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ABSTRACT: A unimolecular oligonucleotide switch, termed here an AlloSwitch, binds the mature HIV-1
nucleocapsid protein, NCp7. This switch can be used as an indicator for the presence of free NCp7 and
NC domains in precursor and fusion proteins. It is thermodynamically stable in two conformations, H
and O. A FRET pair is covalently attached to the strands to report on the molecular state of the switch.
The results show that NC has an affinity for O 170 times higher than its affinity for H and that in the
absence of NC the equilibrium ratk, = [O]/[H] = 0.10+£ 0.03 for the switch sequence reported here.

The change between the two states happens on a rapid kinetic time scale. A framework is introduced to
aid in the design of AlloSwitches aimed at other targets. A high-affinity probe segment must be available
to bind the target in the O-form, while a cover segment hides the probe in H. A key is adjusting the cover
sequence to favor the H-form by a factor of-10000. This affords a robust response to small changes in
target concentration, while saturation produces more than 90% of the maximal change in fluorescence.
When a competitor displaces the switch from the -N@ complex, the released switch reverts to the
H-form. This is the basis for a mix-and-read strategy for high-throughput screening of anti-nucleocapsid
drug candidates that is much simpler to execute than traditional assays that require immobilization and
washing steps.

The global HIV/AIDS epidemic continues to cause packaging loop, as its removal reduces packaging efficiency
widespread suffering and death. The most widely used anti-by ~90% @0). However, interactions probably occur at
retroviral agents fall into two categories: protease (PR) and several sites to provide full packaging specificiy0{-13,
reverse transcriptase (RT) inhibitors, nearly all of which have 20, 26—28). An atomic-level structure of the SENCp7
resistant strainslj. To continue the long-term treatment of complex shows that the key interactions involve the second
the HIV-infected population, new anti-retrovirals will be and fourth (G) residues in the GGAG tetraloapd), We
required. While the search continues for new anti-PR and have examined more than a thousand sequences in GenBank
anti-RT agents, targeting other critical pathways in the viral containing SL3 and find that these two residues do not vary
infection cycle is a high priorityZ—9). The HIV-1 nucleo- more than the rate of sequencing err@9)( Thus, targeting
capsid protein (NC) is involved in several processes in the the NC-SL3 interaction for drug interdiction may hold
viral replication cycle, including the packaging of the viral special promise with respect to the inability of the virus to
genome into budding virus particles0—15). This makes it escape anti-NC drugs by mutation.

an attractive target for future anti-retroviral therapi#6- NC has both specific and nonspecific modes of interaction
19). The binding affinity of NC for the HIV-1 5leader with genomic RNA 80). The nonspecific NERNA interac-
sequence has been studied extensivél, (3, 20—25), tion dominates in the mature virion where there is roughly

including the determination of the binding affinities of the one NCp7 per 10 nucleotides. This causes the RNA to
four stem-loop sequences (SEASL4) in this region for the  condense to a chromatin-like consistency. A RNA segment
mature 7 kDa nucleocapsid protein, NC§21—-23). is expected to be bound by the protein if it hakgaof <1

The most important determinant of packaging is stem mM for NCp7 at the concentrations of the components in
loop 3 (SL3). SL3 is sometimes termed thé-loop or the mature nucleocapsid. Electrostatic interactions also play
an important role because of the high formal charges
TSupported in part by NIH Grants R42 GM68413 and RO1 involved, +9 for Zn*NCp7 and—15 to —20 for most of

GM32691. ;
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L Abbreviations: SL3, stemloop 3 with unpaired residues at G317- ~ contributions of charged macromolecul&2)( In 0.200 M
G318-A319-G320 of the 'Header of HIV-1 genomic RNA; NCp7,  NaCl (ionic strength of 0.206 M in NCp7 binding buffer,

HIV-1 nucleocapsid proteirkq, equilibrium constant for the dissocia- ; ; A _
tion of a bimolecular complex; FAM, 6-hydroxyfluorescem; total vide infra), wild-type SL3-GGAG has ¥y of 28 nM for

concentration of proteirs, total strand concentration of switch; FRET, NCp7 1), while the variant, SL3—GGQC?, binds even more
fluorescence resonance energy transfer. tightly [Kq = 10 nM (22)]. NC has an affinity for base-paired
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(46—48), and others49—51), among thousands of nucleic
Ki~0.1 acid-related switches. Other workers have also used RNA
—_— * DNA conformational switching to produce interesting struc-
H =<— O

tures or reporter systems for analytical purpoges-69).

