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a b s t r a c t
Hox genes encode transcription factors that control the formation of body structures, segment-speciﬁcally along
the anterior–posterior axis of metazoans. Hox transcription factors bind nuclear DNA pervasively and regulate a
plethora of target genes, deploying various molecular mechanisms that depend on the developmental and cellular context. To analyze quantitatively the dynamics of their DNA-binding behavior we have used confocal laser
scanning microscopy (CLSM), single-point ﬂuorescence correlation spectroscopy (FCS), ﬂuorescence crosscorrelation spectroscopy (FCCS) and bimolecular ﬂuorescence complementation (BiFC). We show that the Hox
transcription factor Sex combs reduced (Scr) forms dimers that strongly associate with its speciﬁc fork head binding site (fkh250) in live salivary gland cell nuclei. In contrast, dimers of a constitutively inactive, phosphomimicking variant of Scr show weak, non-speciﬁc DNA-binding. Our studies reveal that nuclear dynamics of
Scr is complex, exhibiting a changing landscape of interactions that is difﬁcult to characterize by probing one
point at a time. Therefore, we also provide mechanistic evidence using massively parallel FCS (mpFCS). We
found that Scr dimers are predominantly formed on the DNA and are equally abundant at the chromosomes
and an introduced multimeric fkh250 binding-site, indicating different mobilities, presumably reﬂecting transient
binding with different afﬁnities on the DNA. Our proof-of-principle results emphasize the advantages of mpFCS
for quantitative characterization of fast dynamic processes in live cells.
© 2015 Elsevier Ireland Ltd. All rights reserved.

Introduction
Hox transcription factors specify segmental identity in animals by
launching the developmental programs required for morphological diversiﬁcation of segments, such as the formation of body appendages
and the acquisition of specialized functions (Gehring, 1987; Lewis,
1978; McGinnis and Krumlauf, 1992). However, despite the wealth of
knowledge on their biological function, we still lack detailed mechanistic insight into how they achieve their complex function in vivo, at the
molecular level.
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The DNA-binding properties of Hox transcription factors in large
metazoan genomes, and the mechanisms deployed thereby to control
the regulation of their target genes, remain open questions in developmental biology. The dynamic behavior of Hox transcription factors in
the nucleus can be viewed in its entirety as the problem of Hox speciﬁcity, namely how Hox transcription factors, that are structurally very
similar in their DNA-binding preferences and bind in a widespread
manner in the genome, regulate apparently dissimilar morphogenetic
programs, such as the formation of body appendages, as diverse as a
ﬂy wing and an antenna. In Drosophila, a wealth of studies has
approached the problem of Hox speciﬁcity, either structurally or
functionally.
Structural studies of homeodomain–DNA binding are exempliﬁed in
the context of Scr (Joshi et al., 2007), Ultrabithorax (Ubx) (Passner et al.,
1999) and Antennapedia (Antp) (Muller et al., 1988; Otting et al., 1990;
Otting et al., 1988; Qian et al., 1989), for which the corresponding DNAbound structures have been resolved by X-ray crystallography or NMR,
respectively. In these structures, DNA binding topologies have been
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mapped to the third helix of the homeodomain (major DNA groove contacts), as well as its N-terminal arm sequences (minor DNA groove contacts). Careful examination of these structures, as in the case of Antp,
has identiﬁed important roles of the N-terminal arm of the
homeodomain (Qian et al., 1994) and the linker between the YPWM
motif (also termed the hexapeptide motif) and the homeodomain
(Qian et al., 1992) in DNA-binding afﬁnities. In fact, both the YPWM
motif and the N-terminal arm of the homeodomain have been found
to play a major role in speciﬁcity (Papadopoulos et al., 2011;
Papadopoulos et al., 2012; Papadopoulos et al., 2010). Such speciﬁcity,
as in the cases of Scr and Antp, is required for paralog speciﬁc functions
(Furukubo-Tokunaga et al., 1993; Gibson et al., 1990; Zeng et al., 1993),
although the structure of the cis-binding site (the structure of the DNA
minor groove itself) is equally important for target recognition, at
least in the cases of Scr and Deformed (Dfd) (Joshi et al., 2007; Joshi
et al., 2010).
Functional studies on the speciﬁcity of Hox proteins have led to the
identiﬁcation of cofactors, which physically interact with Hox transcription factors and allow the binding of Hox complexes with higher stringency on the DNA. For example, Extradenticle (Exd) binds DNA
together with Hox proteins, interacts physically with them via the
YPWM motif and functions as a generic Hox cofactor (Mann and Chan,
1996). The contribution of Exd in Hox function can be appreciated, for
instance, in the case of determination of antennal and leg identities
(Casares and Mann, 1998), or salivary gland morphogenesis (Rieckhof
et al., 1997), which depends on the regulation of the fkh gene, and
which, in turn, represents one of the extensively characterized bona
ﬁde targets of Scr (Ryoo and Mann, 1999). Moreover, the YPWM motif
and its interaction with cofactors have been remarkably conserved in
evolution, emphasizing their importance in Hox functionality (Chang
et al., 1995; Knoepﬂer and Kamps, 1995; Lu et al., 1995).
