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ABSTRACT

Fluorescence resonance energy transfer (FRET) characteristics, including the efficiency, donor—acceptor distance, and binding strength of
six fluorescent protein (FP)—quantum dot (QD) pairs were quantified, demonstrating that FPs are efficient acceptors for QD donors with up
to 90% quenching of QD fluorescence and that polyhistidine coordination to QD core—shell surface is a straightforward and effective means
of conjugating proteins to commercially available QDs. This provides a novel approach to developing QD-based FRET probes for biomedical

applications.

Semiconductor quantum dots (QDs) are exceptionally bright
fluorescent nanoparticles that have garnered much attention
recently as an emerging tool for biomedical applications. In
the decade since QDs were first rendered water soluble,!?
thereby making them relevant for biological studies, they
have been applied to cell tracking studies,>* cancer imag-
ing,>® and flow cytometry’ and used to label membrane
proteins.®? The potential applications for QDs also extend
to fluorescence-based detection of enzymatic activities,
particularly when QDs are utilized as either a donor or an
acceptor for fluorescence (or Forster) resonance energy
transfer (FRET).!>!* QDs make excellent FRET donors
because of their exceptional brightness and high quantum
yields,'>-!7 their capacity to bind multiple acceptor mol-
ecules,'® and the unique qualities of their characteristic
excitation and emission spectra.'® The broad excitation range
of the QDs allows them to be excited far from the excitation
range of the acceptor molecule, minimizing the background
due to direct excitation of the acceptor, while the narrow
and tunable QD emission peak can be optimally matched
with the absorption spectrum of the desired acceptor. In
addition, all different-sized QDs that emit in the visible range
are best excited by UV light, allowing for color multiplex-
ing.!” Recent reports have described the approaches using
QDs as a FRET donor with organic fluorophores, organic
quenchers, or gold nanoparticles as the acceptor.'%!2

There are, however, several areas where the QD-based
FRET approach could be improved. Currently, when com-
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mercially available QDs are used as donors for FRET studies,
the FRET acceptor is either covalently bound to the organic
coating using standard cross-linking chemistry!'® or bound
using a biotin—streptavidin interaction.!! The bioconjugation
involved typically requires multiple steps and tedious puri-
fication and may cause nanoparticle aggregation. In addition,
linking the FRET pair via the organic coating on the QD
can substantially increase the distance between the acceptor
and the center of the QD. Because the FRET efficiency is
inversely proportional to the distance between the donor and
acceptor molecules to the sixth power,” the increased
separation due to the bulky water-soluble organic coating
can significantly reduce the energy transfer efficiency. The
biotin—streptavidin interaction is a technically simpler
conjugation strategy but results in large probe size and further
increases the distance between the donor and acceptor
molecules, thereby substantially reducing the FRET ef-
ficiency. As an alternative, polyhistidine peptide tags that
utilize noncovalent, high affinity binding to metals have been
developed and thoroughly characterized.'?!82122 Since poly-
histidine is able to chelate ions accessible in the ZnS capping
layer of the most commonly used CdSe/ZnS core—shell
QDs,?? the use of polyhistidine peptide tags in a QD-based
FRET assay results in a much smaller distance between the
donor and acceptor compared with other acceptor biocon-
jugation schemes. However, to date this strategy has been
demonstrated for protein—QD conjugation only with QDs
water-solubilized with a dihydrolipoic acid (DHLA) coating,
which are not commercially available and tend to aggregate
under acidic conditions.”® The polyhistidine peptide tag has
been used with commercially available QDs (QDots from



Figure 1. Schematic diagram of the FRET interaction between a
quantum dot, specifically a T2-MP EviTag (Evident Technologies)
and a GFP-like fluorescent protein. A polyhistidine sequence
inserted at the N-terminus of the mCherry shown here coordinates
to the ZnS capping layer of the QD, bringing the two into close
proximity. Under excitation of the QD, energy is nonradiatively
transferred to the fluorescent protein and sensitized emission is
observed. (EviTag image courtesy of Evident Technologies.
mCherry produced with PDB Protein Workshop 1.50 using the PDB
2H5Q).

