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Abstract Donor —linker —acceptor (DSSA) is a concept in
fluorescence chemistry with acceptor being a fluorescent com-
pound (FRET) or quencher. The DSSA probes used to mea-
sure thiol levels in vitro and in vivo. The reduction potential of
these dyes are in the range of —0.60 V, much lower than the
best thiol reductant reported in literature, the DTT (—0.33 V).
DSSA disulphide having an unusually low reduction potential
compared to the typical thiol reductants is a puzzle. Secondly,
DSSA probes have a cyclized rhodamine ring as acceptor
which does not have any spectral overlap with fluorescein,
but quenches its absorbance and fluorescence. To understand
the structural features of DSSA probes, we have synthesized
DSSANa and DSSAOr. The calculated reduction potential of
these dyes suggest that DSSA probes have an alternate mech-
anism from the FRET based quenching, namely hydrophobic
interaction or dye to dye quenching. The standard reduction
potential change with increasing complexity and steric hin-
drance of the molecule is small, suggesting that ultra- low Eo’
has no contribution from the disulphide linker and is based on
structural interactions between fluorescein and cyclized rho-
damine. Our results help to understand the DSSA probe
quenching mechanism and provide ways to design fluorescent
probes.
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Abbreviation
DSSA Donor-Disulfide linker—acceptor
DSSA,; —DSSA Probe with cystamine as a linker,

DSSA,, —DSSA probe probe with
diaminophenyl disulfide as a linker
Probe with 2,2’-dithiodi
(1-naphthylamine) as a linker
Probe with o-diamino diphenyl
disulphide as a linker

DSSAN, — DSSA

DSSAq, — DSSA

FRET Forster (Fluorescence) resonance
energy transfer, chemiluminescence
resonance energy transfer (CRET)

Introduction

Dithiols plays an important role in biology. They form the
basis of redox state in cells to give active confirmation for
proteins. Cysteine is responsible for forming disulphides in
proteins and glutathione (GSH) mediates the redox state inside
cells by switching between reduced and oxidized glutathione
(GSH/GSSQG) [1, 2]. Most aquatic organisms like zebra fish
have thiol rich proteins in chorion to protect the embryo’s
heavy metal contamination [3, 4]. The switch between re-
duced and oxidised form help the capture and release of heavy
metal toxins like Hg, Pb present in water. Considering the
quantum of pollutants released in fresh water (aquatic bodies)
every year the survival of the aquatic species is due to the in
built redox mechanism and switch of SH/S-S of chorion
proteins. But the extent of the variability of the thiol redox
state within different cellular micro environments is not well
understood. To address this we reported a set of fluorescent
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probes called DSSA probes comprising of a donor and accep-
tor separated by a disulphide [5]. The DSSA probe for in vivo
fluorescent imaging of cells and organisms has taken a rapid
flourishing and there are more than forty different fluorescent
probes reported in literature for thiol determination [6—14].
Some of these are now sold commercially for mitochondria
imaging systems based on cyclized rhodamine chemistry [15].
FRET probes are the most commonly use in biological appli-
cation, There are different types of FERT base probes are
reported in literature [16, 17]. Qualitative measurement of
cellular thiols in cells using the DSSA probes has grown to a
separate fluorescence field. The thiol measurement tools of-
fered by DSSA system are unique that it measures the redox
state inside cell without affecting the cellular redox state as
shown in Fig. 1. The best thiol reductant known in literature is
DTT and it has standard reduction potential of —0.33 V [18].
The DSSA probes are disulphides and surprisingly carry a
redox potential of —0.6 V and still have no significant effect on
the cellular redox state. Even the standard reductions potential
of other common reductants like BME (-0.26 V) and TCEP
(-0.34 V) [5, 19, 20] are not even in the reach of the redox
potential of DSSA probes. Understanding the unusually low
redox potential of DSSA probes offers designing in vivo
imaging tools for biochemists and cell biologists.