Designing the RNA-DNA chimera as a unimolecular
system allows for intrinsic advantages over bimolecular
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% C G arrangements such as those discussed in 52fs58. A
G C 8A C unimolecular switch is easily reversible and can be used over
AU - GC o any concent_ration range Where' the reporter ;ign_al js _above
13T A ‘ — | | cC ‘ the lower limits of pletect|on. A blmolecul_ar _SW|tch is limited _
by the concentrations of the two associating strands and is
4A T13 AU not readily reversible if dissociation occurs at low strand
G C K1 T A Uua concentrations. A reversible system is well-suited to high-
C6 S CG cC G throughput screening of small molecules that can interrupt
C s G G C a protein-nucleic acid interaction.
BA d ;’\———/ The chimeric arrangement preserves the higher affinity of
C NC for RNA over DNA loops 22, 31), while using DNA
C tether = UCCAAC—AC for the cover and tether sequences rt_educes the contripution
IS A of NC binding at these segments required for conformational
AA U ligation switching. It also confers extra nuclease resistance and
TA site reduces the cost of labeling with fluorophore and quencher.
c e The Discussion includes guidelines for designing AlloSwitch-
G C es with appropriate [H]/[O] ratios. These guidelines apply
d for AlloSwitches consisting of all DNA, all RNA, or

) , , modified nucleic acids as long as appropriate thermodynamic
'(:rli‘f;%?)E.ll:)'NHA li:SoErcr)] grfgg?e'\écaﬁgoé’KIV'Atctt}ég%&g&fﬂs{g)’?gﬂ%fr?ignp]_ data are available to predict relative free energies of the H-
affinity GUG sequence is in the blue oval. A DNA tether sequence and O-forms.
is shown as a black arc; its sequence is shown at the bottom right. = Any naturally occurring or experimentally selected oli-
The asterisk is a fluorophore, and Q is a fluorescence quencher. Agonycleotide-protein interaction with a known and stable
large asterisk denotes the more highly fluorescent species. structure could be developed into an AlloSwitch. These
switches may be useful as real-time diagnostic indicators for
contaminants or toxins. They can also be used as mix-and-
read indicators in high-throughput searches for drug leads.
They can have binding affinities for their targets similar to
those of antibodies but do not require immobilization or
washing steps (C. L. DeCiantis, M. McPike, S. Athavale, L.
Chen, M. Shubsda, B. S. Hudson, and P. N. Borer,
manuscript in preparation).

sequences-1000 times lower than its affinity for SL3-GUG
(22), and a very low affinity for unpaired C and A bases
(22, 33, 34).

Our characterization of the high-affinity interactions with
the RNA loops in the packaging domain led us to construct
a unimolecular oligonucleotide switch that is in equilibrium
between two different base-paired conformations (Figure 1).
In the results reported here, one form has the SL3-GUG
sequence open (O) to bind NC; in the other form, the EXPERIMENTAL PROCEDURES
tetraloop bases are hidden (H) in a base-paired region. The
equilibrium shifts from H to O upon addition of NC. The Oligonucleotides The full-length DNA-RNA chimeric
attachment of a fluorophore and quencher to the chain causeg\lloSwitch, C3a, 5-dabsyl-d[GCTATCCACCGATAGC(5-
the fluorescence properties to differ for the two forms of N-U)CCAACACGCJUAGCGGUGGCUAGC-3(Figure 1),
the switch. We determine the equilibrium constant that relates was synthesized and gel purified by Dharmacon (Lafayette,
the H- and O-forms and describe methods to set this CO) where d(5-N-U) was postsynthetically modified to
equilibrium to favor H by a factor of 181000; this makes  covalently attach 6-carboxyfluorescein (FAM) via a six-

a switch that responds to relatively small changes in NC carbon linker at the 5-position of dU, and a dabsyl at the
concentration. 5-end. The 2protecting groups were then removed from

The allosteric response of the nucleic acid upon ligand the RNA as instructed by the manufacturer. The sample was
binding suggests the term AlloSwittlior this class of  evaporated to dryness on a SpeedVac and resuspended in
bistable nucleic acid structures [the term “riboswitch” is now nuclease free water at a concentration~af00 uM. The
fairly common @5-38), but our molecules contain both  purity of the oligonucleotide was checked on a denaturing
DNA and RNA and could contain non-nucleic acid con- gel (12% PAGE, SequaGel, National Diagnostics) and did
stituents, as well]. The idea of switchable conformations does not require further purification. Unlabeled chimeras C1, C2,
not originate with us. Nature uses allosteric control to switch and C3 (sequences in Figure 1 and Table 1) and RNA
the state of enzymes and many other biological systems.constructs for SL2 and SL3 (sequences in 2%s22, and
Changes in nucleic acid structure regulate many cellular 31) were also obtained from Dharmacon. These were HPLC
processes, €.g., gene expressids—38), dimerization of  purified on a Dionex 4 mmx 250 mm DNApac PA100
HIV-1 RNA (39-43), Holliday junctions 44, 45), ribozymes  column using a 0.0050 to 0.150 M sodium perchlorate
gradient in 0.010 M Tris and 2% acetonitrile (pH 8), followed
2 AlloSwitch is a trademark of OrthoSystems, Inc. by 2-deprotection and desalting with a Waters Corp. C18
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Table 1: Mismatch Positions and PredictédValues for Three NCp7 PreparationThe 55-amino acid NCp7 protein was
Switch Construces prepared as described previoughp), The NCp7 concentra-