Invitrogen) to demonstrate the utility of QDs as a biolumi-
nescence resonance energy transfer (BRET) acceptor with
luciferase as the donor;'3 however in this case the histidine
tag interacted with Ni*" ions chelated by a high density of
carboxyl groups in the organic coating, rather than binding
directly to the inorganic QD surface. While this approach
maintained some of the benefits of the his-tag (such as the
ease in incorporating the tag into a recombinant protein and
the minimal steps necessary for bioconjugation), the distance
between the donor and acceptor is increased due to the
organic coating on the QD, thus eliminating one of the key
benefits of using the his-tag self-assembly strategy to bind
biomolecules to QDs to form FRET-based probes.

Herein we report the development of fluorescent protein—
QD based FRET probes using polyhistidine coordination to
the inorganic surface of commercially available QDs,
demonstrating that fluorescent proteins (FPs) are exceptional
FRET acceptors for QD donors. The use of fluorescent
proteins as acceptors has several benefits. For example,
standard molecular biology techniques can easily be used to
modify the FPs to include the polyhistidine tag, a variety of
linkers between the protein bulk and the tag, and amino acid
sequences that could contribute to the functionality of the
QD-FRET probe, such as a cleavage sequence for a protease
to produce a FRET-based probe to measure enzyme activity.
Once a plasmid for the recombinant protein is designed,
fluorescent proteins can be expressed in E.coli in large
quantities, and the presence of the polyhistidine on his-tagged
proteins facilitates protein purification using immobilized
metal affinity chromatography (IMAC). The large variety
of GFP-like fluorescent proteins now available with emission
wavelengths spanning the entire visible range’*> also
provides an array of possible fluorescent protein acceptors
for QDs with different colors.

The schematic in Figure 1 demonstrates how the interac-
tion between a his-tagged fluorescent protein®® and a T2-
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Figure 2. Top: Absorbance (dashed lines) and emission spectra
(solid lines, with emission peaks from left to right) of 520, 540,
and 560 nm T2-MP Carboxyl EviTag QDs. Bottom: Excitation
(dashed lines) and emission spectra (solid lines, with emission peaks
from left to right) of fluorescence proteins mOrange, tdTomato,
and mCherry.

MP EviTag (Evident Technologies, Troy, NY) results in
FRET. The carboxyl-functionalized T2-MP EviTag is a
CdSe/ZnS core—shell QD, coated with lipid—PEG manu-
factured by Avanti for water solubility. The fluidity of this
micellular lipid—PEG coating is likely what enables the
polyhistidine to interact directly with the core—shell QD
surface. The polyhistidine sequence was inserted at the
N-terminus of the protein structure followed by three glycines
that act as a flexible linker between the polyhistidine
sequence and the barrel structure of the GFP-like fluorescent
protein. Three different-colored T2-MP carboxyl-function-
alized EviTags, QD520, QD540, and QD560, named for their
peak emission wavelengths of 520, 540, and 560 nm (all
410 nm), respectively, were combined with three fluorescent
proteins from the mFruit family: mCherry and mOrange are
both monomeric, while tdTomato is a tandem dimer. The
spectra for all of the donors and acceptors can be found in
Figure 2, while a list of other QD and FP characteristics can
be found in Table 1.

Standard molecular biology techniques were used to
produce the fluorescent proteins necessary for this study.
Plasmids containing the mOrange, tdTomato, and mCherry
coding regions were generously provided by Roger Tsien’s
laboratory at UCSD. These plasmids were altered using PCR
mutagenesis to remove any unnecessary amino acids from
the expressed region, producing a negative control lacking
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Table 1. FRET Donor and Acceptor Specifications

FRET acceptor: fluorescent protein®

time to
peak peak extinction coefficient quantum photobleach molecular
acceptor excitation (nm) emission (nm) (M~ lem™) yield (t0.5, min) weight (kDa)
mOrange 548 562 71000 0.69 6.4 27
tdTomato 554 581 138000 0.69 70 54
mCherry 587 610 72000 0.22 68 217
FRET donor: T2-MP carboxyl EviTags?
water-soluble preferred emission quantum core—shell hydrodynamic
donor coating excitation (nm) peak (nm) yield diameter (nm) diameter (nm)
QD520 lipid PEG with 520+10 0.28 7.5
QD540 carboxyl <400 540+10 0.35 7.7 ~25
QD560 terminal groups 560+10 0.31 8.0

“ Fluorescent protein specifications previously published.?* » EviTag specifications published at www.evidenttech.com or provided by Evident Technologies

technical support.

