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The cyanine dyes Cy3 and Cy5 have proven valuable in numerous applications involving conjugation
with proteins. Practical syntheses of lysine-selective, succinimidyl ester derivatives of these dyes have
been published, and succinimidyl esters are commercially available. However, the published syntheses
of cysteine-selective derivatives produce relatively low yields from expensive starting materials, or
produce molecules with marginal water solubility for protein labeling. We report here facile syntheses
(four steps, >50% overall yield) of iodoacetamide, sulfhydryl-reactive derivatives of the Cy3 and Cy5
fluorophores. These novel derivatives have good water solubility (>2.5 mM) and bear only one reactive
side chain, reducing possible protein cross-linking encountered with previous derivatives.

INTRODUCTION

The cyanine dyes Cy3 and Cy5, originally described
by Waggoner and co-workers (1, 2), have proven their
utility in a wide range of applications. These dyes are
bright and photostable, and are well suited to microscopy
of living cells. Lysine-reactive succinimidyl ester deriva-
tives of Cy3 and Cy5 for protein labeling can be readily
made using published syntheses (2, 3) and are com-
mercially available. Because lysine is relatively abundant
in most proteins, lysine-reactive dyes are valuable for
introducing several dyes on the same protein (i.e. in
antibody labeling for immunofluorescence staining).
Lysine-reactive dyes, however, cannot readily be used for
precise site-specific dye attachment. Site-specific labeling
is usually accomplished through conjugation to cysteine,
which is less abundant and can be introduced at the
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desired site using molecular biology approaches. Site-
specific labeling is important in many potentially valu-
able applications of the cyanine dyes, including fluores-
cence resonance energy transfer (FRET) microscopy,
where dyes must be placed to respond to protein activity
without perturbing normal biological behavior (4—6).

This paper addresses the current inaccessibility of
water soluble, cysteine-reactive Cy3 and Cy5 derivatives.
Ernst et al. have described cysteine-reactive analogues
of these dyes which are substantially less water soluble
than the lysine-reactive derivatives and are therefore
difficult to use for protein labeling. More recently, Gruber
et al. produced water-soluble cysteine-reactive derivatives
by linking the succinimidyl ester of the lysine-reactive
dyes to chains bearing different thiol-reactive groups (7).
The dyes used as starting materials for this approach are
available only in small quantities and are very expensive.
Moreover, Gruber et al. did not prepare any iodoacet-
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amido derivatives, which may be advantageous in certain
applications.

Here we describe straightforward, high-yielding syn-
theses of Cy3 and Cy5 derivatives bearing cysteine-
selective iodoacetamide reactive groups. The new syn-
theses place two water-solubilizing sulfonate groups on
the dyes, producing reagents with good water solubility
for practical protein labeling. Only a single reactive side
chain is introduced, minimizing problems with protein
cross-linking. The new dyes are referred to as neo-Cy3
and neo-Cy5.

EXPERIMENTAL PROCEDURES

Materials. Analytical grade reagents were purchased
from major suppliers.

5-Chloroacetamido-1,3,3-trimethyl-2-methyleneindo-
line (1V) and 5-chloroacetamidomethyl-1,3,3-trimethyl-
2-methyleneindoline (VII) were prepared by the method
of Gale (8, 9). The potassium salt of 2,3,3-trimethylin-
dolenine-5-sulfonate was prepared by the method of
Waggoner (2).

Methods. UV—vis spectra were measured using a
Hewlett-Packard 8453 diode array spectrophotometer.
Emission and excitation spectra were obtained using a
Spex Fluorolog 2 spectrofluorometer at 23 °C. Quantum
yields were measured using merocyanine 540 (10) or
indotricarbocyanine (11) as internal standards (12). Mass
spectra were obtained by MALDI-FT MS techniques on
an lonSpec FT MS spectrometer. *H NMR spectra of 0.5%
solutions in CD3SOCD; were recorded on Bruker DRX-
400 or DRX-500 spectrometers. The peaks corresponding
to the residual protons of CD3;SOCD; (2.49 ppm) were
used as internal reference. All operations with dyes were
performed under dim light. Flasks containing dyes were
wrapped with aluminum foil.

2,3,3-Trimethyl-1-(3-sulfonatopropyl)-3H-indolin-
ium-5-sulfonate (I). The potassium salt of 2,3,3-trimeth-
ylindolenine-5-sulfonate (2) (1.49 g, 0.006 mol, vacuum-
dried) and 1,3-propane sultone (0.80 g, 0.0066mol) were
mixed in 10 mL of dichlorobenzene and heated at 120 °C
for 12 h with stirring under nitrogen. The mixture was
cooled, 1,2-dichlorobenzene was decanted, and the solid
was washed with ether to give practically pure quater-
nary salt. The yield was 2.20 g (90%).

