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Rev is an important HIV-1 regulatory protein that binds the Rev  a b
responsive element (RRE) within thew gene of HIV-1 RNA GCAA Cy3-TRQARRNRRRRWRERQR
genome; the binding of Rev to RRE is essential for the expression C-G
of the structural genegag-polandeny, and for HIV replicationt G-C c Cys5 Emission
The Rev-RRE interactions are routinely characterized by gel-shift A-U 670nm)
and filter-binding-based assay$however, these traditional meth- C-G o
ods are usually labor-intensive and time-consuming. In recent years, 50G-C A @é ) OD(;]“S‘:‘::)""
several other technologies have been developed for the assay of 070 FRET. &/ 7
RRE-Rev interactions, such as surface plasmon resorfance, GJ B:L‘ NE=LQ
acoustic wavé, isothermal calorimetr§, stopped-flow fluores- G-C- 'y
cence’® and fluorescence resonance energy transfer (FRET). 45-U-A7s
Among these methods, fluorescence-based assays are especially ¢G
attractive due to their high sensitivity, good reproducibility, and g_g Excitation

real-time monitoring of binding interactions. Organic dyes are BiotinG-C (488nm)

usually used in the fluorescence-based assdyspwever, due to A

their narrow absorption, red-tailed emission spectra, and susceptibil-Figure 1. The principles of the QD-based nanosensor for RRRE

ity to photodegradation, the applications of fluorescent dyes in the interaction assay. (a) Secondary structure of biotinylated RRE 11B RNA.

N L. . . . : Nucleotides identified as important for Rev binding are shown in red. (b)
RNA—peptide interaction studies usually involve complex experi Sequence of Cy5-labeled Rev peptide. (c) Conceptual scheme of the QD-

mental designs, and considerable effort must be put into addressing,ased nanosensor for ReRRE interaction assay based on FRET between
the problems of perturbing native interaction which result from 605QD and Cy5. The binding of a Cy5-labeled Rev to a biotinylated RRE
labeling with organic dyes in/near active sites of RRE 1B RRA. ||$‘> Rfls\lOAS(fQODT‘mECi a Reweﬁgggﬁerrelfgéé\ll\gﬂgh was Cslugmt on ti:]e surf_?ce

; ot ia. Of @ to form a y5 assembly through specific
Alternatively, qua_ntum dots (QDs) haye broad exc:|_tat!on and S|z.e streptavidin-biotin binding. FRET occurred between the 605QD and Cy5
tunable photoluminescence spectra with narrow emission bandW|dthupon illumination of the 605QD/RevRRE/Cy5 assemblies with an
(full-width at half-maximum of~25—40 nm), exceptional photo- excitation wavelength of 488 nm.

chemical stability, and relative high quantum yiel#$QDs have

been widely used as fluorescent markers in genomic analysis, spectra of 605QD and that of Cy5, and no direct excitation of Cy5
immunoassay, fluorescence imaging, and drug deli%¥yRe- at the wavelength of 488 nm. Moreover, 605QD has a high quantum
cently, QDs have also been used as FRET donors in biosensors tgjield (~0.6), Cy5 has a high extinction coefficient250 000 M
detect DNA, RNA, and proteins-1” Here we explore the potential  cm™2), and a single 605QD can efficiently couple to multiple Cy5-

of QD-based FRET for in vitro evaluation of RNApeptide labeled RewvRRE complexes around its surfa®e7 19 thus
interactions and develop a QD-based nanosensor for sensitiveefficient FRET can be achieved even at distance approaclitpg 2
RRE-Rev interaction assay. for this 605QD/Cy5 FRET pait’