Table 2. Donor—Acceptor Pair Results Summary

donor—acceptor pair J (10715 M1 cm3) Ro (A) R A E at 1:1 QD:FP max E Kp (nM)

QD520-mOrange 3.744 47.81 57.4+6.6 0.261 0.761 92.7+9.6
QD520-tdTomato 8.523 54.84 53.8+ 34 0.428 0.867 61.2 +6.6
QD540-tdTomato 11.259 58.49 52.7+ 3.9 0.504 0.902 43.2+1.3
QD520-mCherry 3.339 46.91 52.0 +4.3 0.302 0.713 72.0 £ 6.7
QD540-mCherry 5.595 52.06 56.2 +45 0.343 0.798 69.7 +£ 3.0
QD560-mCherry 7.303 52.56 53.6 £5.1 0.401 0.838 59.8+29

@ Pairs that did not have 1:1 QD:FP data points were given values based on the relative QD emission curve fits.

a polyhistidine sequence. In a separate plasmid, nucleic acids
were inserted to add six histidines and three glycines to
produce the his-tag and linker. Proteins were expressed from
these modified plasmids in the Rosetta 2(DE3) strain of E.
coli and purified using chromatographic methods. The his-
tagged proteins could be isolated readily using IMAC, but
the control proteins had to be purified using a hydrophobic
column followed by size-exclusion chromatography. Details
of the plasmid mutagenesis and protein expression and
purification can be found in the Supporting Information. The
plasmids were sequenced to verify the modifications, and
the protein purity was confirmed using SDS-PAGE.

To select QD-FP pairs for FRET assays, Igor (v.5.05A,
WaveMetrics, Inc., Lake Osweego, OR) was used as previ-
ously described?’ to calculate the overlap integral and Forster
distance for each of the FRET pairs (Table 2). The spectral
overlap integral

I= [ FpRe (it di (1)

describes the degree of coincidence between the donor
emission and the acceptor absorption, where Fp is the
emission spectrum of the donor, €, is the molar extinction
coefficient of the acceptor, and A is the wavelength in
nanometers. Once the overlap integral was calculated, the
Forster distance, Ry, or the distance between the donor and
acceptor at which the FRET efficiency is 50%, was deter-
mined using the equation

R,"=(8.785 x 10‘5);<2QDi4 2)

nl'
where 2 is the dipole orientation factor, assumed to be 2/3,
QOp is the quantum yield of the donor, and n;, is the refractive
index of the medium. Based on the results of these calcula-
tions and an examination of the QD and FP spectra, six FRET
pairs were chosen for evaluation, as shown in Table 2. The
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other three possible FRET pairs (QD540-mOrange, QD560-
mOrange, and QD560-tdTomato) were excluded due to the
significant overlap in the emission spectra of the QDs and
FPs, which would hinder accurate deconvolution of the
emission peaks and the analysis of the FRET assays.
Assays examining the FRET efficiency of the various pairs
were carried out in black, flat-bottomed, nonbinding 384-
well plates. Alternating serial dilutions of fluorescent proteins
were made to produce a range of average QD:FP ratios
ranging from 16 FPs per QD to fewer than 0.2 FPs per QD.
EviTag QDs were then added to the wells at a final con-
centration of 50 nM. All of the assays were prepared in PBS,
pH 7.4, with 1% bovine serum albumin (BSA) added to
minimize any nonspecific binding. After 15 min of conjuga-
tion, the emission spectra were measured in a Tecan Safire
multiplate reader with an excitation wavelength of 400 nm,
excitation bandwidth of 12 nm, emission bandwidth of 5 nm,
and a step size of 3 nm. All of the assays were performed in
triplicate, as were FP-only controls. As shown in Figures 3
and 4, all three of the his-tagged fluorescent proteins
exhibited an ability to substantially quench the QD emission
due to FRET, as demonstrated by the across-the-board
decrease in the QD emission peak, the correlation between
the spectral overlap of the donor—acceptor pair, and the
quenching efficiency (Table 2). Sensitized emission was
observed from each of the protein acceptors, although
tdTomato and mOrange (Figure 3) emitted more strongly
than mCherry (Figure 4). The assays were each repeated
using unmodified fluorescent proteins without the his-tag as
negative controls to ensure that the QD/FP binding was
indeed mediated by the polyhistidine, and a second control
utilized a short His10 peptide without a fluorophore (Anaspec,
San Jose, CA) to demonstrate that the binding of the
polyhistidine to the core—shell surface was not causing
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Figure 3. FRET results using fluorescent proteins mOrange and tdTomato as acceptors and a QD donor. (A, C, and E) Spectra of QD520
+ His6-mOrange, QD520 + His6-tdTomato, and QD540 + His6-tdTomato, respectively. N is the average number of fluorescent proteins
per QD. (B, D, and F) Relative area under the QD emission peak of background-subtracted spectra. The non-his-tagged FP control is
represented as a circle (@), the His10-only (no fluorescent protein) control is a diamond (4), and the His6-FP is represented by a square (H).

