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Through-bond Energy Transfer Cassettes

Aurore Loudet, Cliferson Thivierge, and Kevin Burgess*

Department of Chemistry,
Texas A & M University,
Box 30012, College Station, TX 77841, USA

Through-bond Energy Transfer
What Is It?

Fluorescence resonance energy transfer (FRET) is one means
by which energy can relay between fluorophores in close
proximity.  Underlying theories for FRET, as described by
Forster,™ highlight its physical limitations: distance between the
donor and acceptor is the most important, but others include
orientation between the fluor transition dipoles, and the overlap
integral. Overlap integral represents the intersection of the
donor fluorescence with the acceptor absorbance;'® poor
overlap gives inefficient energy transfer (Figure 1).9

Unlike FRET, energy transfer can occur through bonds in
which a donor relays energy to an acceptor predominantly via
twisted m-electron systems. These have been investigated in
materials research®® and for model photosynthetic systems; %"
while our group was the first to form fluorescent labels for
biotechnological applications' using this concept.’®?% Theories
describing through-bond energy transfer (TBET) are vague;
indeed, TBET may really be a summation of several means of
transferring energy. These mechanisms may operate
simultaneously with FRET, but are usually much faster.

The Overlap Integral in FRET

th

FRET-based ET

VRS

through space
energy transfer

There are at least two key differences between through-space
and through-bond energy transfer. First, there is no known
constraint in TBET that corresponds to the overlap integral.
Secondly, the donor and acceptor parts are more intimately
connected in TBET systems than in ones where there is no
possibility of m-orbital overlap between them. For instance, the
behavior of each fluor entity might be more sensitive to REDOX
events than it is in FRET systems.?'24

There are several implications of the discussion above in the
applications of TBET in biotechnology. First, separation of
excitation and observation wavelengths is potentially useful
where large dispersion between the donor absorbance and

acceptor fluorescence facilitates visualization of the dye.
Second, the “greater intimacy” of the donor and acceptor pairs
relative to FRET means there are more possibilities to switch the

TBET between on and off states. This is potentially useful since
even if TBET is not occurring, the cassettes may still fluoresce
from the donor part, ie they are always on. Finally, if the donor
fluor is sensitive to photobleaching, it may be less so in the

cassette. Figure 2 outlines the reasons for this in the example of
a fluorescein-like donor and a rhodamine-like acceptor.

Through Bond ET
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Figure 1. Overlap integral is critical in FRET, and it is the limiting factor in how far to the red a though space energy transfer system can fluoresce for
a given donor. Through bond energy transfer systems have no known limitation of this kind.

TThrough bond energy transfer effects have been studied in detail for long conjugated polymers.” Studies indicate that emissions tend to occur from the lowest
energy state in the polymer conformation. Related to this, a single “defect” in the polymer chain can cause the whole system to photobleach in a single step,
ie the system does not behave as if it was a series of dyes in a chain isolated by twists in the conformation.®
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Fluoresceins are unstable to photobleaching, mainly because
their excited states undergo rapid singlet-to-triplet crossover,
and the triplet states are longer-lived and reactive towards
oxygen. If donor-to-acceptor energy transfer in a TBET cassette
is faster than the crossover process, then the energy is
preferentially relayed to the rhodamine part. Rhodamines tend
to fluoresce quicker than they undergo singlet-to-triplet
crossover, hence the photostability of the cassette overall is
better than the fluorescein donor; it is more like that of the
rhodamine acceptor.

fluorescein rogsamine
donor acceptor
54
- S BT
slow _* Sy
Isc fast R S5y
0; - o
1
‘_,
decomposition [:t‘)

fluorescence

SEJ

Figure 2. Excitation of the donor in a TBET cassette may lead to radiationless
decay (not shown), crossover to a ftriplet states that are prone to
photobleaching, or energy transfer to the acceptor and fluorescence at a
longer wavelength.

