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The search for small molecules that interact with RNA is
currently attracting great interest for drug discovery. One typical
example is AIDS therapeutics by small molecules which target
viral RNA sites to prevent the formation of key RN#rotein
complexes; “ or to cleave specific sites of RNA Transcription
of HIV-1 genome is facilitated by a HIV-1 regulatory protein
Tat which activates the synthesis of full-length HIV-1 mRNA
by its binding to a TAR ffansactivation responsive) element
RNA.2 A direct correlation has been found between the Tat
binding to TAR RNA and up-regulation of HIV-1 mRNA
transcription. The TAR element comprising the first 59 nucleotides
of the HIV-1 primary transcript adopts a hairpin structure with a
uracil (U)-rich bulge (UUU or UCU) located four base pairs below
a six-nucleotide loop (Figure 1a). The bulge is the Tat binding
site, and the loop, a homing site for cellular protgidsninogly-
coside antibiotics (e.g., neomycin) currently seem to have the
highest affinity to the bulge part, showing the most potent
inhibition (ICso = 1 uM) of the TAR RNA—Tat protein complex
formation?

We earlier discovered that zinc(ll) complexes of a 12-

membered macrocyclic tetraamine (1,4,7,10-tetraazacyclodode-

cane, cyclen) X) selectively interact with uridine (U) and
thymidine (T) nucleotides by the specific Zrimide N~ bonding
with disassociation constanig = 0.8 mM and 0.3 mM (at pH
8), respectively.More recently, a bis(Zt-cyclen) @) and a tris-
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(Zn?*-cyclen) @) were found to selectively bind to a dinucleotide
dTpdT and a trinucleotide dTpdTpdT, with extremely small
dissociation constant&q = 0.6 uM and 0.8 nM (at pH 7.4),
respectively (Scheme 1jThe Zr#*—cyclen complexes appended
with polyaromatic rings were shown to selectively bind to T (or
U)-rich sequences in double-stranded DNA (or RNA) to denature
them?! In this study, we report that the tris(Znr-cyclen) complex
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Figure 1. (a) A TAR model (TAR3), containing residues 743 of

HIV-1 mRNA and three additional GC pairs. The sequence is shown
with a schematic summary of the protection sites3isom micrococcal
nuclease @), RNase A M), and phosphodiesterase @) Enhanced
cleavage sites by RNase A (dashed arrow) and phosphodiesterase | (arrow)
are shown. (b) Micrococcal nuclease footprinting of TAR the presence

of 1, 2, 3, or ZnSQ. The concentrations of compoungda\) were shown
above each lane. The lane “OHrepresents the alkaline hydrolysis
marker.

3 having the unique base sequence recognition ability is the most
potent inhibitor ever reported of the TARat binding due to its
extremely strong binding to the UUU bulge.
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Figure 2. (a) Chemically synthesized Tatgs (Tat-derived peptide
contains an arginine-rich basic domain of Tat protein). (b) Gel mobility
shift of the complex of TARs; and Tads—gs (9.1 nM) in the presence of
increasing concentration & (0—1.25uM) or ZnSQ, (10 uM). Lane

deoxyribonuclease), has revealed the UUU bulge to be strongly “TAR 3" represents uncomplexed TAE?

protected by? and3 in the TAR model sequence (TAR (Figure
1). The micrococcal nuclease intrinsically hydrolyzes 5

arrows in Figure 1a). The RNase A and phosphodiesterase |

phosphates of A, T, and U sites of denatured or single-strandedfootprinting procedures and results are all shown in Supporting

DNA and RNA!¢12The sequencing ladder in the absence of

or 3 actually shows that the'fphosphates of A6, A8, U9, and
U10 (see Figure 1a) were cleaved to produce thph®sphate
and/or 2,3-cyclic phosphate termini of 5C, 7G, 8A, and 9U in
Figure 1b, respectively. At the U9, U10, and U1l (see Figure
1a) hydrolysis, we saw double products, which we provisionally
assigned to the'23-cyclic phosphate termini and-phosphate
termini fragments of 8A, 9U, and 10U in Figure 1One of
these doublets matched to the RNA fragments 8A, 9U, and 10U
by alkaline hydrolysis (at pH 9.2 and 9C for 3 min), see the
ladder under OHin Figure 1b. Whatever the hydrolysis products
may be, the micrococcal nuclease hydrolysis of the bulge region
was strongly inhibited by and3 (see the disappearing products
at 8A, 9U, and 10U). In Figure 1la, those protected sites are
indicated by filled circle marks. The 50% inhibition concentrations
(ICs) of the B-phosphate hydrolysis of U10 (the dose-dependently

Information (Figure S1).

The inhibition of the complexation of TAR with a Tat-
consensus peptide (Tatgs Figure 2a) was studied by gel mobility
shift assay, as described by Long etaFirst, theKq value for
the TAR;;—Tati7—gs complexation was determined as 15 nM
(Figure S3). Among the Zi—cyclen complexes teste8,was
the most potent inhibitor of the TAIR—Tat7—gs complexation
with an extremely low |G, value of 20 nM (Figure 2b) Neither
the Zrtt-free ligand of3 nor Zr?* alone had inhibitory effect.
The well-established arginine-diphosphate binding for the FAR
Tat interactio®® would be strongly hindered by the UULB
complexation.

These findings showed that the unique U-rich sequence
recognizing ZA™-cyclen complexes efficiently and selectively
recognize a U-rich single-strand element in a biologically
important RNA and may serve as a new type of HIV-1 RNA

disappearing doublet products are shown at 9U in Figure 1b) weretargeting small molecules. An additional binding3uo the loop

determined as @M for 2 and 25 nM for3, while it was>100
uM for 1.4 Zn?* jon alone (100uM) did not influence the

might serve to further hinder the TAR RNA binding to host cell
proteins, which might work to enhance the anti-HIV activity. It

nuclease digestion. For further footprinting analysis, we have usedis of particular pertinence to note that we have very recently found

RNase A, which indicated th&and3 protected the loop region
(U17-G20, see filled square in Figure 1a) with thedCalues of
60uM and 4uM, respectively® The enhanced cleavage by RNase
A at the 3-phosphate of C25 (dashed arrow in Figure 1a) in the
presence o? or 3 implies that the conformational change led to
its exposure to the nuclea¥ePhosphodiesterase | footprinting
showed the protection of the bulge and loop3ynd enhanced

3 possessing a strong anti-HIV activityas already reported for
bis(zr*—cyclen) complexes and bis(macrocyclic polyamines) by
us? and Bridger's group?
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Supporting Information Available: Experimental details of the
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cleavage at the vicinities of G14 and C25 (see open circles andspectroscopy, and gel mobility shift assay (PDF). This material is available
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