Notwithstanding the validity of such studies in elucidating the function and speciﬁcity of Hox factors, little quantitative information has
been gained. We still do not know how much transcription factor is
contained in cells, how often and how strongly it binds to the DNA,
how long it stays on the DNA, as well as how other transcription factors/cofactors/interacting proteins are embedded into Hox reaction–diffusion networks to control the dynamics and kinetics of DNA-binding
and, thereby, gene regulation. As with most biomolecules, the temporal
evolution and spatial distribution of transcription factors in live cell nuclei are the most important determinants of their kinetic behavior. Despite this, comprehensive quantitative information on the cellular
dynamics of molecules in these processes is still lacking. The importance
of the kinetics of Hox–DNA binding has been appreciated already in
early studies (Affolter et al., 1990). To date, technological advances
have allowed the quantiﬁcation of transcription factors with high precision, at least ex vivo (Simicevic et al., 2013). Few attempts have been
made to dissect the dynamics of Hox–DNA binding behavior using
methods that allow the quantiﬁcation of concentration and molecular
mobility in live cells, such as single-point FCS (Gehring, 2011;
Vukojevic et al., 2010). These studies outlined the importance of the
measurement of transcription factor behavior in live cells, but could
not study this behavior simultaneously in a heterogeneous system,
such as a whole cell nucleus or cells in a larger tissue.
In this paper we utilize a prototype instrument for mpFCS measurements that is developed in our laboratory (Vitali et al., 2014 and Krmpot
et al., in preparation) to study in vivo the integration of Scr transcription
factor molecules into reaction–diffusion networks in the nuclei of giant
salivary gland polytene cells, a tissue that is normally speciﬁed by Scr
during development.
Scr is expressed in the labial and prothoracic segments of the embryo (Kuroiwa et al., 1985; LeMotte et al., 1989; Martinez-Arias et al.,
1987), the central nervous system and subesophageal ganglia
(Mahaffey and Kaufman, 1987), as well as predominantly in the prothoracic, among the larval, imaginal discs (Glicksman et al., 1987). In these
primordia, Scr speciﬁes prothoracic leg development, while being – at

least in part – responsible for repression of prothoracic wing formation
(Rogers et al., 1997), a function conserved across extant insects (Hrycaj
et al., 2010). Scr has been functionally preserved in evolution, which is
best demonstrated by the ability of its mouse ortholog to induce Scrspeciﬁc homeotic transformations in ﬂies (Zhao et al., 1993; Zhao
et al., 1996). Finally, Scr plays a pivotal role in the speciﬁcation of salivary gland development (Andrew et al., 1994; Panzer et al., 1992;
Zhou et al., 2001).
Here, we make use of ﬂies expressing wild-type or constitutively inactive Scr variants. They also carry a 50mer of the fkh250 speciﬁc binding site (Ryoo and Mann, 1999), to which Scr dimers bind strongly and
accumulate in salivary gland cells (Papadopoulos et al., 2012). Our experimental setup allows us to quantitatively characterize the spatial distribution of Scr molecules and measure differences in their local
diffusion properties across the whole cell nucleus.
Materials and methods
Microscopic setups
The ConfoCor 3 instrument and a prototype microscopic setup for
mpFCS, have been used in this study.
The uniquely modiﬁed ConfoCor3 instrument (Carl Zeiss, Jena,
Germany) consisting of an inverted microscope for transmitted light
and epiﬂuorescence (Axiovert 200 M); a vis–laser module comprising
the Ar/ArKr (458, 477, 488 and 514 nm), HeNe 543 nm and HeNe
633 nm lasers; and the scanning module LSM 510 META was used for
single-point measurements. The instrument is modiﬁed to enable detection using silicon Avalanche Photo Detectors (SPCM-AQR-1X;
PerkinElmer, USA) for imaging, which allows confocal ﬂuorescence microscopy imaging with single-molecule sensitivity (Vukojevic et al.,
2008). Images were recorded at a 512 × 512 pixel resolution. The CApochromat 40 ×/1.2 W UV-VIS-IR objective was used throughout.
