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Aminoacyl-tRNA synthetases (aaRSs) are a family of
enzymes whose function in specific aminoacylation of
tRNAs is central to the process of protein translation,
which occurs in the cytoplasm of all living cells. In
addition to their well-established cytoplasmic localization,
fluorescence microscopy studies and analysis of the
aminoacylation state of nuclear tRNAs have revealed that
synthetases are localized in the nuclei of cells from several
species including Xenopus laevis and Saccharomyces
cerevisiae. Whether nuclear localization of aaRSs is a
general phenomenon that occurs in all eukaryotic cells is
an open question. In the work described here, human
methionyl-tRNA synthetase (MRS) and human lysyl-tRNA
synthetase (KRS) were expressed in human-derived AH2-1
osteosarcoma cells as enhanced green fluorescent protein
(EGFP) fusion proteins. The subcellular localization of
these EGFP-aaRSs was first probed by fluorescence
microscopy using cells that coexpressed EGFP-aaRS and
a nuclear marker fusion protein, nuDsRed. As expected,
both aaRSs were present in the cytosol, while only EGFP-
MRS was also clearly localized in the nucleus. To confirm
these findings, and to investigate a potentially more
sensitive, general method for nuclear localization studies,
capillary electrophoresis with laser-induced fluorescence
(CE-LIF) detection was used to analyze single AH2-1 cells
expressing both EGFP-aaRS and nuDsRed. While cyto-
solic EGFP signals were detected for both EGFP-MRS and
EGFP-KRS, only EGFP-MRS was found in the nucleus,
along with nuDsRed. The detection of EGFP-MRS in
nuclei of AH2-1 cells demonstrates the feasibility of using
CE-LIF analysis in nuclear localization studies of proteins
in mammalian cells.

Aminoacyl-tRNA synthetases (aaRSs) catalyze a two-step reac-
tion known as aminoacylation, wherein a specific amino acid is
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activated with ATP and subsequently transferred to its cognate
tRNA. It has been shown that protein synthesis is highly
compartmentalized in higher eukaryotes.! This organization
facilitates channeling of aminoacyltRNAs from the aaRS to the
ribosomes, which are the site of protein synthesis in the
cytoplasm. It is not surprising that the majority of aaRSs are also
localized in the cytoplasm.}~® However, the presence of a minor
fraction of aaRSs in the nuclei of certain cells has also been
reported.347"1 In recent years, studies demonstrating tRNA
aminoacylation within the nucleus have been used as indirect
evidence for the nuclear localization of aaRSs from Xenopus laevis
oocytes.!! Since prevention of tRNA aminoacylation prevented
nuclear export, nuclear tRNA aminoacylation has been proposed
to function as a proofreading step that monitors tRNA processing
prior to export.! The localization of aaRSs in the nuclei of
Saccharomyces cerevisiae was predicted by sequence analysis of
the yeast cytosolic aaRS database, which resulted in the identifica-
tion of several putative nuclear localization signals (NLSs).1®
Indeed, aminoacylation of tRNAs in the nucleus of S. cerevisiae
has been observed,® and functional pools of tyrosyl-tRNA syn-
thetase have been found in the nuclei of budding yeast.* In higher
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eukaryotes, at least nine aaRSs are part of a high molecular weight
multi-enzyme complex,>16-18 and the presence of active aaRSs in
nuclei of two different mammalian cell lines has been reported.*
Interestingly, the nuclear aaRSs appear to be organized into a
complex that is even more stable than the cytoplasmic complex.

In addition to the aminoacylation activity studies described
above, microscopy has previously been used to more directly
visualize nuclear pools of aaRSs in mammalian cells. For example,
confocal microscopy was used to localize immuno-labeled histidyl-
tRNA synthetase to the cytosol and nucleus of a human laryngeal
cell line.® Another study using fluorescence in situ hybridization
(FISH) and confocal microscopy found that arginyl-tRNA syn-
thetase is present in nuclei of mouse oligodendrocytes.

Several putative functions have been ascribed to nuclear aaRSs
including involvement in the final proofreading of tRNAs prior to
export as mentioned above,!! a role in the biogenesis of rRNA in
nucleoli,’ and even participation in nuclear protein synthesis.'®
Although numerous studies examining nuclear localization of
aaRSs have been reported, most of the methods used are indirect
or the results are ambiguous due to the possibility of cytoplasmic
contamination and the lack of a physical separation of subcellular
compartments. Thus, there is a need for a more general, sensitive,
and efficient method of probing the subcellular localization of
proteins such as aaRSs.