Thiol Reactive Probes

Redox state inside cell is a result of dynamic equilibrium of
GSH/GSSG and protein thiols. Hence, static probes like thiol
reactive compounds provide only information of redox state at
a given time and not the dynamic equilibrium, hence redox
sensitive FRET probes were developed for measuring GSH/
GSSG inside the cell [21] . The examples of static probes used
for thiol quantitation in vitro are DTNB, maleimide substitut-
ed compounds, acid chlorides, NBD-F, etc. [22]. Inside cell
thiol associated enzymes like thioredoxin, glutathione s-
transferase, glutathione oxidase etc. rebalance the GSH/
GSSG equilibrium [23, 24]. The total thiol concentration of
a cell inclusive of GSH, GSSG, protein thiols constitutes
about 100 mM and a thiol reactive compound of 100 mM
cannot be introduced inside a living cell. Hence, none of the
thiol reactive probes are useful for in vivo imaging of live cells

[6-14]. Difference in using dithiol probes and thiol specific
reagents for in vivo applications and their reaction mechanism
is as discussed in Fig. 1, Q is a static probe and reacts with a
thiol RSH and gives RSQ. If probe Q is used to monitor
changes in concentration of thiols in real-time, the probe Q
is consumed within first few seconds due to large excess of
thiols (Le Chatlier’s principle). Using static probes provides
only minimal information about redox state and has to be done
only by dithio probes which participate in the GSH/GSSG
oxidation-reduction mechanism. However, the 100 mM con-
centration of thiols inside cells necessitates use of fluorescent
dithiol probes of very low reduction potential like DSSA
probes. DSSA probes offer a simple way to measure changes
in intra cellular thiol levels by switching between oxidized and
reduced forms.

Functioning of DSSA Probes & Lack of Understanding
of Mechanism

It is well documented that disulphides inside cells participate
in thiol exchange and the DSSA probes are reported to par-
ticipate in similar exchange process. Due to DSSA probe’s
low standard reduction potential, they are difficult to reduce
and could survive in an extremely thiol rich environment with
just 1-10 uM probe. Fig 1 explains the uniqueness of DSSA
probes in reaction with thiols. The DSSA probes in general
prefer to stay in oxidized form and have very low reduction
potential. We reported that a 10 uM DSSA probe can stay
partially in oxidized form even in the presence of 10—100 mM
DTT [5]. We also reported that two dithiol probes DSSA 4, &
DSSA,; the molecule structure as shown in Fig. 2, can the
cross cell membrane due to turn on/off mechanism [5] of the
cyclized Rhodamine group [25-33]. Hence, DSSA probe in
mM concentration of thiol creates a dynamic equilibrium
wherein depending on the concentration of free thiols, the
DSSA probe stays in either oxidized or reduced form. The
mechanism of DSSA probes is still a puzzle and how did
DSSA probes possess a reduction potential lower than protein
reductants like DTT, TCEP and BME and a 10 uM DSSA
probe can stay oxidized in presence of 10 mM thiol need to be
understood. The fluorescence based reduction potential deter-
mination needs to be understood in the context of structural

Fig. 1 Difference of using dithiol RSH + DSSA e RSSD +RSSA+DSH+ASH+RSH+DSSA
probes vs thiol specific reagents <
for in vivo applications 100mM 1-10puM Dynamic equilibrium - If thiol conc. changes
inside cell, the fluorescence change
RSH RS
i + — RsQ
100mM 1-10pM LeChatlier's principle- If one of the
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Fig.2 The structure of disulphides synthesized in Reference- 5 (DSSA
& DSSA4))

(EtoN

features of these dyes like dye to dye interactions involving
hydrophobic effects, steric hindrance, static and dynamic
quenching [34]. We attempted to understand these effects
using two new DSSA probes which carry the similar structural
features of original DSSA, and DSSA,, but having an even
lower reduction potential.

Materials and Methods

Reagents: 2-amino phenyl disulphide, Rhodamine-B, FITC,
Chloroform, acetonitrile, 2, 2’-dithio di (1-naphthyl amine),
BOP reagent, DTT, TCEP, BME and HEPES were purchased
from Sigma Aldrich. The fluorescence spectra were recorded
on a Shimadzu spectro fluorophotometer RF-5301PC.
Absorbance readings were done on a Beckman-Coulter DU
700 UV/VIS spectrometer. All spectral readings reported in
this document were done in 100 mM Tris buffer, pH 8.2.

