,
it gives access to the average number of proteins gathered and a sig-
nature of the inhomogeneity of the aggregates’ population. We ap-
plied this methodology to the quantification of small purified citrine

multimers. © 2008 Photo-Optical
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1 Introduction

The understanding of biological phenomena requires a quan-
titative knowledge of the cellular compartments and structures
that are studied. In particular, their molecular composition
drives the molecular mechanisms involved in their functions
and must be known with precision. One of the most promising
techniques to investigate molecular events in living cells at
the subcellular level is single-molecule microscopy.l_5 Differ-
ent attempts based on the single-molecule technique have al-
ready been performed to measure the stochiometry of an as-
sembly of biomolecules.® It was proposed to use the
antibunching phenomenon signature of a low number of
emitters.® However, the use of this method is limited to the
study of small aggregates, and because of its high sensitivity
to the background, it cannot be used in living cells. It was also
thought to evaluate the stochiometry of different proteins
likely to aggregate at the membrane surface by measuring the
intensity emitted and detected by the assemblies in given im-
age frames.®’ In these studies, the fluorescent markers used to
label the proteins were mutants of the green fluorescent pro-
tein (GFP), and because of the nonideal photophysical prop-
erties of the GFPs, these attempts failed to offer a reliable way
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to access the stochiometry of molecular assemblies.”'® An-
other elegant strategy could rely on the use of serial photoac-
tivation and subsequent bleaching of numerous sparse subsets
of photoactivatable fluorescent protein molecules.” However,
this method is not readily applicable to living systems since it
needs long imaging sequences and is therefore limited to fixed
samples. It also requires rather sophisticated instrumentation
and analysis.

The method proposed here is also based on the use of a
GFP mutant and single-molecule microscopy. Autofluorescent
proteins were chosen for their simplicity to obtain a one-to-
one labeling ratio of the proteins of interest. This method
relies on the measurement of the total number of counts emit-
ted from an aggregate of fluorescent proteins, which consti-
tutes a robust and simple strategy to obtain the precise com-
position of small assemblies and a good approximation of the
composition of larger aggregates.

2 Materials and Methods
2.1 Trimers Production and Purification

Trimers were based on fibronectin-tenascin domains (FN-TN)
construction'! by replacing the nucleotides’ coding for the FN
fragment placed at the N-terminus by the ones coding for
citrine, a mutant of enhanced GFP (eGFP).'"* Plasmids were
transformed into E. coli BL21(DE3)strains, the bacteria were
grown until the culture reached an optical density (OD) of 0.7
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Fig. 1 (a) Typical example of an intensity trace detected from a single citrine. (b) Distribution of the duration of the initial dark state measured on
2052 individual citrine molecules (dots). The distribution is fitted by an exponential function (solid line) with a characteristic time equal to
11+1 ms. (c) Distribution of the total count number detected from individual molecules until complete photobleaching (n=2721 molecules).

at A600, and protein expression was induced by adding
0.4 mM isopropyl-beta-D-thiogalactopyranoside (IPTG) over
three hours. The bacteria were suspended in buffer [ 100 mM
NaCl, 50 mM Tris pH 8.0, I mM ethylene diamine tetraace-
tic acid (EDTA)] and lysed with lysozyme (0.2 mg/ml) for
20 to 30 min on ice, followed by two cycles of freeze-thaw.
After a treatment of DNase I (10 wg/ml) over 30 min at
room temperature, the lysates were centrifuged. All expressed
proteins were present in the bacterial supernatant, which was
run directly over a size-exclusion column (Bio-Spin P30, Bio-
Rad). This first step of purification was followed by some
high pressure liquid chromatography (HPLC) chromatogra-
phy. The final collected fractions that proved to be fluorescent
were used for our single-molecule experiments.