Data are represented as a mean =+ standard deviation of n = 3.

contact-quenching of the QD or otherwise affecting the QD
emission.

Although the direct excitation of the FPs was minimal (see
Figure S1 in the Supporting Information), the background
emission was subtracted from each of the FRET spectra at
the same FP concentration at the beginning of the analysis.
Each background-subtracted spectrum was then deconvolved
using PeakFit (v.4.12, Systat, San Jose, CA); the symmetrical
EviTag emission was fitted to a Voigt area peak, while an
exponentially modified Gaussian (EMG) curve was used to
account for the tailing seen in the asymmetrical FP emission.
The areas under the QD peaks with FRET were normalized
by the area under the QD spectrum in the absence of FP.
The resulting normalized QD emission intensities were
plotted versus the acceptor concentrations in Figures 3 and
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4. The non-his-tagged FP results were fitted to the Stern—
Volmer equation (see Supporting Information). To estimate
the strength of binding between the EviTags and the his-
tagged proteins under steady-state conditions, the His6-FP
data shown in Figures 3 and 4 were fitted to a modified Hill
equation®®

1
SRR (v B

where Fpy is the fluorescence of the donor in the presence
of the acceptor, Fp is the fluorescence of the donor in the
absence of the acceptor, En,. is the maximum FRET
efficiency, c is the concentration of the acceptor, / is the
Hill coefficient, and Kp is a nominal dissociation constant
defined as the acceptor concentration at which there is 50%

Nano Lett.,, Vol. 8, No. 5, 2008



A
40x10™ —
2
3 30
3
c
S 20—
@
£
&

3
S 10—
=}
£
o
0
500 550 600 650 700
Wavelength (nm)
C
40x10° —
=3
w
X 30
@
Q
[
@Q
?
£ 24
€
3
L
i°: 10 -
0
500 550 600 650 700
Wavelength (nm)
E
40x10° —
5
w
T
a K=
Q
[
@Q
o
2
£ 20
&
2
L
g 10
o
0

550 600 650 700

Wavelength (nm)

Relative QD Emission Relative QD Emission

Relative QD Emission

B
1.0

0.8
0.6
0.4 —

0.2 -

0.0

0.8

0.6 —

0.4 —

0.2

0.0

Molar Equivalents Acceptor

1.0 —

0.8

0.6

0.4

0.2 —

0.0

Molar Equivalents Acceptor

Figure 4. FRET results using the fluorescent protein mCherry as acceptor and a QD donor. (A, C, and E) Spectra of QD520 + His6-
mCherry, QD540 + His6-mCherry, and QD560 + His6-mCherry, respectively. N is the average number of fluorescent proteins per QD. (B,
D, and F) Relative area under the QD emission peak of background-subtracted spectra. The non-his-tagged FP control is represented as a
circle (@), the His10-only (no fluorescent protein) control is a diamond (4), and the His6-FP is represented by a square (H). Data are

represented as a mean =+ standard deviation of n = 3.

quenching of the QDs (see Supporting Information). Note
that this nominal Kp is not the acceptor concentration at
which there is 50% FPs binding to QDs, since the fluorescent
quenching may not be linearly related to the number of
acceptors bound.'®? The FRET efficiencies at each specific
QD:FP ratio (E) were calculated using the equation®

_ F DA

F D
The FRET efficiency with 1:1 QD:FP ratios, the maximum
FRET efficiency, and the dissociation constant for each
FRET pair are listed in Table 2.

