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Single-molecule Imaging and Quantification of mRNAs in a Living Cell
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In eukaryotic cells, pre-mRNA molecules contain multiple intron sequences that are removed by splicing reactions.
Truncated ffz pre-mRNA containing one intron and two exons, which mimics RNA under the post-transcriptional splic-
ing, was synthesized and labeled with a fluorescent dye in vitro and then injected to the nucleus of Cos7 cell. The injected
pre-mRNAs accumulated in ’speckles’ in an intron-dependent manner and were spliced and exported to the cytoplasm
with a half-time of about 10 min. Dissociation of pre-mRNAs in speckles exhibited rapid diffusion and slow dissociation
of about 100 s. The slow dissociation required metabolic energy of ATP. Some pre-mRNAs shuttled between speckles
and nucleoplasm, suggesting that pre-mRNAs repeatedly associated with and dissociated from speckles until introns
were removed. These results suggest that speckles function as a checkpoint for whether or not mRNAs are appropriately
processed. Next, mature mRNAs of truncated S-globin were synthesized, fluorescently labeled in vitro, and injected to
the nucleus. The trajectories of single mRNA molecules in the nucleus were visualized using video-rate confocal
microscopy. Approximately half the mRNAs moved by Brownian motion in the nucleoplasm, except the nucleoli, with
an apparent diffusion coefficient of 0.2 um?/s, about 1/150 of that in water. The remaining mRNASs were stationary with
an average residence time of about 30 s. These results indicate that mRNAs are transported to nuclear pores by Browni-
an motion. Finally, intrinsic c-fos mRNA was fluorescently labeled with Cy3-2’O-methyl oligo RNA probes and its con-
centration was measured by fluorescence correlation spectroscopy.
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Fig. 1. Structures of mRNAs Used in This Study

(A) Ftz pre-mRNA (615 nt). m7G capped f#z pre-mRNA containing two exons, one intron, and a 40 nt polyA tail. (B) Fzz mature-mRNA (465 nt). (C) 5
ssAC mutated mRNA (615 nt) . 5" splice site-mutated f#z pre-mRNA. Two nucleotides at the 5” splice site were changed from GU to AC as shown by arrows. (D) 4
(exonl & 5" 8 nt intron) mutated mRNA (335 nt). The 5" exon and 5" splice site of 8 nt of the intron are deleted from the pre-mRNA.
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Fig. 2 The Microinjected pre-mRNA Colocalized with the Splicing Factor SF2/ASF

(A) Alexa Fluor 546 labeled f#z pre-mRNA was injected into the nuclei of Cos7 cells expressing a fusion protein of GFP and SF2/ASF. The injected fluorescent
pre-mRNA was accumulated in speckles within 1 min after the injection. (B) Alexa Fluor 647 labeled fzz pre-mRNA and Alexa Fluor 546 labeled mature-mRNA
were co-injected and their distribution was compared. The pre-mRNA accumulated in speckles, while mature mRNA was distributed diffusely in the nucleoplasm,

except for the nucleoli.
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Fig. 3 iFRAP of ftz pre-mRNA on Speckles or Nucleoplasm
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The iFRAP experiment was performed to analyze the dissociation of mRNA from speckles or the nucleoplasmic region. (A) Fluorescence micrographs of a
Cos7 cell injected by pre-mRNAs before and after photobleaching of the entire nucleus except for one of speckles shown by arrowheads. (B) Time-course of the
fluorescence intensity of speckles (closed circles) and adjacent photobleached nucleoplasm (open squares) after photobleaching at time 0. Means+S.D. of 14 in-
dependent experiments are shown. Rapid dissociation followed by slow dissociation of mRNA from speckles was observed. The fitting line indicates the sum of two

exponential functions of time constants of 7;=15 s and 7,=130 s, respectively.
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Fig. 4 Pre-mRNAs Dissociated from and Reassociated with Speckles as Revealed by Multi iFRAP

The multi-iIFRAP experiment was performed to track the transport of mRNA dissociated from speckles. (A) Phasecontrast and fluorescence micrographs of a
Cos7 cell injected with pre-mRNAs before and after photobleaching. The nucleoplasm located within a circle with half the diameter of the nucleus and the outer
nucleoplasm except for speckles were photobleached, and then the fluorescence recovery at the speckles in the circle was observed. Arrows indicate unbleached

speckles and arrow heads indicate fluorescence-recovered speckles.
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Fig. 5 Imaging of Single mRNA Molecules in Nuclei and Analysis of Their Trajectories

(A) Phase contrast micrograph of A6 cell. (B) Fluorescence micrograph of EGFP mRNA. The small fluorescent spots correspond to individual mRNA molec-
ules, while the large spots represent autofluorescence. (C) Trajectories of the mRNAs. (D) Plot of the mean-square displacement (MSD) versus time for molecules
No. 1 (closed circles), No. 2 (closed triangles), and No. 3 (open circles). The inset indicates the plot of No. 3 over a longer observation period.
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Fig. 6 Duration That the EGFP mRNAs Remain Stationary in the Nucleus

(A) Serial fluorescence video micrographs of EGFP mRNAs. To determine the duration that the mRNAs remain stationary, fluorescence micrographs of
mRNA molecules were taken every 15 s. mRNA molecules that stayed in the confocal cross-section for more than 1 s and had an MSD for 1 s of less than 0.1 um?
were indicated by circles. (B) Fraction of mRNA molecules remaining in an optical section as a function of time. The open circles and triangles indicate 8-globin (20
cells, n=141) and EGFP (12 cells, n=81) mRNAs, respectively. The solid line indicates exponential fitting of the data with a time constant of 24 s.
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