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A single molecule view on Dbp5 and mRNA at the nuclear pore
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Numerous molecular details of intra-
cellular mRNA processing have
been revealed in recent years. However,
the export process of single native
mRNA molecules, the actual transloca-
tion through the nuclear pore complex
(NPC), could not yet be examined in
vivo. The problem is observing mRNA
molecules without interfering with
their native behavior. We used a pro-
tein-based labeling approach to visual-
ize single native mRNPs in live salivary
gland cells of Chironomus tentans, an
iconic system used for decades to study
the mRNA life cycle. Recombinant
hrp36, the C. tentans homolog of mam-
malian hnRNP A1, was fluorescence
labeled and microinjected into liv-
ing cells, where it was integrated into
nascent mRNPs. Intranuclear trajecto-
ries of single mRNPs, including their
NPC passage, were observed with high
space and time resolution employing a
custom-built light sheet fluorescence
microscope. We analyzed the kinetics
and dynamics of mRNP export and
started to study its mechanism and
regulation by measuring the turnover-

kinetics of single Dbp5 at the NPC.
Introduction

The spatial separation of transcription and
translation in eukaryotes by the nuclear
envelope necessitates an efficient transport
route for mRNA from the nucleoplasmic
transcription sites to the cytoplasmic ribo-
somes. Because of its importance this trans-
port has been studied for decades. Already
during transcription the nascent mRNA is
covered by proteins forming an mRNA-
protein particle, an mRNP. After release
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from the transcription site the mRNP
diffuses through the nucleus, eventually
attaches to a nuclear pore complex (NPC)
and moves probably by thermal motion
through its permeability barrier (for a
review on the nuclear pore structure, see
ref. 1). Similarly to the nucleocytoplasmic
transport of proteins this passage requires
transport receptors, but the receptor load-
ing, Mex67/Mtr2 in yeast or NXF1/
NXT1 in mammalian cells, is an integral
part of the mRNP biogenesis. At the cyto-
plasmic face of the NPC the export fac-
tors are actively removed from the mRNP
by the action of the DEAD box helicase
Dbp5 together with Glel and IP,, suppos-
ably preventing the return of the mRNP
into the nucleus.?®

Recently, we studied the molecular
details of mRNP export, namely the
translocation of single native mRNPs
through the nuclear pore complex
(NPC), and combined this with a single
molecule analysis of the turnover kinet-
ics of Dbp5 at the NPC.¢® Employing a
custom-built light sheet fluorescence
microscope (for review, see refs. 7-9) we
visualized single endogenous mRNPs
and Dbp5 molecules in live salivary
gland cells of C. rentans, an iconic sys-
tem used for decades to study aspects of
the mRNA life cycle.!” The gland cell
nuclei contain four polytene chromo-
somes, which are made up from thou-
sands of perfectly aligned chromatids.
Due to their polytene organization
the nuclei exhibit large areas devoid of
chromatin, where single mRNDPs can be
tracked without chromatin interference,
which allows differentiation if an mRNP
is bound to chromatin close to a NPC or

to the NPC itself.
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Labeling the Endogenous mRNPs
and Dbp5

Messenger-RNPs may be fluorescently
labeled in vivo by a number of different
approaches (reviewed by Tyagi in ref. 11).
We wanted to be as close as possible to
the native situation, and used a protein,
which is an intrinsic and stable com-
pound of mRNPs, as indirect label. To
this end we chose hrp36, the C. tentans
homolog of hnRNPAI, which is tightly
incorporated into the nascent mRNP
during transcription and stays associated
with it until translation.”” Since single
molecule imaging is primarily depen-
dent on the signal-to-noise ratio of the
fluorescence signal it was desirable to
render the respective mRNP as bright as
possible. For covalent attachment often
amino-reactive dyes are used, targeting
the numerous lysine residues accessible
on the protein surface. However, almost
all lysines in the hrp36, and also the only
existing cysteine, localize to the RNA-
recognition motifs and their covalent
modification might interfere with RNA
binding. Therefore, we introduced an
additional tetra-cysteine tag (tc, Cys-
Cys-Pro-Gly-Cys-Cys'®) to the hrp36
N-terminus, which allowed site-directed
labeling with up to four maleimide-
coupled AlexaFluor647 dye molecules.
The tc-hrp36 was expressed in bacteria,
purified and covalently labeled in vitro.
After microinjection into the cytoplasm
it was rapidly enriched in the nucleus by
virtue of its endogenous M9 shuttling
domain where it is incorporated into
nascent mRNPs during transcription.
In contrast to prior studies,'™” which
introduced artificial mRNAs genetically
engineered to contain a tandem array of
GFP tags, our approach resulted in an
almost unmodified endogenous mRNP,
both in terms of particle size and protein
composition.