ClKi=6x109 C2(Ki=4x10° C3 (K= 0.08) tio.n was determined by UV in the storage buffer [0.050 M
Tris (pH 8.0), 10% glycerol, 0.10 M NaCl, 0.0001 M Zn(Cl

Bgi:;:gﬂi ; ¢ and 0.010 MB-mercaptoethanol], using an extinction coef-
position 5 G T ficient at 280 nm of 6050 cmt M1 (21, 22). Aliquots at
position 8 A T 50—200uM in storage buffer were flash-frozen and stored
position 9 C at —80 °C.

Sg::::gﬂ ig $ A A NCp7 Trp Binding Assay$NCp7 binding buffer [0.0050
position 14 A T M sodium phosphate, 0.200 M sodium chloride, 0.0001 M

a Position shows the variable part of the cover sequence, listing all zinc Chlonde’_ and 0.0025% PEG 80(.)0 (pH 7.0)] was
entries for the fully paired chimera, C1. Blank entries for C2 and c3 Prepared as either axlor 5x stock and filtered through a
signify that the site has the same base as in C1. Refer to Figure 1 for0.22 um filter before being used in the assays. The initial
the sequence positions. W37 fluorescence at 350 nm of Q81 NCp7 in 2.0 mL of

buffer in a 10 mmx 10 mm quartz fluorescence cuvette
Sep Pak cartridge by the Dharmacon protocol. Prior to usewas obtained using a QuantaMaster-4/2005 sensitivity-
in titrations or assays, oligonucleotides were denatured byenhanced (QM-4/2005 SE, Photon Technology International)
heating at 90C for 2 min and then cooled to°C. Extinction fluorescence spectrophotometer using a 290 nm excitation
coefficients for the oligonucleotide sequences were estimatedwavelength a 4 nm excitation bandpass, and a 1.5 nm
at N x 8000 cntt M~1 at 260 nm, whereN is the chain emission bandpass. An 8 mg 1.5 mm Teflon-coated stir
length @1, 22, 60, 61). bar was also placed in the cuvette for mixing; the stir bar

Ligation. C3bL, a 22mer DNA molecule with the sequence does not interfere with the light path in the cuvette. The assay
5'-FAM-d[GCTATCCACCGATAGC(5-methyl red-U)CCA-  mixture is continually stirred while it is in the fluorometer.
AC-OH], was purchased as a HPLC-purified oligonucleotide Oligonucleotide was titrated into the cuvette ir2 ulL
from Eurogentec (Herstal, Belgium) and required no further increments from a 5@M stock solution. The fluorescence
purification. C3bL encompasses the cover strand and endswas measured after addition of each aliquot of oligonucle-
at the ligation site in Figure 1. C3R, encompassing the probeotide. The fluorescence titration curve was fit to a model
sequence at the right of Figure 1, was purchased fromassuming a 1/1 stoichiometry to determin&gavalue @1).
Dharmacon [5p-d(ACGC)UAGCGGUGGCUAGC-OH]. It ~ Each oligonucleotide was heat cycled prior to analysis.
has a 5phosphate followed by four DNA residues, and then ~ C3a AlloSwitch Binding Assajndividual wells of a 96-

14 RNA residues. The molecule was purified by Dionex well, nontreated, medium-binding, flat-bottom, black plate
HPLC as described above. The 17mer DNA splint strand, (Greiner 655076) were filled with 15@L of NCp7 binding
d(CACCGCTAGCGTGTTGG), was purchased from Inte- buffer, a final concentration of 40 nM C3a AlloSwitch, and
grated DNA Technologies (Coralville, 1A) and HPLC a final concentration of ©12 uM NCp7. After the contents
purified. were mixed by pipetting, the fluorescence of the plate was

