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ABSTRACT How nuclear proteins diffuse and find their targets remains a key question in the transcription field. Dynamic pro-
teins in the nucleus are classically subdiffusive and undergo anomalous diffusion, yet the underlying physical mechanisms are still
debated. In this study, we explore the contribution of interactions to the generation of anomalous diffusion by the means of fluo-
rescence spectroscopy and simulation. Using interaction-deficient mutants, our study indicates that HEXIM1 interactions with both
7SK RNA and positive transcription elongation factor b are critical for HEXIM1 subdiffusion and thus provides evidence of the ef-
fects of protein-RNA interaction on molecular diffusion. Numerical simulations allowed us to establish that the proportions of
distinct oligomeric HEXIM1 subpopulations define the apparent anomaly parameter of the whole population. Slight changes in
the proportions of these oligomers can lead to significant shifts in the diffusive features and recapitulate themodifications observed
in cells with the various interaction-deficientmutants. By combining simulations and experiments, our work opens new prospects in
which the anomaly a coefficient in diffusion becomes a helpful tool to infer alterations in molecular interactions.
SIGNIFICANCE Nuclear molecules are classically subdiffusive, and molecular crowding has often been incriminated
among various putative reasons. The potential contribution of intermolecular interactions was proposed but has generally
been neglected. To move the field forward, we tackled this issue by focusing on a complex of RNA and proteins. We
unveiled the key role of 7SK RNA and P-TEFb binding to HEXIM1 in driving the anomalous diffusion of the latter. To our
best knowledge, this is the first direct evidence of the effect of interactions between RNAs and proteins on molecular
diffusion in vivo. Our study also shows that the anomaly coefficient can be used as a simple and robust tool to report on
molecular interactions involved in various important biological questions.
INTRODUCTION

Despite the lack of bona fide internal subcompartments, the
nucleus of eukaryotic cells is spatially organized (1). The
nucleolus represents the most obvious example and consists
of DNA, RNA, and proteins gathered in a structure readily
observable by microscopy. Besides, DNA is organized in
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chromosome territories in a nonrandom and dynamic
manner (2). Another key feature in the nuclear architecture,
possibly affecting its exploration by diffusible molecules, is
the heterogeneous condensation of chromatin in heterochro-
matin and euchromatin regions (3). Within this frame, pro-
cesses such as replication or transcription are dynamically
regulated by soluble molecules (RNA and proteins), which
may assemble within RNP particles and must navigate in
this crowded nuclear space. Indeed, macromolecules can
be highly concentrated in cells, up to 400 g/L, and intracel-
lular fluids can thus be regarded as crowded (4). The diffu-
sion of nuclear proteins in this heterogenous nucleoplasmic
environment plays a key role in their target search (5,6).
When analyzed by quantitative microscopy approaches, nu-
clear molecules do not diffuse freely, but they typically
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display a power-law increase of their mean-square displace-
ment (MSD) as a function of time t, MSD f ta (7), charac-
terized by an anomaly coefficient a< 1. This means that the
motion of nuclear molecules is time and length scale depen-
dent. On short time and length scales, nuclear molecules
diffuse almost freely, but on longer scales, interactions
with obstacles become significant, and diffusion is
restricted. Such hindered diffusion may contribute in
biology to the control of the diffusion distance and the exis-
tence of local concentration gradients, which have been
measured experimentally and participate in the regulation
of biological functions (8). Even if it seems counterintuitive,
simulations have shown that anomalous diffusion can
outperform Brownian diffusion in finding a target (9).

The underlying biological reasons for nuclear protein
anomalous diffusion are still poorly understood and debated
(10,11). Even if the viscosity of the intracellular environment
can affect molecular diffusion (12), many other mechanisms
govern intracellular diffusion far beyond the Stokes-Einstein
relationship. The anomalous diffusion of molecules in the
nucleus may be driven by hydrodynamic forces and steric
hindrance of the environment (10,13–15). Models for the
role of macromolecular crowding in gene transcription
modulation have been proposed (6,16). Yet, the extent of
the contribution of crowding to cellular anomalous diffusion
remains controversial, and other mechanisms such as molec-
ular interactions have been proposed to participate in anom-
alous diffusion in living cells (17).

To assess the putative involvement of molecular interac-
tions in the generation of anomalous diffusion, we used
both experimental and simulation approaches. We focused
our attention on HEXIM1, a protein regulating the transcrip-
tion pause release. Most metazoan genes undergo a transcrip-
tion pause after the initiation of transcription and require
the activity of positive transcription elongation factor b
(P-TEFb) to resume transcription. P-TEFb is a heterodimer
of cyclin-dependent kinase 9 (CDK9) associated with cyclin
T1 (CT1) or cyclin T2 in a minority of complexes. The CT1
amount in cells has been estimated to be around 3000 units
per U20S cell (18), and CT1 is thus a limiting factor given
the tens of thousands of transcription start sites identified
in the human genome (19). How its motility is regulated be-
tween genes, which it controls over time, represents a ques-
tion of interest in the transcription field. P-TEFb was reported
to interact with the 7SK noncoding RNA and HEXIM1 pro-
tein in a ribonucleoprotein called 7SK RNP, with both part-
ners contributing to the inhibition of its kinase activity
(20–22). Dynamic remodeling of this RNP was shown to
regulate P-TEFb activity (23). Beyond sequestering
P-TEFb in its inactive form in the RNP, HEXIM1 has been
shown to participate in the recruitment of P-TEFb to
enhancer regions (24). Interaction of the large P-TEFb/
HEXIM1/7SK complex with histones, by affecting a meth-
ylase activity in the 7SK RNP, can destabilize 7SK RNA
and allow P-TEFb activation in situ (25). In this context,
2 Biophysical Journal 117, 1–11, November 5, 2019
HEXIM1 plays a key role as a hub connecting both RNAs
and proteins (26). HEXIM1 thus represents a good candidate
to evaluate the impact of different interactions on diffusion.