Recombinant C. rentans Dbp5 was
prepared and fluorescence labeled in a
conventional manner. It was expressed
as GST fusion protein in E. coli, and
after removal of the GST moiety
labeled with the NHS-ester derivative of
AlexaFluor647.

www.landesbioscience.com

Imaging Single mRNPs and Dbp5
Molecules in C. tentans Salivary
Glands

To examine the export of single mRNDPs
we co-injected tc-tagged NTF2 fluo-
rescently labeled with a second color
to colocalize the nuclear envelope.'®
NTE2, a transport receptor unrelated to
mRNA export, was enriched at the NPCs
and due to the high NPC density of
C. tentans salivary gland cells the nuclear
envelope then appeared as a continu-
ous line. The salivary glands were kept
in hemolymph to ensure almost physi-
ological conditions. This considerably
increased background due to the signifi-
cant hemolymph autofluorescence. This
in turn, together with the complex and
light scattering morphology of the gland
tissue, prevented the use of standard epi-
fluorescent microscopy and prompted us
to use a custom-built light sheet fluores-
cence microscope (LSFM) to overcome
the given problems.

The key feature of a LSFM is the per-
pendicular configuration of illumination
and detection pathway (Fig. 1). In this
configuration the focal plane of the detec-
tion objective is selectively illuminated.
This provides an optical sectioning effect
that largely eliminates background fluo-
rescence, because fluorophors outside the
observation plane are not excited. Beyond
that, photobleaching is minimized by
the small illuminated sample volume. In
a LSFM the whole field of view is illu-
minated and imaged simultaneously.
Therefore, this elegant technique allows
to record image data in a parallel manner,
and not sequentially like in classical con-
focal laser scanning systems. This enables
sensitive imaging at high imaging rates.
All three LFSM features are especially
beneficial for single molecule imaging in
spatially extended systems.!s-2

The key to obtain high contrast single
molecule signals is the use of low, i.e.,
picomolar, concentrations of labeled
molecules, bright and photostable dyes
and reduction of the fluorescence back-
ground.” Using LSFM we could record
movies showing the pathways of single
fluorescent mRNPs and Dbp5 molecules
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toward and across the nuclear envelope
in realtime. We achieved a localization
precision of up to 10 nm at a temporal
resolution of 20 ms in these experiments.
For measurements of the Dbp5 kinetics
we acquired 1,300 movies from 12 dif-
ferent glands and for mRNP export we
recorded 7,180 movies from 70 different
glands with an imaging rate of 50 Hz
and a duration of 20 sec. The latter cor-
responded to 40 h non-stop observation
time. The enormous amount of data and
the relatively rare occurrence of events
(since only a minute fraction of mRNPs
were fluorescent and only a small nuclear
envelope section could be monitored in
the microscope) demanded a semi-auto-
mated image data evaluation process.
Custom-written Image] plugins enabled
us to extract the nuclear envelope posi-
tion in every movie and to automatically
create kymographs, which then were
used for fast screening of the raw data
and extraction of the respective NPC
dwell times. The molecular trajectories
at the nuclear envelope were manually
evaluated using established data analysis
techniques based on custom-developed
Matlab 62122 The respective
programs may be downloaded from

routines.

http://www.chemie.uni-bonn.de/pctc/

kubitscheck/downloads.
mRNP-Export Kinetics

Since we used fluorescent hrp36 as an
indirect marker any endogenous mRNDPs
were potentially labeled, and therefore
we expected a broad distribution of mea-
sured export times. Indeed, the observed
export durations ranged from 20 ms,
which was the lower limit of our time res-
olution, up to about 6 sec. We took only
those export events into account, where
we could explicitly observe the approach
to the NE, an interaction with NPCs,
and the dissociation into the cytoplasm
(total number 121). The distribution of
the observed mRNP export durations
could well be described by a biexpo-
nential decay function. Thus we deter-
mined two time constants, T ~65 ms
and 7, ~350 ms. Notably, the majority
(87%) of observed export events was fast

Do not distribute

l0Sclence.