Bulk level cell fractionation can be used to physically separate
nuclei from cytoplasmic and other subcellular compartments.
However, this method often leads to fragmentation of organelles
since they are prepared by mechanical disruption of cells.?
Furthermore, bulk preparations may contain contaminating or-
ganelles that can lead to incorrect conclusions regarding the
localization of biomolecules.8% Additionally, bulk isolations can
also result in enzyme redistribution and activation of unwanted
enzyme activity.?

Analysis of protein localization using single cells offers several
potential advantages over bulk level analyses. In addition to
minimizing contamination problems associated with the latter, the
ability to perform localization studies on a selected individual cell
avoids problems associated with low transfection efficiencies often
associated with fusion proteins.?

We have recently reported the use of capillary electrophoresis
with laser-induced fluorescence (CE-LIF) detection to analyze
nuclei from single cells.? Briefly, single cells expressing nuDsRed,
a nuclear-targeted fusion protein, were injected into a capillary
and selectively lysed using digitonin to release their organellar
contents, followed by electrophoretic separation. It was demon-
strated that nuclear peaks could be identified based on the
intensity of the observed signal and the selectivity of nuDsRed
for nuclei.

In the work described here, we probe the subcellular localiza-
tion of enhanced green fluorescent protein (EGFP)-tagged lysyl-
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tRNA synthetase (EGFP-KRS) and methionyl-tRNA synthetase
(EGFP-MRS) in human osteosarcoma cells using CE-LIF-based
single-cell analysis. We chose MRS, in part, because it has
previously been localized in the nucleus of S. cerevisiae,” X. laevis,!!
and Hela cells.® The latter study involved direct visualization of
MRS in the nucleolus of proliferative cells using confocal immu-
nofluorescence microscopy. In contrast, although KRS activity has
been detected in nuclei of mammalian cells,* direct visualization
of nuclear KRS has not yet been reported.

EXPERIMENTAL PROCEDURES
Chemicals. Tris[hydroxymethyllaminomethane (Tris), (N-[2-

hydroxyethyl]piperazine-N-ethanesulfonic acid]) (HEPES), phos-
phate-buffered saline (PBS), Dulbecco’s modified Eagle’s medium,
and calf serum were from Sigma (St. Louis, MO). Trypan blue
stain was purchased from BioWhitaker (Walkersville, MD), and
fluorescein was from Molecular Probes (Eugene, OR).

Cell Culture. AH2-1 cells (a kind gift from Dr. Carlos Moraes,
Department of Neurology and Cell Biology & Anatomy, University
of Miami, FL) were cultured at 37 °C and 5% CO, by splitting
cells 1:6 every 3—4 days in modified Eagle’s medium supple-
mented with 10% fetal bovine serum. NS1 cells were maintained
similarly, with the exception of using 10% calf serum in the
Dulbecco’s modified Eagle’s medium.

Proteins and Plasmids. Recombinant EGFP was purchased
from Clontech (Palo Alto, CA). The nuclear-localized protein
nuDsRed was expressed from a commercially available plasmid,
pDsRed2Nuc (BD Biosciences, NJ). This plasmid contains the
nuclear localization signal from the SVT40 antigen. Plasmids
encoding EGFP-KRS and EGFP-MRS were constructed using the
pEGFP-C2 vector (Clontech, CA) by fusing the human-derived
aaRS gene to the C-terminus of the gene encoding EGFP.
Lipofection of these plasmids into mammalian cells was carried
out in a 24-well plate according to the manufacturer’s instructions
using 4—5 ug of plasmid DNA and 3 uL of dimyristyl—rosenthal
inhibitor ether lipid C (DMRIE-C) (Life Technologies, MD) per
well.

Imaging of Cells and Nuclear Species. Images were col-
lected using a Nikon TE300 fluorescence microscope using a 600x
objective lens (Fryer Co. Inc., Huntley, IL). The standard filter
settings used were as follows. In the green setting the excitation
range was 465—495 nm while the emission range was 515—555
nm. In the red setting the excitation range was 518—552 nm while
the emission range was 590—650 nm. Visualization of nuDsRed
was performed with the red setting (absorption range is 450—
600 nm, maximum at 561 nm; emission range is 550—675 nm,
maximum at 587 nm). Visualization of EGFP was performed with
the green setting (absorption range is 400—520 nm, maximum at
489 nm; emission range is 500—575 nm, maximum at 508 nm). A
CCD camera (Model KX85, Apogee Instruments Inc., Auburn, CA)
was used to collect these images. The camera was cooled to 0
°C, and the exposure time was set to 40 ms.

