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quenched, and instead one observes the emission spectra of

Abstract: We present a high-throughput and generalizable FRETbased platform for identifying large genomic mutations such as deletions and insertions. The system relies on a single donor and two
different acceptor fluorescent dyes conjugated to oligonucleotides
arranged in a fashion such that when the deletion is present, only
one acceptor probe is able to undergo FRET with the donor probe;
when the deletion is absent, the other acceptor probe is adjacent to
the donor probe. We develop and test this platform in the context
of a favorable 32 base-pair deletion in the CCR5 gene that confers
HIV immunity. We find that our platform is able to distinguish both
variants of the CCR5 gene and that signals scale linearly with relative concentration of the two alleles, allowing for the identification
of heterozygotes, marking its potential as a medically relevent assay for the genotyping of not just CCR5, but most mutations where
segments of DNA have been inserted or deleted from a gene. Finally, we develop and analyze a computational model for the binding of multiple probes to a single-stranded DNA, from which we infer
that temperature has more of an influence on the kinetics of DNA
melting (i.e. separation of two strands) rather than that of DNA hybridization. We envision that similar platforms can be used not only
for the genotyping of large genomic mutations, but also studies on
the kinetic and dynamic behavior of DNA hybridization.

the acceptor. Because FRET is reliant upon the spatial overlap between two orbitals, it follows that the strength of this
phenomenon is inversely proportional to the sixth power of
the distance between the uorophores. The high degree of
sensitivity of FRET upon distance makes it an attractive option for determining the distance between two uorescentlylabeled entities. Previous biosensors have utilized FRET to
visualize and assay binding and other dynamics within many
cellular phenomena.
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Many genetic diseases, such as Huntington's Disease,

4

are

characterized by the insertion or deletion of DNA sequences
within a gene. Here, we utilize FRET to identify these insertions and deletions. Although FRET has been used before
in the past to detect mutations to single nucleotides,

5

this

method required the incorporation of uorescent dNTP's
and real-time tracking of the synthesis of new DNA. Furthermore, this method was reliant upon the fact that primers
are suciently specic such that they will not bind nonspecically if only one nucleotide is dierent, which makes
the overall platform more dicult to generalize and makes
identication of heterozygotes, where both the wildtype and
the mutation are present, more dicult.

Here, we admit-

tedly are unable to distinguish changes to single nucleotides,
but larger mutations to genetic material. Nevertheless, we

1 Introduction

nd that our system is more exible and able to identify

Fluorescence Resonance Energy Transfer (FRET) is a uorescence phenomenon between two uorophores: a FRET
donor whose emission range coincides with the excitation
range of a FRET acceptor. As shown in Figure 1, when the
orbitals of the two uorophores overlap, an electron can be
excited by an exciting photon upon the donor, and then relaxes to an orbital state of the FRET acceptor. Then, the
electron is nally allowed to the ground state of the FRET
acceptor, causing emission of a red-shifted photon within the
emission spectra of the FRET acceptor.
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heterozygotes, making it more appealing within a medical
context. We test our novel assay within the context of the
CCR5∆32 mutation, a 32 base-pair (bp) deletion within the
CCR5 gene that confers HIV resistance. We hope that this
platform will be generalizable to other mutations and assist
medical professionals for assaying genetic susceptibility and
other mutations.

2 Methods
This project was inspired by Bartolozzi et al.'s study in
2012 on using FRET within a similar context.
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Their study

relied on a donor and a single acceptor probe that anked
the deletion such that when the deletion occured, the two
probes would be adjacent for FRET to occur. While their

Energy

project demonstrated the potential of FRET as a genotyping tool, the lack of a signal for the wildtype makes it difcult to determine whether a negative signal corresponded
with a failure of the assay or with the presence of the wild-

Acceptor
Donor

Simplied Jablonsky diagram of the FRET phenomenon. Excitation of the donor leads to emission from the
acceptor uorophore.

Figure 1.

type.

Additionally, it is dicult to detect heterozygotes.