Ligation reaction mixtures included all oligonucleotide read by exciting it at 485 nm and detecting the emission at
components at M (C3bL, C3R, and splint). The solution 538 nm with an emission cutoff of 515 nm using a plate
of oligonucleotides in water was heat cycled on a heating reader (Molecular Dynamics, SpectraMax Gemini).
block to 85°C for 2—3 min, gently vortexed to mix, briefly Response of C3b AlloSwitch to NCp7 and HydrolyAis.
centrifuged, and cooled to room temperature for 10 min and 2.0 mL aliquot of an~10 nM solution of C3b AlloSwitch
then placed on ice for 5 min. 20 Ligase Buffer (New in NCp7 binding buffer was placed in a cuvette equipped
England Biolabs, Inc.) was added, followed by T4 DNA for mixing, as described above. The initial fluorescence at
ligase (LuL of enzyme/20uL of reaction mixture). The 517 nm was measured using the QM-4/2005 fluorometer
mixture was incubated at 18C in the dark, with fresh  using a 492 nm excitation wavelength 4 nmexcitation
additions of ligase at 1620 h intervals. The progress of bandpass, and a 1.5 nm emission bandpass. NCp7 was added
ligation was followed using 12% PAGE gels with samples to the cuvette to a concentration 6 uM protein, which
loaded in a 1/1 mixture with a 1/1 solution of formamide produces near saturation of the switch with protein. Several
and 7.5 M urea. Bands corresponding to C3bL and the full- units each of RNase | (Promega) and RNase A (Sigma) were
length C3b AlloSwitch could be visualized under UV subsequently added to the sample of C3a in addition to the
illumination at 365 nm. Analytical gels were then stained NCp7 that had already been added (above). The RNA was
with StainsAll (Sigma) to locate both fluorescent and fully hydrolyzed within 20 min at room temperature, using
nonfluorescent strands. When the ligation was essentiallythe lack of any further decrease in fluorescence as the gauge
complete, the reaction was quenched by heat inactivation ofof completion. To this solution was added:Z of a 1 unit/
the ligase at 60C for 30 min, and the mixture was stored uL RQ1 DNase | solution (Promega), and the solution was
at —20 °C until needed for further experiments. held at room temperature in the dark. The fluorescence was

The preparative ligation reaction (3@Q) was quenched  measured several times over a 72 h period, after which no
and the mixture concentrated using a Centricon YMS3 further change occurred. One unit of RNase | degrades RNA
apparatus (Millipore) to 7@L. This was run on a denaturing  at a rate of 100 ng/s at 3 in 10 mM Tris-HCI (pH 7.5 at
PAGE gel. The bands were visualized under UV illumination 25 °C), 5 mM EDTA, 200 mM sodium acetate, Qu@/uL
at 365 nm, and the band corresponding to the C3b switchRNA, 0.05% NP-40, and 2g/uL BSA. One unit of RNase
was excised with a clean razor blade, electroeluted, desaltedA produces an increase of 149 unit/min when yeast RNA
and concentrated. is hydrolyzed at 37C at pH 5.0. One unit of RQ1 RNase-
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Ficure 3: Fraction of bound C3a switcl&(= 40 nM) as the total
25 NCp7 concentrationR) increases. The inset details the first eight
points in the series. Solid lines show the fit wittkKg(apparent) of
140 + 20 nM.
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FiGure 2: Tryptophan fluorescence titrations of NCp7 protd® (
= 0.3uM) with oligonucleotide (at strand concentratibk). Data
(from top to bottom) are as follows: DNA 16mer DNA cover 60 |
hairpin (x; Kq = 10 M), switch locked in H W, molecule C1Kgy °
= 1.0uM), active switch ®, C3; Kq(apparent)= 110+ 20 nM], =
SL3 RNA (a; Kq = 25 + 2 nM), and switch locked in O€, C2; e
Kq = 6 nM). The best-fit values oKy listed above were used to 40 -
generate the solid lines. The dashed line is for a 1/1 complex with
an infinite binding constant.
Free DNase completely degradesd.of DNA in 10 min at 20 \_\_\
37°C in 50uL of a buffer containing 40 mM Tris-HCI (pH /
7.9 at 25°C), 10 mM NaCl, 6 mM MgCl, and 10 mM /N“"\a
CaCl. 0 : : :

500 510 520 530 540

A'emission (nm)

The sequence and secondary structure of a NC AlloSWitch gz 4: Thin lines are fluorescence emission spectra of free C3b
are shown in Figure 1. The RNA GGUG tetraloop and SL3 switch (top) and upon addition of a nearly saturating amount of

stem is the “probe” sequence. Its critical GUG sequence is NCp7 (bottom). Heavy lines are spectra of the limit digest after

open and available to bind NC in the O-form of the switch addition of RNase (bottom) and the limit digest after addition of

at the right. This sequence is hidden in standard base paird®Nase (top).

in the H-form at the left of Figure 1. The DNA “cover”

sequence at the'“end was designed to make the H-state e X )

slightly more stable than the double-hairpin O-form. The performed daily; thﬁ curvell s:own Iln thefflgure haks fof

cover and probe segments are covalently linked by a tether25 nM, very near the published value of 28 nBtl).

sequence, d[(U_*)CCAACAC], as shown in Figure 1, where Switch SlgnallngNCp7 was added to the C3a switch in

dU-* has a fluorophore attached at the 5-position of a@nassay using a 96-well microtiter plate and a fluorescence

deoxyuridylate. plate reader to quantify the response to additions of NCp7.
Several cover strand sequences were designed to allow-igure 3 shows the fraction of bound switch versis,

the equilibrium constank, for the H- and O-forms to vary the mole ratio of total protein to total switch;= 40 nM in

over a wide range (see the Discussion). Table 1 shows threeeach well. Data points are averages for 12 replicate®{for

of these. C1 is designed to be locked in the H-form, which S = 0—50 (mean of 95% confidence limits +1.4%), eight

has four more base pairs than the O-form. C2 is designed toreplicates for ratios of 100 and 15&-0.8%), and three for

be locked in the O-form, introducing five mismatches in H 300 (4.0%). The best-fiKy(apparenty= 140 + 20 nM.