2.2 Sample Preparation

Monomers or trimers were immobilized in 2.0% agarose gels
(Roche) prepared with 20 mM Hepes buffer (Gibelco)."
These gels were melted, cooled slowly to 37°C in a water
bath, mixed thoroughly with protein solution, sandwiched be-
tween two 22 X 22 mm glass coverslips, and allowed to cool
to produce a ~10-um-thick sample.

All the coverslips used in this work were cleaned exten-
sively before use with this sequential treatment: detergent [2%
RBS (Pierce) in warm water], water, base (50% spectroscopic
grade methanol saturated in KOH), water, acid (concentrated
H,S0,), water, and spectroscopic-grade methanol, then dried
with a nitrogen stream.

2.3 Image Acquisition and Analysis

An inverted microscope (Zeiss, Jena, Germany) equipped
with a 100X oil-immersion objective (numerical aperture
=1.4) was used. Samples were illuminated for 5 ms with the
514-nm line of an Ar+ laser (Coherent, Saclay, France) at a
rate of 33 Hz. This excitation wavelength was chosen close to
the peak absorption of citrine to minimize the excitation in-
tensities and consequently the background noise, a key point
in single-molecule detection.'” A defocusing lens permitted us
to illuminate a 20X 20 um? surface with an intensity of
0.9%0.1 kW/cm? A filter set (DCLP530, HQS570/80;
Chroma Technology, Brattleboro, Vermont) permitted the de-
tection of individual fluorophores by a charge-coupled device
(CCD) camera (Micromax, Roper Scientific). The total detec-
tion efficiency was ~10%. The spatial distribution of the sig-
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nals on the CCD originating from individual molecules was
fitted to a 2-D Gaussian surface with a full-width at half-
maximum of 360 = 40 nm, given by the point-spread function
of our apparatus. The number of photons emitted by a mol-
ecule or aggregate was measured in each image and was
summed to get the total number of photons emitted by each
structure.

3 Results and Discussion

To label the proteins, we chose the so-called citrine, a red-
shifted eGFP mutant. Citrine it combines the photophysical
performances of the eYFP'"" and a high insensitivity to
changes in its environment such as pH down to 6 (Ref. 14),
which can be encountered in some cellular compartments
such as the endocytotic vesicles. By displaying stable lumi-
nescent properties regarding its environment, citrine is a good
candidate for quantitative fluorescence measurements in cel-
lular environments. Despite these benefits, the citrine, like all
GFP mutants, suffers from blinking, which leads to the exis-
tence of an initial dark state [Fig. 1(a)].” We measured the
distribution of the initial OFF time of 2052 purified individual
citrine molecules immobilized in agarose gels. As a first ap-
proximation, the distribution was monoexponential with a
characteristic time Torp=11%1 ms [Fig. 1(b)]. It turned out
to be in the range of typical photobleaching times of GFP
mutants.'” As a consequence, the simple measurement of the
intensity detected in a single image cannot reflect the number
of fluorescent molecules in an aggregate. On the contrary, the
distribution of the total intensity emitted by an assembly of
fluorescent proteins does not depend on the characteristics of
the blinking events and can be described through an analytical
function. We will now present our model, then the measure-
ments performed on a model system.

We define the mean rate of fluorescence ngy,, and a mean
photobleaching time 7;,;, and assume that they are representa-
tive of all individual citrine molecules. Following these hy-
potheses, the probability density function of the total count
number emitted by a single citrine molecule should be a mo-
noexponential function [Eq. (1)] characterized by N,,,, de-
fined as the mean total photon number emitted by a single
citrine [Eq. (2)]:
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pl(N) = eXP(_ N/Nmt())/NtutO (1)

with Ny = Mo Ty (2)

We validated these hypotheses by measuring the probabil-
ity density function of the total number of counts detected
from 2721 individual citrine molecules immobilized in agar-
ose gels until they photobleached [Fig. 1(c)]. The experimen-
tal curve was well fitted by a monoexponential curve
n#*pl(N), where 7 is the detection efficiency of the experi-
mental setup, and we find X N,,,0=722 %22 counts. Inter-
estingly, because the probability density function of the total
count number emitted by a single citrine molecule is monoex-
ponential, the mean time to obtain total photobleaching of an
aggregate of molecules does not depend on the number of
independent molecules present in the aggregate under identi-
cal illumination conditions.

