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ABSTRACT: To optimize cellular delivery and specific labeling of tagged cytosolic
proteins by biarsenical fluorescent probes built around a cyanine dye (Cy3) scaffold, we
have systematically varied the polarity of the N-alkyl chain (i.e, 4—5 methylene groups
appended by a sulfonate or methoxy ester moiety) and arsenic capping reagent
(ethanedithiol versus benzenedithiol). Optimal live-cell labeling and visualization of tagged
cytosolic proteins is reported using an ethanedithiol capping reagent with the uncharged
methoxy ester functionalized N-alkyl chains. These measurements demonstrate the general
utility of this new class of photostable and highly fluorescent biarsenical probes based on
the cyanine dye scaffold for in vivo labeling of tagged cellular proteins for live cell imaging

measurements of protein dynamics.

B INTRODUCTION

Cell-permeable chemical probes permit the routine targeted
labeling of tagged intracellular proteins in living cells. There are
two classes of commercially available labeling reagents useful
for a wide variety of cell types involving: (i) metabolically
activated fluorescent substrates that are recognized by
genetically encoded enzymes appended to proteins of interest,
e.g, SNAP'™ and Halo,® or (ii) biarsenical reagents (e.g,
FlAsH) that selectively bind to short peptide sequences
engineered into the proteins of interest that contain pairs of
vicinal cysteines.” " In the case of the SNAP and Halo
technologies, the appended enzymes (Og-alkylguanine DNA
alkyltransferase and haloalkane dehalogenase) have a primary
advantage over the use of genetically encoded fluorescent
proteins in that they permit pulse-chase measurements of
protein synthesis and localization, as substrates can be modified
with different fluorophores. However, the large sizes of these
appended proteins can also interfere with protein complex
formation and cellular targeting.”'> In comparison, biarsenical
probes bind to short (9—15 amino acid) engineered
tetracysteine tags that allow correct protein localization and
the formation of biologically relevant protein complexes."?
Commercially available biarsenical fluorescent probes with a
conserved interarsenic separation of about S A permit targeted
labeling of tagged cellular proteins for live-cell imaging, but
have been limited by the availability of a single class of reagents,
which bind to one tetracysteine tagging motif (i.e.,
QPG@).”QH’M Sequence variations proximal to the
viscinal cysteines have permitted multicolor measurements
using available biarsenical dyes FIAsH and ReAsH in measure-
ments of protein—protein interactions;">*® however, these
applications involve relatively modest differences in binding
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affinity that prevent their robust utility. To enhance the ability
to discriminate tagging sequences, we have previously
developed a class of biarsenical probes (AsCy3) built around
a cyanine dye scaffold with an interarsenic separation of 14.5 A
that bind to orthogonal tetracysteine tags (CCKAEAACC).
Thus, multicolor measurements can be achieved by simulta-
neously using orthogonal biarsenical probes to selectively
monitor the structural dynamics of individual proteins in a
complex,” but are currently limited by the inability to use
AsCy3 for live cell measurements due to either poor
intracellular delivery or nonspecific biomolecular binding.