Thanks to advances in fluorescence microscopy, several
approaches have emerged to study molecular dynamics
and interactions in the single live-cell context (27–29). Fluo-
rescence correlation spectroscopy (FCS) and its variants
such as fluorescence cross correlation spectroscopy and
spot variation FCS have been applied to infer from fluores-
cence intensity fluctuations information on molecular dy-
namics in cells (27,30,31). In this study, we assessed
molecular diffusion using FCS with engineered fluorescent
fusion proteins. HEXIM1 mutants deficient for interactions
with 7SK RNA or P-TEFb, as well as the knock-down of
HEXIM1 partners, indicate that HEXIM1 anomalous diffu-
sion was dictated by its interactions. Subsequent numerical
simulations were performed, which allowed us to 1) demon-
strate the generation of diffusive anomaly by mixing parti-
cles, which diffuse with distinct diffusion coefficients, and
2) recapitulate the diffusive anomaly dependent on the pres-
ence of distinct HEXIM1 oligomers in vivo.
MATERIALS AND METHODS

Cell line culture

U2OS cell line (from the American Type Culture Collection, Manassas, VA)

was cultured in DMEM medium (Gibco Laboratories, Gaithersburg, MD)

supplemented with 10% FCS (vol/vol) and penicillin/streptomycin

(100 mg/mL). For live-cell imaging, cells were plated on 35-mm glass-bot-

tom dishes (Ibidi, CliniSciences, Nanterre, France), filled with L-15 medium

without Phenol Red (Life Technologies, Carlsbad, CA), and incubated at

37�C in a thermostatic chamber (Life Imaging Services, Basel, Switzerland).
Cloning

pmEGFPN1 was derived from pEGFPN1 by directed mutagenesis. HEXIM1

wild-type or variantsDNAcoding sequencewas inserted after PCR in themul-

ticloning site of the pmEGFP-N1 vector. The linker length was set to a mini-

mumof eight amino acids to allow enoughflexibility andminimal impairment

of interaction interfaces. After a 0.8% (w/vol) agarose-gel extraction of spe-

cific DNA bands (Wizard SV gel and PCR Clean-Up System; Promega,

Madison,WI), PCRproducts and recipient pmEGFPN1vectorswere digested

with High Fidelity (New England BioLabs, Ipswich, MA) at 37�C overnight.

Digested PCR products and recipient pmEGFPN1 vectors were ligated with

T4 ligase (New England BioLabs) at 16�C overnight and transformed in

JM109 chemocompetent bacteria (New England BioLabs). Final plasmids

were extracted and sequenced before transfection experiments.
Transfection

500 ng of plasmid were transfected in 100,000 cells with Fugene Transfec-

tion Reagent (Promega, Madison, WI) following the manufacturer recom-

mendations. For control mEGFP, 100 ng of plasmid were sufficient for a

proper transfection.

RNA interference was achieved by using small interfering RNA (siRNA)

directed against CT1 (AGUGGCAGGUGGAGAUAAA and GCGCGAAG

CAUGCAGAAGA), CDK9 (GGCCAGAAGCGGAAGGUGA and GGA

CAUGAAGGCUGCUAAU), 7SK (UGAGAGCUUGUUUGGAGGU and

AAGCUCAAGGUCCAUUUGU) (32,33), or SR-CL000-005 as control
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siRNAs (Kaneka Eurogentec, Seraing, Belgium). siRNA transfection was

carried out with the HiperFect Reagent (QIAGEN, Germantown, MD), ac-

cording to the manufacturer recommendations.
Confocal microscopy

Fluorescent cell images were obtained on a TCS SP5 X (Leica Microsys-

tems, Wetzlar, Germany) confocal head with the single molecule detection

upgrade, mounted on an inverted microscope (DMI6000; Leica Microsys-

tems). In all experiments, a 63�/1.2 water immersion objective and the

488-nm line of an Argon-Ion laser were used. Fluorescence was recorded

with a photomultiplier tube, and the microscope was controlled with LAS

AF (Leica Microsystems) software.
FCS

FCS measurements were performed on the confocal microscope detailed

in the previous section. Fluorescence was detected through a 525/50 sin-

gle bandpass filter (Semrock, Rochester, NY) on a single photon

avalanche photodiode (Micro Photon Devices, Bolzano, Italy). Single

photon events were recorded by a HydraHarp 400 time-correlated single

photon counting module (PicoQuant, Berlin, Germany). Measurements

were controlled with the softwares LAS AF (Leica Microsystems) and

SymphoTime (PicoQuant). Acquisition time for one FCS measurement

was 30 s. Time-resolved raw data were exported, and autocorrelated

data were generated with the software F2COR (34). Autocorrelated

data were then imported in the software QuickFit 3.0 (DKFZ, Heidel-

berg, Germany) and fitted in batch with an anomalous three-dimensional

diffusion model.
FCS data analysis

The observation volume V was calibrated with a 10 nM concentration so-

lution of ATTO488 in water. The number N of molecules in this observation

volume was inferred from the autocorrelation function (ACF) with the

following:

N ¼ 1

Gð0Þ ; (1)

and the observation volume V was determined with the following:

V ¼ n

C
¼ N

NA:C
¼ 1

G 0ð Þ:NA:C
; (2)

n being the number of moles and NA being the Avogadro number.