while preserving all of the base pairs in O. C3 is designed Addition of NCp7 to an~10 nM solution in the C3b

to be an active switch with K; of ~0.1. switch is illustrated in Figure 4. The thin curve at the top
Tryptophan Fluorescence Assayhe Trp assay data in  shows the fluorescence from the free switch. The other thin

Figure 2 were used to characterize functional and locked curve shows the result of the addition of a large excess of

switches and their components. The cover DNA hairpin of NCp7 (the amount of NCp7 produce90% saturation of

the O-form (see Figure 1) binds very weakly to NCi7 ( the switch). The minimum and maximum intensity spectra

= 10uM), as does C1, designed to be locked in the H-form were estimated by addition of nucleases. When ribonuclease

(Kg= 1.0uM). The functional switch, C3, hasky(apparent) was added to the solution containing switch and the final

of 110+ 20 nM. The molecule locked in the O-form, C2, aliquot of NCp7, the limit digest had the spectrum shown

has aKq of =6 nM. Stock solutions of the protein can as the bottom (heavy) trace in Figure 4. Addition of DNase

RESULTS

degrade, so a positive control titration with SL3 was
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Ky K o values from Trp fluorescence quenching assays have been
¥ ks shown to be highly reproducible in 0.2 M NaCl and clearly
L+X =LX distinguish the relative affinities of various RNA and DNA
KZLﬂo* loops @2, 31). The precision is typicallyt10% @1—23,

_ i ) 31) unlessKy < 10 nM (where such a low [NC] is required
Ficure 5: Equilibria relating the H- and O-forms of an AlloSwitch,

a protein ligand, L, which binds the probe sequence in the O-form, that sensmylty IS reduced) (Kd.> 1000 nM_ (where a very
and X, a molecule that competes with O for L. high nucleic acid concentration is required to approach

saturation; this can lead to stoichiometries that have excess
led to the top (heavy) spectrum in the limit digest. (Al RNA or DNA). Both protein-excess and RNA/DNA-excess

fluorescence curves were normalized to the maximum complexes have been identifie2fl( 25, 31, 71). Early points

intensity of this spectrum.) in titrations as in Figure 2 favor protein-excess complexes
as they have much more protein than nucleic acid on a molar
DISCUSSION basis. Experiments in our laboratory show that complexes

o ) _ with stoichiometries other than 1/1 cannot be present at more

The scheme in Figure 5 allows detailed analysis of an than~10% in Trp-monitored titrations @ 0.2 M NaCl (S.
AlloSwitch-based system for signaling the presence of a pthavale et al., manuscript in preparation).
binding ligand, L (L= NC in this paper). Th&, equilibrium The Trp assay data in Figure 2 were used to characterize
(Ki = [OJ[H] = 0.1) favors the “bright” H-form in the  |ocked switches and their components. As expected, the cover
absence_of the I_|gand. As L is added, it binds the pro_be to pNA hairpin of the O-form (see Figure 1) binds very weakly
produce increasing amounts of the “dark@ complex via to NCp7 Kq = 104M). This is an affinity 400 times lower
the Kz equilibrium, which reduces the concentration of the nhan that for the positive control titration (SLBg = 25 nM
free O-form. TheK; equilibrium adjusts to produce more O Figure 2). C2 Kq = 6 nM), designed to be locked in the
so [H] approaches zero at a sufficiently high [L], and the o _form, binds NC with an even higher affinity than the
fluorescence goes to a minimum. Thus, each well in a control. This value is similar to that for the single RNA
microtiter plate would have low fluorescence when the switch stem-loop SL3-GUG Kq = 10 + 1 nM (data not shown
is nearly saturated with L. and ref22)], which comprises the right half of the O-form

Addition of theKs equilibrium offers an opportunity for  switch in Figure 1. By contrast, CK§= 1.0uM), designed
high-throughput screening of anti-NC drug candidates. to be locked in the H-form, binds NC with an affinity 170
Interesting candidates that bind appreciably to L at concen-times lower than that of C2, so there is no need to consider
trationX; will displace O, which reverts to the bright H-form  effects due to binding of NC to the H-form. The active
via K;. The set of three coupled equilibria can be used to switch, C3 Kq(apparent)= 110 + 20 nM], binds NC less
define appropriate concentrations &f S, and X, to tightly than C2 because the dominant H-form must be
distinguish interesting candidates by bright wells in the plate. converted to the higher-free energy O-form to bind NC. None
This is a simple mix-and-measure assay that requires noof these molecules carried an attached fluorophore or
immobilization, washing, or secondary readout common in quencher. All of the binding isotherms in Figure 2 lie to the
many high-throughput screens. Given the sensitivity of right of the dashed line as expected for a 1/1 stoichiometry;
FRET-based detection, the cost per well of the switches is this is inconsistent with complexes having more than one
likely to be far less than in antibody-based assays. As the protein bound per nucleic aci@1, 22).
lead candidates Undergo refinement toward useful drUgS, the The Trp assay datain Figure 2 allow a reasonable estimate
same system can be used in low-throughput mode to assesgf K, for the active switch molecule, C3. The apparent
Ka(K3) values for the derivatives. dissociation constankf(apparent)] providing the best fit to