Our study instead utilizes a three-color FRET platform, as
proposed by Hohng et al.
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As shown in Figure 2, we use a

donor (FAM) with an extended emission spectra that overlaps with two acceptors, Cy3 and Cy5. Our assay utilizes a
total of three labeled oligonucleotides that are complementary to the CCR5 gene. The donor FAM probe anks the

The observable eects of FRET are that when the donor

5' end of the deletion, and the Cy5 probe anks the 3' end,

probe is excited, the emission of the donor is eectively

such that when the deletion occurs, FAM and Cy3 are close

1

◦

enough for FRET to occur. On the other hand, if the 32 bp

readings were subsequently taken once per

fragment is still present, the Cy5 probe complementary to

all analysis, only wells from the same plate were compared.

the fragment will bind, bringing it close enough to FAM for

3 Results

FRET to occur.

C change. For

Fluorescent behavior from uorophores that were ex-

CCR5 Wildtype

pected to uoresce under the conditions discussed above are

32 bp

5’

shown in Figure 3. As can be seen, Cy5 FRET was success-

3’

fully demonstrated in CCR5∆32. This nding is strength-

5’

3’

ened by the nding that the FRET signal dies out sharply as
temperature increases, which accounts for the probes being

Cy 3 FRET
observed

melted o the template DNA. This nding is strengthened

CCR5Δ32

furthermore by the quenching in FAM when Cy5 uores-

5’

cence is active, which is to be expected from FRET. For

3’

the CCR5 wildtype, Cy3 FRET was not directly observed;

5’

3’

however, FAM quenching was seen.

Cy5 uorescence (not

depicted for brevity) had no dierence with the three color

Cy5 FRET
observed

control, indicating that Cy5 FRET does not account for the
FAM quenching. As a result, it is likely that Cy3 FRET is

Donor

2 Acceptors
Cy3
Cy5

FAM

indeed occuring as expected; however, most of this uorescent was being masked by the background FAM uorescence

Design of FRET probes for assay. The donor probe
anks the deletion on the 5' end, one acceptor (Cy5) is complementary to the deletion, and the other acceptor (Cy3) anks the
deletion on the 3' end. As a result, irregardless if the 32 basepair
segment of interest is present, a FRET signal will be observed.

Figure 2.

Oligonucleotides and synthesized portions of the CCR5
gene with and without the CCR5∆ mutation were ordered
from IDT. For synthesized fragments of the CCR5, only the
anti-sense strand to the probes was included. Relevent sequences are included in Supplemental Table S1.

All DNA

was suspended in Tris-EDTA (TE) Buer, and then stored
◦
at 4 C; all samples received limited light exposure except
during imaging.
10

µL

of each sample was imaged. Within each sample,

all primers were diluted to a nal concentration of 1.42

µM,

with the concentration of the CCR5 and CCR5∆32 template
strand diluted to 1.25
a

15%

µM. This was to ensure that there was

excess of probes relative to the template strand, to

ensure that when binding occurs, both probes needed will
bind to the same strand; otherwise FRET would not occur.
TE Buer was added to each sample to bring them to their
nal volume; 4 replicates of each sample were prepared. The
samples included: a TE Buer negative control, each of the
individual probes, all possible pairs of the probes, a control
with all three probes and no template DNA (referred hereafter as three color control), all three probes with the CCR5
wildtype, and all three probes with CCR5∆32. For determining heterozygosity, in addition to the three color con-

100%
25% CCR5∆32,

trol, ve samples were assayed with the three probes:
CCR5 wildtype,

50%

75%

CCR5 wildtype and

CCR5 wildtype and

50%

CCR5∆32 (note that this is

the condition corresponding most closely to an actual het-

25% CCR5
100% CCR5∆32.

erozygote),

wildtype and

75%

CCR5∆32, and

Imaging was conducted with a Lightcycler 480 Realtime PCR Machine on 96-well plates, highlighting the highthroughput nature of the assay. Fluorophores were excited
with a Xenon lamp with a bandpass ltering for wavelengths
between 435 and 465 nm. Emission was measured by ltering between 523 and 543 nm for FAM, 558 and 578 nm for
Cy3, and 660 to 680 nm for Cy5.