To enhance the utility of AsCy3 for cellular imaging
applications, we have synthesized a family of probes that
systematically vary the polarity of the terminal groups of the N-
alkyl chains and the arsenic capping reagent (Scheme 1).
AsCy3_E with both an ethanedithiol cap and uncharged
methoxy ester functionalized N-alkyl chains demonstrates
optimal utility for targeting tagged proteins (Scheme 2),
indicating that specific labeling is achieved by reducing the
polarity of the biarsenical cyanine probe to optimize delivery,
while retaining sufficient polarity to maintain specific targeting
to introduced tagging sequences. Specificity of labeling is
demonstrated for two cytosolic proteins, namely, the a-subunit
of RNA polymerase (RpoA*) that forms a limited number of
foci in the cell under optimal growth conditions that are
indicative of the formation of supramolecular complexes,'”'®
and a cytosolic peptidyl-prolyl cis—trans isomerase protein
SlyD that is visualized as diffuse staining, consistent with its
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Scheme 1. Synthesis of Biarsenical Probes”
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“A rectangle is drawn around the structure of AsCy3_S, whose synthesis was previously reported.”
Scheme 2. Depiction of Bioconjugation Reaction between (t, J= 6 Hz, 4H), 6.73 (d, ] = 7.5 Hz, 2H), 7.19 (d, ] = 7.5 Hz,
Biarsenical Cyanine Probe AsCy3 E and Nine Amino Acid 2H), 7.34—7.39 (m, 6H), 7.71 (m, 4H), 7.81 (m, 4H), 8.44 (t, ]
Tetracysteine Fusion Tag (i.e., CCKAEAACC) = 13 Hz, 1H). MS (ESI): m/z: 731.4 [M]".
-Cys-Cys-Lys-Ala-Glu-Ala-Ala-Cys-Cys- Cyanine 2d. (70% yield). 10 mL methanol was added to the
. 145A crude compound 2a and refluxed for 1 h. Then the solvent was
£ oy _ ‘J—’ removed and the residue was dried under high vacuum and
Aol b R Aty 8 o, purified by chromatography on silica gel using methanol in
COEE ) 2 &, j..s; A ST By A methylene dichloride as eluent (gradient of 0—5%) 'H NMR
o oL s AN (CDCL): 6 1.63 (m, 4H), 1.70 (s, 12H), 1.73 (m, 4H), 1.88
Thie Lo 4 33 (m, 4H), 2.36 (t, ] = 7.5 Hz, 4H), 3.60 (s, 6H), 427 (t, ] = 7.5
T il Sl Hz, 4H), 7.10 (d, ] = 7.5 Hz, 2H), 7.22 (t, ] = 7.5 Hz, 2H),
r ot 5 4 7.36—7.40 (m, 4H), 7.51 (d, J = 12.5 Hz, 2H), 841 (t, ] = 13
P b, 2t Hz, 1H) MS (ESI): m/z: $85.4 [M]".
“AsCy3_E ) Synthesis of AsCy3_E and AsCy3_E1. Compound 2a
(167 mg, 0.3 mmol) was added into trifluoroacetic acid
containing mercuric oxide (1.3 g, 6 mmol) at room
general role in facilitating protein folding and correct metal temperature. After 48 h stirring, 4 mL methanol was added
insertion during protein maturation. to the mixture and refluxed for 0.5 h. Then, the solvent was
removed and the residue was dried under high vacuum. A
B EXPERIMENTAL PROCEDURES purple solid was suspended in dry N-methylpyrrolidone (3 mL)
Synthesis of Cyanine Dyes. Cyanine dyes 2a, 2b, and 2c with arsenic trichloride (500 pL, 6 mmol), diisopropylethyl
were synthesized essentially as previously described,'® which amine (280 uL, 1.6 mmol), and catalytic palladium acetate (1
involved heating the corresponding quaternary salts (la—c) mg). The reaction was stirred at room temperature for 8 h.
with triethyl orthoformate in buffered acetic anhydride/acetic After reaction, S mL phosphate buffer pH 7 and 1,2-
acid (1.5 mL acetic acid, 1.1 mL acetic anhydride, and 0.065 g ethanedithiol (535 yL, 6.4 mmol) were added into the reaction
sodium acetate) at 120 °C. The resulting mixtures were mixture. The solution was extracted with CH,Cl, (3 X 30 mL),
dissolved in CH,Cl,, washed by water, dried under reduced dried over Na,SO,, evaporated, and purified by chromatog-
pressure, and the residue was purified by chromatography on raphy on silica gel using methanol in methylene dichloride as
silica gel using methanol in methylene dichloride as eluent. eluent (gradient of 0—10%).
Product identity was confirmed using NMR, which we report AsCy3_E. (20% yield). '"H NMR (CDCl,): 6 1.63—1.71 (m,
for cyanine 2a and 2c (see below). Properties of 2b were 20H), 1.85 (m, 4H), 2.35 (t, ] = 6.0 Hz, 4H), 3.19 (m, 4H),
reported previously.” 3.40 (m, 4H), 3.63 (s, 6H), 4.21 (m, 4H), 7.08—7.23 (m, 6H),
Cyanine 2a. (70% yield). "H NMR (CDCL,): & 1.56 (m, 7.60 (m, 2H), 8.38 (t, J = 13.5 Hz, 1H). MS (ESI): m/z: 917.2
4H), 1.75 (m, 4H), 1.77 (s, 12H), 1.86 (m, 4H), 2.35 (t, ] = 7.5 [M]*.
Hz, 4H), 4.07 (t, ] = 7.5 Hz, 4H), 6.33 (d, ] = 14 Hz, 2H), 7.20 AsCy3_E1. (18% yield). "H NMR (CDCl): § 1.51 (m, 2H),
(d, ] = 9 Hz, 2H), 7.32 (d, ] = 7 Hz, 2H), 7.41—-7.47 (m, 4H), 1.59 (m, 2H), 1.67 (m, 2H), 1.72 (s, 12H), 1.83 (m, 6H), 2.32
845 (t, J = 13 Hz, 1H). MS (ESI): m/z: 557.3 [M]*. (t, ] = 7.5 Hz, 2H), 2.51 (t, ] = 7.5 Hz, 2H), 3.18 (m, 4H), 3.41
Cyanine 2c. (95% yield). '"H NMR (CDCL): 6 1.72 (s, (m, 4H), 3.64 (s, 3H), 4.07 (m, 2H), 4.16 (m, 2H), 6.70 (d, ] =

12H), 1.95 (m, 4H), 2.05 (m, 4H), 3.67 (t, ] = 6 Hz, 4H), 4.34 12.5 Hz, 1H), 6.86 (d, ] = 12.5 Hz, 1H), 7.06—7.11 (m, 2H),
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7.61=7.71 (m, 4H), 8.34 (t, ] = 12.5 Hz, 1H). MS (ESI): m/z:
903.1 [M]".