H NMR (500 MHz, DMSO-dg): 0 1.52 (s, 6H, 2 x CH3),
2.13 (p, 3JH*H = 7.5 Hz, 2H, CH2CH2CH2), 2.65 (t,
8Jn-n = 7.5 Hz, 2H, CH,S03), 2.82 (s, 3H, CHy), 4.61(t,
3Jy-—n = 7.5 Hz, 2H, CH,N), 7.70—8.00 (m, 3H, aromatic
ring).

2-{(E)-2-[Acetyl(phenyl)amino]ethenyl}-3,3-dimeth-
yl-1-(3-sulfonatopropyl)-3H-indolinium-5-sulfo-
nate (I11). A mixture of the quaternary salt I (2.00 g) and
N,N’'-diphenylformamidine (2.00 g) in 10 mL of acetic
acid—acetic anhydride (1:2) was heated to reflux for 2 h.
The solvent was removed on a rotary evaporator, and the
product was washed with acetone until free yellow
powder was obtained. The yield was 2.64 g (97%).

H NMR (500 MHz, DMSO-dg): 4 1.71 (s, 6H, 2 x CH3),
1.84 (p, 3Jy—n = 7.5 Hz, 2H, CH,CH,CH,), 2.15 (s, 3H,
CHsCO), 2.65 (t, 3Jy-n = 7.5 Hz, 2H, CH,S03), 4.21(t,
3Jy_p = 7.5 Hz, 2H, CHN), 5.40 (d, 3Jy-n = 14 Hz,
C=C-H), 7.50—8.00 (m, 3H, aromatic ring) 9.05 (d,
3Ju-n = 14 Hz, C=C—H).

2-{(1E,32)-3-[5-(lodoacetylamino)-1,3,3-trimethyl-
1,3-dihydro-2H-indol-2-ylidene]prop-1-enyl}-1-(3-
sulfonatopropyl)-3H-indolium-5-sulfonate (Neo-Cy3,
VI). A mixture of 1.35 g of anyl Il and 0.65 g of
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5-chloroacetamido-1,3,3-trimethyl-2-methyleneindoline 1V
was heated in 20 mL of acetic anhydride at 130 °C with
stirring under nitrogen for 45 min. The mixture was
cooled to room temperature, and the dye was separated
by filtration. The crude dye was chromatographed over
silica gel, eluting with acetone—methanol (3:1), to yield
1.15 g (71%) of pure chloroacetamido cyanine V. This dye
was refluxed for 3 h in methanol (30 mL) containing 2.0
g of sodium iodide. The solution was cooled, filtered and
concentrated in a vacuum to 10 mL. The dye was
precipitated by the addition of 100 mL of acetone to give
1.2 g of dye VI (92%). The analytical sample of the dye
was purified by HPLC on a Vydac C-18 column (no.
218TP152022, 22 x 250 mm, 15—20 um), 3 mL/min
water—acetonitrile gradient.

IH NMR (500 MHz, DMSO-dg): 6 1.74 (s, 6H, 2 x CHy),
1.76 (s, 6H, 2 x CHj3), 2.08 (p, 3Jy-n = 7.0 Hz, 2H,
CH,CH,CH,), 2.70 (t, 3Jn-n = 7.0 Hz, 2H, CH,S03), 3.71
(s, 3H, CH3, N—CH3), 3.91 (s, 2H, CHy, CHy,l), 4.30 (t,
3Jp-n = 7.0 Hz, 2H, CH,N), 6.48 (d, 3Jy—n = 13.6 Hz,
1H, C=C—H), 6.62 (d, 3Jy-n = 13.6 Hz, 1H, C=C—H),
7.48—7.90 (m, 6H, aromatics), 8.38 (t, 3Jy-n = 13.6 Hz,
C=C—H), 10.59 (s, 1H, NH—CO). MALDI-FTMS: MH*
found: 750.0746, calculated: 750.0775.

2-[(1E,3E)-4-Acetyl(phenyl)aminobuta-1,3-dienyl]-
3,3-dimethyl-1-(3-sulfonatopropyl)-3H-indolium-5-
sulfonate (I11). A mixture of the quaternary salt I (2.00
g) and malonaldehyde dianilide hydrochloride (0.65 g) in
10 mL of acetic acid—acetic anhydride (1:2) was heated
at reflux for 2 h. The solution of anyl was cooled to room
temperature and used without further purification in the
next step.