Subsequently, the concentration of mEGFP-tagged chimera in the obser-

vation volume was calculated with the following:

C ¼ N

NA:V
¼ 1

Gð0Þ:NA:V
: (3)

When freely diffusing molecules in a three-dimensional volume are

probed with a three-dimensional Gaussian laser with 1/e2 lateral and axial

widths of wo and z0, the ACF G(t) can be expressed analytically (35):

GðtÞ ¼ 1

N
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where N is the number of molecules, and tD is the characteristic residence

time.

For anomalous diffusion, the MSD is no longer linearly dependent on

time, but it evolves proportionally with time to the power of a. In this

case, the ACF becomes the following (7):

GðtÞ ¼ 1
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The fitting of the ACFs was done with the trust region reflective least-

squares algorithm. To evaluate the goodness of the fit, we used the sum

of the squared error.
Generation of FCS simulations

Our FCS simulations were based on a Monte Carlo method written in C and

detailed in (36). Briefly, particles were uniformly and randomly distributed

inside a sphere of radius r ¼ 3 mm. Particle displacements within this vol-

ume were based on random walks generated with the following procedure.

The step size s between two jumps was sampled according to a Gaussian

random generator with mean 0 and SD s¼ (6DDt)
1/2, where D is the diffu-

sion coefficient, and Dt is the sampling time of FCS simulations (0.4 ms).

The deflection angle was completely isotropic, meaning that the azimuthal

scattering angle was assumed uniformly distributed over [0, 2p], and the

polar angle was uniformly distributed over [0, p] and then randomized as

q¼ px, where x is a random variable uniformly distributed over the interval

[0, 1]. Each particle that exited the sphere was replaced by a new one, which

was randomly generated at the surface of the sphere, to keep the number of

particles constant inside the volume. When the particle was inside the focal

volume of the microscope objective, the fluorescence intensity was calcu-

lated according to (36), and the corresponding ACF were calculated.

Because the sampling time of 0.4 ms is much larger than the rotational cor-

relation time, the orientation of the particle inside the focal volume was not

taken into account, implying that both the phase and polarization effects

were ignored. Each particle diffused during a lag time of 0.1 s, and then

another particle was launched until the total number of particles Ntot was

reached; Ntot was deduced from the concentration c from Ntot ¼ cNA4/

3pr3, where NA is Avogadro’s constant. This process was repeated 1000

times to improve the signal/noise ratio of the obtained autocorrelation

curve. To ensure statistical reliability of the results, five autocorrelation

curves were generated.

When multiple populations are simulated, both the fraction and the diffu-

sion coefficient of each population are required. For the first population of

fraction f1 (corresponding to a number of particles N1 ¼ f1*Ntot) and diffu-

sion coefficient D1, the diffusion process previously described was executed

until N1 was reached. Then, the second population of fraction f2 and D2 was

considered and so on. As previously mentioned, this process was repeated

1000 times to obtain a reliable autocorrelation curve, and finally, five auto-

correlation curves were generated for each condition. Note that each parti-

cle is completely independent, meaning that all particle interactions are

ignored.

Simulations were performed according to the experimental conditions

previously described (36). A 514-nm continuous wave laser of

power 100 mW was focused through a 63� water immersion objective

(NA ¼ 1.2) into a solution of diluted fluorophores with an absorption

cross-section of 2.2 � 10�20 m2 and a quantum yield of 0.98. If not stated

otherwise, we used a fluorophore concentration of 4 nM corresponding to

272 particles inside the considered volume. The emitted fluorescence was

then filtered by a 50-mm diameter pinhole and collected by a sensitive de-

tector. Simulation data were directly processed by EasyFCS, a homemade
Biophysical Journal 117, 1–11, November 5, 2019 3
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software developed with MATLAB and Statistics Toolbox (version

R2016B; The MathWorks, Natick, MA). This software is available free

of charge on request (contact: aymeric.leray@u-bourgogne.fr).
Statistical analysis

Each experiment was repeated at least three times, measurements were car-

ried out in five different spots of different cells with a cumulative n > 125

for each condition, and the results were expressed as mean 5 standard de-

viation (SD). The data were analyzed using the software GraphPad Prism

(GraphPad Software, San Diego, CA). For statistical analysis of experi-

mental results, mean values were compared with the wild-type condition us-

ing unpaired t-test with Welch’s corrected test. Statistical significance was

considered to be reached for p < 0.05. Matching experimental results with

the closest simulations was performed using ANOVA.
RESULTS

FCS reveals subdiffusion of proteins involved in
the P-TEFb complex

We first quantitatively assessed the diffusion of HEXIM1
and proteins of the P-TEFb in the nucleoplasm of U2OS
cells. FCS experiments measure changes in fluorescence
occurring in a voxel illuminated by a laser beam and enable
the biophysical characterization of the diffusion of fluores-
cent molecules in this volume. Proteins of interest were
fused to monomeric enhanced green fluorescent protein
(mEGFP). mEGFP combines good quantum yield and pho-
tostability, even when compared to more recent variants
(37), and photostability is an important feature to extract
high-quality data on diffusion from FCS experiments. More-
A B