Design of TBET Systems For Biotechnology
When preparing TBET cassettes, the following parameters are

critical:

® donor with high extinction coefficients at a relevant
excitation wavelength (eg corresponding to a relevant laser
source);

® a twist between the donor n-system and that of the
acceptor; and,

® acceptors that fluoresce with high quantum yields and sharp
emissions at appropriate wavelengths.

Outside of materials research, the Lindsey group were one of
the first to prepare through-bond energy transfer cassettes that
absorb above ca 488 nm, one example being the porphyrin
derivative 1. Lindsey was interested in compounds like this as
models for photosynthesis.?®® Our work on preparing smaller
systems intended for biotechnology' began with some lipophilic
cassettes like 2 and the surprisingly insoluble compound 3."41%17
Other groups, notably Akkaya®*?® and Ziessel’**3" have since
made other lipophillic TBET cassettes, mainly to examine their
fluorescence properties.

We defined a parameter we call “energy transfer efficiencies”
(ETESs) as {® o/ @2} x 100% where @4 is the quantum yield of the
cassette when excited at the donor, and ®. is the same
parameter except when the cassette is excited at the acceptor.

acceptor

1
PhMe
hmax abs = 516 nm
ET 98 %
Lindsey

acceptor

CHCl; @ 0.41
Amax abs = 504 nm
Mmax emiss = 652 nm
ETE 95 %

donor acceptor

EtOH, ©0.33
Aabs = 500 nm
Amax emiss = 620 nm
ETE 92 %
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This reflects the efficiency with which the cassette transfers
energy from the donor to the acceptor. The brightness of a TBET
cassette depends on the extinction coefficient of the donor
part(s), the efficiency of the energy transfer, and the quantum
yield of the acceptor fluor in the cassette.

Unfortunately, dyes like 1 - 3 are insoluble in aqueous media.
Cassettes 2 and 3 have functional groups to allow attachment to
biomolecules, and 3 has the type of structure that looks like it
might have water solubility, but it does not. In general, it is far
more difficult to prepare water-soluble TBET cassettes'®® than
lipophilic ones. A breakthrough for our research came when we
realized a practical method to sulfonate BODIPY dyes.®
Eventually, this facilitated the syntheses of a series of TBET
cassettes including 4 and 5.%2 These are sufficiently fluorescent
on proteins in aqueous media to be used in multiplexing
experiments in which the dyes are excited at about 500 nm, and
fluoresce at 600 or 650 nm respectively.

donor SOsNa COH acceptor
(same) 0 (different)
N. MeO
F,B’ NN S 7\

R ——

both dyes absorb at twisted

_ but otherwise
Amax abs = 501 nm conjugated 4
Amax emiss = 999 nm
SO3N3

: handle to
\j a-- attach to

N:N  HOC_ biomolecules
N D

—

donor
(same) SO;3Na

acceptor
(different)

water-soluble

A'rnzlx emiss = 645 nm

Application of TBET Cassettes In Observing
Protein-protein Interactions

Our concept of multiplexing with TBET cassettes is outlined in
Figure 3. The hypothetical purpose of this experiment is to
determine which of several (here four) proteins A—D interact
with protein 1. Thus, 1 is labeled with a FRET donor, A—D are
labeled with four different cassettes each having the same TBET-
donor. That donor also serves as a FRET acceptor for the dye
on protein 1. Four different acceptor parts are used in the
cassettes, ones that emit in distinct spectral regions. If 1
interacts with B and D simultaneously then two different
emissions will be seen when the FRET donor is excited.

which protein does protein 1
1 interact with?

‘ !

4
; A B C D
FRET | T T T
donor {
S0
FRET
acceptor J
and
TBET \‘\ . 4 /’1
donor o0 Co-
TBET
acceptors

Bl|11D
e

[

FRET

Figure 3. Multiplexing to observe protein-protein interactions with TBET
cassettes.

To obtain proof of principle, we engineered a system wherein
the protein Bovine Serum Albumin (BSA) was surface
functionalized with biotin, and with a coumarin-based FRET-
donor dye (Atto425). One of the cassettes was placed on
avidin, the other was attached to streptavidin, and the FRET
donor was excited in vitro. In that way it was shown that outputs
from cassettes 4 and 5 could be observed simultaneously,
indicative of the type of interaction shown between the proteins
B, 1, and D in Figure 3.