Temperature was con-

trolled with the Lightcycler's thermocycler. Samples were
◦
◦
rst brought to 80 and incubated at 80 C for 30 seconds,
◦
◦
and then cooled to 37 C at a rate of 0.08 C/s. Fluorescent
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that was bleeding into the Cy3 channel. Trying to shift to
higher wavelengths was unable to resolve this problem (results not depicted here).
The lack of a quantiable Cy3 channel required for a different metric to be used to quantify the relative concentration between CCR5∆32 and its wildtype.

Figure 4 shows

the metrics used for this quantication. The ratio of intensity of Cy5 FRET to that of the quenching of FAM was
used to determine the relative concentration between the
two variants. Quantifying FRET quenching came from assuming that overall uorescence scaled linearly with temperature, excluding all other factors. Although it is known to
follow an exponential due to the Boltzmann distribution,
the range over temperatures is narrow enough such that
a local linearity approximation can be made.

As a result,

the dierence between the two lines when FRET is occuring
and when the probes have melted o can be used to quantify FAM quenching, in turn measuring the total amount
of FRET. The amount of FRET attributed to the presence
of CCR5∆32 (i.e. Cy5 FRET) was done by subtracting out
the three color control, and then measuring the height of the
peak relative to the baseline uorescence at higher temperatures.

The ratio between these intensities follow a linear

relationship with the relative abundance of CCR5∆32. As
the concentration of a uorophore increases, it is known that
uorescence increases linearly too if concentrations are be8

low saturation level. The strength of this linear relationship
2
(R = 90.4%) suggests that this metric could be used for the
genotyping of heterozygous humans. However, it is important to note that if the intensity of both acceptors' FRET
can be measured, it would be simpler to compare those.

4 Theoretical Model
One interesting phenomenon observed in Figure 3B was
the hysteretic behavior of FRET, where increasing temperature resulted in the lower-half of the curve and when temperature was decreasing, uorescence was described by the
upper-half.

This seems to suggest that the system has an

internal memory of the current number of probes that are
bound. To further investigate this, we model the system as
a series of Ordinary Dierential Equations (ODE's).

The

rst assumption was a time-scale separation argument that
the kinetics of binding of the template DNA with its probes
was much faster than the change in temperature over time.

A)

B)

C)

D)

√

Fluorescence behavior of assay with DNA templates with temperature. All error bars are ±1 Standard Error (σ/ n). A) FAM
uorescence in sample with CCR5∆32. B) Cy5 emission in CCR5∆32. C) FAM Fluorescence in CCR5 Wildtype. D) Cy3 Fluorescence
in CCR5 Wildtype. All lters were chosen to encompass the wavelengths of maximum intensity for the uorophore's emission spectra.
Figure 3.

A)

B)

C)

Quantication of relative concentration of CCR5 wildtype and CCR5∆32. A) Quantifying the total amount of FRET by
examining quenching in FRET. The distance between the limit lines between when FRET is active and when it is not was the metric
chosen. B) Quantifying the amount of FRET attributed to Cy5 (CC5∆32) was accomplished by subtracting out the average of the
three-color control, and measuring peak FRET intensity compared to the baseline uorescence at high temperatures. C) For quantifying
the relative concentration of the two CCR5 variants, the ratio between the intensity of Cy5 and FRET was used. R2 = 90.4% for the
ICy3
[CCR5∆32]
line of best t ( IFAM
= 0.0597 + 0.158 × [CCR5 Wildtype]+[CCR5∆32] ).
Figure 4.

3

As a result, we can model the system as being purely depen-

spike up, and then die down to a constant equilibrium value

dent upon the thermodynamic properties of the system (i.e.

as temperature decreased. Furthermore, the arm of the hys-

Gibbs Free Energy). The second assumpton is that the Law

teretic curve corresponding to the descending temperature

of Mass Action is valid for DNA hybridization, and that

would shift towards higher temperatures, eventually mov−1
2
ing past the ascending temperature arm when kr = keq

all reactions are rst order in kinetics, which have been
veried in experimental studies.