Fluorescence intensity ﬂuctuations were recorded in arrays of 10–30
consecutive measurements, each measurement lasting 5–10 s. Averaged curves were analyzed using the software for online data analysis
or exported and ﬁtted ofﬂine using the OriginPro 8 data analysis software (OriginLab Corporation, Northampton, MA). In either case, the
nonlinear least square ﬁtting of the autocorrelation curve was performed using the Levenberg–Marquardt algorithm. Quality of the ﬁtting
was evaluated by visual inspection and by residuals analysis.
The speciﬁc design and construction of the mpFCS setup is described
elsewhere (Vitali et al., 2014 and Krmpot et al., in preparation). Brieﬂy,
simultaneous excitation of ﬂuorescent molecules across the specimen is
achieved by passing a single laser beam through a diffractive optical element (DOE), which transforms it into a rectangular illumination matrix that consists of 32 × 32 spots. Fluorescence from 1024 illuminated
spots is detected in a confocal arrangement by a matching matrix detector consisting of the same number of single-photon avalanche photodiodes (SPADs). Dedicated software was developed for data acquisition
and fast auto- and cross-correlation analysis by parallel signal processing using a graphic processing unit (GPU). This approach enables quantitative characterization of physiological processes in live cells/tissue
with a sub-millisecond temporal resolution, presently 21 μs/frame.
The prototype setup also allows single-molecule sensitivity, but for
long signal acquisition times. Due to technical limitations, such measurements are presently feasible only if the number of pixels is being
reduced.
Expression of Scr transcription factors in Drosophila salivary glands
Expression of UAS-mCitrine-Scr(wt) alone, or of combinations of
UAS-mCitrine-Scr(wt) and UAS-mCherry-Scr(wt), as well as UASmCitrine-Scr(DD) and UAS-mRFP1-Scr(DD), has been induced by dppblk
-Gal4 (Staehling-Hampton et al., 1994), or sgs3-Gal4 (obtained from
the Bloomington Stock Center, stock number 6870). The 50mer of
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fkh250 binding sites is bound by Scr homodimers and has been previously described (Papadopoulos et al., 2012). Fluorescent balancers (Le
et al., 2006) and examination of salivary gland ﬂuorescence through
the larval cuticle have been used for selection of genotype.
Expression of Scr dimers by bimolecular ﬂuorescence complementation
(BiFC) in Drosophila salivary glands
Flies expressing synthetic UAS-VC-Scr and UAS-VN-Scr constructs, as
wild-type or constitutively inactive variants, have been used in this
study, as previously described (Papadopoulos et al., 2012; Papadopoulos
et al., 2010). The synthetic Scr constructs are comprised of the
homeodomain, YPWM motif and C-terminus, tagged to the C (VC) or N
(VN) terminus of the Venus ﬂuorescent protein and they successfully recapitulate the Scr homeotic function to a great extent (Papadopoulos
et al., 2012). Expression has been induced using the sgs3-Gal4 driver.
Fluorescent balancers (Le et al., 2006) and examination of salivary gland
ﬂuorescence through the larval cuticle have been used for selection of
genotype.
Preparation of salivary glands for live measurements
Salivary glands of third instar larvae have been dissected in phosphate buffered saline (PBS) at room temperature and transferred to 8well chambered cover glass (Nunc® Lab-Tek® II, Thermo Fisher Scientiﬁc, USA) containing 200 μL of PBS. Salivary glands were then used directly for measurements.
Results
We have previously used single-point FCS to quantitatively characterize the complex Scr DNA-binding in live salivary gland cell nuclei
(Vukojevic et al., 2010). However, the transcription factor molecules
are not uniformly distributed in polytene nuclei (Fig. 1). They undergo
free-diffusion in the nucleoplasm (Fig. 1A, blue circle), bind to chromosomal DNA, both speciﬁcally and non-speciﬁcally (Fig. 1A, green circle),
and form sites of accumulation on the DNA (Fig. 1A, red circle). This suggests that Scr participates in different types of interactions in the nucleus at different locations. In classical, single-point FCS, ﬂuorescence
intensity ﬂuctuations in a stationary observation volume element
(OVE) are recorded over time, using detectors with single-photon
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sensitivity, and subjected to autocorrelation analysis, which provides
information about the average number of ﬂuorescent molecules in the
OVE and their mobility. (For an overview of FCS methodology, refer to
Vukojevic et al., 2005). FCS measurements on the aforementioned nuclear locations reveal differences in mobility between the nucleoplasm
and the polytene chromosomes (Fig. 1B). These are evident from the
shift of the autocorrelation curve (ACC) recorded in the nucleoplasm towards shorter decay times, as compared to the ACC recorded on the
polytene chromosomes and at the site of accumulation, where longer
decay time is observed, indicating binding to the DNA (Fig. 1B, blue versus red ACCs). However, little – if any – difference in molecular mobility
is observed between the sites of high Scr concentration and its binding
elsewhere on the chromosomes (Fig. 1B, compare green and red FCS
curves). Moreover, the strong ﬂuorescence intensity observed at Scr
binding sites in the nucleus suggests that, in addition to Scr accumulation, higher order complexes are formed on the DNA.