A key feature of the AlloSwitch system is that the the C3 binding isotherm®) equaled 116t 20 nM. TheK;
sequence of the cover strand can be varied such that aequilibrium affects the dissociation according to the relation
relatively small change in [L] will produce a substantial Kyapparent)= Ky(1 + 1/K;), whereKy is the dissociation
change in fluorescence. This can be achieved by sefting  constant for dissociation of NC from the probe segment of
in the range from 0.1 to 0.001. With the arrangement of C3 andK; = [OJsed[H]free A Ki value of 0.10+ 0.03 is
fluorophore and quencher in Figure 1, this gives an unbound calculated by assuming that the dissociation of NC from the
switch that has 9699.9% of the fluorescence of the pure open probe segment is the same as that from SL3-QUG (
H-form. Adding protein suppresses this signal, which can = 104+ 1 nM).
be easily restored by a potentially interesting drug candidate. Switch SignalingA change in fluorescence occurs with
This paper is primarily concerned with characteriziigfor the change in state from H to O by virtue of placing a
the AlloSwitch in Figure 1. guencher at the'snd of the chain (Q in Figure 1) and a

Relative Affinities for NC Measured by Tryptophan fluorophore at the location marked with an asterigk (n
Fluorescence.The single tryptophan in NCp7 becomes the C3a AlloSwitch, the signaling arrangement Ras FAM
quenched when the protein binds nucleic add, 22, 24, and Q = dabsyl. In C3b, the positions of and Q are
63—66). While controversy regarding the absolute affinities swapped and G- methyl red; other arrangements-ofaind
of NCp7 for stem-loop sequences from the HIV-1 leader Q are also useful. In both C3a and C3b, the distance between
RNA remains 2125, 33, 61, 67—70), the simple and highly  the fluorophore and quencher is larger in H than in O, so H
sensitive Trp fluorescence assay determines the relativeshould have a higher fluorescence intensity. This effect is
affinities of RNA and DNA sequences for N@Q1—23, 31). seen in Figure 4 where adding NC to the C3b switch
High-resolution structures suggest that efficient quenching produces the expected fluorescence decrease. These fluoro-
is due to stacking of nucleobases on W34, (24, 65). Kq phore/quencher signaling pairs are well-known in “molecular
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begcons” that increase their fluorescence when bound tOTaple 21 Predictions oKy
various RNA-DNA sequences 72, 73). Unimolecular

for Three Switch Constructs

AlloSwitches are similar to “scorpion” probes used in real- RNA DNA
time PCR applications7g, 75). C1 H —3338 —203

Figure 3 shows analysis of the fluorescence decrease for 260 151 3'4 ;'121'1
C3a upon addition of NCp7 measured using a plate reader; K1 1.4x 101 3.3x 107
the best-fitKq(apparent= 140+ 20 nM. Using aKq of 10 c2 H —16.6 -8.3
+ 1 nM for the probe, as with the Trp assay in Figure 2, o —18.2 -118
yields aK; of 0.08 & 0.02 from aKg(apparent) oiK4(1 + ﬁG 131'6 ;93(')5
1/K,). This is in excellent agreement with that determined c3 H1 —20.4 —121
above from tryptophan titrations with unlabeled switch o) —16.4 -9.8
components. Thus, it is unlikely that the FAM and dabsyl AG® 4.0 2.3