2-[(1E,3E,52)-5-(5-(lodoacetylamino)-1,3,3-trimeth-
yl-1,3-dihydro-2H-indol-2-ylidene)penta-1,3-dienyl]-
1-(3-sulfonatopropyl)-3H-indolium-5-sulfonate (neo-
Cy5, VIII). The solution of anyl 111 was mixed with 1.39
g of 5-chloroacetamidomethyl-1,3,3-trimethyl-2-methyl-
eneindoline VII. The mixture was heated to 120 °C for
20 min and cooled to room temperature. The diethyl ether
was added to the mixture to precipitate the dye. The
crude dye was chromatographed over silica gel, eluting
with acetone—methanol (3:1), to yield 2.14 g (61%) of pure
chloroacetamido cyanine (VI1I1). This dye was refluxed in
30 mL of methanol containing 2.0 g of sodium iodide for
3 h. The solution was cooled, filtered, and concentrated
in a vacuum to 10 mL. The dye was precipitated by the
addition of 100 mL of acetone to give 2.30 g (95%) of dye
IX. The analytical sample of the dye was purified by
HPLC on a Vydac C-18 column (the same condition as
for neo-Cy3 dye).

IH NMR (400 MHz, DMSO-dg): ¢ 1.67 (s, 12H, 4xCH3),
1.98 (p, 3Jy-n = 7.3 Hz, 2H, CH,CH,CH,), 2.67 (t,
3Jp-n = 7.3 Hz, 2H, CH,S03), 3.60 (s, 3H, CH3;, N—CHy),
3.71 (s, 2H, CHy, CHyl), 4.28 (t, 3J4-n = 7.3 Hz, 2H,
CHzN), 4.32 (d, 3JH—H =56 Hz, 2H, CHZ_NH), 6.28 (d,
8Jp-n = 14.1 Hz, 1H, C=C—H), 6.40—8.60 (m, 11H).
MALDI-FTMS: MH*found: 790.1078, calculated: 790.1088.

Preparation of Neo-Cy3—Cysteine Conjugate. A
30 mg amount of neo-Cy3 dye was added to 30 mg of
cysteine in 2.0 mL of NaHCO3;—Na,CO; buffer (pH = 8.0),
and the mixture was stirred for 2 h at room temperature.
Silica gel TLC (CH3CN—H,0: 90—10) showed complete
consumption of starting dye. Several drops of hydrochlo-
ric acid were added to the mixture until pH =5, and the
conjugate was isolated by preparative HPLC on Vydac
C18 column (same condition as for neo-Cy3 dye).

IH NMR (500 MHz, DMSO-dg): 6 1.74 (s, 6H, 2 x CHy),
1.76 (s, 6H, 2 x CHj3), 2.08 (p, 3Jy-n = 7.0 Hz, 2H,
CH,CH,CH,), 2.70 (t, 3Jy-n = 7.0 Hz, 2H, CH,S03), 3.71
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Scheme 1. Synthesis of Acetanilidovinyl Salts?
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a Reagents and conditions: (1) propane sultone, 120 °C; (2)
diphenylformamidine, Ac,0O; (3) malonaldehyde dianyl monochlo-
ride, AcOH—AC0.

(s, 3H, CHs, N—CHy), 3.91 (s, 2H, CH,, CHal), 4.30 (t,
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Scheme 2. Synthesis of the Dyes?
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1H, C=C—H), 6.62 (d, 3Jy_n = 13.6 Hz, 1H, C=C—H),
7.48—7.90(m, 6H, aromatics), 8.38 (t, 3Jy-n = 13.6 Hz,
C=C—H), 10.59 (s, 1H, NH—-CO). MALDI-FTMS: MH*
found:743.1868, calculated: 743.185.

Protein Labeling. A fragment of Wiskott Aldrich
Syndrome Protein (WASP, residues 201—320), mutated
to contain a single cysteine (F271C), was labeled with
Cy3 and separately with Cy5 dye. A stock solution of the
dye in DMSO (10—20 mM) was added to 200 uL of protein
solution (200 M in sodium phosphate buffer, pH = 7.5),
to produce a final dye concentration of 1—2 mM. The
reaction mixture was incubated for 4 h at room temper-
ature and then quenched by addition of 1 uL. mercapto-
ethanol. The reaction mixture was spun at 12000 rpm
for 2 min to remove any precipitates, which might have
formed during the reaction, and the supernatant was
purified using G25 sepharose gel filtration. The dye—
protein adduct was clearly separated from free dye during
gel-filtration. Purity of the conjugates was confirmed by
SDS—PAGE electrophoresis. No free dye was seen in
purified protein conjugates. Control samples of free dye
were clearly visible on the gel at lower MW than protein.
Conjugates formed single, highly colored fluorescent

—_—

\

N(Ac)Ph

a2 Reagents and conditions: (1) AcONa, Ac,0, 120 °C; (2) Nal, MeOH, 65 °C.
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neo-Cy3

Figure 1. Structure of cysteine-reactive neo-Cy3 and neo-Cy5 dyes and previously described (1) Cy3.2-1A and Cy5.4-1A dye.