We have previously established that Scr forms homodimers, which
are required for a great portion of its homeotic function in ﬂies
(Papadopoulos et al., 2012). Here, we have sought to characterize the
DNA binding behavior of these dimers using the BiFC system (Hu et al.,
2002) and FCS.
In BiFC, proteins that are hypothesized to interact are tagged to the
N- and C-terminal portions (VN and VC, respectively) of the Venus ﬂuorescent protein. While the two halves of Venus do not ﬂuoresce on their
own, when the two interacting partners bring them together, ﬂuorescence is being reconstituted. BiFC has been successfully used in many
systems, including ﬂies, for monitoring protein–protein interactions,
as in the case of Hox transcription factors and their interacting partners
(Boube et al., 2014; Duffraisse et al., 2014; Hudry et al., 2014; Hudry
et al., 2011; Papadopoulos et al., 2012; Sambrani et al., 2013).
By CLSM, we have observed that Scr dimers reside overwhelmingly
on the DNA (Fig. 2A) and accumulate on chromosomal regions of
decondensed chromatin (polytene chromosome interbands). In contrast, a constitutively inactive phosphomimicking variant of Scr, where
threonine 6 and serine 7 of the homeodomain have been substituted
by aspartates [Scr(DD)] (Berry and Gehring, 2000), and which has limited homeotic function in ﬂies (Berry and Gehring, 2000; Papadopoulos
et al., 2012; Papadopoulos et al., 2010; Vukojevic et al., 2010), shows
limited dimerization, despite being expressed in similar amounts as
compared to Scr(wt) (Papadopoulos et al., 2012). Moreover, Scr(DD) dimers are largely excluded from the DNA (Fig. 2A). FCS measurements on

Fig. 1. Scr(wt) distribution and DNA-binding in polytene nuclei, visualized by confocal laser scanning microscopy (CLSM) and characterized by classical, single-point FCS. (A) mCitrineScr(wt) distribution in the salivary gland cell nucleus is non-uniform. In the nucleoplasm (blue circle) its concentration is low, on the chromosomes (green circle) it preferentially associates
with sites of loose chromatin conformation, and it also forms sites of accumulation (red circle). (B) Autocorrelation curves (ACCs) normalized to the same amplitude (Gn(τ) = 1 at τ =
1 × 10−5 s) recorded in the areas indicated in (A) reveal fast movement of Scr(wt) in the nucleoplasm (blue ACC), as compared to the chromosome (green ACC) and the site of Scr(wt)
accumulation (red ACC). The latter two indicate binding to the DNA (autocorrelation curves shifted towards longer characteristic times), but the differences between Scr(wt)–DNA binding
on the chromosomes and the site of accumulation is not easily discernible. Due to bleaching, which may be extensive for FCS measurements on the chromatin, signal acquisition time on
the chromosome and the site of accumulation was shorter (10 s) than for measurements in the lumen, which allow longer signal acquisition time (100 s). Scale bar is 20 μm.
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Fig. 2. Study of Scr(wt) and Scr(DD) dimer formation, visualized by CLSM and characterized by BiFC, FCS and FCCS. (A) CLSM images of Scr(wt) and Scr(DD) dimers in live salivary gland
cells, visualized by BiFC. Scr(wt) dimers exhibit widespread association with chromosomal DNA, they accumulate on polytene interbands (regions of loose chromatin compaction and
hence higher transcriptional activity) and are mostly excluded from the nucleoplasm. In contrast, Scr(DD) dimers show less DNA-binding activity and some accumulation at the chromocenter, but reside mostly in the nucleoplasm. Note the lower abundance of Scr(DD) dimers as compared to Scr(wt), despite their similar levels of expression. FCS measurements on Scr(wt)
binding on the chromosome reveal a pronounced fraction of slowly diffusing Scr dimers, τD N 5 × 10−4 s, and a higher contribution of components characterized with decay times
τD N 1 × 10−2 s. (B) Study of monomeric and dimeric Scr(wt) and Scr(DD) dynamics by FCCS, using dually-labeled (red and green) Scr molecules. Scr(wt) monomers (upper panel) reside
on the DNA and accumulate on the giant fkh250 binding site (and the chromocenter). Co-localization of red and green transcription factor molecules on both the fkh250 binding site and the
residual chromatin is very pronounced in this case. FCCS analysis reveals strong interaction between red and green Scr(wt) molecules (black ACC) with a relatively higher fraction of slowly
diffusing molecules characterized by longer diffusion times, as compared to the individual monomers. In the case of Scr(DD) (lower panel), little, if any, binding to the DNA is observed in
both the green and the red channels, and Scr is mostly excluded from chromatin [similar to (A)] and resides predominantly in the nucleoplasm. Co-localization is not observed for Scr(DD).