As shown in Figures 3 and 4, all six of the QD-FP FRET
pairs demonstrated a significant level of energy transfer with
26—50% QD quenching at a 1:1 QD:FP ratio and up to 90%
quenching at higher QD:FP ratios. While the increased molar

E “)
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extinction coefficient of tdTomato did make it a more
effective quencher than the monomeric mOrange and
mCherry, the difference was not dramatic enough for one
to choose tdTomato over mCherry when probe size is a
concern. The non-his-tagged and His10 controls produced
minimal quenching of the EviTags, demonstrating that the
effect was neither due to contact quenching nor due to the
presence of freely dispersed fluorescent protein, but rather
the presence of both the polyhistidine and the fluorescent
protein was necessary for effective quenching. As seen in
Table 2, the binding of the his-tagged proteins to the EviTags
had a nominal Kp between 40 and 100 nM, which is in the
range of dissociation constants described for antigen—antibody
binding.” This binding strength indicates that the his-tag
conjugation to the commercially available EviTags should
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log of the acceptor emission/donor emission as a function of FRET efficiency. Each point is the mean of data taken in triplicate.

be sufficient for use in in vitro assays. FPs containing a
His10 N-terminal insertion were also tested in the FRET
assay with the hypothesis that the longer polyhistidine-
tag may increase the binding affinity, as is seen in IMAC.
No significant difference between the nominal K, values of
the His6-FPs and His10-FPs was observed (data not shown),
however, which is consistent with other reports in the
literature.??

Using the FRET efficiencies determined for each QD:FP
ratio and the Forster distance calculated for each FRET pair,
R, the distance between the donor and the acceptor was
estimated using an equation that takes into account the
binding of multiple acceptor FPs to each donor QD. The
equation used for the FRET efficiency as a function of n,
the average number of acceptors attached to the donor, is
given by!820

E(n)=——— 4)

For any given ratio of donors to acceptors (or average number
of acceptors per donor), the specific number of acceptors, &,
attached to the donors is described by Poisson’s distribution’!

k _—n

_ne
plk,n)= A

The efficiency of the FRET interaction can be more ac-
curately calculated for each donor—acceptor ratio using a
weighted distribution of efficiencies, taking into account the
effect of the Poisson distribution!#32

(6)

0 — 6
nfe™ kR,
& kK kRS +R%

We used Mathematica (v.6.0.1, Wolfram Research, Inc.,
Champaign, IL) to solve this equation for R for each value
of n for each FRET pair; the average and standard deviation
for R for each FRET pair is presented in Table 2. All of the
donor—acceptor pairs displayed a separation distance of 5—6
nm. While compared to the relatively small differences in
the QD sizes the standard deviations on these values are too
large to show correlations between the QD core—shell radius
and the distance between the donor and acceptor, all of the

Em)= ) pk,mERk) = @)
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values are consistent with the fluorescent protein binding to
the QD core—shell surface.

To highlight differences in the various FP acceptors, the
FRET data were also analyzed using a ratiometric method,
where the emission of the acceptor was divided by the
emission from the donor and plotted in Figure 5A as a
function of the molar equivalent of the acceptor. While all
three of the fluorescent proteins were shown to be effective
quenchers of the QD emission, this ratiometric analysis
demonstrates the contrast between the emissions of the three
proteins. For example, the three FRET pairs containing
mCherry showed only a small increase in Fa/Fp due to the
low quantum yield of the FP, while the FRET pairs con-
taining tdTomato demonstrated a dramatic increase because
of the exceptional brightness of tdTomato. mOrange fell
between the two in the increase of Fa/Fp as it possesses a
quantum yield as high as that of tdTomato, but like mCherry,
it has only half the molar extinction coefficient compared
with tdTomato due to its monomeric form. The distinction
between different FPs based on their emission properties was
further demonstrated in Figure 5B by plotting the log of Fa/
Fp as a function of the FRET efficiency. When the effect of
the absorption characteristics of the FPs is eliminated, the
six QD-FP pairs split into two groups: those containing the
more efficient emitters mOrange or tdTomato and those
containing mCherry. Note that tdTomato and mOrange
converged almost completely because both have quantum
yields of 0.69 (Table 1). This difference between the FPs
can be exploited in probe design: using the quencher-like
mCherry allows one to neglect the acceptor emission for a
more straightforward data analysis, whereas tdTomato is
preferred when the ratiometric method could be used in data
analysis to extend the range of an assay or to minimize the
effects of well-to-well variation.

In summary, this study characterized six FP-QD FRET
pairs and demonstrated that mOrange, mCherry, and tdTomato
are efficient FRET acceptors when paired with a quantum
dot donor. It also demonstrated that polyhistidine coordina-
tion to the QD core—shell surface can be utilized as a
straightforward and effective means of conjugating proteins
to commercially available QDs. These findings have signifi-
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cant implications for the development of versatile and easily
accessible QD-based FRET probes for biomedical applica-
tions, including ultrasensitive in vitro assays for measuring
enzymatic activity using an enzyme-cleavable sequence
between the QD and FP that form a FRET pair.
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