DC
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over, mEGFP bears a mutation greatly reducing the ten-
dency of green fluorescent protein to dimerize, which may
have biased the experiments by modifying its molecular
brightness (38). We then measured by FCS the diffusion
of mEGFP tagged to either HEXIM1, CT1, or CDK9 (the
P-TEFb subunits) or the NELFs dichlorobenzimidazole
1-b-D-ribofuranoside sensibility-inducing factor (DSIF)
and negative elongation factor (NELF), which are P-TEFb
targets. The diffusion of monomeric mEGFP and mEGFP
fused to mNeptune (to double its molecular weight without
affecting its molecular brightness (mEGFP-mNeptune)) was
assessed as a control. The ACF of fluorescence intensity
fluctuations was then calculated and fitted with an anoma-
lous model as previously described (39). Mobile nuclear
proteins actually do not diffuse freely, and their diffusion
can be analyzed with the anomalous model, described in
more detail in the Materials and Methods. Moreover, we
chose this phenomenological anomalous model because it
does not require knowing the number of distinct diffusive
subpopulations, which is hard to predict for biological sam-
ples. The calculated residence time (tD), number of mole-
cules (N), and anomaly coefficient (a) of the diffusion of
each mEGFP chimera globally represent the diffusive prop-
erties of several subpopulations of unknown mole fraction
and diffusion coefficient. Examples of FCS data and fits
are shown in Fig. 1 A for mEGFP, mEGFP-mNeptune, and
mEGFP-tagged CT1, CDK9, or HEXIM1. Fit residuals
were low as a reflection of the quality of the fitting method
(Fig. S1 A). Residence times (tD) were plotted as a function
of a, with the spot size being proportional to the apparent
FIGURE 1 Fluorescence correlation spectros-

copy (FCS) reveals the subdiffusion of proteins

involved in the P-TEFb complex. (A) Nuclei of

cells transfected with free mEGFP, mEGFP-mNep-

tune, or mEGFP-tagged HEXIM1, cyclin T1 (CT1)

or cyclin-dependent kinase 9 (CDK9) were

analyzed for fluorescence fluctuations by FCS.

ACFs calculated from the fluctuations are plotted

as a function of the lag time (in ms). (B) Residence

times tD are plotted as a function of anomaly coef-

ficient a, with a spot size proportional to the

apparent molecular weight of considered proteins.

The following molecular weights were considered

for the mEGFP fusion proteins: 187 kDa for DSIF/

p160, 108 kDa for CT1, 73 kDa for CDK9, 70 kDa

for NELF-E, 68 kDa for HEXIM1, 54 kDa for

mEGFP-mNeptune, and 27 kDa for mEGFP alone.

The Table S1 gathers the mean values and SDs for

the various proteins. (C and D) Cells transfected

with mEGFP-HEXIM1 and expressing various

levels of fluorescence were analyzed by FCS.

The residence times tD (C) and anomaly coeffi-

cients a (D) were calculated for a range of concen-

trations from 20 to 500 nM. Each measurement is

represented by a single dot (n ¼ 143). To see this

figure in color, go online.
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molecular weight (Fig. 1 B). mEGFP-mNeptune and
mEGFP displayed a diffusion close to Brownian diffusion,
with an a between 0.8 and 0.9. All tagged transcription-
related proteins had a subdiffusive behavior, with NELF-E
subunit being the most diffusive and CT1 the most subdiffu-
sive (Fig. 1 B; Table S1). DSIF/p160 diffuses similarly to
HEXIM1, although it is quite larger (187 vs 68 kDa),
whereas proteins with similar molecular weight (such as
CDK9-mEGFP and NELF-mEGFP) display very divergent
diffusive parameters (Figs. 1 B, S1 B, and S1 C). We carried
out a correlation analysis, which showed that a and tD
are inversely correlated (correlation factor ¼ �0.95;
p-value ¼ 0.0008), whereas none of these diffusive features
significantly correlated with molecular weight (Figs. S1 D
and S1 E). The a for CT1 was estimated to be 0.63 5
0.02, in agreement with previous measurements of CT1-
Dendra2 diffusion in U20S cells by single particle tracking
photoactivation localization microscopy with an acquisition
frame rate of 100 Hz (5). The accuracy of FCS relies on the
study of an optimal number of molecules N in the effective
FCS volume during the recording time period. We antici-
pated that a bias in the estimations of tD and a could occur
at low or at high concentrations of an mEGFP-tagged
chimera. Therefore, we checked for the impact of the
mEGFP-HEXIM1 concentration on the determination of
diffusive properties. The ACF amplitude together with the
effective FCS volume provides an estimation of the concen-
tration of mEGFP-tagged chimeras in the nucleus (see Ma-
terials and Methods for more details). We observed that at
low (<10–20 nM) or high concentrations (>500 nM), a
few acquisitions gave rise to out-of-range parameter values.
The values with unphysical diffusion coefficient for nuclear
protein (D > 103 mm2/s or a > 1.5, indicating active trans-
ports not reported for nuclear proteins) were removed from
the analysis. For the remaining values, we noticed a ten-
dency toward an increase of both tD and, to a lesser extent,
a with an increasing concentration (Fig. 1, C and D). Within
the physiological range of expression (between 20 and
100 nM), some variability was observed, more pronounced
for tD than for a. The latter appears to be the most robust
parameter. We chose to stick to 20–100 nM HEXIM1 con-
centrations, a range shown to functionally inhibit P-TEFb
activity (40), to avoid artifacts related to overexpression.
HEXIM1 interaction with 7SK snRNA strongly
determines its subdiffusive behavior