The knowledge of p;(N) as given by Eq. (1) allowed us to
derive an analytical expression for the characteristic density
distribution of the total photon number p;(N) emitted by an
assembly of k fluorophores. In the following discussion, we
assume that the fluorescent proteins are so well separated
from each other as to be considered independent emitters.
More precisely, the minimal distance between citrine mol-
ecules is assumed to be greater than 5.3 nm, the Forster radius
for 50% homoFRET between identical citrine molecules. The
probability density function p(N) is the convolution product
of the probability function corresponding to (k—1) emitters
Pi—1(N) by that of one emitter. It is thus constructed by itera-
tion and takes the form

Pi(N) = (N/Nyp0)* " exp(= NIN o) [(k = 1) I N,pol.  (3)

Figure 2(a) presents the theoretical distributions, using Eq.
(3), of the total photon number emitted by assemblies made of
one, three, or five fluorescent elements. Each of them bears a
characteristic form. Real systems are likely to contain a mix-
ture of aggregates with various numbers of molecules. We
thus established an experimental procedure with which to un-
ravel the composition of the aggregates. First the parameter
N,,,0 must be measured by carrying out experiments on mo-
nomeric fluorescent proteins at the same conditions of excita-
tion power and pH that will be used on the heterogeneous
system [Fig. 1(c)]. In a second step, the distribution of the
total count number corresponding to an unknown mixture of
multimers (ranging for instance from monomers to pentam-
ers) is fitted by Eq. (4):

5
PIN) = 2 @(NIN )" exp(= NIN o) /[(k = 1) ! N,0]
k=1
5

and E a=1. 4)
k=1

We first tested the methodology numerically by using
Monte-Carlo simulations based on the previous hypotheses
and numerical values obtained from the measurements. We
obtained the probability density of determined compositions
of aggregates and applied the procedure described above on
above on the distributions generated numerically. The results
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Fig. 2 (a) Theoretical probability densities functions of the total num-
ber of counts expected for pure monomers, trimers, or pentamers as
indicated on the graph. (b) Simulations: Monte Carlo simulation pro-
vide the probability distributions of the total count number expected
from a mixture of monomers, dimers, trimers, tetramers, and pentam-
ers in the ratio (0%, 0%, 70%, 0%, 30%) for the open squares and
(0%, 0%, 30%, 0%, 70%) for the open dots. The analysis described in
the text retrieved the ratios (1%, 0%, 66%, 3%, 30%) and (0%, 1%,
27%, 0%, 70%), respectively, in very good agreement with the input
parameters of the simulation. (c) Same as in (b) but for pure multimers
containing a larger number of molecules (10000 multimers per simu-
lation): 5 (O0), 10 (A), 20 (o), 40 (V¥), 45 (<), 50 (+). The distribu-
tions are well approximated by Gaussian functions (straight lines) for
aggregates containing more than 5 molecules. (d) and (e): Parameters
obtained from the Gaussian fitting. In (d), N,y varies linearly with
(k=1) and is correctly fitted by the function l,y=aX (k-1), with a
=1132+4 when the input parameter was 1120 in the simulation. In
(e), W) varies as the square root of (k—1) and can be adjusted by the
relation Wi =bX |(k=1), with b=2213+5 when 2240 was used in
the simulation.

[Fig. 2(b)] confirmed the high precision of the method when it
is applied to the composition of a heterogeneous population of
aggregates containing a low number of elements.