Synthesis of AsCy3_B. Compound 2b (180 mg, 0.3
mmol) was added into trifluoroacetic acid containing mercuric
oxide (1.3 g, 6 mmol) at room temperature. Then, the solvent
was removed and the residue was dried under high vacuum.
The resulting purple solid was suspended in dry N-
methylpyrrolidone (3 mL) with arsenic trichloride (500 uL, 6
mmol), diisopropylethyl amine (280 uL, 1.6 mmol), and
catalytic palladium acetate (1 mg). The reaction was stirred at
room temperature for 8 h. After reaction, 5 mL of phosphate
buffer (pH 7) and 1,2-benzenedithiol (735 uL, 6.4 mmol) were
added into the reaction mixture. The solution was extracted
with CH,Cl, (3 X 30 mL), dried over Na,SO,, evaporated, and
purified by chromatography on silica gel using methanol in
methylene dichloride as the eluent (gradient of 0—5%) with an
28% yield.

AsCy3 B. 'H NMR (CDCL): § 1.57 (s, 12H), 1.79 (m,
4H), 1.92 (m, 4H), 2.91 (t, ] = 7.5 Hz, 4H), 4.10 (m, 4H), 6.50
(d, J = 12.5 Hz, 2H), 6.98 (m, 4H), 7.14 (d, ] = 7.5 Hz, 2H),
7.39 (m, 4H), 7.56 (s, 2H), 7.60 (d, J = 7.5 Hz, 2H), 8.28 (t, ] =
13.5 Hz, 1H). MS (ESL): m/z: 1029.0 [M]".

Cloning and Expression of the a-Subunit of RNA
Polymerase in E. coli. A C-terminal 52-amino-acid sequence
was appended onto the a-subunit of RNA polymerase (RpoA)
cloned into the pBAD202/D-TOPO vector (Invitrogen)
containing in the following order a tetracysteine tag
CCKAEAACC adjacent to a VS epitope (KGGRADPA-
FLYKVVINSKLEGKPIPNPLLGL) and a Hiss sequence at
the C-terminus, essentially as previously described.'” The
tagged a-subunit of the RNA polymerase (RpoA*) was
expressed in E. coli using the pBAD/D-TOPO expression
system contains the promoter of the araBAD (arabinose)
operon, which can be upregulated by arabinose and down-
regulated by glucose to permit optimal expression. Plasmids
were maintained by addition of 50 pg/mL kanamycin.
Typically, a stock culture of E. coli expressing RpoA-AsCy3TAG
was streaked on selective agar plates containing kanamycin and
incubated for 16 h at 37 °C. One colony was picked using a
sterile plastic loop and upon inoculation into S mL of LB with
kanamycin (50 pg/mL) was placed in a 37 °C shaker incubator
for eight hours. An aliquot (S yL) was then transferred to S mL
fresh LB with antibiotics and grown at 37 °C in a shaker until
ODgyy = 0.6. For induction of tagged RpoA, S uL of 1 M
arabinose (1 mM final concentration) was added and the tube
was incubated for another three hours at 37 °C. As a control, a
cell culture without induction was prepared in parallel.

Cell Lysis. E. coli cell suspensions were subjected to six
freeze—thaw cycles involving freezing in liquid nitrogen
followed by thawing at a 37 °C water bath prior to
centrifugation at 17200g for 25 min to remove cell debris.
The lysis buffer contained 25 mM HEPES (pH 7.6). Protein
concentrations of lysate were measured using a BCA assay kit
(Pierce) prior to freezing samples at —80 °C for storage.

Affinity Purification of RpoA*. Lysates were passed over a
Histrap Ni-sepharose 6 FF column (GE healthcare, 1 mL) pre-
equilibrated with Buffer A [25 mM HEPES (pH 7.5), 0.3 M
NaCl, and 10% glycerol (v/v)] + 25 mM imidazole. The
column was washed once with 10 mL of buffer A + 25 mM
imidazole and a second time with 10 mL of buffer A + 75 mM
imidazole. Affinity purified RpoA* was eluted upon addition of
buffer A + 250 mM imidazole.
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Labeling of Purified RpoA* with Biarsenical Probes.
Isolated RpoA* in 25 mM HEPES (pH 7.5), 0.3 M NaCl, 0.25
M imidazole, S mM TCEP, and 10% glycerol (v/v) was
incubated in the presence of indicated concentrations of
AsCy3 B, AsCy3 S, or AsCy3 E for one hour at room
temperature.

Cell Labeling. Freshly cultured bacterial cells (2 mL) were
incubated for 30 min at room temperature with AsCy3_E (0.5
uM unless otherwise indicated) in the presence of Disperse
Blue (20 uM). After labeling, excess probe was removed from
bacterial cells through eight sequential washing steps involving
centrifugation of cells (2 mL) for one minute at 14 000g prior
to resuspension. Washing steps involved 2X with 25 mM
HEPES (pH 7.6), 2X with §$ mM fS-mercaptoethanol in 25 mM
HEPES (pH 7.6), 2X with 2.5% BSA (w/v) in 25 mM HEPES
(pH 7.6), and 2X with 25 mM HEPES (pH 7.6). Finally, cells
were brought up in 200 uL of 25 mM HEPES buffer (pH 7.6)
for further analysis.