9

Finally, we assumed that

kinetics of probe binding was not inuenced by the binding
of the other probe to the template DNA.
Our series of dierential equations considered DNA to
have four states:

completely unbound, bound to only the

acceptor probe, bound to only the donor probe, and bound
to both probes (i.e.

FRET active).

Two other entities,

the free acceptor and donor probes were also present in
the simulation. The equilibrium constant was calculated as

keq = exp ∆G
, where ∆G = ∆H − T ∆S . ∆H and ∆S
RT
10
were calculated using the nearest-neighbor method
with
experimental values found by Sugiomoto et al.
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The dif-

ferential equations and thermodynamic parameters used are
given in Supplemental Section S2. There are a total of four
remaining parameters left undetermined by the system: the
forward rate (hybridization,
ing,

kf )

and the reverse rate (melt-

kr ) of DNA binding of both the donor and the acceptor.

Here, we simplify this to being controlled by one parameter;
kf
rst, it is known that k
= keq ⇒ kf = kr keq , indicating
r
that kr uniquely determines kf and vice-versa. Second, we
assume that the relationship between

kr

and

keq

1

and

2
.
kf = keq

This indicates that the rate of DNA melting

should be slightly more dependent on temperature than the
rate of DNA hybridization to yield results consistent with
our experiments.

5 Conclusions and Final Directions
We

successfully

develop

and

demonstrate

a

high-

throughput, generalizable FRET-based assay for the genotyping of a 32 bp deletion for the CCR5 gene that confers
HIV resistance. Observations that FRET signal diminishes
at higher tepmeratures demonstrate that this phenomenon
is indeed due to DNA binding, highlighting the validity
of our assay.

Future studies should address using either a

donor that is blue-shifted or a replacement for Cy3 that is
red-shifted to minimize the cross-bleed observed of FAM
into the Cy3 channel. Furthermore, the system still has to
be optimized in order to work on double-stranded DNA,
because the sense and anti-sense strands would presumably
interfere with probe binding.

This step would enable the

platform to be reliably used for human DNA. One possible

is the same

extension would be to use two sets of probes such that they

for both the donor and acceptor, which is logical from the

would bind to both strands of the template DNA, which

fact that these are all similarly structured DNA molecules.

would double costs but also yield a stronger signal.

As a result, the entire system is determined by

kr ;

We

the rate

envision that FRET's ability as a measurement tool for

constant of the melting of DNA. It is important to note that

distances can serve as a platform for many other applica-

kf and/or kr must be inuenced by temperature, because
keq is. The parameter space is determined by the relative
dependence of kf and kr on temperature (i.e. keq ). Tem◦
perature was rst taken to be decreasing from 127 C at a
◦
rate of 0.08 C/s for 750 seconds, and then increasing at the

tions and biosensors, such as the detection of other large
genomic mutations and the analysis hairpins in RNA structure.

Furthermore, we were able to use this platform to

determine key aspects of the kinetics of DNA hybridization,
showing that DNA melting is slightly more dependent on

same rate. A full exploration of the state space is beyond

temperature than hybridization; interestingly, research into

the scope of this report.

these types of dynamics has been limited to steady-state

There are two extreme cases to
1
and when kf = keq and
consider: kf = 1 and kr = k
eq
kr = 1. A third option considered was making both kinetic
1−s
s
rates inuenced by temperature: kf = keq
and kr = keq ,
where

0 < s < 1.

analysis at a constant temperature. Although tagential to
the original intent of this project, the platform demonstrates
viability as a general research tool for the analysis of DNA
hybridization.