Ky 1.5x 1073 2.4x 102

labels exert substantial effects on tieandK; equilibria.
Too little of the C3b switch was produced by ligation to #Rows labeled H and O contain free energies in kilocalories per
accurately quantify its concentration and estintéiappar- gg'ff;r?t;ﬁ \C/glhcjlé'stggéf'('g_gan'%St_r”ith?H‘_’grsrf)'_‘ 4.4. Rows labeled
ent). RNase treatment leaves the DNA cover sequence with
the fluorophore and quencher near each other [the red hairpin
in the O-form (Figure 1)]. The minimum fluorescence in the from the lowest free energy can be set at 30% and window
limit digest is shown as the bottom (heavy) spectrum in Size at 2 in RNAstructure.
Figure 4. Again, examination of Figure 1 shows that  Thefirstrowin Table 2 is generated using the C1 sequence
hydrolysis by DNase should release the fluorophore and and folding as RNA and then as DNA. The GGUG probe
quencher from the DNA chain. The top thick curve in Figure sequence is hidden in a strongly base paired stem. The energy
4 shows that the original fluorescence intensity is essentially estimate is the free energy of folding from the reference
restored in the limit digest. state: the unstacked single strands. To generate the O-form
There are effects due to sequence context on the maximuniree energies in RNAstructure, use the “Force” menu to force
and minimum fluorescence of molecular beacons, presum-2 pair between bases 1 and 16 with a helix length of six. As
ably due to stacking of the aromatic dyes on the nucleobased0th the H- and O-forms have the same reference state, the
(76). Stacking and steric occlusion may differ in the H- and difference in the energy values gives th&® for H — O.
O-forms of the AlloSwitches, which could affect the ON/ This gives an estimate fdt, in the range of 10’ to 1074,
OFF contrast ratio in C3a and C3b. The RNase experimentweighted strongly in favor of the H-form, which has four
suggests that the signaling arrangement in C3b with 6-hy- more base pairs than O.
droxyfluorescein (FAM) as the fluorescence donor and The second group of energies akdvalues in the table
methyl red as the quencher (switch C3b) is not capable of was generated with the C2 sequence. Now both folds are
full quenching. The ratio of the fluorescence of the free Within 30% of the minimum free energy. The estimates for
switch to the RNase-hydrolyzed switch is 7.8 at 517 nM. In K: are ~10-300; the five mismatches introduced in the
switch C3a, the fluorescence change is even lower, with anH-form make it less stable than the O-form.
ON/OFF contrast ratio of 1.7 between the H- and O-forms.  The final set of entries in the table is for the C3 sequence,
This switch placed a dabsyl quencher at thertd and FAM where again both folds are within 30% of the lowest free
at position 17 (see Figure 1). Part of the reduced contrastenergy. The estimates f& are roughly 0.00£0.02, which
may be due to context effects and possibly to the fact that should be sufficient for a functional switch. At this point, it
methyl red is a better quencher than dabsyl for fluorescein is most useful if there are only two major classes of folds:
(77). We also experienced batch-to-batch variation in the ON/ the most stable one where the probe is hidden and the second
OFF contrast ratios for C3a switches, typicaityt 0—20%. where the probe is open. Minor variations on the two main
The switches run as a single band on a denaturing PAGEfolds that are close in free energy may be acceptable, but
gel, but it is possible that the postsynthetic labeling steps care should be taken to eliminate those that might offer
are not quantitative. The ON/OFF contrast ratio would be alternative binding sites for the ligand. For NC, these would
reduced if less than the full amount of quencher were be single strands with multiple G, U, or T residues. Trial-
attached. Other signaling arrangements are currently underand-error iteration through several alternative sequences is
investigation in our laboratories to increase the ON/OFF relatively simple.
ratio. Even so, the C3a arrangement is useful in most Table 1 presents only coarse estimatesKeffor each
applications as the changes in fluorescence are reproduciblesequence, as an error of 1.4 kcal/mol leads to a 10-fold error
within micropipetting errors£3—5%) for a given batch of  in Ki. The uncertainties in the free energy parameters in the
switches. databases are on the order of 1 kcal/mol, so even under ideal
Adjusting K To Modulate Switch Respongewide range circumstances, the folding programs can be used only to
of K; values can be achieved by picking a specific probe guide experiments to optimize switches. Further, the current
sequence and altering the DNA cover sequence. The freeimplementations of mfold are not parametrized for RNA
energies of candidate secondary structures can be surveye®NA hybrid stems, and the penalties for internal loops with
using RNA/DNA folding programs 718—80). Table 2 il- RNA and DNA on opposite sides and for hairpins involving
lustrates the method of first approximation using the C1, C2, mixed RNA—-DNA stems will differ from those in the
and C3 sequences and the RNAstructure program of Mathewsdatabases.
et al. (78, 80, 81) that also incorporates parameters for DNA  Using a DNA-RNA hybrid database8@) can improve
folding (82, 83). For the NC switch, the maximum deviation the accuracy of the process at the expense of additional labor.
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! 1 40 3A 4T, 8T,13A,14T
[ | 42 5T,8TTT,12A
o T—— i 4 D
C— 1 404T,9A,13A
C————— 394T.,8,13A
—— 404T8T,13A
—— 403A8T14T
— 408T,9A
I 40 5T, 12A
I 40 4C,13G
I 40 3A,14T
I 40 4T,13A
I 3O 4T.8T,13.
I 10 5A,12T
I 42 OAAA
I 40 4G,13C
I 41 9AA
I 42 STTT
I 40 OA
I 40 8T,13A
I 3O 5.
I <0 BT
I 3O 8T, 13.
. <]

-536 -402 -268 -1.34 000 134 268 402 536 670 804 938 1072

AG 20°C (kcal/mol)

Ficure 6: Calculated free energy differencesG°(0O) — AG°(H)] for some sequences of NC AlloSwitches. Sequences to the left (white
bars) favor the O-form, while sequences to the right (black bars) favor the H-form. The vertical lines are spaced by 1 order of magnitude
in Ky. The labels on each bar indicate the chain length and substitutions (capital letters) or deletions (periods) relative to sequence C1 in
Table 1, which is the bottom bar labeled 40. The label for C2 from Table 1 is 40 3A,4T,8T,13A,14T, at the top. C3 is labeled 40 5T,12A,
the top black bar.