Single-Cell Injection and Disruption. The adherent AH2-1
cells were washed with phosphate-buffered saline (PBS), trypsinized
(0.5% trypsin) for 5 min, pelleted at 600xg, and washed and
resuspended in CE buffer A (250 mM sucrose, 10 mM HEPES,
pH 7.4). The hydrodynamic siphoning injection method has been
described elsewhere.?#% Briefly, a droplet of cell culture is
deposited onto a microscope slide and a capillary is positioned



with its axis perpendicular to the microscope slide surface. A
successfully transfected, fluorescing cell is selected and injected
into the capillary by positioning the injection end of the capillary
within a few micrometers directly above the cell and by creating
a pressure difference (11 kPa for 1 s) between the injection and
detection ends of the capillary. Once the cell has been injected, a
plug of digitonin (1 mg/mL in buffer A) is electrokinetically (400
V/cm, 5 s) injected to selectively disrupt the plasma membrane.
After the detergent has been injected, the injection end of the
capillary is inserted into a vial containing buffer A. The cell is
incubated in the detergent for a total of 1.5 min. To confirm that
the detergent successfully permeabilized the plasma membrane,
following cell and detergent injection, the capillary was mounted
on a fluorescence microscope and monitored for staining of the
nucleus with ethidium homodimer, a plasma membrane imper-
meant nuclear stain (Molecular Probes, Eugene, OR).

CE Separation and LIF Detection. After incubating single
cells with digitonin inside the capillary, electrophoresis was carried
out at 400 VV/cm for at least 15 min. At the end of each separation,
the capillary was reconditioned by pressure flushing using the
CE run buffer contained within a syringe fitted to the capillary
through an adapter (Valco Instruments Co., Inc., Houston, TX).

The LIF detector and its use have been previously described.?
For excitation, the 488-nm Ar-ion laser line output was set at 7
mW (model 532-BS-A04, Melles Griot, Carlsbad, CA). All spectral
filters used were purchased from Omega Optical Inc. (Brattleboro,
VT). Scattering was reduced by using long-pass filters (495 AELP,
505 AELP). The height difference between the sheath-flow buffer
meniscus and the detector was 15 cm. EGFP fluorescence was
selected with a band-pass filter (535DF35) that selects the
fluorescence in the 518—552 nm range (green channel). nuDsRed
fluorescence was filtered with a 635DF55 band-pass filter that
selects the 612—662 nm range (red channel). The intensity of
selected spectral regions was measured with a R1471 photomul-
tiplier tube (Hamamatsu, Bridgewater, NJ). The output of the
photomultiplier tube was digitized at 100 Hz using a NiDaq 1/0
board (PCI-MIO-16XE-50, National Instruments, Austin, TX), and
the data were saved as a binary file.

The detector was aligned using a 10~° M solution of fluores-
cein. Briefly, during a continuous electrokinetic flow of fluorescein
at 400 V/cm through the capillary, the position of the sheath-
flow cuvette housing the capillary was adjusted until the signal
from fluorescein is maximized. The limit of detection for fluores-
cein was 2.3 zmol. The relative standard deviation for the peak
intensity of individual fluorescent microspheres was 23%. Fluo-
rescent species were detected as they migrated out of the capillary
by excitation with a 488 nm Ar-ion laser line.

Dual-channel detection was used to simultaneously detect both
the green and the red fluorophores (Figure 1). Samples were
excited by a 488 nm Ar-ion laser, and the resultant fluorescence
was filtered using two long-pass filters (495 AELP and 505AELP)
to reduce scatter followed by a pinhole to spatially select filtered
light. A dichroic mirror was used to transmit red light (>550 nm)
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Figure 1. Schematic diagram of CE-dual LIF detection system. A
laser excites fluorophores in the sample, and the presence of scatter
filters and a pinhole reduce scattering. A dichroic mirror transmitted
spectrally split fluorescence into two regions, which are further filtered
with spectral filters (535DF35 for EGFP and 635DF55 for nuDsRed).
Separate photomultiplier tubes (PMT) monitor fluorescence in each
spectral region.

and reflect green light (<550 nm). After spectral separation of
the emitted light, fluorescence was further filtered with interfer-
ence filters, described above for the red and green channels,
before reaching separate photomultiplier tubes.