Figure 5 demonstrates the results of these numerical simulations. It is important to note that the expected melting
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3’

5’

B)
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Numerical simulation of two DNA probes binding to a strand of template DNA, with two extreme value of kf , the rate constant
of hybridization, and kr , the rate constant of melting. A) The model assumes the template DNA to have four states: completely unbound,
bound to the acceptor probe, bound to the donor probe, and bound to both probes. All four equilibrium reactions were assumed to
follow the Law of Mass Action and be rst order in kinetics. B) Numerical simulations with only kr dependent upon temperature C)
Numerical simulations with kf slightly less dependent on temperature than kr . D) Numerical simulations with only kf dependent upon
temperature. Graphs are of proportion of DNA bound to both primers.
Figure 5.
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Nu-

S1 Oligonucleotide Sequences for DNA templates and Probes
Table S1. DNA sequences used for template DNA and probes used in assay. All DNA is single-stranded and are color-coded based on complementarity.
Sequence Name

Sequence (5'→3')
CTT CAT TAC ACC TGC AGC TCT CAT TTT CCA TAC AGT CAG TAT CAA TTC

CCR5 Wildtype

TGG AAG AAT TTC CAG ACA TTA AAG ATA GTC ATC TTG GGG CTG GTC
CTG CCG CT
CTT CAT TAC ACC TGC AGC TCT CAT TTT CCA TAC ATT AAA GAT AGT CAT

CCR5∆32

CTT GGG GCT GGT CCT GCC GCT

Donor Probe

GA CCA GCC CCA AGA TGA CTA TCT TTA A-FAM

Acceptor Probe 1 (Cy3)

Cy3-TG TCT GGA AAT TCT TCC AGA ATT GAT ACT GAC

Acceptor Probe 2 (Cy5)

Cy5-TG TAT GGA AAA TGA GAG CTG CAG GTG TA

S2 Dierential Equations and Parameters for Theoretical Model
The model was described with the following equations:

T (t) =

keq,a = exp

(
400 − 0.08t
340 + 0.08t

∆Ha − T ∆Sa
RT

if
if

t ≤ 750
t > 750




, keq,d = exp

∆Hd − T ∆Sd
RT

(1)



kf,a = kr,a keq,a , kf,d = kr,d keq,d
d[A]
= ([A · DNA] + [A · D · DNA])kr,a − ([DNA] + [D · DNA])kf,a [A]
dt
d[D]
= ([D · DNA] + [A · D · DNA])kr,d − ([DNA] + [A · DNA])kf,d [D]
dt
d[DNA]
= kr,d [D · DNA] + kr,a [A · DNA] − (kf,d [D] + kf,a [A]) [DNA]
dt
d[A · DNA]
= kf,a [A][DNA] + kr,d [A · D · DNA] − (kr,d + kf,d [D]) [A · DNA]
dt
d[D · DNA]
= kf,d [D][DNA] + kr,a [A · D · DNA] − (kr,d + kf,a [A]) [D · DNA]
dt
[A · D · DNA] = 1 − [DNA] − [A · DNA] − [D · DNA]
where

• T
• t

is the temperature in Kelvins
is the time in seconds

• ∆H

is the change in enthalpy associated with DNA hybridization

• ∆S

is the change in entropy associated with DNA hybridization

• keq

is the equilibrium constant of DNA hybridization

• kf

and

kr

are the forward and reverse rates of the reaction, respectively.

• [A]

is the amount of unbound acceptor probes, relative to the total concentration of template DNA

• [D]

is the amount of unbound donor probes

• [DNA]

is the proportion of unbound template DNA

• [A · DNA]

is the proportion of template DNA bound to an acceptor probe

• [D · DNA]

is the proportion of template DNA bound to a donor probe

• [A · D · DNA]

6

is the proportion of template DNA bound to both the acceptor and donor probes

(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

Initial conditions were

[A ·

DNA]

= [D ·

DNA]

= [A · D ·

DNA]

= 0, [DN A] = 1,

and

[A] = [D] = 1.15,

as with the

experiments conducted. Note that Equation 9 is not a dierential equation, but rather dened absolutely. This was due to
numerical solver concerns where since

kf

or

kr

could potentially reach extremely high values for extreme temperatures, the

numerical step size would not be able to eectively keep up with these changes. Restricting

[A · D · DNA]

would ensure that

this proportion will never go above one, and still results in a valid set of dierential equations that is not as sti.
Computed thermodynamic properties are shown in Table S2.

Table S2. Derived thermodynamic quantities for DNA oligonucleotides.

∆H

7

(kJ/mol)

∆S

(kJ/mol

Donor

-901.7

-2.34

Acceptor

-926.3

-2.43

· K)