Table 1. Absorption and Fluorescence Data for Neo-Cy3,
Neo-Cy5, and Labeled Substrates

absorption,
Amax/nm emission,
dye solvent  (ea/M71) Amaxinm  @°
neo-Cy3, VI PBS® 551 (98 000) 573 0.02

MeOH 563 (95 000) 583 0.03
DMSO 573 (97 000) 595 0.06
neo-Cy5, IX PBS 643 (170 000) 660 0.10
MeOH 648 (200 000) 665 0.22
DMSO 656 (195 000) 675 0.25
neo-Cy3-cysteine PBS 552 (107 000) 573 0.02
neo-Cy3-WASP fragment PBS 551 (100 000) 572 0.02
neo-Cy5-WASP fragment PBS 647 (180 000) 664 0.13
Cy3.2-1Ad EtOH 565 (116 000) 590 0.07
Cy5.4-1Ad EtOH 652 (128 000) 669 0.27

a Extinction coefficient, error is £5%. ® Quantum yield of fluo-
rescence, error is £10%. ¢ Phosphate-buffered saline. @ Reference
1.

protein bands with molecular weights corresponding to
the WASP fragment. The dye-to-protein ratio was cal-
culated by measuring protein and dye concentrations
using absorbance spectroscopy as previously described
(13). In each case this ratio was between 0.9 and 1.0.

RESULTS AND DISCUSSION

The most widely used thiol-reactive groups for protein
modification are maleimide and iodoacetamide. Maleim-
ide adducts have disadvantages in that they can hydro-
lyze, thereby causing significant changes in the fluores-
cence of protein conjugates, and they can undergo a
nucleophilic ring-opening reaction with amines to yield
cross-linked protein products (13). We therefore chose the
iodoacetamide group as the reactive side chain for the
new dyes. They contain one reactive side chain rather
than the two found in some earlier derivatives. This
abrogates problems of protein cross-linking and inhomo-
geneous conjugation sometimes seen during labeling.

The synthesis of both new cyanine dyes was ac-
complished using the same general method (14), in which
Fischer’'s bases IV and VII were condensed with acet-
anilidovinyl salts Il and 111 (Scheme 2). These straight-
forward syntheses produced the dyes in four steps with
overall yields of 57% (neo-Cy3) and 50% (neo-Cy5). The
reactivity of these iodoacetamido dyes was verified by
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Figure 2. Normalized absorbance and fluorescence spectra of
neo-Cy3-WASP (A) and neo-Cy5-WASP (B) conjugates in PBS
(pH = 7.4), concentrations 1 uM.

facile formation of conjugates with cysteine and with
purified protein (see Materials and Methods).
Importantly, the neo-Cy dyes bear two sulfonate groups
(Figure 1), and this leads to excellent water solubility
(neo-Cy3, 3 mM; neo-Cy5, 2.5 mM), bringing accessible
concentrations into the range typically used for protein
labeling. The fluorescence properties of the neo-Cy dyes
are given in Table 1. The quantum yields, extinction
coefficients, and fluorescence maxima of the neo-Cy dyes
deviate little from those reported for Cy3 and Cy5. As
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with Cy3 and Cy5, the absorbance and emission maxima
of the new dyes show little solvent sensitivity, while the
guantum yields are greater in more hydrophobic (metha-
nol) or more viscous (dimethyl sulfoxide) solvents (Table
1) as was previously reported for many polymethine dyes
(15). The main nonfluorescent deactivation path for the
exited state of cyanine dyes is photoisomerization around
the central double bond, and the rate of this photo-
isomerization becomes smaller as hydrophobicity or
viscosity of the solvent increases (15).

Attachment of the dyes to cysteine or to a protein (a
fragment of WASP, see Materials and Methods) did not
alter the dyes’ favorable fluorescence properties (Table
1, Figure 2).

Both the absorbance and fluorescence spectra are
similar to spectra of free dyes, indicating that there is
no quenching of fluorescence after attachment of dyes to
protein.

CONCLUSION

The many published applications of the original Cy3
and Cy5 dyes attest to their value. We hope that the
straightforward syntheses presented here will make
cysteine-reactive derivatives accessible to more research-
ers.
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