©2013 Landes B



Spatial Filter

AOTF

Cylindrical Zoom Unit

C1 C2 C3 C4 C5. VS C6

lllumination
Objective

Sample
Chamber

Detection
Objective

NF

CCD-Camera

N

era. Figure according to Ritter et al.”®

Figure 1. Light sheet fluorescence microscope. Light from various laser sources (L1-L3) was directed into the illumination beam path via dichroic
beam splitters (D1 and D2), and mirrors (M, M1 and M2). Laser source and intensity was controlled by an acousto-optical-tunable filter (AOTF). Two
achromatic lenses L1 and L2 (f = 30 mm) and the pinhole P formed a spatial filter. A cylindrical zoom unit comprised five lenses (C1-C5). The cylindrical
lens (C6) oriented perpendicular to the zoom lens unit focused the beam into the back focal plane of the illumination objective, which generated the
light sheet in the sample chamber. A vertical slit (VS) controlled the width of the light sheet. The sample can be moved by a motorized sample scanner.
Fluorescence detection was performed by the detection objective, a set of notch filters (NF), the tube lens (T) and an electron multiplying CCD-cam-

(65 ms). Furthermore, we observed 3
export events that lasted between 1 and
6 sec. We assumed that these long events
corresponded to export of especially large
transcripts, namely the Balbiani Ring
(BR) mRNA:s.

Previously, a study of the mRNP
export kinetics in mammalian cells was
published by Gruenwald and Singer."
These authors introduced an array of 24
MS2 stem loops into the B-actin mRNA.
Coexpression of the respective MS2 coat
protein fused to GFP (MCP-GFP) then
resulted in fluorescent mRNDPs. This
mRNA:GFP probe was preferentially
seen at both the nuclear and cytoplasmic
faces of the NPC and only rarely local-
ized to the central pore region. Using an
elaborate statistical analysis they man-
aged to extract a dwell time estimate
for the central channel of 5-20 ms and
an overall translocation time of 180 ms
for their mRNA construct. The size of
the B-actin mRNA containing the stem
loops (3.3 kb) was larger than that of an
average transcript (2.2 kb):** Hence, the
transport duration of 180 ms appears

somewhat long compared with our
results, since we observed that the major-
ity of translocation events was clearly
shorter (65 ms).

The transcription of a typical eukary-
otic gene with 30 kb requires about
6-50 min and the synthesis of an aver-
age protein with 450 amino acids takes
about 90 sec.?*?” Hence, compared with
the duration of these elaborate synthesis
processes the mRNP export itself is rapid
and not rate-limiting to gene expression.

At the Gate

First explicit observations of mRNA mol-
ecules during export were obtained by
electron microscopy (EM) in C. tentans
salivary gland cells. Following the large
BR mRNPs with a diameter of close to
50 nm allowed visualization of single
native mRNPs during NPC transition,*®?°
and provided a detailed view of this pro-
cess (reviewed in refs. 10 and 31). From
these data no kinetic information could be
derived, but they suggested an initial dock-
ing step of the mRNP in the basket area of
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the NPC prior to translocation. Our data
clearly supported this conception.

Several long export events (> 300 ms)
provided us with detailed, multiple-step
export trajectories and allowed us to scru-
tinize the actual NPC translocation. Since
our mRNP:NPC colocalization preci-
sion did not allow direct determinations
of exact mRNP positions inside the pore
we adopted the approach of Lowe et al.,*
and calculated the best superposition of
the trajectories with the known structure
of the C. tentans NPC.>*** We found that
most mRNP trajectory positions sampled
a confined area of 50 x 30 nm?, and this
region aligned very well with the basket
and nuclear entry of the NPC (Fig. 2A).
This conspicuous accumulation suggested
an early rate-limiting step in export. Such
a transient delay could very well be related
to the rearrangement of large mRNPs to
allow 5' entry of the mRNA in the central
channel.

Notably, Singer
observed an additional 80 ms arrest of
their B-actin:GFP mRNPs at the cyto-
plasmic face of the NPC, which was not