The number of proteins packed in the cellular assemblies
might also be high. We envisaged the case of a high number
of fluorophores, k. When £ is large, the distribution given by
Eq. (3) can be approximated by a Gaussian function [Eq. (5)]
whose width and center are related to k:

(N_No )2
Pra1(N) exp[— 2 2t . )
Wy
with Nypye = (k= 1) % Ny (6)
and Wk=2* \“J(k_ 1) *NtotO‘ (7)

The Monte Carlo simulations in the case of aggregates of
purely k=5, 10, 20, 40, 45, and 50 fluorophores [Fig. 2(c)]
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Fig. 3 (a) Measured density probability of the total number of counts
corresponding to multimers of citrine (solid squares, n=2375). The
case of monomers shown in Fig. 1(c) is also reported for comparison
(open symbols). The experimental data are adjusted by the model
using N,,p=722 (straight line), which leads to the compositions of the
multimers displayed in (b).

validate this approximation, since a very good agreement is
found between the simulations and the analytical form for k
= 10. More precisely, Gaussian fits of the simulations retrieve
the widths and centers with less than 6% deviation from the
input parameters [Fig. 2(d) and 2(e)]. If we now consider a
mixture of large aggregates of different compositions, the cen-
ter of the distribution should correspond to the average value
of the number of elements gathered, whereas the width will
bring information on the heterogeneity of the population of
aggregates.

To test experimentally the method’s reliability in the case
of very small aggregates, we produced purified multimers of
citrine molecules. They were constituted of monomers con-
taining in one end the citrine and on the other end a coiled-
coil domain."" The interaction of the coiled-coil domains is
thought to lead to a multimerization of mainly three and two
monomers.'’ Both domains were separated by a distance of
about 20 nm, which should have ensured that the emitters
behaved independently. We recorded the fluorescence emis-
sion from these multimers immobilized in agarose at low den-
sities. The probability density of the total count number mea-
sured from individual fluorescence spots was then built, and
the procedure described above applied (Fig. 3).

In the data analysis, we used the parameter 17X N, ob-
tained for the pure monomers (77X N, ;=722 =*22 counts)
[Fig. 1(c)]. Our analysis revealed that the samples were
mainly constituted of dimers (77 = 16%) and to a lesser ex-
tent of trimers (14*16%). Considering that this analysis
might depend on the choice of the parameter N,,,, we per-
formed the same analysis by varying N,,,o by 10%. The varia-
tion of the results fell within the error bars.

Our method presents a significant difference in the compo-
sition of the sample with an evaluation performed previously
by electron microscopy (~50% dimers and ~50% trimers in
Ref. 11). Different reasons can be given to explain this differ-
ence. First, electron microscopy provided a rough
evaluation—not an in-situ measurement—of the sample com-
position because it relied on the detection of a small pool of
events. Second, the multimers resulted from a coiled-coil in-
teraction that may be deficient at the low concentrations used
in single-molecule experiments due to a maturation problem.
Indeed, some problems in folding and maturation of the pro-
teins expressed after surproduction in the bacteria were en-
countered in some cases.”” And even if the multimers were
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expected to be stabilized by covalent disulfide bonds between
cysteine residues,lé’17 the dissociation time of the structure at
very low concentrations, like in single-molecule experiments,
was not really known. Finally, freeze and thaw cycles can
produce protein denaturation, coiled-coil structure destabiliza-
tion, or proteolysis of a citrine inside the trimer.

The next challenge will be to employ this procedure to get
quantitative information on the composition of cellular struc-
tures. We are confident that our method can be applied to
characterize mobile aggregates; nevertheless, to be effective,
it will require that the structures keep stable compositions
during a period of time superior to the photobleaching time of
the citrine molecule. Indeed, since the method is based on the
measurement of the total number of emitted photons, all the
fluorescent proteins must be photobleached before the end of
the experiment. In practice, most of the citrine molecules,
when illuminated at their saturation intensity, will photode-
struct after a few tens of milliseconds, which seems to be
short enough to observe many types of biological structures.
We expect that this new methodology should permit a more
detailed examination of the protein content of cellular
compartments.
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