FCCS analysis reveals little dimer formation in this case, as evidenced by the absence of signiﬁcant cross-correlation (black autocorrelation curve).

Scr(wt) dimers visualized by BiFC showed multiple characteristic decay
times, τD N 5 × 10−4 s, that indicate predominantly slow diffusion. These
results are corroborated by FCCS analysis, using dually labeled Scr molecules (Fig. 2B). Salivary gland nuclei of ﬂies expressing UAS-mCherryScr(wt) and UAS-mCitrine-Scr(wt), as well as bearing a multimeric
fkh250 binding site [as previously described (Papadopoulos et al.,
2012)], show widespread co-localization of green and red Scr monomers (Fig. 2B, upper panel), reminiscent of the binding pattern of
Scr(wt) dimers tagged in the BiFC system (Fig. 2A, left). Scr(wt) dimers
reside mostly on polytene chromosomes and accumulate on the introduced giant binding site (as well as the chromocenter, which contains
mostly heterochromatic regions). FCCS measurements corroborated
the ﬁnding that Scr(wt) forms dimers characterized by diverse mobilities, as evident from the bimodal cross-correlation curve (CCC) with
at least two characteristic decay times (Fig. 2B, black). In contrast, the
constitutively inactive variant Scr(DD) dimerizes to a much lower extent (compare the black CCC for Scr(wt) with the corresponding one
for Scr(DD) in Fig. 2B). Moreover, Scr(DD) does not accumulate on the
fkh250 binding site or elsewhere on the chromosomes and appears to
reside mostly in the nucleoplasmic space.
As evidenced by ﬂuorescent imaging, FCS and FCCS analyses presented above, the Scr interaction pattern across the nucleus is complex.
It bears various modes of residence, depending on Scr–DNA and Scr–Scr

interactions and involves three-dimensional diffusion in the nucleoplasm, speciﬁc and non-speciﬁc binding along chromosomes, as well
as homodimerization on speciﬁc binding sites, but also elsewhere on
the DNA. This dynamic behavior is challenging to characterize using
single-point FCS measurements, which, in turn, emphasizes the need
for methodology that would allow recording of molecular movement
and numbers in a larger area, where spatial information is concurrently
obtained. To this end, we resided to mpFCS analysis, using a prototype
experimental setup that has recently been developed in our laboratory
(Vitali et al., 2014 and Krmpot et al., in preparation). In mpFCS,
ﬂuorescence intensity ﬂuctuations are recorded simultaneously
using a multiplexed confocal arrangement of the illumination matrix,
comprised of 1024 points, and a matrix of 1024 SPADs, thus allowing
the concomitant study of molecular numbers and motion in a wider
area.
We have applied this methodology to characterize the molecular
distribution and dynamics of Scr(wt) and Scr(DD) dimers, tagged in
the BiFC system (Fig. 3). Fig. 3A shows a salivary gland nucleus expressing VC-Scr(wt) and VN-Scr(wt) and bearing the fkh250 binding site. In
accordance with results obtained by CLSM and classical FCS, mpFCS
analysis of the concentration and mobility of Scr(wt) dimers revealed
high concentration of Scr(wt) dimers in the nucleus, as compared to
the cytoplasm, where the protein is produced prior to its translocation
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Fig. 3. Spatial distribution of molecular numbers and mobility of wild-type and constitutively inactive Scr transcription factor by mpFCS. (A) Scr(wt) dimers, visualized by BiFC and captured by the 18.0 megapixel digital single-lens reﬂex (DSLR) camera Canon EOS 600D (Canon Inc., Japan), associate strongly with polytene chromosomes and accumulate on the
multimeric fkh250 binding site. (B) Distribution of average molecular numbers per OVE shows high concentration of dimers in the nucleus and low concentration in the cytoplasm, the
site of Scr(wt) synthesis (and possible post-translational modiﬁcations). The synthetic binding site cannot be discerned and the average number of molecules appears to be similar across
the nucleus. However, the nucleus is enriched roughly 100-fold in transcription factor concentration over the cytoplasm. (C) Distribution of diffusion times in the same cell as in (A) and
(B) shows different mobility of Scr(wt) molecules in the fkh250 binding site, the residual nuclear space and the cytoplasm. Two- to three-fold differences in diffusion times are discernible
between different nuclear compartments. (D) Salivary gland nuclei overexpressing Scr(DD), tagged in the BiFC system, are populated by a much lower amount of dimers, despite comparable expression levels to Scr(wt). Scr(DD) dimers do not bind signiﬁcantly to the DNA and reside in the nucleoplasmic space, where they occasionally form aggregates. (E) Average
molecular number distribution of Scr(DD) in the same cell as in (D) shows higher concentration of the dimers in the nucleus, as compared to the cytoplasm, but roughly 10-fold lower
concentrations compared to Scr(wt) in (B). (F) The distribution of diffusion times in Scr(DD) expressing nuclei indicates that all molecules move fast. As their movement is not impeded
by interactions with nuclear DNA, their movement in the nucleus is as fast as in the cytoplasm. Therefore, in the map of diffusion times the nucleus is not detectable. (G–H) Histogram of the
distribution of diffusion times in Scr(wt) (G) and Scr(DD) (H) expressing nuclei. In the case of Scr(wt), the diffusion times of cytoplasmic molecules are lower than the ones in the nucleus.