Griinwald and
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Figure 2. Binding sites and interaction durations with the nuclear pore complexes. (A) Distribu-
tion of binding sites of MRNP trajectories during export across the NPC. The figure shows a su-
perposition of export trajectory positions with durations > 300 ms. The trajectories were aligned
for an optimal overlay with the known NPC structure.*® The graphics shows the single positions
superimposed onto the NPC scheme drawn to scale. The insert indicates the experimental single
molecule localization precision. Figure according to Siebrasse et al.° (B) lllustration of the interac-
tions of mRNPs (labeled by hrp36) and the RNA helicase Dbp5 with the nuclear envelope. The

line width indicates the relative occurrence of the respective process, and the color a successful
(green) or unsuccessful (red) translocation. Upper graph: about 25% of the approaching mRNPs
were successfully translocated across the nuclear envelope (straight green arrow), whereas 75%
returned into the nucleus (red arrow). The numbers give the average interaction duration with the
nuclear envelope, and the size of the relative fractions is reported in brackets. More than twice as
many mRNPs encountered the nuclear envelope coming from nucleoplasm than from cytoplasm.
Still, the latter events suggested that a fraction of mRNPs was still mobile in the cytoplasm, and
was not immediately engaged in translation. Lower graph: most encounters of Dbp5 (91%) with
the nuclear envelope began and ended in the cytoplasm, the interaction time was just a bit
shorter than that of the majority of export events. Nuclear import of Dbp5 could not be observed
at the used time resolution (20 ms), since protein import occurs fast, namely in 4 to 10 ms.”
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seen in our experiments using native
mRNPs." Indeed, Tyagi' already noted
that the use of the MS2 coat protein fused
to GFP and a nuclear localization signal
for RNA labeling potentially perturbates
the mRNP export process and kinetics.
The observation of mRNP arrest at the
cytoplasmic face of the NPC could be
caused by this effect.

Unsuccessful Translocation
Events

Only the minority of mRNPs that hit the
nuclear envelope was actually exported.
We observed three times more events,
where mRNDPs encountered the NE, but
then returned into nucleoplasm than com-
pleted export events. We called the latter
process “nuclear probing.” The kinetics of
nuclear probing exhibited two time con-
stants, T, = 50 ms and 7, = 275 ms. Most
of the nuclear probing events were short
(50 ms, see Figure 2B). We assumed that
these observations corresponded to short-
term interactions of mRNPs with nucleo-
plasmic structures of the NPC.

But what might be the nature of the
long interactions? Are these failed or
interrupted transports? Or does the lon-
ger time constant correspond to mRNPs,
which are transiently caught at the bas-
ket due to some necessary processing?
Incorrectly spliced mRNAs are retained
in the nucleus. For yeast it was shown
that the nuclear basket is essential for this
retention, and inhibiting this last quality
control checkpoint lead to a high num-
ber of unspliced transcripts in the cyto-
plasm.* Therefore we suspect that the
long nuclear probing corresponded to the
interaction of not fully processed or incor-
rectly transcribed mRNDPs with an mRNA
quality checkpoint at the nuclear basket
of the NPC, and final dismiss of trans-
location.>** Also, 7, might be related to
unsuccessful export attempts of mRNPs
that entered the nuclear basket, but failed
to find the correct orientation for entry, or
encountered an occupied NPC channel.

Last not least we observed a frequent
cytoplasmic probing of mRNPs tak-
ing almost 100 ms on the average. This
duration was clearly longer than the
short nuclear probing and the majority
of the export events. We concluded that
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mRNPs after their release from the NPC
still exhibited a certain affinity to struc-
tures of the NPC. Still, a transit back into
the nucleus was usually not observed,
although it occurred very rarely (5 events).

The ATP-dependent Helicase
Dbp5

DEAD-box proteins (DBP) are ATD-
dependent RNA helicases, and one or
two of these enzymes are involved in
almost every major step of mRNP biogen-
esis from transcription to translation.’*
Dbp5 (DDX19 in human) is believed to
determine the directionality of the export
by detaching the transport receptors from
the mRNP at the cytoplasmic face of the
NPC.

Based on genetic, biochemical and
X-ray cristallographic studies several mod-
els for the ATPase cycle of Dbp5 dur-
ing mRNA export have been developed
(reviewed in refs. 3, 5 and 37).**4' The
postulated models differ in several impor-
tant aspects like the exact location of the
rate-limiting step and display distinctions
in their proposed Dbp5/Glel/Nup214
or mRNA/nucleotide intermediates.?*-4
The models agree with regard to the loca-
tion of Dbp5 action: Dbp5 and Glel are
directly located at the cytoplasmic face of
the NPC via NUP214 (NUP159 in yeast)
and hCGI (NUP42), respectively.

Unitil recently, no in vivo kinetic data
were available to align the ATPase cyle
scheme to the real cellular context. Noble
et al® provided fluorescence recovery
after photobleaching (FRAP) data of
GFP-tagged Dbp5 in yeast, but FRAP is
an ensemble measurement, which allows
rather rough estimates only, in particu-
lar in yeast. Therefore, we focused on the
kinetics of Dbp5 in our recent study.