Fluorescence Imaging of Cyanine Probes in Living
Cells. Live-cell imaging of labeled proteins involved sealing a
coverslip following placement of E. coli (1 L) onto a
microscope slide, taking care to exclude air bubbles. Bright-
field and fluorescent images were sequentially collected soon
after fluorescent labeling of E. coli, where the focus was first set
using the bright-field image prior to obtaining the fluorescence
image. Differences in the sharpness of the images arise, in part,
due to the fact that we are imaging living cells, where cells move
during the collection of the fluorescent image (which takes
about 1 s). In comparison, bright-field images were collected on
the millisecond time-scale, during which there is minimal cell
movement. Images were taken using a Nikon eclipse Ti—U
inverted microscope equipped with a 60X Nikon Plan Apo oil
immersion objective (NA = 1.4) and a Coolsnap HQ charge-
coupled device camera (Photometrics). The excitation source
was a white LED module from Thorlabs (LEDC19) and
fluorescence images were acquired using a standard set of band-
pass filters for Cy3 (Nikon).

B RESULTS

Design Strategy. The influence of different functional
groups that modify the hydrophobicity of the biarsenical
cyanine probe was systematically explored to enable enhanced
cellular delivery. Alkylation of the heterocyclic precursor
permits introduction of different functional groups to the
cyanine dye scaffold prior to the mercuration and trans-
metalation reaction with As(IIl). Carboxylic, sulfonic acid, and
phthalimide were chosen as desired functionalities because of
their altered hydrophobicity and chemical inertness toward the
reagents and reaction conditions needed for condensation
reactions. Carboxylic functionalities were methylated to modify
probe hydrophobicity, where endogenous esterases are
expected to cleave the methoxy esters to enhance solubility
following cellular delivery, thus minimizing hydrophobic
interactions with nontarget proteins.****" Additional structural
diversity involved altering the ligand cap stabilizing the arsenic
motif from the commonly used ethanedithiol (EDT) to
consider the more hydrophobic benzenedithiol.

Synthesis. The core biarsenical scaffold, Cy3, was prepared
in two steps using standard cyanine dye szrnthesis protocols
involving indolium salts as a precursor.”” Generally, the
precursor was obtained by reacting 2,3,3-trimethylindolenine
with excess alkyl halides in anhydrous 1,2 dichlorobenzene at
120 °C, followed by chromatographic purification with decent
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yield; 60% and 70% for compound la and 1b, respectively
(Scheme 1). Synthesis of precursor lc involved heating
equistoichiometric amounts of N-(4-bromobutyl) phthalimide
and 2,3,3-trimethylindolenine in a pressure tube without
solvent at 140 °C with stirring;”® a quantitative yield was
obtained without purification. Formation of cyanine dyes was
accomplished by a condensation reaction of the corresponding
quaternary indolium salts and triethyl orthoformate in buffered
acetic anhydride/acetic acid at 120 °C, where consistently good
yields were obtained: 70%, 90%, and 95% for compound 2a, 2b,
and 2c, respectively, after chromatographic purification. Facile
formation of the methoxyester derivative 2d (Cy3_E) occurs in
methanol.

In all cases, the cyanine dyes were mercurated in trifluoric
acid with two equivalents of mercury oxide, followed by the
transmetalation of arsenic and subsequent stabilization by
appropriate capping ligands ethandithiol (EDT) or 1,2-
benzenedithiol to afford the final biarsenical probes’ (i.e.,
AsCy3 _E, AsCy3 S, and AsCy3 B). Significantly different
reactivities are observed for the mercuration and trans-
metalation reaction depending on the functional groups
introduced onto the cyanine dye scaffolds. Cyanine dyes 2a
and 2b give good overall yields; in comparison, 2¢ shows no
reactivity even over a prolonged reaction time. Likewise, no
reaction is observed upon inclusion of a methyl group as a side
chain (data not shown), suggesting the importance of an
ionizable group for effective reactivity. This observation is
consistent with prior reaction mechanisms that suggest an
electrophilic reaction between the mercurating agent and
aromatic hydrocarbons that arises due to the stabilization of
an arenium ion intermediate.”* Such insights suggest that
ionizable functional groups incorporated onto the cyanine
scaffold are critical to stabilize the intermediate indolmercure-
nium ions to enhance reactivity to favor the subsequent
transmetalation reaction.

To facilitate cellular delivery, the polarity of the biarsenical
probe with carboxylate moieties was reduced through synthesis
of methoxyester derivatives. As ionic N-alkyl chains were
required for the mercuration reaction, esterification was
performed following mercuration of 2a by refluxing the
reactant in methanol for 30 min prior to the transmetalation
reaction. The final separated products include diester and
monoester products AsCy3_E and AsCy3_El1 in yields of 20%
and 18%, respectively. Increasing the duration of refluxation
enhanced the yield of the AsCy3_E diester over the AsCy3_El1
monoester; the monoester represents a desired product with
increased water solubility that has the capability for additional
coupling reactions.”