The next step was to attempt to observe this interaction in
living cells. Figure 4 shows data obtained by using non-
covalently bound peptide transporter systems like Pep-1
(Chariot)**2® to import the dye-labeled proteins into cells.
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Excitation of the FRET donor in the presence of only 4-
streptavidin gives emission at about 600 nm (though some
leakage into the red channel is observed) (Figure 4a). When both
4-streptavidin + 5-avidin were introduced then fluorescence is
seen in the 600 nm and 650 nm channels indicative of two FRET
interactions exciting both the TBET cassettes simultaneously
(Figure 4b).

Application of TBET Cassettes
In Measurement of Intracellular pH

Cassette 6 illustrates how TBET can be used to produce
probes for intracellular pH (pH).*” In its protonated form, energy

a
Emis: 480-520 nm Emis: 565-615 nm

b

Emis: 480-520 nm Emis: 565-615 nm

transfer from the xanthene donors to the BODIPY acceptor is
efficient, so excitation at 488 nm leads to red fluorescence (ca
600 nm). At pH values above 6.5, however, the xanthate donor
exists in the phenolate form, energy transfer is no longer
efficient, and excitation at 488 nm gives green (fluorescein-like)
fluorescence from the donor. Attributes of this system are: (i) it
is always fluorescent, irrespective of the pH in the cell; (i) the
presence of two donors doubles the absorption maxima, ie the
crosssection for collection of photons by the dye is high; and, (iii)
the quantum yield of this system when excited is superior to
many other pH; markers.*” More recently, a Chinese group has
reported the same concept but using an analog of cassette 3
with a coumarin donor and a simple rhodamine acceptor.®®

Emis: 640-704 nm

Emis: 640-704 nm

Figure 4. Protein-protein interactions observed in live cells. a Atto425-BSA-biotin + 4-Streptavidin; b Atto425-BSA-
biotin + 4-Streptavidin + 5-avidin. Overlay of fluorescence and DIC images of cells. Blue channel 480-520 nm, green

channel 565-615 nm, and red channel 640-704 nm; all excited at 458 nm.

Images were collected after 10 min

incubation at 37°C with the FRET donor, washing, and another 10 min incubation at 37°C with the acceptors. Scale

bar is 20 pm.
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Exc. 488 nm; Emis: 503-553 nm Emis: 575-625 nm

In our view, it is justifiable to introduce a distinction between
stains and probes for gauging intracellular pH (pH;).>”? When cells
are bathed in a medium containing a pH-sensitive stain, this may
permeate across the lipid bilayer and give a “global indication”
of pHi. Conversely, when a fluorescent pH probe is attached to a
protein or some other biomolecule, and that conjugate is then
introduced into a cell (by whatever method) then the probe may
be used to track the location of the biomolecule target in the cell
and the pH of its immediate environment. Stains do not have to
have a functional group for attachment to biomolecules, and
they need not give brilliant fluorescence. Indeed, most stains
could not be used as probes because they are insufficiently
fluorescent to be detected at small intracellular concentrations
within the cell.

In 2008 we reported that when the non-covalently bound
protein carrier Pep-1 (and other synthetic systems we designed)
was used to introduce fluorescently labeled proteins into COS-7
cells at 37°C, they are imported into endosomes, but into the
cytosol when the experiment is performed at 4°C. The second
outcome is the desired one since to track the natural movement
of proteins inside cells they cannot be trapped in endosomes.