Synthesis of DSSA Probes

DSSA probes were synthesized using the protocol reported by
our group [5]. In brief, the diamino-diaryl-disulphide is
reacted with rthodamine B in 4:1 acetonitrile/chloroform in
the presence of triethyl amine and BOP reagent for 15 h at
room temperature. The mono substituted rhodamine amide is
purified by silica gel (230-400 mesh) using 20 % ethyl acetate
in hexane. The purified amide is reacted with FITC in acetone
at room temperature for 12 h. The final DSSA probes are
purified by silica gel chromatography using 30 % hexane in
ethyl acetate. Overall reaction yield of DSSAq, is 10 %,
DSSAn, yield is 6 % (Scheme | & 2).

COOH
I N o
Et—p e F NH» HoN

1. BOP reagent
2. Triethyl amine
3. Acetonitrile/CHCI3,rt 15h

S

FITC,Acetone,Et3N,rt,16h

(Et)oN

~S )y O COOH
Ot ﬁ”o

Scheme 1 Synthesis of DSSAe,. Rhodamine B is reacted with O-amino
diphenyl disulphide reacted in presence of BOP reagent and triethyl
amine as reported in Ref 5. The resultant non-fluorescent cyclized rho-
damine product is reacted with FITC to obtain DSSAo,

>
408 " -
e Et NH
Etx,y 0 N 2
Et Et

1. BOP reagent
2. Triethyl amine
3. Acetonitrile/CHCI3,rt 15h

®
Q) Z
AR

FITC,Acetone,Et3N,rt,16h

(EtN

Scheme 2 Synthesis of the DSSAy, followed by same procedure like
DSSAo; (Scheme 1) using 2, 2’-dithio di (1-naphthyl amine) as a starting
material
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Purification of Probes for Characterization and Fluorescence
Studies

DSSA dyes are purified by repeated preparative TLC to obtain
necessary purity for CHN analysis. The same product is used
for absorbance and fluorescence studies.

DSSAnNa: Found (expected): C 71.37 (71.30), H 4.78
(4.77), N 6.05 (6.02), Mass: 1162.3292 (1162.3993)

"H NMR (acetone-d6): 9.4 (s, 1H), 9.2 (s, 1H), 9.1 (s, 1H),
8.2 (1H), 7.9 (2H), 7.6 (2H), 7.5 (6H), 7.4 (2H), 7.0 (2H), 6.8
(2H), 6.6 (2H), 6.5 (8H), 6.4 (2H), 6.2 (2H), 3.3 (8H), 1.3
(12H).

3C NMR (acetone-d6): 207, 186, 166, 165, 161, 156, 154
(two peaks), 146, 140, 135, 134 (four peaks), 132, 130, 129,
127 (six peaks), 125, 124 (four peaks), 116, 112, 110, 109,
107, 105, 101, 98, 47, 13.

DSSAo,: Found (expected): C 68.99 (68.97), H 4.87
(4.84), N 6.62 (6.59), Mass: 1062.2985 (1062.2819) 'H
NMR (acetone-d6): 9.5 (s, 1H), 9.3 (s, 1H), 9.1 (s, 1H), 8.2
(1H), 7.6 (2H), 7.7 (6H), 7.4 (2H), 7.1 (1H), 7.0 (3H), 6.5
(8H), 6.4 (2H) 6.2 (2H), 3.4 (8H), 1.2 (12H).

3C NMR (acetone-d6): 203, 182, 167, 165, 158, 154, 153
(two peaks), 147, 140, 137, 134, 133 (three peaks), 131, 130,
128 (six peaks), 124 (three peaks), 117, 113, 110, 109, 106,
104, 100, 98, 44, 12.

Results
Absorbance and Fluorescence of DSSA Probes

The absorbance and fluorescence spectra of synthesized mol-
ecules are similar to the DSSA probes reported earlier. The
ortho phenyl (DSSAq;) or naphthyl rings (DSSA.) do not
participate in the conjugation of fluorescein ring and the
spectra are similar to DSSA 4. This study is to find correlation

0.35
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0.15 ~=DSSAOr
Absorbance 1
0.1 ===DSSANa
0.05

0
005 400 450 500 550 600 650
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between the structure of the molecules and their standard
reduction potentials. Hence, comparison of the structure of
molecules and their redox potentials can be done in the present
study only if fluorescence and absorbance spectra are similar
[5]. The DSSAy, had a slightly lower intensity when com-
pared to DSSA, at the same concentration of dye as shown in
Fig. 3, but the change is not too significant and hence both
DSSAq, and DSSAy, are good model compounds.