Spectroscopic Characterization. In ethanol, there is a
14—17 nm red-shift in the absorbance and fluorescence
emission maxima of the biarsenical probes accompanying
modest increases in the quantum yield in comparison with the
precursor cyanine dye (Table 1). The absorbance and
fluorescence spectra of the biarsenical probes are essentially
insensitive to the introduced scaffold modifications, resulting in
minimal spectral shifts irrespective of the rigidity of the arsenic
capping moiety or the functionality of the alkyl chain.
Introduction of the more rigid aromatic ligand cap decreases
the quantum vyield of AsCy3 B in ethanol by about 25% in
comparison to either AsCy3 S or AsCy3 E, consistent with
prior indications that more rigid capping rings modify ring
strain to reduce the fluorescence of other biarsenical probes
(i.e, FIAsH)."® The spectroscopic properties of the biarsenical
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Table 1. Photophysical Properties of Synthesized Probes”

solvent compound®” Aabs [nm] Aem [nm] @
ethanol 2b 548 562 0.08
AsCy3_S 566 580 0.13
AsCy3 E 562 578 0.12
AsCy3 B 568 582 0.09
PBS¢ 2b 544 558 0.05
AsCy3_S 560 572 007
AsCy3 E 556 570 0.06
AsCy3 B 555, 5849 570 -
PBS AsCy3_S‘RpoA* 567 575 0.14
AsCy3_E-RpoA* 565 579 021
AsCy3_B*RpoA* 567 578 0.12

“Fluorescence quantum yields were determined using Rhodamine 6G
as the standard (®; = 0.95 in ethanol). “Spectral properties of
biarsenical probes were assessed free in solution or following binding
to RpoA*. “PBS buffer (pH 7.4) includes 5% DMSO. d]—aggregation
peak observed at 584 nm. A, = 500 nm for fluorescence
measurements.

probes AsCy3_S and AsCy3_E are largely preserved in
aqueous solution, where small spectral shifts and 40—50%
reductions in the quantum yields are consistent with observed
changes in the photophysical properties of the parent Cy3 dye
(Table 1; Figure 1). However, AsCy3_B exhibits a red-shift J-

0.8

0.6

0.4

0.2

500 550 600
Wavelength (nm)

Fluorescence (a.u) &€ (M'1 cm‘1)x10‘5

0.0 T T T
500 550 600
Wavelength (nm)

650

Figure 1. Spectral Sensitivity of Biarsenical Cyanine Probes to
Introduced Modifications. Absorbance (top) and normalized fluo-
rescence emission (bottom) spectra for biarsenical cyanine probes in
solution (panels A, B) or following binding to RpoA* (panels C, D)
for Cy3_S (2b) (dashed black line), AsCy3_S (dash-dotted blue line),
AsCy3_E (solid black line), and AsCy3 B (dotted red line) in
aqueous buffer [$% (v/v) DMSO and 25 mM Na,HPO, (pH 7.4)].
All concentrations of biarsenical probes were 1 uM (absorbance
spectra) or 20 nM (fluorescence emission spectra). Absorbance
spectra in panel C are normalized relative to that of unbound
AsCy3_S in panel A. Excitation wavelength was 510 nm. Relative
differences in quantum yields are summarized in Table 1.

aggregation peak in aqueous solution due to a 77— stacking
interaction between the benzene ring and cyanine that is
apparent from observed changes in the absorption spectrum.”®

To assess spectral changes upon protein binding, we have
engineered a tetracysteine binding sequence (CCKKAEAACC)
at the C-terminus of the a-subunit of RNA polymerase
(RpoA*), at a site previously shown to be compatible with
high-affinity binding using other biarsenical probes."” Upon
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displacement of the arsenic capping moieties (i.e., ethanedithiol
or 1,2-benzenedithiol) upon binding to RpoA*, there is a red
shift in both absorbance and fluorescence emission spectra
(Figure 1). Resulting spectra of all three AsCy3 probes are very
similar to each other following binding to RpoA*. Upon
correction for differences in labeling stoichiometries for AsCy3
bound to RpoA*, which varies between 0.12 (AsCy3_B), 0.48
(AsCy3_S), and 0.52 (AsCy3 _E) (see Figure S3), there is a
3.5-fold increase in the fluorescence quantum yield of AsCy3_E
upon binding RpoA*; in comparison, the quantum yields of
AsCy3_S and AsCy3 B increase by about 2-fold upon target
protein binding (Table 1). Increases in the quantum yields of
all three AsCy3 probes upon binding RpoA* are consistent
with a stabilization of a highly fluorescent Cy3 conformer,
which is further enhanced upon a reduction in the polarity of
the N-alkyl methoxy ester chain in AsCy3_E in comparison to
the sulfonate moieties in AsCy3_S or AsCy3 B.”’

Cell Permeability and Protein Targeting. To assess the
utility of the synthesized biarsenical probes for intracellular
delivery and visualization of protein complexes in living cells,
RpoA* was expressed in the cytosol of E. coli at near native
abundance (1%), permitting a determination of the labeling
specificity and utility of these biarsenical cyanine probes. Under
these expression conditions, prior measurements have demon-
strated the formation of supramolecular complexes involving
RNA polymerase that form near the membrane under rapid
growth conditions, acting to overcome diffusional constraints to
promote metabolic efficiencies involving the efficient produc-
tion of stable RNA (rRNA and tRNA) necessary for ribosome
assembly and protein synthesis, which limit overall growth rates
in rich media.'”'®**** In comparison, under conditions that
limit growth, RNA polymerase appears as a more diffuse
cellular distribution that is indicative of shifts in the distribution
of RNA polymerase to enhance the transcription of mRNA
under conditions where rates of protein synthesis do not limit
growth.'”'®?%2% This latter diffuse distribution is similar to that
expected for other cytosolic proteins such as SlyD that contains
a naturally occurring high-affinity tetracysteine binding
sequence (GCCGGHGHDHGHEHGGEG CCGG),* permit-
ting labeling of a protein with a broad cytosolic distribution.