We measured the interaction of Dbp5
and NPCs with temporal resolutions of 5
and 20 ms yielding a single dwell time of
single wild-type Dbp5 molecule at NPCs
of about 50 ms. However, a simultane-
ous observation of Dbp5 and mRNPs at
the NPC could not be achieved. Thus,
we cannot directly link the measured
time constant to a certain export pro-
cess. Nevertheless, the majority of the
observed mRNP exports (87%) showed a
short translocation time (65 + 5 ms), and

therefore it is reasonable to assume that
each Dbp5 interacts with one mRNP mol-
ecule. Notably, this does not exclude that a
single mRNP requires several Dbp5 acting
simultaneously in parallel to complete the
remodelling. The situation could be simi-
lar for the remaining export events (13%)
with a longer time constant (350 ms, up
to several seconds). Since we observed a
transport delay in the basket, but not at
the cytoplasmic face of the NPC, it is not
probable that export of larger mRNPs
requires multiple Dbp5 molecules acting
in sequence. Rather, Dbp5 might just be
required for the decisive final exit step
leading to mRNPD release from the pore,
and the major part of the translocation
time might be needed for mRNTP entry
into the pore or for accommodation to its
topology (or vice versa). However, these
considerations are speculative, and an
answer to these questions requires cer-
tainly deeper study. It is unlikely, how-
ever, that a specific Dbp5 acts on several
mRNPDPs sequentially, because this would
generally imply a longer binding duration.

Noteworthy, Zhao et al.®> observed
in C. tentans cells that Dbp5 can also be
recruited to the nascent BR mRND. A
related observation was made by Estruch
and Cole,” who described a direct inter-
action of Dbp5 with transcription fac-
tors in yeast. Therefore, it was speculated
that Dbp5 is cotranscriptionally loaded
on mRNPs, is associated with them dur-
ing export, and even during translation.
However, we most often observed single
Dbp5 approaching the NPC from cyto-
plasm and not from the nuclear side. We
never observed an exit of Dbp5 across
the NPC on the time frame of mRNP
export. Furthermore, we could show that
the NPC localization of Dbp5 does not
require a previous entry into the nucleus,
and requires only the NUP214 interac-
tion to concentrate on the NPCs.® These
results argue against the idea that Dbp5
binding to mRNPs in the nucleus is essen-
tial for its export, at least for the major-
ity of mRNPs. It is known that Dbp5 has
functions in transcription, export and
translation (reviewed in ref. 5). All these
functions could well be performed by dif-
ferent Dbp5 pools.

The location of Dbp5 and the compo-
nents of its enzymatic cycle® together with
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the results of Dbp5 inhibition experi-
ments®® suggest that Dbp5 effects the
asymmetric exit of mRNPs from the NPC
at its cytoplasmic face.

Future Directions

The export of native mRNDPs can be ana-
lyzed in vivo with a minimal perturba-
tion of the process. Obviously, mRNA
export is not a rate-limiting step in gene
expression. Examination of long export
events suggested that mRNPs are delayed
in the basket of the NPC, probably for
quality control purposes. Presumably, a
single Dbp5 is involved in a single mRNP
export process only, but in contrast, a
single mRNT may require several Dbp5 to
achieve exit from the NPC.

What are the necessary next steps to
advance our understanding of mRNA
export? The molecular organization of the
FG-repeats inside the pore is still debated,
and several different models are used to
explain the observed properties of the
permeability barrier. Analysis of mRNP
movement through NPCs at higher spa-
tial resolution and colocalization precision
will help to understand the structure and
function of the permeability barrier in
greater detail.* An improved spatial reso-
lution in combination with application of
splicing inhibitors will allow to verify the
role of the observed delay in the nuclear
basket before translocation as quality
control process. Further insights into the
regulation of nucleocytoplasmic transport
will be obtained by examining the effect
of mRNA export inhibition on passive
transport and active protein import.

To fully understand the directional-
ity of mRNA export, the details of the
enzymatic cycle of Dbp5 and its reaction
partners, and especially the sequence and
kinetics of the single steps therein must
be clarified. For this, a kinetic analysis
of selected Dbp5 mutants at the NPC or
NPC components will be required. And
finally, it is important to understand the
mechanistic effect of Dbp5 on the mRNP
in detail, what may be achieved by state-
of-the-art ultrastructural approaches.
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