Within the nucleus, most of the molecules move slowly, but it is possible to discern differences in diffusion, which may reﬂect differences in interactions with the DNA. Scr(DD) molecules
show a narrower distribution of fast diffusion times. In this case, there is barely any differences observed between nucleus and cytoplasm.

to the nucleoplasm. Concentration of Scr(wt) dimers in the nucleus was
estimated to be in the micromolar range, but obvious differences in the
distribution of molecular numbers were not observed (Fig. 3B). However, we observed differences in the mobility of Scr(wt) dimers between
the nucleus and the cytoplasm, as well as locally within the nucleus
(Fig. 3C and G). Their distribution in the nucleus is overall characterized
by slow diffusion, but local differences in their mobility between the

fkh250 binding site and elsewhere on the chromosomes were observed
(Fig. 3C and G). This suggests that interactions between Scr(wt) dimers
and the chromatin are slow but not uniform. They are of different
strength at different nuclear locations, which is reﬂected as differences
in mobility.
In contrast, dimers of the inactive variant Scr(DD) show a very different behavior. Since they bind DNA to a lower extent, they reside
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Fig. 4. Average ACCs from selected pixels (refer to Fig. S1) in nuclei expressing Scr(wt)
and Scr(DD) normalized to the same amplitude (Gn(τ) = 1 at τ = 1 × 10−4 s). Scr(DD)
molecules in the nucleus (blue diamonds) show overlapping dynamics with cytoplasmic
Scr(wt) transcription factor (wine squares), which does not bind DNA. Scr(wt) molecules
in the nucleus (green triangles) show signiﬁcantly slower dynamics, due to interaction
with the DNA.

mostly in the nucleoplasm, in between chromosomes, where they rather form aggregates (Fig. 3D). Moreover, the fkh250 binding site is not
populated by Scr(DD) dimers. mpFCS analysis of Scr(DD) dimers revealed a ten-fold lower concentration than Scr(wt) (Fig. 3E, as compared to Fig. 3B), with the nucleus being barely distinguishable over
the cytoplasm in the plot of molecular numbers (Fig. 3E). The diffusion
times were distributed indiscriminately between the nucleus and cytoplasm (Fig. 3F and H, as compared to Fig. 3C and G), indicating fast molecular movement and limited association with the DNA.
FCS measurements on Scr(wt)- and Scr(DD)-expressing cells
showed similar dynamics between Scr(DD) and the cytoplasmic fraction of Scr(wt), which is not binding to the DNA, but a clear shift to longer characteristic times could be observed in the case of nuclear Scr(wt)
dimers, suggesting strong binding to the DNA (Fig. 4).
Discussion and conclusions
The problem of how the dynamic behavior of transcription factors is
linked to their function is a central question in developmental biology.
This question becomes even more interesting (and challenging to answer) for transcription factors that bind DNA in a relatively indiscriminate, widespread manner, such as Hox transcription factors. Most
studies involving Hox transcription factors to date have focused on understanding speciﬁc and context-dependent developmental processes,
such as the regulation of speciﬁc downstream genes involved in morphogenesis. The major reason for this is presumably methodological,
namely the lack of technology that could allow the study of the dynamic
behavior of these proteins in live cells, such as DNA-binding, target
identiﬁcation, complex formation with cofactors and kinetic behavior.
However, it is precisely this knowledge that would allow us to gain a holistic view of the problem of speciﬁcity that lies in the core of Hox biology. In order to do this, live cell experimentation is primarily a
requirement, as fast, dynamic processes, such as transcription factor–
DNA interactions, are far more than a snapshot of transcription factor
nuclear distribution, which can be investigated in a ﬁxed cell. Second,
two important questions need to be answered in order to understand
how biological molecules are integrated in reaction–diffusion networks,
namely how many transcription factor molecules the nucleus contains
(concentration) and how fast they are moving (molecular mobility).