Determination of Standard Reduction Potentials

The procedure followed is as reported earlier by our group and
a detailed discussion was done in the earlier publication [S] on
calculating each of the involved terms. The standard reduction
potentials of DTT (E®=-0.33 V) from reference [18] and
standard reduction potential of TCEP is —0.32 V from our
earlier publication [5]. A reaction between DSSA probe and
TCEP can be considered as a Ej reaction.

Hence, Ecei=Ecathode Eanode

Ece=Epssa — Ercep

Epssa=EcentErcep
The Ercgp reported by our group is —0.32 Vand it is used to

determine the Epgga [5]. The standard reduction potentials of
disulphides synthesized in Ref 5 (DSSA,, & DSSA,)) and
thiol reductants (DTT & BME) are given in Table 1. The
standard reduction potentials of disulphides synthesized in
this study (DSSAp, & DSSAy.,) are given in Table 2. The
detailed procedure of standard reduction potential calculation
including the explanation of each term is given in Table 3A.
Table 3B provides the calculation of standard reduction po-
tential of (Epssana) and Table 3C provides the calculation of
standard reduction potential of (Epssaor)-

Reactivity of DSSA Probes With Different Reductants

We studied the fluorescence response of DSSA probes in the
presence of TCEP and DTT and the results are given in Fig. 4.

140
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0

'20500 50 540 560 580 600 620 640
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Fig.3 The absorbance and emission spectra of DSSA, and DSS Ay, respectively. The concentrations used for the study are 125 uM (absorbance) and

2.5 uM (fluorescence)
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Table 1 Standard

reduction potentials of Compound E® (V)
disulphides developed in
this study in Ref 5 DTT —033
(DSSAx: & DSSAL) TCEP —0.32
and thiol reductants BME ~026
(DTT & BME)
DSSA,, —0.66
DSSA, —0.604

The probe was used at 2.5 M concentration and the study
was done in 100 mM Tris pH 8.2 buffer. Increase in fluores-
cence is monitored over time and the fluorescence response at
different concentrations is studied.

Purification of DSSA Probes

We purified DSSA compounds using preparative TLC and
these rhodamine derivatives switch between cyclized and non-
cyclized form in the presence of acidic silicagel as shown in
Fig. 5. For obtaining the pure compounds for spectral studies,
the DSSA probe from silica gel was extracted with methanol,
concentrated and suspended in chloroform.

Discussion
Nomenclature & Synthesis of DSSAq, and DSSAy,

Dr. Daniel Sem coined the DSSA probe word and it means a
fluorescence donor and acceptor are separated by a disulphide
bridge. The subscript ‘Ar’ means the disulphide has an aryl
ring and ‘Al’ means the disulphide bridge has an aliphatic
linker. DSSA 4, was a model compound reported by Dr. Sem’s
group and had higher E° compared to E° of molecules of the
present study [5, 35]. The shift from aliphatic chain to aro-
matic chain has caused —0.06 V decrease in E°. With respect
to flexibility of disulphide bridge DSSA,, is expected to
possess a better structure for hydrophobic interactions com-
pared to DSSA 4. But as it was proven by Timothy (2011) that
7t- 7T interaction in the DSSA probes determines the structure
of the dye and DSSA,; has better quenching helped by 7
interaction of benzene ring in 4-di amino diphenyl disulphide
with attached fluorophores [36]. This conclusion was based

Table 2 Standard

reduction potentials of Compound E° (V)
disulphides developed in

this study DSSAo, & DSSAo: —-0.697
DSSANa DSSANa —0.693

on two compounds reported in [5] and necessiate further
study. Ifthe linkers can quench the fluorescence of fluorescent
probes due to 7t- 7t interactions, going from benzene ring to
naphthalene ring should provide a significantly lower standard
reduction potentials. There are two possible 71- 7t interactions
in DSSA probes and one is coming from the linker and the
other is due to the interaction between fluorescein and
cyclized rhodamine.