In the absence of RpoA* induction (i.e.,, no arabinose in the
media), SlyD is specifically labeled upon live-cell incubation of
E. coli with AsCy3_E, as evidenced by a 24 kDa fluorescent
band apparent following cell lysis and protein separation by
SDS-PAGE (Figure 2C). Upon induction of RpoA* and live-
cell incubation of E. coli with AsCy3 E, a prominent
fluorescent band with an apparent molecular mass of 42 kDa
is labeled in addition to SlyD (Figure 2C).'”*° Equivalent
specificity of labeling is apparent using AsCy3_S and AsCy3 B
following optimization of labeling (Figure 2; Figure S1 in
Supporting Information). In contrast, no proteins other than
SlyD are labeled for cells transformed with an empty vector
control involving the pBAD/D-TOPO expression vector
without introduction of the gene encoding RpoA*, indicating
that the 42 kDa labeled protein is RpoA*. Consistent with this
latter interpretation, a similar 42 kDa protein is labeled by
AsCy3_E following purification of RpoA* (Figure S2 in
Supporting Information). In all cases, specific labeling requires
the biarsenical motif, as no labeling is apparent following
cellular incubation with 2d (Cy3_E), which does not contain
an arsenical binding motif (Figure 2C). However, while
AsCy3 B shows labeling specificity, robust and highly
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3 7 8
AsCy3 E + - - +++++ - - - AsCy3 E
ASCy B -+ - - - - - - - ++ + Cy3 E
AsCy3 s - - + - = + - - - - Protamine
RpoA* + + + + e - - Empty Vector
- 4+ - - - + - RpoA*

Figure 2. In vivo labeling of cytosolic bacterial proteins. Live cell
labeling of E. coli in culture using 0.5 uM AsCy3_E, AsCy3_B,
AsCy3_S, or Cy3_E for 30 min prior to cell lysis and separation of
proteins using 4—12% Tris-Bis SDS-PAGE. (A,B) Selective labeling of
SlyD (24 kDa) and RpoA* (42 kDa) using AsCy3_E, AsCy3_B, or
AsCy3_S following induction of RpoA* expression. (C) Absence
(lanes 2, 4, S, 6, and 8) or presence (lanes 1, 3, and 7) of expressed
RpoA* following live cell labeling in the absence (lanes 1—2, S—8) or
presence (lanes 3—4) of SO pg/mL protamine commonly used to
disrupt membranes.>’ Lanes 5—6 represent AsCy3_E or Cy3_E
labeling of an empty vector control involving the pBAD/D-TOPO
expression system without introduction of the gene encoding RpoA*.
In all other cases, expression of tagged RpoA was induced by 1.0 mM
arabinose (see Experimental Procedures). Images were collected using
a FluorChem Q imager with Cy3 filters (4., = 534 nm; 4., = 606 nm).

reproducible labeling of RpoA* is problematic due to the
formation of J-aggregates (Figure 1A).

To further assess cellular delivery of AsCy3 E, E. coli was
incubated with subtoxic concentrations (S0 pug/mL) of a 32
amino acid cationic peptide (i.e., protamine), previously shown
to increase membrane permeability for small molecules (e.g,,
carboxyfluorescein) from loaded E. coli cells.>’ Under these
conditions, there is minimal leakage of cytosolic proteins from
E. coli, and cells remain viable.*" Equivalent labeling of either
SlyD or RpoA* by AsCy3 E is observed irrespective of
membrane destabilization by protamine (Figure 2C), indicating
that AsCy3_E readily partitions across the E. coli membranes to
efficiently label cytosolic proteins. Depending on the relative
abundance of expressed RpoA* relative to SlyD, there is
substantial variation in the ability to detect labeled SlyD (see
Figures S1 and S2 in Supporting Information). However, for
experiments associated with cellular imaging we emphasized
conditions that result in low abundances of RpoA*, where prior
measurements have demonstrated the formation of foci
containing supramolecular complexes involving RNA polymer-
ase that form near the membrane under rapid growth
conditions.'”'%*%*?

A further comparison of the utility of AsCy3_S and
AsCy3_E probes involved a side-by-side comparison of cellular
labeling for E. coli expressing RpoA*. In the case of AsCy3 8§,
there is heterogeneous cellular labeling, resulting in a small
fraction of the cellular population that is fluorescently labeled
(Figure 3A). In comparison, AsCy3_E permits a more uniform
cellular labeling in which the vast majority of cells are visible,
enabling quantitative comparisons of protein labeling across a
population of cells. In both cases, background labeling is low, as
evidenced by the low nonspecific labeling for 2b (Cy3_S) and
2d (Cy3_E) (Figure 3B). In all cases, representative bright-field
and fluorescent images were taken sequentially, where the focus
was first set using the bright-field image prior to obtaining the
fluorescence image. Variations in the brightness of the labeled
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AsCY3_E