Such information can be best gained using FCS. Moreover, since the
gene expression landscape is not static, but rather dynamic, it is beneﬁcial to be able to acquire quantitative information about the local concentration and mobility of transcription factors simultaneously across
the cell nucleus. This is because the temporal changes in transcription
factor–DNA occupancy, mobility, interaction with other proteins and kinetics within a small fraction of nuclear volume can be inﬂuenced by
local factors outside of this volume, such as global changes in chromatin
conformation and dynamics, local cofactor abundance or the presence
of other regulatory molecules, which can inﬂuence transcription factor
concentration and DNA-binding.

In this paper, we have taken initial steps in this direction using
mpFCS measurements of Scr in giant salivary gland nuclei. By classical
FCS we could not simultaneously study Scr-DNA binding on sites of accumulation versus elsewhere in the nucleus, but mpFCS allowed us to
concurrently record with high spatial resolution differences in diffusion
and concentration of Scr between different cellular and even nuclear
compartments. mpFCS indicated that the transcription factor is rather
uniformly distributed across the nucleus, but at the multimeric fkh250
binding site Scr(wt) dimer mobility is slower compared to its diffusion
in the surrounding (Fig. 3C). We attribute this to the high local concentration of speciﬁc binding sites to which Scr(wt) dimers bind. This is
reﬂected in FCS as longer diffusion times, which indicate transcription
factor “stalling” due to interactions with the binding sites.
We have also observed that mobility of Scr(wt) in the residual nuclear volume (away from the binding site) is variable (Fig. 3G), which lends
evidence for the existence of diverse target sites in the genome to which
Scr binds with different afﬁnities. Possible reasons why this is so could
be, apart from the binding sequence itself, also the variability in
region-speciﬁc abundance of cofactors, the existence of distinct chromatin states, or the variation in the chemical properties among different
nuclear compartments. In fact, the notion of high and low afﬁnity binding of Hox transcription factors is just starting to be explored and has recently been characterized in the context of Ubx–Exd binding on
enhancers of the shavenbaby (svb) gene, where clustered, low-afﬁnity
binding of Ubx–Exd complexes are required for robustness of expression (Crocker et al., 2015). Our experiments point towards the existence
of such binding sites also for Scr. However, whether this observation has
a functional meaning also in this case, and which regulatory sequences
are bound weakly and which strongly by Scr, are questions that remain
to be investigated.
BiFC, FCS, FCCS and mpFCS experiments all indicate that Scr(wt)
forms dimers to a much greater extent than the functionally impaired
Scr(DD) (Figs 2 and 3). Artiﬁcially induced dimerization in BiFC due to
high concentration and molecular crowding of transcription factor molecules bound to neighboring sites on the DNA (S. Merabet, personal
communication), is not supported by our FCCS analysis and by our previous studies of Scr homodimerization in coimmunoprecipitation experiments (Papadopoulos et al., 2012).
We observed that Scr(wt) dimers localize predominantly on and
strongly interact with nuclear DNA, whereas Scr(DD) dimers are more
nucleoplasmic and less abundant on chromatin. This difference between
the two variants, Scr(wt) and Scr(DD), together with the requirement of
Scr dimer formation for homeotic function in vivo (Papadopoulos et al.,
2012), make it possible that phosphorylation/dephosphorylation of Scr
buffers its DNA-binding capacity not only through repulsion of the ﬂexible N-terminal arm of the homeodomain, but also by controlling its ability to homodimerize.
Finally, we observed that Scr(DD) dimers to some extent form aggregates in the nucleoplasm of salivary gland cells. We attribute this
to the high molecular crowding of these variants, due to the limited
free space in between polytene chromosomes in these cells.