We used DSSA,, as a model compound and synthesized
DSSAo; and DSSAy.. DSSAo, is the exact same compound
as DSSA,, except the linker is 2, 2’-diamino diphenyl di-
sulphide. The ortho position of amine and sulphur gave a
sterically crowded DSSA probe with same fluorescence and
absorbance as DSSA 4. DSSAy, is an analogue of DSSAq,
except benzene ring is occupied by naphthalene ring in the
linker and has increased steric hindrance at the disulphide
ring. The synthesis of these molecules was difficult due to
the low yields and need for repeated purification on prepara-
tive TLC due to the streaky nature of these dyes on silica. Use
of a drop of acetic acid has helped in separation of these dyes
in mobile phase (but removal of acetic acid became tough)
process. Hence, the last two preparative TLC was done in the
same mobile phase in the absence of acetic acid. Fig 5SA shows
that after the reaction of rhodamine with an amine gives a non-
fluorescent compound. Fig 5B shows that the rhodamine ring
becomes fluorescent within 10 min due to the acidity of the
silica gel. The cyclized and open forms in the context of
DSSA probes are discussed earlier using buffers with different
pH elsewhere [5]. But purification of DSSA probes done
using preparative silicagel requires the extraction with meth-
anol to extract both cyclized and non-cyclized DSSA probes.
Upon concentration of methanol, the solid was resuspended in
chloroform or dichloromethane to convert the DSSA probes to
non-cyclized form.

DSSAN, and DSSA, Reactivity With DTT & TCEP

As designed, these two new DSSA probes absorbance and
fluorescence spectra have similar characteristics as DSSA 4.
The reaction with thiols is also similar albeit slower as the
complexity and steric hindrance have increased. TCEP was
the most reactive reductant followed by DTT [37]. DTT has
given less F,,x compared to TCEP similar to our earlier
observations [5]. We found it interesting to see if DSSA
probes can be reduced by DTT equivalent to TCEP. DSSAy.
and DSSAq, have similar reactivity towards DTT and TCEP.
Fig 4 shows the reactivity of different concentrations of DTT
and TCEP with the disulphides of this study. Among the tested
reductants, TCEP is the best reductant and it affected both
absorbance and fluorescence spectra of the dyes.

We heated the DSSA probes along with DTT at 60 °C and
observed that the F ., obtained using TCEP and DTT at 60 °C
is similar. Heating TCEP with DSSA probes did not yield any
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Fig. 4 Shows the reactivity of different concentrations of DTT and TCEP with DSSAy, and DSSA(,

improvement in F ., indicating that 200 mM TCEP has
reduced the DSSA probe completely. Complete reduction of
5 uM DSSA probe requires 200 mM TCEP for few hours’
shows the robustness of these dyes for in vivo applications.
The DSSA probes were designed to be highly resistant to the
reduction in thiol rich cellular environment (about 100 mM of
thiols) and they were proven to serve the purpose intended.

Significance of Reduction Potential of DSSA Probes

Increasing complexity and steric hindrance in the DSSA
probes has lowered the E° making them highly resistant to
reduction. The change in E® between DSSAA; and DSSA4,
was significant as reported in Ref [5] and our approach of
increasing steric hindrance did not result in significant change
in E°". This confirms that the linker has minimal role in E and
the change observed between DSSA ,; and DSSA 4, is due to
the 7t- 7t interactions between fluorescein and cyclized rhoda-
mine. Even the ‘ortho’ to ‘para’ switch in linker (DSSA,, vs
DSSA(,) has minimal contribution to E®> as shown in Table 1
& 2. The hydrophobic interactions between the dyes (fluores-
cein and rhodamine) need to be studied more deeply as the

FRET partner rhodamine is in cyclized conformation.
Rhodamine B upon reaction with an amine forms the amide
which forms a cyclised lactum and is non-fluorescent and the
ring opening and closing is reversible in presence of acid as
shown in Fig. 5.