HEXIM1 is a hub interacting with several proteins, such as
P-TEFb, or RNA, such as the 7SK small nuclear RNA
(snRNA), and forms ribonucleoproteic (RNP) complexes
such as the large P-TEFb/HEXIM1/7SK complex (22). We
investigated whether the interaction between HEXIM1 and
7SK RNA modified HEXIM1 diffusion. mEGFP was fused
to the N-terminal part of HEXIM1 as were most tags in the
seminal work from Michels et al (22). Still, we found a
similar molecular diffusion for N-terminal and C-terminal
tagging of wild-type HEXIM1 (data not shown). We first
co-expressed a 7SK RNA form deprived of the third hairpin
loop (7SK d6, lacking nucleotides 173–270), which was re-
ported to stabilize the large P-TEFb complex by losing its
interaction with several heterogenous nuclear RNPs (23).
HEXIM1 residence time tD and anomaly coefficient a

were respectively enhanced and decreased upon 7SKd6
expression (Fig. 2 A), although none of the modification
reached statistical significance (p ¼ 0.12 and 0.24, respec-
tively; Table S2). Conversely, 7SK RNA knock-down by
siRNA significantly decreased the HEXIM1 tD to 636 5
100 ms and increased a up to 0.78 5 0.02. These results
indicated that the interaction between HEXIM1 and 7SK
snRNA at least partly explained the subdiffusion of
HEXIM1.

To further investigate this, we took advantage of various
HEXIM1 mutants reported in the literature. Replacement
of the KHRR sequence (amino acids 152–155) by the
ILAA sequence suppresses the binding of HEXIM1 to
7SK and P-TEFb as evidenced both by two-hybrid experi-
ments and GST pull downs (22). Although the KHRR
sequence overlaps the HEXIM1 nuclear localization
sequence, the HEXIM1 ILAA mutant was nuclear with a
pattern similar to the wild-type tagged protein (Fig. 2 B).
This mutant provided a strong change in HEXIM1 diffusive
properties with an increased a value of 0.83 5 0.01 and a
decreased tD value of 530 5 33 ms (Fig. 2 C). The a value
for the ILAA mutant was close to that of mEGFP-mNeptune
(0.84), although it had a higher tD, which suggested that the
ILAA mutation strongly decreased HEXIM1 subdiffusion.

HEXIM1 forms highly anisotropic dimers (41). We sub-
sequently checked the impact of HEXIM1 dimerization on
its diffusion. Substitution of leucines 287 and 294 by argi-
nines (thereafter called ‘‘2LR’’ mutation) strongly impairs
HEXIM1 dimerization but not its interaction with 7SK
RNA and P-TEFb (42). HEXIM1 2LR mEGFP was distrib-
uted homogenously in the nucleoplasm and was even pre-
sent in the nucleoli when compared to wild-type HEXIM1
or the other mutants. Its diffusion was intermediate between
HEXIM1 ILAA and mEGFP-mNeptune, with an a coeffi-
cient above 0.8, although both mutants had a higher tD
when compared to mEGFP.

Altogether, our results show that HEXIM1 subdiffusion
depends on its interaction with 7SK snRNA, either directly
or indirectly via partner proteins interacting with 7SK
snRNA. We therefore assessed whether the core compo-
nents of P-TEFb, which are among the best described part-
ners of HEXIM1, are involved in HEXIM1 subdiffusion.
P-TEFb constrains HEXIM1 diffusion

We made use of siRNAs and of mutants deficient for their
interaction with P-TEFb to elucidate this process. We first
took advantage of HEXIM1 mutations impairing its
Biophysical Journal 117, 1–11, November 5, 2019 5
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FIGURE 2 HEXIM1 anomalous diffusion fea-

tures are controlled by its interactions with 7SK

and P-TEFb. (A) The diffusion of wild-type

mEGFP-HEXIM1 in the nucleoplasm was

measured after co-transfection either with a

plasmid encoding for the 7SKd6 version or with

siRNA directed against 7SK. In parallel, cells

were transfected with mEGFP-tagged mutant ver-

sions of HEXIM1, namely ILAA and 2LR. These

mutants have been reported to lose their ability to

interact with the 7SK RNA or their capacity to

dimerize, respectively. mEGFP-mNeptune is used

as a control. After calculations from the ACF

curves, residence times tD were plotted as a func-

tion of anomaly coefficient a (mean 5 SD; n >

125 for each condition). Statistical significance

for the various parameters and conditions is dis-

played in Table S2. (B) Representative pictures

show relatively homogenous nuclear localization

of both wild-type and ILAA mutant, with a weaker

signal in regions corresponding to nucleoli; the

2LR mutant signal is homogenous and present

even in the nucleoli. Scale bars, 2 mm. (C) The

importance of P-TEFb for HEXIM1 anomalous

diffusion was investigated by using siRNA directed

against either CT1 or CDK9. In parallel, cells were

transfected with mEGFP-tagged HEXIM1 mutants

T205D and F262L/F267V described to have lost

their interaction with P-TEFb. After calculations

from the ACF curves, residence times tD were

plotted as a function of anomaly coefficient a

(mean 5 SD; n > 125 for each condition). (D)

Representative pictures display quite homogenous

nuclear localization of T205D and LV (for F262L/

F267V), similar to that of wild-type HEXIM1

shown in (B). Scale bars, 2 mm. To see this figure

in color, go online.
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interaction with P-TEFb without affecting dimerization.
The conserved PYNT sequence (amino acids 202–205)
was identified by GST pull down and co-immunoprecipita-
tion as critical in HEXIM1 binding to both P-TEFb subunits
(CT1 and CDK9) (22). Another key motif for HEXIM1-P-
TEFb interaction included two phenylalanine residues at po-
sitions 262 and 267, required for HEXIM1 interaction with
CT1 in a two-hybrid assay (43). Remarkably, both mEGFP-
tagged HEXIM1 mutants T205D and LV (for mutations
F262L þ F267V) showed a greatly enhanced diffusion,
with both a higher a and a decreased tD when compared
to wild-type HEXIM1 (Fig. 2 C). Both HEXIM1 mutants
displayed a homogenous nuclear pattern, similar to that
observed with the wild-type tagged protein (Fig. 2 D).