Endosomes in cells are markedly more acidic (pH 5.0—5.5)
than the cytosol,*® and they appear as vesicles when stained.
Thus, it follows from the discussion above that Pep-1 mediated
import of a protein labeled with 6 at 37°C should place the
conjugate in endosomes where the probe would fluoresce red.
However, if the import were performed at 4°C then the probe
would fluoresce green and red in the {neutral} cytosol. In the
event, import of BSA-6 at 37°C gave almost nothing in the green
channel and red vesicles in the long wavelength one (Figure 5a),
whereas import at 4°C gave diffuse green and red fluorescence
in the cytosol (Figure 5b; the intensity is weak relative to Figure
5a where the probe is concentrated in vesicles). This is exactly
the data that was expected from these experiments.

b
Exc. 488 nm; Emis: 503-553 nm Emis: 575-625 nm

Figure 5. Pep-1 mediated cellular uptake of BSA-6 (1 uM) into COS-7 cells after 1h incubation at a 37 °C and b at 4 °C. The cells were irradiated at 488 nm and
fluorescence from the donor (503-553 nm) and the acceptor (575-625 nm) was detected respectively.
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Outlook and Conclusions

There are more applications of TBET in biotechnology, some
we cannot yet disclose, others that we are working on, and some
based on published observations that have not yet been applied.
For instance, cassettes 7 and 8 provide an answer to a question
few researchers are asking at the moment: “how to obtain
relatively long wavelength (>520 nm) chemiluminescence from
probes based on luminol?”2? Activation of these cassettes with
peroxide in the presence of a metal salt causes energy transfer
from the luminol part to the acceptors shown, hence the probes
fluoresce green and red (corresponding to fluorescence from
fluorescein and Nile Red, respectively) over a period of a second
or two. This may be useful because methods to detect
chemiluminesce can be more sensitive than fluorescence-based
techniques.

oxidatively activated cassettes

-

H,0,
Amax abs =494 nm
)vmax emiss = 518 nm
dry DMF, ®pemium 0-61
}‘max chemium = 524 nm

luminol

‘PLL‘HE (fluoresces)

luminol fluorescei
cassette

In general, the notion of through-bond energy transfer, even if
it is just one of several possible mechanisms of donor-acceptor
energy transfer, is an exciting motivational force for the
development of new fluorescent probes.
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—fl4EEE (NTA Type)
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Scheme 2. Coupling Reaction of HyNic-SAM and 4FB-Introduced Biomolecules
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%% 10— RIDERT fadE ZBRrEL T, fadE ZFEL. BFIC
TesA ZHIRERN CHIRS B/RTII. TesA DAZMRRERNTH
WEELHOIBLULEELSD 1.2 9/L DIEIEEZ ELE LT,
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FREREDEIE VBT HILRFLS—FA I1— K95 pde
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1) E. J. Steen, Y. Kang, G. Bokinsky, Z. Hu, A. Schirmer, A. McClure, S. B.
del Cardayre, J. D. Keasling, Nature, 2010, 463.

2) P.Jiang, J. E. Cronan, Jr., J. Bacteriol., 1994, 176.

3) H. Cho, J. E. Cronan, Jr., J. Biol. Chem., 1995, 270.
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SpotRight™ /1) —X

TRTBUKENEIS. ¥ N EDPRIBITED—DELT
RNEBNRMERLDTNET, LALEAD, BYV/INIER

EDHAMS V/INTEIE. FDBBRIEDKRSI Ao IRTESIKE
TORTHEEEINTNET, DU, #AMSY >V /NOED
BREERENICE ESBEIRTESIKEBRDY /N ERER
BzERENLEZ L,
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- HOARMSY VNOEDBERREEER L,

- EME - ETTE - REDEMRIE 1 AR MLICESN. FHE R
BIIRE,

OBBRARIEEY MIEENDENNY T T —EMADET Y,
HEOBREEE ELED LS Z8H,

*F L UTTTHTA MIBIERMLU W< DELN B E T,
<HIEH >
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SpotRight™.-] SpotRight™-II
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pH 3 €——> pH 10 pH 3 €&——) pH 10
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.
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L ] T} o
. L
>
.
I R
D At