During synthesis and purification of DSSA probes the
compounds are non-fluorescent on TLC plates but after few
minutes, the UV visible spot becomes red in color due to
acidity of silica gel. As rhodamine ring is in cyclized form at
pH-7.4, it is not expected to participate in FRET quenching of
fluorescein ring. As discussed in Fig. 6 the fluorescence
quenching of fluorescein is governed by following equation

Total quenching = FRET + hydrophobic m—r interactions

due to linker(L) + Hydrophobic 7— interactions of
Sfluorescein and cyclized rhodamine (P)

(1)

The FRET contribution in DSSA probes is zero and hence
all the quenching observed is due to the hydrophobic 7-7t
interactions (L+P). This is evident from no drop in E® for
DSSAy. due to shift from benzene based linker to

@ Springer



1304

J Fluoresc (2014) 24:1297-1306

UV Light

After10 min

o

1 2 3 4 5 6 7 8 9
(a) (b) (©)

Fig. 5 Visual appearances on silicagel TLC plates and concept of acidic
ring closure/opening. Plate A shows the reactant (1), product (3) and
reactant+product (2). Plate A shows that after reaction of rhodamine B
with diamine, the product loses its characteristic red color on the TLC
plate. Plate B is plate A after 10 min. During 10 min, the acidic nature of
silica gel on TLC plate opens the ring of thodamine B. This clearly shows
that rthodamine B is cyclized after reaction with diamine and becomes
fluorescent only under acidic conditions. Plate C is same as plate A but
under UV 365 nm illumination. The spot 7 is fluorescent (thodamine B)
compared to spot 9 which still has brownish tinge indicating that product
is not fluorescent

naphthalene. DSSAy;, has slightly lower absorbance and fluo-
rescence intensities compared to DSSA, because the naph-
thalene ring also participated in hydrophobic 7t-7t interaction
and hence quenches the fluorescein fluorescence (Fig. 3). As

the 7t-7t interactions are a ground state interactions, the E°
calculation might have a contribution from the 7t-7t interaction
terms (L+P), which cannot be measured individually by fluo-
rescence. By synthesizing DSSAy, and DSSAq, we could
identify that the contribution of L term in Equation 1 is
negligible. The ground state interaction is also established
by the fact that heating the DSSA probes with DTT at 60 °C
gave F ., similar to TCEP. The hydrophobic structures of
DSSA probes are flexible and at higher temperature are more
accessible to the reductants. Though DSSA probes have initi-
ated plethora of publications for synthesis of FRET based
probes [6—14], this study proves that DSSA probes follow
the hydrophobic 7t-7t quenching and may not be classified as
FRET probes. Surprisingly, these probes can’t be classified
similar to quencher based Tagman probes either. Though
ground state dye to dye quenchings are reported in literature,
they never have been used for design of fluorescent probes for
specific applications and DSSA probes are the first in that line.

Significance of Change in Absorbance Spectra of DSSA
Probes

A change in absorbance spectra of DSSA probes indicates that
there is ground state quenching of the fluorescein compound.
When a quencher is attached to a fluorescent compound,
changes in emission spectra are common. But, as shown in
Fig. 5A, the rhodamine exists in cyclized form and in our
earlier paper, we have shown that even at pH 5 only a small
percentage of rhodamine exists in open form and participates
in FRET with fluorescein. In this study we used intentionally
100 mM Tris at pH 8.2 as buffer to eliminate the possibility of
FRET contribution from rhodamine in fluorescein quenching.
The quenching observed in absorbance spectra has no contri-
bution from absorbance or emission of rhodamine ring in

Fig 6 Possible fluorescence DSSA —_—— D—sS
quenching mechanism in DSSA o i
probes. The total quenching Dithio probe (a) A—S
experience by donor is equal to Quenching of donor fluorescence because of
sum of quenchings contributed by hydrophobic interaction between dyes (d)
hydrophobic and FRET
interactions

i D D

L ] \

S—S\
—_——
A

FRET between donor and acceptor (c)

Non-planar existince of donor and acceptor

- no affect on quenching (b)
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DSSA derivatives. Our current understanding of fluorescence
chemistry suggests that the spectral overlap is a must for
quenching and the quenching offered by hydrophobic inter-
actions are very minimal. This perception probably requires
relook due to the reported results from this paper and reference
[5]. The hydrophobic interaction is a general term for non-
spectral interactions between two molecules and it will be
based on chemical or structural interactions. The exact orien-
tation of the fluorescein and cyclized rhodamine groups in
DSSA probes can be understood only by crystallographic
studies and our efforts as of now in obtaining single crystal
of DSSA probes were unsuccessful.