We then used siRNAs to knock down the expression of
either of the two P-TEFb components, CT1 and CDK9. In
both cases, a was not significantly modified with regard to
the control condition, yet siRNAs directed against CDK9
induced a decrease in HEXIM1 tD (631 5 61 ms) (Fig. 2
C). It has to be noted that siRNAs did not completely extin-
guish CT1 or CDK9 expression in our experiments (Fig. S2,
A and B). In this context, CT1 residual expression, as well as
the compensatory formation of P-TEFb complexes with
6 Biophysical Journal 117, 1–11, November 5, 2019
cyclin T2A/B (44), may explain the absence of the effect
of CT1 siRNAs.

To sum up, we show that HEXIM1 mutants deficient for
interactions with 7SK RNA and P-TEFb are affected in their
anomalous diffusion with respect to wild-type HEXIM1 and
that the progressive suppression of these interactions re-
leases HEXIM1, which subsequently diffuses freely.
Simulations support a model in which the ratios
between distinct oligomers control HEXIM1
apparent anomalous diffusion

We then aimed at creating a model representative of how
molecular interactions impact on mobility. For that purpose,
we simulated autocorrelation curves from a code based on
the Monte Carlo method (36).

To model the alterations of HEXIM1 diffusion with
respect to its interactions and based on the fact that
HEXIM1 exists in various different complexes in vivo,
free or complexed with several molecules (7SK RNA and
P-TEFb), we generated simulations with two or three popu-
lations of molecules. Interactions between HEXIM1, 7SK,
and P-TEFb occur within periods much longer than tD
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FIGURE 3 Simulations with two populations

can be grasped with an anomalous model. (A)

ACFs (black dots) obtained from a simulation

with two subpopulations diffusing at 20 and

100 mm2/s and representing 25 and 75% of the

whole population, respectively, can be fitted with

both an anomalous model (blue dashed line) and

a two-population model (red dashed line). (B)

Simulations were generated with two populations

respectively diffusing at 20 and 100 mm2/s, present

either in proportions 25%/75% or 50%/50%. Gray

bars correspond to the residence times tD calcu-

lated with the anomalous model (mean 5 SD).

The same simulations were fitted with a two-pop-

ulation model, and the residence times tD of the

fast and slow populations (white and black bars,

respectively) display a greater variability. (C) Sim-

ulations generated with one (triangle) or two (dia-

monds) population(s) were analyzed with the

anomalous model, and residence times tD are

plotted as a function of the anomaly coefficient a

(mean 5 SD). (D) Simulations generated with

two populations present in various proportions

were analyzed with the anomalous model, and

residence times tD are plotted as diamonds as a

function of the anomaly coefficient a (mean 5

SD). mEGFP-HEXIM1 and free mEGFP experi-

mental values are represented as controls. To see

this figure in color, go online.
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measured in our FCS experiments (dissociation rates be-
tween 1 and 10 s�1 have been reported (45)). We therefore
considered in our model that individual molecules did not
change their diffusion behavior during their transit through
the focal volume and could be modeled at first with
independent freely diffusing particles of distinct diffusion
coefficients, corresponding to distinct oligomers. It was pre-
viously described that a single ACF could be modeled as
well by an anomalous model as by a Brownian two-compo-
nent model (39). We further investigated this concept of
apparent anomaly generated by mixing two or three
populations.

To make the reading more fluent, we will use the
following nomenclature for each simulation: N(A1.AN)
[X1.XN] corresponds to N populations diffusing at respec-
tive A1.AN diffusion coefficients (in mm2/s) and present in
proportions X1.XN percentage of the total population.
Because nuclear proteins classically exhibit mean diffusion
coefficients around tens of mm2/s, we limited our simula-
tions to diffusion values one order of magnitude bigger or
smaller (i.e., from 1 to 100 mm2/s). We started our simula-
tions with a reductionist approach, and by combining two
free populations of distinct diffusion coefficients, we
confirmed that the resulting ACF could be fitted by an
anomalous model as well as with a two-population model
(Fig. 3 A). Yet, fitting the simulation curves with a two-pop-
ulation model resulted in tD displaying a larger variance
when compared to the anomalous model (Fig. 3 B). We
then modified the diffusion coefficient ratios between equi-
molar populations. When decreasing the speed of the slow
fraction, the mean diffusion was progressively decreased,
with a higher tD and a decreased a reaching 0.4 with the
2 (1;100)[50/50] condition (Fig. 3 C). It should be noted
that a broad difference in the diffusion coefficients of the
two populations increased the residuals of the ACF fit
(Fig. S3 A) that led to a decrease in the precision of
both a and tD as reported by the increased mean 5 SD
(Fig. 3 C). A shift in the proportion of the two populations
had a strong effect on tD and the 2 (20;100)[25/75] condi-
tion proved to approximate quite well mEGFPx2 diffusion
(Fig. 3 D).