AsCY3_S CY3_E CY3_s

Figure 3. Targeted labeling for cellular imaging. Bright-field (bottom
panels) and fluorescence (upper panels) images of E. coli expressing
tagged RpoA* following incubation with 0.5 uM biarsenical cyanine
probes AsCy3_E or Cy3_E (A) or controls (i.e., cyanine probes with
no arsenics) (B). Yellow bar corresponds to ten micrometers.

cells arise due to (i) differences in the position of bacteria
relative to the focal plane and (i) heterogeneity in the
abundance of the RNA polymerase complex (Figure S$4).
Differences in the sharpness of the images arise, in part, due to
the fact that we are imaging living cells, where cells move
during the collection of the fluorescent image (which takes
about 1 s). In comparison, bright-field images were collected on
the millisecond time-scale, during which there is minimal cell
movement.

Resolution of RNA Polymerase Supramolecular
Complexes. Visualization of site-specific labeling of the RNA
polymerase is facilitated by the observation of supramolecular
complexes that form near the membrane when cells are grown
in rich media where ribosome biosynthesis is rate-limit-
ing.'”'®***? Under these conditions, a subpopulation of cells
display bright foci located near the inner membrane (Figure
4A,B), as observed previously for the RNA polymerase complex
in E. coli using a GFP fusion construct.'® In comparison, only a
diffuse staining is apparent for cells not expressing a tagged
RpoA¥*, corresponding to the cellular distribution of cytosolic
SlyD (Figure 4C). Observed foci are substantially brighter upon
incubation of cells with AsCy3_E (Figure 4A) in comparison to
AsCy3_S (Figure 4B), which is consistent with an enhanced
cellular permeability. In the case of AsCy3_E, there is variation
in the labeling intensity (Figure S4), which is consistent with
previous observations that there is considerable heterogeneity
in the abundance of expressed proteins within a cellular
population;*” alternatively, cells may exhibit differences in
uptake. Arguing against this latter possibility are control
experiments using 2b (Cy3_S) and 2d (Cy3_E) without an
arsenical binding motif, which result in only a low diffuse
background irrespective of the presence of tagged RpoA*
(Figure 3B). Likewise, only diffuse staining is apparent when E.
coli expressing tagged RpoA* is grown under conditions (ie.,
minimal media) where supramolecular complexes of RNA
polymerase do not form due to shifts in the distribution of
actively transcribed operons.”®* These results demonstrate the
utility of AsCy3_E for intracellular imaging experiments
involving monitoring changes in supramolecular complex
formation made possible by altering substituent moieties on
the cyanine scaffold to reduce probe polarity and enhance
intracellular delivery.

B DISCUSSION

Optimal labeling of tagged cytosolic proteins is observed using
the newly synthesized biarsenical probe AsCy3_E, which
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Figure 4. Resolution of supramolecular complexes of RNA polymer-
ase. Bright-field (left panels) and fluorescence (right panels) following
incubation of E. coli with 0.5 uM AsCy3_E (panels A and C) or
AsCy3_S (panel B) in the presence of expressed RpoA* (A,B) or
without induction when SlyD is selectively labeled (panel C). Yellow
scale bar is 2 pm.

contains an ethanedithiol capping reagent with uncharged
methoxy ester functionalized N-alkyl chains (Figures 2 and 3).
Upon  selective labeling of RpoA* with AsCy3_E, RNA
polymerase is visualized to form a limited number of foci
(Figure 4A), which is consistent with the formation of
supramolecular protein complexes previously visualized using
GFP-constructs.'® A similar staining is observed using AsCy3_S
(Figure 4B), albeit with reduced intensity that is consistent with
reductions in cellular permeability (Figure 3). In comparison, a
diffuse cellular staining is observed in the absence of expressed
RpoA* that is associated with the selective labeling of the
naturally occurring tetracysteine binding motif in SlyD, which is
broadly distributed in the cytoplasm due to its general function
as a peptidyl-prolyl cis—trans isomerase involved in the
maturation of a large number of different proteins® (Figure
4C). The ability to resolve well-recognized molecular structures
involving RNA polymerase complexes establishes the general
utility of AsCy3_E for in vivo targeting and imaging of tagged
intracellular bacterial proteins (Figure 4).