Impact of This Study on Future Design of Fluorescent
Compounds Based on 7t-7t Interactions

Though FRET and static quenching are known for a long time,
design of fluorescent probes specially utilizing static
quenching is rare. This is partly due to the requirement of
ratiometric determination of two fluorophores to quantitate the
analyte in vivo. But the FRET probe efficiency is related to
quite few parameters like overlap integral of donor fluores-
cence and acceptor absorbance J (A). In Fig. 7 we show two
hypothetical fluorophores with spectral overlap integral J (A)=
0 (example Rhodamine B & an Infrared dye). By conventional
wisdom of FRET these two dyes can never be used as a FRET
pair, but the results presented in this paper suggest a relook at
possibility of using fluorophores with no spectral overlap as
FRET pairs. The DSSA probe has only one fluorophore and

= Donor Emission

- Acceptor Absorbance

500 550 600 650 700 750 800 850 900

Fig7 Schematic representation of the two different fluorophores spectral
overlap integral J (A\)=0 (example Rhodamine B & an Infrared dye). By
convention wisdom of FRET these two dyes can never be used a FRET
pair, but the results presented in this paper suggests a relook at possibility
of using fluorophores with no spectral overlap as FRET pairs. The DSSA
probe has only one fluorescence compound (fluorescein) and the second
molecule in structure is a non-fluorescent compound (cyclized rhoda-
mine) suggesting that even a non-fluorescent compound can quench
fluoresce. Though Tagman probes use similar quencher based systems,
the quenchers share a spectral overlap with fluorescent compound (FAM
and BHQ-1 are example for it). The DSSA probes have a third mecha-
nism for quenching with is purely hydrophobic in nature

the cyclized rhodamine is a non-fluorescent compound, sug-
gesting that even a non-fluorescent compound can quench
fluorescence. Though Tagman probes use similar quencher
based systems, the quenchers share a spectral overlap with
fluorescent compound (eg: FAM and BHQ-1) [38]. The
DSSA probes have a new mechanism for quenching with
interactions purely hydrophobic in nature. Foster radius be-
tween donor and acceptor, quantum efficiency of donor, ori-
entation of donor and acceptor etc. often make the choice of
fluorescent molecules difficult [39].

Most of the parameters discussed above are dependent on
the biomolecule used, or dependent too much on the inherent
properties of donors and acceptors and less to do with the skill
of the researcher. But this study proves that static quenching
can help design similar FRET probes with virtually no spectral
overlap [40]. It is because the quenching is caused by 7-7t
interaction and hence a near IR probe having absorbance
maximum of 1,000 nm can still quench fluorescence of a
compound with Ay, of 600 nm by hydrophobic interaction
having J (A)=0. This removes the current limitation on the
selection of fluorescent probes for FRET applications. As the
hydrophobic interactions are known to work over an area of
1,000 nm, designing fluorescent application becomes simple
and offers more versatility for biochemist.

Conclusion

This study has given four important informations for fluores-
cence chemistry

a) The synthesis of DSSA(, and DSSAy, and their respec-
tive E° has suggested that the ultra-low reduction poten-
tials observed in DSSA probes is independent of steric
hindrance.

b) The standard reduction potential of DSSA probes is min-
imally influenced by the functional groups indicating the
ultra-low E® is mostly coming from the interaction be-
tween fluorescein and cyclized rhodamine.

¢) The rhodamine ring in DSSA probes is in cyclized form
and do not possess any excited state interactions with
fluorescein. Quenching in DSSA probes is based on hy-
drophobic interactions and not FRET based.

d) This study suggests that FRET probe design need not be
based on J (A), and the biochemist could select any
fluorescent probe if the donor-acceptor pair is based on
hydrophobic 7t-7t interactions, making the typical param-
eters like Forster radius in fluorescence chemistry irrele-
vant. This conclusion is based on a single group of
compounds (DSSA) and needs further study to validate
this hypothesis.
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