Strikingly, the inclusion of a third distinct population re-
sulted in a broader range of a and tD compatible with wild-
type HEXIM1 diffusion (Fig. 4 A). The condition 3
(5,20;100)[33/33/33] was characterized by an a equal to
0.74 and a tD of 740 ms (Fig. 4 A; Table S3), very close to
the experimental values for wild-type HEXIM1. Besides,
the SDs in both a and tD were similar to the ones of our
experimental data. Please note also that the ACF fit residuals
were improved when compared to the 2 (5;100)[50/50] con-
dition (Fig. S3, A and B).

We subsequently studied the impact of parameters, such
as coefficient values, populations ratios, and concentra-
tions, upon the calculated diffusive parameters to extract
Biophysical Journal 117, 1–11, November 5, 2019 7
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FIGURE 4 Simulations support a model in

which the ratios between distinct oligomers con-

trols HEXIM1 anomalous diffusion. (A and B).

Simulations generated with three populations of

varying diffusion coefficients (A) and present in

various proportions (B) were analyzed with the

anomalous model, and residence times tD are

plotted as a function of the anomaly coefficient a

(mean 5 SD). (C) Simulations generated with

several populations can recapitulate the anomalous

diffusion of HEXIM1 and the modifications that

changes in interactome induce, as reported in

Fig. 2. Experimental values are represented as cir-

cles. Squares correspond to three-population simu-

lations. The color code pairs up the experimental

data with the corresponding closest simulation.

To see this figure in color, go online.
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as much information as possible from our model. We
observed that tD is highly dependent on the characteristics
of the most abundant population (Fig. 4 B). When varying
the concentration ratio between two populations, we also
noticed that the apparent a resulting from the mixture of
two populations in the condition 2 (5;100)[P1/P3] ranged
from 0.74 to 0.85 with the lowest values at nearly equi-
molar concentrations (Fig. S4 A). As observed with two
populations, fitting the 3-population simulation curves
with a 3-population model gave a great variability when
compared to the anomalous model (Fig.S4 B) and bad
population proportion assessment (data not shown). This
fact highlights the drawbacks of the n population model
and supports using the anomalous model as a less error-
prone method. We finally investigated the impact of the
molecular concentration on the diffusion assessment and
found similar mean values under the different conditions
(Fig. S4 C). Still, increasing the overall concentration
improved the accuracy of the analysis as illustrated by
the reduced mean 5 SD.
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We then performed a statistical analysis to compare
experimental results with simulations (Table S4). A color
code was used to match each experimental result with the
closest simulation (Fig. 4 C). Because our experiments
pointed to 7SK and P-TEFb bindings to HEXIM1 as brakes
for HEXIM1 diffusion, we postulated that the slow fraction
in our model corresponds to the HEXIM1/7SK/P-TEFb
oligomer. The expression of 7SKd6 is meant to enhance
HEXIM1 recruitment by P-TEFb and can actually be
mimicked by a slight increase in the slow population propor-
tions ([40/30/30]). tD reached 942 ms in this simulation,
though a was not affected (a ¼ 0.75). Conversely, the use
of si7SK decreases the slow population proportion and
was recapitulated by the 3 (5,20;100)[25/37.5/37.5] ratios.
The F262L/F267V and T205D mutants lose their interac-
tions with P-TEFb and are presumably further impaired in
the formation of the slow complex. The F262L/F267V
mutant was best approximated by the simulation 3
(5,20;100)[10/45/45]. And the T205D mutant characteris-
tics were recapitulated with high statistical significance by
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all simulations with a slow population reduced to 5 or 10%
of the total population. A more pronounced shift in anomaly
is obtained with the 2LR HEXIM1mutant, which loses most
of its dimerization capacities and consequently its ability to
oligomerize with its partners, and is recapitulated by the
highest reduction of the slow fraction (3 (5,20;100)[5/
47.5/47.5]). Finally, the ILAA HEXIM1 mutant which is
highly impaired in its interaction with both 7SK and P-
TEFb but not in its capacity to dimerize matches in the
simulations a situation in which the fraction of the interme-
diate population increased, namely 3 (5,20;100)[10/55/35].

Altogether, these data show that anomalous diffusion can
be recapitulated with multicomponent simulations. They
also suggest that the apparent anomalous behavior of
HEXIM1 may correspond to a binding equilibrium.
FIGURE 5 An overview of HEXIM1 changes in diffusion depending on

its interactions with its partners. This scheme sums up the information on

variations of HEXIM1 diffusive properties in distinct oligomers. HEXIM1

is represented as a green arrow, P-TEFb is represented as a blue arrowhead,

and 7SK RNA is represented as a red ribbon. To see this figure in color, go

online.
DISCUSSION

From biochemical reactions to biological functions, molec-
ular interactions play a key role and have been a focus of
attention of the research community. How molecules find
their targets in biological systems remains a key issue, espe-
cially in the transcription field. In this study, we focused on a
complex of RNA and proteins, well described to assemble
and dissociate in vivo. We used the P-TEFb and its regula-
tors HEXIM1 and 7SK RNA to investigate the relationship
between interactions and diffusion.