Biarsenical chemical probes remain the only current
approach involving organic dyes that are in routine use for
imaging intracellular proteins, requiring the simple introduction
of a small tagging sequence for tar‘geted site-specific labeling of
intracellular proteins for imaging.>* A major advantage of these
chemical probes, in comparison to fluorescent proteins, is that
they are substantially smaller, brighter, and more photostable.>*
Since the demonstration that chemical probes can be used to
target intracellular proteins for live-cell imaging by Tsien’s
group in 1998,'° the modular nature of the scaffold has
permitted the installation of additional functionalities, including
affinity capture, cross-linking, and enzyme activity switching
through the ability to site—speciﬁcallz modify the introduced 9—
15 amino acid tagging sequence.'"”® The ability to couple the
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scaffold to deliver other functionalities, e.g,, quantum dots,®® or
other chromophores permitting, for example, super-resolution
imaging are possible using the ability of the biarsenical probe to
selectively label introduced protein tags,***”*® akin to other
peptide tags that permit labeling using activity based
approaches involving modification of enzyme substrates with
a range of fluorophores.* Biophysical measurements of protein
structure are facilitated by the tetracoordinate linkage between
the introduced fluorophore and tag§ing sequence, permitting
measurements of protein dynamics.”’** Likewise, engineering
bipartite tagging sequences within interacting proteins permit
in vivo imaging of their associations in response to environ-
mental signals.”*® However, AsCy3 remains the only reported
biarsenical dye with a brightness appropriate for single
molecule measurements of cytosolic proteins.*® In this respect,
the development of a biarsenical cyanine dye with improved
cell permeability (ie, AsCy3 E) apparent even in bacterial
cells, which typically require harsher procedures to enable the
biarsenical dyes to cross the membrane in comparison to
mammalian cells,"" opens up a range of super-resolution
imaging possibilities. For example, nonspecific labeling of
surface lysines with a Cy3-CyS conjugate functionalized with a
N-hydroxysuccinimide (NHS) ester have been developed that
allow super-resolution imaging of surface structures.>’ Selective
incorporation of Cy3-CyS conjugates into existing targeting
schemes involving SNAP-tag surface-expressed labeled proteins
has been demonstrated, but the large size of the modified Cy3-
CyS substrate limited intracellular penetration.*” Thus, in
addition to selective targeting to a small peptide label, the
smaller overall size of AsCy3_E represents a primary advantage
for intracellular labeling, as conjugation with Cy5 does not
substantially increase overall size and should facilitate intra-
cellular partitionin§ of photoswitchable dyes for super-
resolution imaging.”

In addition to the enhanced brightness, photostability, and
small size of AsCy3_E relative to other common tagging
approaches involving, for example, the use of autofluorescent
proteins, a major advantage involves the ability to use relatively
low concentrations (i.e., 0.5 #M) for targeted cellular labeling
that arises as a result of the ability of biarsenical probes to bind
with nanomolar or better affinities.”” In comparison, enzyme-
based conjugation methods typically require 20-fold higher
substrate concentrations for probe delivery.**** The require-
ment for lower levels of incubated probe for site-specific
labeling lowers background fluorescence and increases imaging
contrast. Additional contrast is possible due to substantial
increases in fluorescence quantum yields upon binding
biarsenical probes to target sequences,7_9 which increases 3.5-
fold for AsCy3_E (Table 1). Modifying the structure of the
capping reagent has the potential to further decrease back-
ground fluorescence, as shown for AsCy3_B where the rigid
structure of the 1,2-benzenedithiol cap reduces the quantum
yield (Table 1). Upon binding, the capping reagent will be
displaced, resulting in an enhanced fluorescence signal to
provide high imaging contrast. Unbound probe, despite
possible delivery concerns relating to nonspecific binding
and/or partitioning into selected organelles, should retain the
capping reagent to minimize background signals. Thus, in
addition to introducing functionalities within the cyanine
scaffold, the modularity of the arsenic capping reagent offers
the flexibility to tailor the structure of the AsCy3 as a potential
means to enhance imaging contrast.
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The ability of target AsCy3_E to label cytosolic proteins has
important practical applications, since all other biarsenical
probes are built around similar scaffolds with interarsenic
distances between 4.65 A and 4.75 A that target the same
tagging sequences (i.e, CCPGCC).”'*'"'* In comparison, the
substantially larger interarsenic distance of 14.5 A within the
cyanine scaffold enables the labeling of an orthogonal tagging
sequence (i.e, CCKAEAACC) (Scheme 2), permitting multi-
color measurements involving the simultaneous use of both
classes of biarsenical probes for live cell measurements of
protein—protein interactions. In this latter respect, the
absorbance of AsCy3_E has substantial overlap with the
fluorescence emission of commercially available FlAsH, thereby
functioning as a suitable acceptor for fluorescence resonance
energy transfer measurements.” An additional advantage of the
cyanine dyes is derived from their well-understood photo-
stability and insensitivity to environmental perturbations (e.g.,
pH) that enhance quantitative imaging applications.

In summary, the ability to selectively label tagged cytosolic
bacterial proteins for live cell visualization using AsCy3_E
provides a general method to monitor protein localization and
dynamics. Further, like other biarsenical probes, the sole
requirement for their use involves the introduction of a small
tagging sequence; rapid site-specific labeling permits measure-
ments of protein dynamics under conditions not routinely
possible using fluorescent proteins (e.g., anaerobic conditions,
trafficking into the periplasm).*® Enhanced cellular delivery
requires a net reduction in overall polarity of the Cy3 scaffold
through the introduction of methoxyester linkages; following
cellular delivery, endogenous esterases are expected to cleave
the methoxyester moieties to form carboxylates whose
increased solubility are expected to limit nonspecific protein
associations and partitioning into membranes.

B ASSOCIATED CONTENT

© Supporting Information

Additional data are available comparing labeling specificities of
AsCy3 E and AsCy3_S (Figure S1), demonstrating the
specific labeling of RpoA* (Figure S2), measurements of the
labeling stoichiometries (Figure S3), and showing variations in
the abundance of RpoA* in foci within cellular populations
(Figure S4). This material is available free of charge via the
Internet at http://pubs.acs.org.
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