Data Analysis. The procedures for data analysis have been
described previously.? With the use of an Igor-Pro (Wavemetrics
Lake Oswego, OR) algorithm, individual organellar peaks (harrow
peaks) can be separated from cytosolic fluorescent species (broad
peaks). The molar amount of EGFP-MRS found in the cytosolic
and nuclear compartments was determined using a recombinant
EGFP as a standard.

RESULTS AND DISCUSSION
Subcellular Localization of EGFP-KRS and EGFP-MRS by

Microscopy. EGFP-MRS and EGFP-KRS were chosen as a model
system to study the nuclear localization of aaRSs by CE-LIF. Each
fusion protein was coexpressed in AH2-1 cells along with nuD-
sRed, a nuclear marker. The resulting fluorescence was initially
monitored by microscopy. If the red fluorescence of nuDsRed
overlaps with the green fluorescence of EGFP in a cell expressing
both these proteins, then it can be concluded that the EGFP-aaRS
is localized in the nucleus.

To check whether each of these fluorophores could be
selectively detected under the appropriate filter setting, cells
expressing only EGFP or only nuDsRed were imaged using both
the green and the red filter settings. As shown in Figure 2A (left
panels), the EGFP fluorescence was detected only in the green
filter setting. Similarly, nuDsRed fluorescence was detected only
in the red filter setting (Figure 2A, right panels). Thus, the two
fluorophores can be independently detected under the appropriate
filter settings using fluorescence microscopy.

Figure 2B shows sample cells from cultures coexpressing
nuDsRed with either EGFP-KRS (top panels) or EGFP-MRS
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Figure 2. Fluorescence microscopy analysis of cells expressing
EGFP and nuDsRed. (A) Cells transfected with pEGFP-KRS only (left
panels) or pDsRed2Nuc only (right panels). These cells were
observed through a green filter setting (top) or red filter setting
(bottom). (B) Cells transfected with both pDsRed2Nuc and pEGFP-
KRS (top) or with both pDsRed2Nuc and pEGFP-MRS (bottom). Filter
settings were the same as those in panel A. Imaging was carried out
24 h post-transfection. Magnification was 60x. Other conditions are
described in the Experimental Procedures section.

(bottom panels). Only the EGFP-MRS cell was clearly observed
in the nucleus, while both EGFP-MRS and EGFP-KRS showed
cytosolic green fluorescence. Thus, it appears that EGFP-MRS is
localized both in the cytosol and the nucleus. This nuclear
localization of EGFP-MRS is consistent with previous reports that
MRS is present in the nucleus.”?

The presence of a putative nuclear localization signal (PGK-
TKKG) beginning at position 188 of the 597-amino acid sequence
of human KRS, as well as the prediction by PSORT software,?
suggests that KRS would also be localized to the nucleus. The
failure to clearly detect EGFP-KRS in the nucleus may be due to
the inability to separate the nuclear fluorescence from cytosolic
fluorescence due to low resolution and high background fluores-
cence, which are shortcomings of the microscopy technique.
Alternatively, fusion of EGFP to the KRS N-terminus may prevent
nuclear import.

Cytosolic Localization of EGFP-KRS and EGFP-MRS by
CE-LIF. CE-LIF was next used to monitor the subcellular
localization of EGFP-MRS and EGFP-KRS in AH2-1 cells. Cytosolic
EGFP is expected to diffuse appreciably during the CE separation
and may adsorb to the capillary walls resulting in a broad peak,
whereas EGFP contained within an organelle will not diffuse and
should yield a narrow peak.
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Figure 3A is an electropherogram from a typical single cell
expressing EGFP-MRS. As expected, a broad peak (peak width
205 +£ 0.3 s, n = 3) was observed at approximately 570 s,
consistent with the cytosolic localization of EGFP-MRS. In addition
to this broad peak, narrow organellar peaks were also detected
for EGFP-MRS cells (peak width 88 + 23 ms, n = 3). The width
of the narrow peaks corresponds to the time organelles take to
travel through the focused laser beam (~70 um diameter) used
for the excitation source of the postcolumn LIF detector. On the
other hand, the width of the broad peaks (e.g., 1.6 cm or 3.6% of
the capillary length) clearly indicates that other broadening
sources, present during the electrophoretic separation, are domi-
nant.