Stem-loop 1IB of RRE containing a purine-rich internal bulge To characterize the FRET in the 605QD/R€RRE/Cy5 as-
and small peptides containing a 17 amino acid arginine-rich region sembly, both 605QD and Cy5 fluorescence was measured as a
of Rev (amino acids 3451) were used as a model system for this  function of the ratio of Cy5-labeled Re\ARRE complex to 605QD
in vitro Rev—RRE interaction study® Biotin was attached to the  (Figure 2). As the complex-to-605QD ratio increased, the 605QD
5 end of RRE RNA (Figure 1a), and Cy5 was attached at the fluorescence decreased, while the Cy5 fluorescence increased. At
N-terminal of Rev (Figure 1b); the positioning of biotin and Cy5 the ratio of 30/1, the fluorescence of both 605QD and Cy5 saturated,
at these sites did not alter the native interaction between RRE andsuggesting that the number of Cy5-labeled RRRE complexes
Rev, or even the interaction of RRE with its inhibitdisThe assembled on the 605QD surface had reached its maximum.
streptavidin-coated QDs functioned as both a nanoscaffold and aAssuming three available biotin binding sites per streptavidin after
FRET donor in this QD-based nanosensor. The binding of Rev to conjugation to QDs, in principle, up to36—45 biotinylated Rev
RRE formed a biotinylated Cy5-labeled ReRRE complex; the RRE complexes could be captured by a single 605QD based on
subsequent addition of 605QDs resulted in the formation of 605QD/ the assumption that each QD conjugated with-13 streptavidins.
Rev—-RRE/Cy5 assemblies through specific streptavidiiotin Therefore, only two-thirds of available biotin binding sites around
binding (Figure 1c). Upon excitation with a wavelength of 488 nm, a 605QD were occupied; this probably results from the complex
FRET occurred between 605QDs and Cy5s in the assemblies; thecomplex steric hindrance. The'i&ter distanceRy) is 69.4 A for
fluorescence signals of 605QD and Cy5 were observed simulta- 605QD/Cy5 FRET pair, and the average QOy5 separation
neously (Figure 1c). The 605QD is an excellent energy donor with distance was calculated to be 10A04.9 nm according to the
Cy5 for a number of reasons: no cross-talk between the emissionformalism described in previous papéfs!® Figure 2 demonstrates
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Figure 2. Characterization of FRET in the 605QD/ReRRE/Cy5 as-
semblies. The 605QD fluorescendll) (and Cy5 fluorescence) were
measured as a function of the ReRRE complex-to-605QD ratio. The
direct excitation of equivalent amounts of Cy5-labeled Rev without the
presence of 605QDA) was shown for comparison. 605QD concentration
= 38 nM; Rev-RRE complex concentration varied with the ratio of Rev
RRE complex to 605QD as shown. Error bars, SiD=(3).
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Figure 3. QD-based nanosensor for ReRRE interaction assay. (a)
Titration of RRE RNA with increasing Rev concentration. (b) Titration of

RRE RNA in the presence of neomycin B with increasing Rev concentration.

The solid curves are fits of 605QD fluorescence d®p\sing eq 1, and
fits of Cy5 fluorescence dataDj using eq 2. 605QD concentratien 19
nM; RRE concentratiorr 456 nM; neomycin B concentration 4.56uM.

that the increase of the Cy5-labeled R&RRE complex-to-605QD
ratio can significantly improve FRET efficiency and, consequently,
the detection sensitivity of the RRERev interaction assay.

The binding of Rev to RRE was directly monitored by titrating

a fixed concentration of RRE with Rev. The 605QD fluorescence

A previous study has demonstrated that neomycin B can
efficiently inhibit Rev binding to RRE at a concentration-ef0-
fold lower than that of other aminoglycoside antibiotics studied.

To test whether this QD-based nanosensor might be used to directly
assess the inhibitory effect of neomycin B upon R&RE binding,
titration experiments with Rev in the presence of a fixed concentra-
tion of RRE and neomycin B were performed (Figure 3bK£of

40 £+ 9 nM for Rev peptide binding to RRE RNA in the presence
of neomycin B was calculated from 605QD fluorescence data with
eq 1. A similarKy of 46 + 10 nM was obtained by fitting the Cy5
fluorescence data with eq 2. Tha§gvalues are larger than those
obtained in the absence of neomycin B, suggesting weaker binding
between Rev and RRE due to the presence of inhibitor neomycin
B.

In conclusion, this QD-based nanosensor offers a simple approach
for sensitive RewRRE interaction assay due to its unique
characteristics of noninterference in the native interaction of Rev
with RRE, improved FRET efficiency, high sensitivity and simul-
taneously FRET-related two-parameter detection using the simple
instrumentation of a standard fluorescence spectrometer and com-
mercially available streptavidin-coated QDs. This QD-based nanosen-
sor can be used to study the effect of inhibitor upon RRRE
interaction and may have a wide applicability in the development
of new drugs against HIV-1 infection.
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