The results reported in this study agree well with our previously
published results (Papadopoulos et al., 2012; Vukojevic et al., 2010)
and clearly demonstrate the potential of the newly developed methodology for quantitative characterization of fast dynamical processes in
live cells. Despite these positive achievements, the results of this study
should be also viewed in the light of several limitations. The ﬁrst and
most important limitation of the current study lies in the sensitivity of
the instrumental setup. The dark count of SPADs that comprise the detector is relatively high, according to the producer's speciﬁcation it is
4 kHz on the average and 2 kHz at best, which gives rise to a lower
signal-to-noise ratio (SNR) than in a conventional single-point FCS instrument, where the dark count of the single detector is less than
200 Hz. Another limitation, which arises due to technical reasons, is
that it is at present not possible to perform measurements that are longer than 2.7 s using the full matrix detector array. In FCS, ﬂuorescence
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intensity ﬂuctuations are recorded over a certain period of time and statistical methods of analysis are applied to detect non-randomness in the
data. The longer the measurement time, the better the statistical analysis and the less noisy the resulting ACC. However, since we could not extend the signal acquisition time beyond 2.7 s using the full size of the
array, this precludes direct quantitative characterization with singlemolecule sensitivity and gives rise to an experimental error in the determination of molecular numbers. Comparison between single-point FCS
and mpFCS measurements obtained in a dilute aqueous suspension of
quantum dots, which was used as a calibration standard (Fig. S2),
shows that the amplitude measured by mpFCS is much smaller than
the amplitude measured by single-point FCS (Fig. S2 and F), in line
with what is expected given the high dark count of SPAD detectors comprising the matrix array. However, the diffusion time measured by both
setups was largely the same, both for individual quantum dots and for
quantum dot agglomerates, as evident from the overlap of ACCs normalized to the same amplitude (Fig. S2) which indicates that the size of the
OVE is the same in both, the conventional single-point FCS setup and the
mpFCS instrument. In order to achieve direct quantitative confocal ﬂuorescence microscopy imaging with single-molecule sensitivity and microsecond temporal resolution, the sensitivity of the detector needs to
be signiﬁcantly improved. At present such technology is emerging, but
it is still too rare and expensive for massive parallelization.
Finally, we should also note that imaging without scanning does not
allow continuous sampling across the specimen, as there are areas between the stationary focal spots from which the signal is not collected.
In the present study, the pitch of the illumination matrix in the object
plane is 1.5 μm. Hence, adjacent observation volume elements in the
same row/column from which the signal is recorded are separated by
one OVE from which the signal is not recorded. Such arrangement was
deliberately used in the current setup in order to minimize cross-talk
between adjacent OVE.
Previous experimental setups have demonstrated the ability to perform FCS in a larger area by means of scanning (Balaji and Maiti, 2005;
Levi et al., 2003; Vukojevic et al., 2008). Such approaches underlined the
importance of obtaining quantitative information across larger areas of
the same sample. However, a major concern in any scanning approach is
the inability to obtain information from distant locations simultaneously. For example, in raster scanning approaches signal acquisition at the
level of an individual pixel is fast, in the order of microseconds, but
the acquisition of an image frame is slow, lasting more than a quarter
of a second for an image frame of 512 × 512 pixels. Therefore the information acquired in the ﬁrst and the last pixel in an image frame acquired by scanning does not reﬂect the same state of a fast changing
dynamical system. Furthermore, transcription factors exhibit complex
spatio-temporal dynamics, where molecular motion reﬂects diffusion
in the nucleoplasm, non-speciﬁc binding with the DNA during its
“search” for target sites and speciﬁc binding with presumably various
afﬁnities on the DNA. Such a complex behavior is difﬁcult to “capture”
by scanning, but the ability to perform a high number of concurrent
FCS measurements holds the promise to overcome such constrains.
In spite of the limitations of currently available technologies for massive production of highly sensitive SPADs, which restrain the temporal
resolution and affect the quantitative analysis in live cells, as mentioned
above and detailed out in Krmpot et al., in preparation, the data presented here compellingly show that it is possible to achieve quantitative
confocal imaging without scanning via mpFCS. This approach retains
all advantages of confocal microscopy, including the ability to control
depth of ﬁeld, improved SNR by elimination of out-of-focus light and
the capability to produce 3D reconstruction of the specimen by optical
sectioning. Abolishment of scanning allows confocal microscopy imaging with signiﬁcantly improved temporal resolution, being 21 μs/
frame in the prototype instrument used in this study. The underlying
FCS analysis provides quantitative information about the spatial distribution of molecular numbers and the mobility of molecules across the
specimen. This information, which cannot be deduced from classical
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ﬂuorescence microscopy imaging, is essential for understanding how
molecular interactions, which take place in a small, very well deﬁned location, are integrated via molecular diffusion and transporting processes
into dynamic regulatory networks.
This dataset indicates that mpFCS is a suitable method for the simultaneous recording of molecular mobility and concentration over a larger
area. Therefore, it is possible to study differences in these parameters in
live cells with high spatiotemporal resolution. mpFCS holds the promise
of facilitating the analysis of protein interactions (and other cellular
components) in heterogeneous systems, such as the precise quantiﬁcation of cell-to-cell variations in protein concentration and gradients (e.g.
during morphogenesis). Moreover, the high temporal resolution of
mpFCS is expected to allow quantiﬁcation and dynamics of faster processes, such as calcium signaling and neuronal transmission, simultaneously and across larger areas. Finally, the existing technologies of
precise gene-editing methodologies and a further improvement of detector sensitivity (as discussed above) are anticipated to permit the
study of protein dynamic behavior in a larger area and at endogenous
levels in live cells.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.mod.2015.09.004.
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