We confirmed that the broad peak was due to cytosolic EGFP
by comparing the signals from cells expressing EGFP-KRS or
-MRS with signals from untransfected cells. Figure 3B shows the
peak profiles from a cell expressing EGFP-MRS (trace I), EGFP-
KRS (trace Il), and an untransfected cell (trace Ill). For clarity,
these electropherograms have been processed to show only the
broad peaks, as described in the Experimental Procedures section.
As expected, the late migrating broad peaks in traces | and Il
were not detected in the trace from the untransfected cell (trace
I11). The first peak (193 & 19 s, n = 3) observed in all three traces
has been previously identified to be caused by the cell medium,20.28
The second peak in trace 111 (304 £+ 16 s, n = 3) is caused by the
detergent used to lyse the cell (data not shown). This peak is not
always detected in analysis of cells expressing EGFP (traces |
and Il) since it is not well resolved from the background in many
traces.

In CE, migration time is determined by a combination of factors
including size-to-charge ratio and capillary—wall interactions.?®
Therefore, as expected, the migration times for the two different
EGFP fusion proteins are somewhat different (compare traces |
and Il in Figure 3B). The cytosolic EGFP-MRS signal consists of
two closely migrating peaks (Figures 3A and 3B, trace I). In some
cells the earlier peak is more predominant (Figure 3B, trace 1),
while in others the later one is larger (Figure 3A). It is possible
that these two peaks correspond to different isoforms of this
protein.3

Detection of Organellar Peaks by CE-LIF. In addition to
the broad cytosolic peak, narrow organellar peaks are also
detected for EGFP-MRS cells (Figure 3A). Figure 3C contains a
set of electropherograms that were processed to show only the
narrow peaks, as described in the Experimental Procedures
section. Trace | is from a cell expressing only EGFP-MRS, whereas
trace Il was obtained from a cell expressing only EGFP-KRS, and
trace Il is from an untransfected cell. We observe an intense
narrow signal (1.54 £+ 0.91V, n = 6) only in the case of the EGFP-
MRS cell (trace I). This signal can be clearly distinguished from
the low-intensity peaks (0.16 + 0.16 V, n = 8) detected in
untransfected cells (trace 111). The narrow peaks observed in the
latter are due to low amounts of autofluorescence and scatter.
Thus, the intensity and width of the narrow peak in trace | is

(28) Malek, A.; Khaledi, M. G. Anal. Biochem. 1999, 268, 262—269.
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the electropherogram for the data point indicated by an arrow. Upper and lower traces correspond to the red and green channels, respectively.

The analytical conditions are the same as those described in Figure 3.

consistent with the microscopy data indicating that EGFP-MRS
is localized in the nucleus.

In contrast, the average intensity of the narrow peak obtained
from EGFP-KRS-expressing cells (0.41 + 0.32 V, n = 9) is not
significantly different (at a 95% confidence level) from that of the
untransfected cells (0.16 + 0.16 V, n = 8). Thus, it appears that
the narrow peaks detected from EGFP-KRS cells (Figure 3C, trace
I1) are false positives due to autofluorescence. Thus, we conclude,
based on these CE results, that EGFP-KRS is localized in the
cytosol but is not present in the nucleus at levels that can be
clearly differentiated from autofluorescence.

Dual-Channel Detection of EGFP-aaRS and nuDsRed. To
further probe the nuclear localization of the EGFP-aaRS proteins,
we carried out single-cell analyses using cells coexpressing one
of the fusion proteins along with the nuclear marker nuDsRed.
The dual-channel detection system (Figure 1) was used to detect

the simultaneous localization of the two fluorophores within the
same organelle.