Several loss-of-interactionmutants then allowed us to illus-
trate the contribution of partners to HEXIM1 subdiffusion.
Interestingly, loss of interaction with P-TEFb thanks to the
T205D mutant greatly shifted HEXIM1 toward a more
Brownian diffusion, close to that of mEGFP. Themore severe
ILAA mutant, which is impaired for its interaction with both
7SKRNA and P-TEFb, displayed a similar behavior, suggest-
ing that 7SK and P-TEFB are the main determinants for
HEXIM1 subdiffusion. In addition, impairment of HEXIM1
dimerizationwith the 2LRmutant also increased theHEXIM1
anomaly coefficient, although thismutant has been reported to
still interact with 7SK RNA and P-TEFb (42). This indicates
that, beyond the possibility for HEXIM1 to interact with its
partners, its diffusion relies on the formation of functional
oligomers able to interact with other proteins or DNA during
the transcription pause release process.

Because HEXIM1 can be free or complexed with several
molecules (7SK RNA and P-TEFb) in cells, we generated
simulations with two or three populations of particles with
distinct diffusion coefficients. Given that interactions within
these complexes have been reported to last much longer than
HEXIM1 residence time in FCS, we postulated that no
change in the diffusion coefficient occurred during the
transit through the observation volume. Thanks to these sim-
ulations, we show that the mere combination of freely
diffusing distinct oligomers creates a population behavior
that can be perceived as anomalous. This point had been
touched on by the team of the late Jörg Langowski, who
concluded in their study (39) that the anomalous model
could serve to assess a degree of subdiffusion, alternately
to a two-component model. Later on, it was also reported
that simulations of asymmetric diffusion or binding/unbind-
ing events can be well fit with the anomalous model (46,47).
In such cases, a and tD parameters lose their true physical
meanings while becoming helpful tools to compare several
conditions. With regard to HEXIM1, comparison of simula-
tions with experimental results suggests an equilibrium be-
tween a slow population in complex with P-TEFb and 7SK,
a fast population with free HEXIM1 molecules and an inter-
mediate population, which may correspond to HEXIM1
engaged in other complexes or in weak interactions.

Our study reinforces the concept of a as a helpful and
robust indicator of altered diffusion. This also raises a critical
and intriguing question (i.e., to which extent and in which re-
gimes anomalous diffusion can be a phenomenological
reflection of free population combinations or is a truly
scale-dependent phenomenon). Both phenomena may also
coexist and contribute to the apparent anomalous diffusion.
Future works will be aimed at elucidating this issue, which
may offer a new view on molecular diffusion in biology.

By fitting the ACF of both the 3-population simulations or
experimental data, we show that a fitting method with three
populations gives rise to frequent aberrant results in terms of
diffusion speeds and proportions between the populations.
This lack of robustness of fitting methods when several pa-
rameters can be adjusted is, by the way, a known caveat,
which has encouraged over the last years the development
of nonfitting methods in biophysics (48). Moreover, in cells,
in which the exact number of populations of distinct molec-
ular compositions cannot be known and is at best
Biophysical Journal 117, 1–11, November 5, 2019 9
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approximated, such a fitting is highly error prone, especially
because the number of collected photons is restricted. The
anomalous model could account for most of the features
in our data, and the global a represents the most reliable
phenomenological tool to measure the diffusion of mixed
molecular populations in cells, without a priori knowledge
or assumptions. In that way, it constitutes a helpful tool to
assess and understand interactions in cells.

Our results, which show that HEXIM1 oligomerization
with 7SK RNA and P-TEFb controls HEXIM1 anomalous
diffusion (Fig. 5), support the concept of interactions as
main determinants of anomaly in the nucleoplasm. Previous
studies had highlighted the importance of strong interactions
with receptor scaffolds or nuclear matrix in restraining diffu-
sion (49–51). To the best of our knowledge, it is the first time
that a was demonstrated as a useful tool to reveal loss of in-
teractions for soluble small molecules in the nucleoplasm.

In addition to P-TEFb regulation, HEXIM1 stabilizes p53
(52) and is involved in complexes dubbed HEXIM1-DNA-
PK paraspeckle components ribonucleoprotein complex
(53). It would be interesting to understand if the various
HEXIM1 functions require distinct confinements and if pu-
tative distinct subpopulations of HEXIM1 molecules can be
caught in particular conditions. More globally, our study
shows that the anomaly coefficient can be used as a simple
tool to report on molecular interactions involved in various
important biological questions.

We also show that the diffusion of mEGFP-mNeptune can
be recapitulated with simulations of a predominant fast pop-
ulation mixed with a slowed down fraction. The existence of
two mEGFP populations with distinct diffusion coefficients
in the nucleoplasm had already been suggested by Enrico
Gratton’s team (54).

Finally, one should note that the spatial organization of
the nucleoplasm, despite the lack of true compartments in
the nucleus, can be achieved via biophysical mechanisms
including phase separation (55). P-TEFb activity was very
recently proposed to be regulated via such a mechanism
(56). In this context, weak and dynamic interactions, such
as those occurring in the transcriptional pause release, can
drive the nucleation of structures with reduced dimension-
ality (57,58). Whether HEXIM1 is affected by or contributes
to this process and whether it impacts its activity will be the
focus of future investigations.

Recently, we have developed a fluorescence lifetime imag-
ing Förster resonance energy transfer-based correlation
method to quantify the clusters of interactions between P-
TEFb and RNApolymerase II as well as with histones, which
we used to report the larger cluster areas of P-TEFb mutants
lacking interaction with RNA polymerase (29). Conversely,
in the current study, we used FCS to report changes in inter-
actions via the measurement of diffusion. We therefore feel
that the gap between techniques measuring interactions and
those reporting diffusion is getting filled, so that reaction-
diffusion systems in biology can be better understood.
10 Biophysical Journal 117, 1–11, November 5, 2019
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