SpotRight™-[II SpotRight™-IV

1 mRIIOV—LZRNTRTEIKE

MRIZOV—L (ZVNT8:200 g/ TIV) ICPERN1mlZNMZ
TR&L. =D (15,000 x g. 4C. 10 7)) RBICEBEZRELC. ®IDOE
DIEEEHILC SpotRight™ SA3& 200 pl ZARNML T, RILT v o 2%, BERR
BHC TR LU=z, CDARRK 125 pl %_//\Eaibzikibﬁﬁﬂ/j)l/t LTk
E). CBB CHRBELfc. ZNZNRFEMLRY MIESNT,
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SpotRight™-11 TH&H I /=
THIB>MNS Cytochrome P450 H'%

2Ry Mo, BYINOBEL
HEESNZ LI

pH3 «e—— pH10

pH 3 €e— pH 10

Ry hES
1~6 Cytochrome P450 2C11
7 Cytochrome P450 2C6
8~9 Cytochrome P450 2A1
10 Cytochrome P450 2C7
11~12 Cytochrome P450 2E1
13 Cytochrome P450 2A2
14 Cytochrome P450 2C13
15 Cytochrome P450 2D1
16~18 Cytochrome P450 4F4
19 Cytochrome P450 2B2
20 Cytochrome P450 2B1

X2 MSEICLDY/INIEDEE

TRFTESUKENC TR R Y MO ELTcrE (BRI ADFREERD) D
ZRy MCBLT. MS BIfICTY /N BZRE L

SpotRight™-Trial |3, RENEMEFDOREIENERED 4 DOHAEE
INY T 7 =TI, Reagent-1 [CISBSXEBRADY /o8&
BRSBTS CHAPS h'. Reagent-1I, -1I1, - IV |23 %

VINOBEDBREREEE LU CREVEREINZEEINTNET,
INET, BDTENHEREN DIy /NI EIBRDBERAND
SERNEFENE T,
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<ty hrARE>
SpotRight™ -Trial
Reagent - I
Reagent - II
Reagent - III
Reagent - IV
Reconstitution Buffer

SpotRight™ -1
Reagent - I
Reconstitution Buffer

SpotRight™ -1II
Reagent - II
Reconstitution Buffer

SpotRight™ - III
Reagent - III
Reconstitution Buffer

SpotRight™ -1V
Reagent - IV
Reconstitution Buffer

x 1
x 1
x 1
x 1
5mlx 1

x 10
5mlx 2

x 10
5mlx?2

x 10
5mlx2

x 10
5mlx 2

mmE B2 HEMAMBE) A—H-—3—F
SpotRight™-Trial 1 set 15,000 S351
SpotRight™- 1 1ml X 10 25,000 S352
SpotRight™-1I 1 ml X 10 25,000 S353
SpotRight™-III 1 ml X 10 25,000 S354
SpotRight™-1V. 1 ml X 10 25,000 S355

TR
FETFY—T b

Trehalose C8. Trehalose C10. Trehalose C12 (3. RKEA ML
NO—X., $RENBEHMEERRIZTIVCERIND., il
A TDIFAF U MREESETY,

ML/ANO—2ZIE, IaA—R 2 5Fh. a,a-1,1 THRELE
FEBTEDIETHY . RAICEELE T, ML/NO—XZEFRMT
HEICKY. FUNTBOREEDEHENSI TR END. B
& BFREPICRLAK AT TLET, Fhidbno—2n
AR TKIZKRHDEZTEEL. N SKAKHON/IZIEETE
FDI A= TDIZHTT,

ZDEDIT. tOEIZITBRNVEEESED N/ \O—XZERE
wELEMNNO—RBFY—2T 0 ME, BEEMEEZBID
ZENEFEINE T,

@® Trehalose C8
o]

OJJ\/\/\/\
(o]
"o
OH o
OH
o OH

HO cmc = 5.6 mmol/I

@ Trehalose C10

ALY
OH o

OH
OH

HO cmc = 3.0 mmol/I

@ Trehalose C12

PNy

o
Houo

\_——OH

o OH

HO cmc = 0.15 mmol/l

mE BE HEMAMBE) A—hH—T—F
Trehalose C8 500 mg 20,000 T459
Trehalose C10 500 mg 20,000 T460
Trehalose C12 500 mg 20,000 T461
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