Figure 4A shows a log—log plot of red versus green signal
intensities for the most intense peak detected in both channels
for untransfected cells (x’s), cells expressing EGFP-KRS only
(open triangles), and cells expressing both EGFP-KRS and
nuDsRed (solid triangles). The inset shows a representative
electropherogram of a cell expressing both fusion proteins, with
the signals in the red and green channels shown in the top and
bottom traces, respectively. The red and the green intensities of
the peaks resulting from both the untransfected and the EGFP-
KRS cells are relatively low (i.e., <1 V). Furthermore, although
the average green signal from EGFP-KRS cells (0.41 +0.32 V, n
= 9) is larger than the signal from the untransfected cells (0.16
+ 0.16 V, n = 8), the data are not significantly different (at a 95%
confidence level).
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The most intense peak from cells expressing both fusion
proteins (Figure 4A, solid triangles and inset) appears in the red
channel (3.55 + 1.32 V, n = 3), consistent with nuclear-localized
nuDsRed. The corresponding peak in the green channel (inset,
bottom trace) is similar in intensity to the most intense peaks
from untransfected cells (x’s). Thus, these results support the
conclusion that EGFP-KRS is localized in the cytosol but is not
detectable in the nucleus.

We also analyzed single cells expressing both EGFP-MRS and
nuDsRed using dual-channel detection. The inset of Figure 4B
shows a representative electropherogram from such a cell. A high-
intensity narrow peak (~194 s) is clearly detected simultaneously
in the green channel (bottom trace) and the red channel (top
trace), supporting nuclear localization of EGFP-MRS. Figure 4B
is a log—log plot of red versus green signal intensities for the
most intense peak detected in eight single untransfected cells
(crosses), six cells expressing only EGFP-MRS (open squares),
and nine cells expressing both EGFP-MRS and nuDsRed (solid
squares). These data show that most of the peaks from cells
expressing both EGFP-MRS and nuDsRed (solid squares) fall in
the upper ranges of both red and green signal intensities. This
distribution of signals is clearly distinguishable from autofluores-
cent peaks detected in untransfected cells (crosses) and supports
the conclusion that EGFP-MRS is localized in the nucleus. The
average intensity values are also consistent with this conclusion.
The cells expressing both EGFP-MRS and nuDsRed have high
green (593 £ 283V, n=29) and red (527 £ 311V, n = 9)
intensities. These values are significantly different from the green
and red intensities from untransfected cells (0.16 £+ 0.16 V and
0.36 &+ 0.39 V, respectively, n = 8). Therefore, these peaks (solid
squares) correspond to nuclei that are expressing both nuDsRed
and EGFP-MRS. With the use of a recombinant EGFP standard
(data not shown), the average amount of EGFP-MRS localized in
the nucleus was determined to be ~5 zmol or 2% of the total EGFP-
MRS content of a single cell. This percentage compares well with
previous reports indicating that the nuclear aaRS content is ~2—
3% for CHO cells and <1% for rabbit kidney cells.* Although the
majority of peaks from the dual transfected cells have high red
and green signals, two peaks have relatively low red fluorescence
(Figure 4B). These peaks apparently correspond to EGFP-MRS-
containing nuclei that have low levels of nuDsRed expression. Cell-

(31) Xue, Q; Yeung, E. S. J. Chromatogr., A 1994, 661, 287—295.
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to-cell variation in expression levels of proteins has been reported
in previous single-cell CE studies.?83!

CONCLUSIONS
In summary, CE-dual LIF was used to investigate the subcel-

lular localization of fluorescent proteins in mammalian cells. In
particular, to further probe the intriguing discovery of nuclear
localization of aaRSs, human MRS and KRS were expressed as
EGFP fusion proteins in human-derived AH2-1 osteosarcoma cells.
With the use of fluorescence microscopy, both EGFP-aaRSs were
detected in the cytosol, whereas only EGFP-MRS was clearly
observed in the nucleus. The results of CE-LIF analysis of nuclei
from single cells expressing only EGFP-MRS or EGFP-KRS were
consistent with this conclusion. The CE method, which results
in narrow peaks for proteins bound to an organelle and broad
peaks for cytosolic proteins, offers several advantages over
microscopy, including increased sensitivity and physical separation
of cellular compartments.

Dual-channel CE-LIF was also used to probe aaRS cellular
localization. The most intense peak in the green channel of single
cells expressing both EGFP-KRS and nuDsRed did not show
significant differences from autofluorescent signals, suggesting
that EGFP-KRS is not found in the nuclei of AH2-1 cells (or its
presence is obscured by nuclear autofluorescence). In contrast,
single cells expressing both EGFP-MRS and nuDsRed showed
simultaneous green and red narrow peaks that were easily
distinguishable from autofluorescent peaks. This result indicated
that EGFP-MRS is localized in the nuclei of AH2-1 cells. Taken
together, these results demonstrate the feasibility of using CE-
LIF as a new general method for determining the subcellular
localization of proteins in single cells.
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