Figure 6 shows a family of sequences and their calculated Choice of FRET Pairdrluorescein as the fluorophore and
free energies, which can easily be convertedKiosalues. dabsyl or methyl red as the quencher to signal the state of
These calculations were guided by the procedures describedhe AlloSwitch have an advantage in that they are commonly
by Serra and TurneBg), including their approximations for  available in commercial postsynthetic labeling and are
loop penalties. In addition, the enthalpies published in the nonproprietary. Other FRET pairs may offer superior per-
databases were used to correct £@° values for H— O formance, although it is possible that certain dyes may alter
conversion from 37 to 20C where our experiments were K if they interact differently with the switch sterioop
conducted. Sequences with a wide rangeKeofvalues are  sequences from fluorescein and dabsyl. Particularly attractive
shown; this allows the creation of switches locked in the H- for high-throughput screening of drug candidates are FRET
and O-forms, as well as candidates likely to h#evalues  pairs that transfer a blue region excitation toward a red
in the desirable range between 0.001 and 0.1. When theemission. This moves the detection wavelength away from
calculations are applied to C3, the predict®@°(20 °C) = the blue/green portion of the spectrum where fluorescein

1.80 kcal/mol, corresponding toka of 0.054, close to the  emits and where many small molecule drug candidates also
estimates of 0.080.10 from titrations of C3 with NCp7.  fluoresce.

There is still enough uncertainty in the calculations that it
will be rare to accurately predidf; within 1 order of
magnitude. Thus, it will be important to experimentally
determine the properties of a switch, its component stem
loop structures, and locked forms. The sequences in Figure,
6 suggest bulge/internal loop modifications that may be ) L . . .
useful for creating AlloSwitches for other targets. They also AlloSwitch applications could benefit from using dyes with

emphasize that rather fine-grained control should be pos,sible':brster distances of 25 A.
over a range of 12 orders of magnitude[{m Chimeric AlloSwitchesThe current design incorporates

Ligation versus Full-Length Synthesidhe choice of  both RNA and DNA segments. The RNA binding probe was
ligating half-molecules versus synthesis of the full-length chosen due to the-10-fold increase in the affinity of the
molecule by solid-phase synthesis often comes down to RNA GGUG loop over that of the corresponding DNA loop
relative cost and to which FRET dyes are conveniently (22 31), while the DNA cover sequence was chosen for high-
attached in postsynthetic steps. For initial work, there may yield synthesis. An added bonus is the fact that the DNA
be a benefit in ligation as the thermodynamic predictions segment provides some additional resistance to nucleases.
may not correctly forecast th€; value, and several unique It should be possible to make AlloSwitches that are all RNA
half-molecules could be joined. Work in progress in our or all DNA or incorporate any of the many modifications
laboratories aims to develop experimental methods for that are available via solid-phase nucleic acid synthesis. It
simplifying the choice of which cover sequences work best should be simpler and more accurate to predict the relative
with a specific probe. free energies of the H- and O-forms for switches made from

The average distance from the fluorophore to the quencher
in the H-form should be roughly 50 A (see Figure~116
bp in lengthx ~3 A per base pair in an A-form hybrid
duplex), while the average in the O-form should be roughly
the diameter of a B-form DNA duplex~25 A). Thus,
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all RNA or all DNA than for chimeric switches or those 9.

that incorporate modified backbones or bases.

Final CommentsThe C3 AlloSwitch has characteristics
that make it promising as an indicator for high-throughput
screens of anti-NC drug candidates (C. L. DeCiantis, M.
McPike, S. Athavale, L. Chen, M. Shubsda, B. S. Hudson,
and P. N. Borer, manuscript in preparation). (i) The switch

can be used in mix-and-read assays that do not require 12.

lengthy incubation or wash steps. (i) The equilibrium
fluorescence can be calibrated to measure the final concen-

tration of NC in NCp7, GST-tagged NCp7, and gag-precursor 13.

proteins. (iii) It is easy to reverse the protein-induced change
by adding SL2 RNA from HIV-1Kq = 23 nM (21)], which

competes for the GUG binding site on the protein. (iv) The 14,

conformational change occurs within seconds of adding
protein or competitor. (v) The NC AlloSwitch is highly
selective; nontarget proteins such as glutathiBtransferase,
lysozyme, and albumin have been incubated with the C3
switch and do not cause the conformational change. In
addition, the strategies outlined here make it possible to
create switches with RNA probes that respond to the presence
of Tat, Rev, and other drug targets in HIV-1.
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