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ABSTRACT: With photoactivation Rh(phen),phi** promotes strand cleavage at sites of tertiary interaction
in tRNA. The rhodium complex, which binds double-helical DNA by intercalation in the major groove,
yields no cleavage in double-helical regions of the RNA or in unstructured single-stranded regions. Instead,
Rh(phen),phi** appears to target regions which are structured so that the major groove is open and accessible
for stacking with the complex, as occurs where bases are triply bonded. So as to examine the specificity
of this novel reagent and to evaluate its use in probing structural changes in RNAs, cleavage studies have
been conducted on two structurally characterized tRNAs, tRNAP* and tRNAA® from yeast, the unmodified
yeast tRNAP transcript, and a chemically modified tRNAP*, as well as on a series of tRNAFh® mutants.
On tRNAF® strong cleavage is observed at residues G22, G45, U47, ¥55, and U59; weaker cleavage is
observed at A44, m’G46, and C48. On tRNAA cleavage is found at residues A21 through G26, ¥32,
and U48, with minor cleavage apparent at A44, G45, A46, ¥55, U59, and U60. There is a striking similarity
in cleavage observed on these tRNAs, and the sites of cleavage mark regions of tertiary folding. Cleavage
on the unmodified tRNAP! transcript resembles closely that found on native yeast tRNAP, but additional
sites, primarily in the anticodon loop and stem, are evident. The results indicate that globally the structures
containing or lacking the modified bases appear to be the same; the differences in cleavage observed may
reflect a loosening or alteration in the structure due to the absence of the modified bases. Cleavage results
on mutants of tRNAP illustrate Rh(phen),phi®* as a sensitive probe in characterizing tRNA tertiary
structure. Results are consistent with other assays for structural or functional changes. Uniquely, Rh-
(phen),phi** appears to target directly sites of tertiary interaction. Cleavage results on mutants which involve
base changes within the triply bonded region of the molecule indicate that it is the structure of the triply
bonded array rather than the individual nucleotides which are being targeted. Chemical modification to
promote selective depurination of the third base (m’G46) involved in the triple in the folded, native tRNA
leads to the reduction of cleavage by the metal complex; this result shows directly the importance of the
stacked triple base structure for recognition by the metal complex. The cleavage results are consistent with
the notion that Rh(phen),phi** preferentially targets regions of tertiary structure in the tRNA because these
regions are structured so that the major grooves are open and accessible to stacking by the complex. Since
sites cleaved by the rhodium complex mark a range of tertiary structures, Rh(phen),phi** appears to be
a powerful and unique probe in characterizing the folded structures of RNAs.

Increasing evidence suggests that many of the diverse bio-
logical functions of RNA require the molecule to maintain
a precise three-dimensional structure (Yanofsky, 1981; Alt-
man, 1984; Cech, 1987; Guerrier-Takada et al., 1989; Rould
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et al., 1989). A popular approach toward understanding the
structure—function relationships of RNA involves extensive
site-directed or random mutagenesis of the molecule and assay
of the mutants in vitro. In these studies it is important to
distinguish whether a decrease in activity of a mutant is the
result of a change in an essential nucleotide or the less in-
teresting consequence of a more general alteration of the
overall structure. Thus it is important to develop methods to
probe rapidly the subtle changes in the configuration of mutant
RNA.

© 1992 American Chemical Society
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FIGURE 1: Schematic illustration of Rh(phen),phi**,

Methods of chemical modification have become increasingly
valuable in examining alterations in RNA structure (Ehres-
mann et al., 1987). Many investigations first demonstrate the
utility of chemical agents on the well-characterized transfer
RNAs, tRNAPe (Kim et al., 1974; Quigley & Rich, 1976;
Patel et al., 1987) and tRNAAP (Westhof et al., 1985) from
yeast. Different reagents appear to be useful in probing
different elements of RNA structure. MPE-Fe(II) (Kean et
al., 1985) targets double-helical regions of RNA while Cu-
(phen),™ (Murakawa et al., 1989) appears to mark single-
stranded regions. Ru(phen);?* (Chow & Barton, 1990),
ethylnitrosourea (Romby et al., 1985), and Fe(EDTA)*
(Latham & Cech, 1989; Celander & Cech, 1990) promote
strand scission with little or no preference for secondary
structure but have the ability to distinguish between protected
and exterior regions of the RNA molecule through specific
interactions with nucleic acid bases, phosphates, or sugar
residues, respectively. Lead-catalyzed cleavage of RNA
(Behlen et al., 1990; Werner et al., 1976) depends not upon
the presence of a particular secondary structure nor upon
solvent accessibility but instead occurs in tRNNA with high
specificity at a highly structured region of the molecule; hence
cleavage with lead ion has been an extremely sensitive assay
of structural perturbations local to the Pb** site.

Transition metal complexes have been designed which target
specific nucleic acid sites on the basis of shape selection (Pyle
& Barton, 1990; Barton, 1986), and these have been useful
in mapping variations in local conformation of double-helical
DNA (Chow & Barton, 1991; Huber et al., 1991). In par-
ticular, bis(phenanthroline)(phenanthrenequinone diimine)-
rhodium(I1f) [Rh(phen),phi®*] (Figure 1) targets sites which
are open in the major groove owing either to propeller twisting
or to base tilting (Pyle et al., 1989, 1990). Rh(phen),phi**
binds double-helical DNA avidly by intercalation in the major
groove and upon photoactivation promotes DNA strand
cleavage (Pyle et al., 1989). The cleavage mechanism involves
direct abstraction of the C3’ hydrogen atom by the photoac-
tivated metal complex; no diffusible species is involved, and
5’ asymmetric cleavage is observed with a single base stagger,
as would be expected with direct attack on the sugar from the
major groove by the intercalated complex (Sitlani et al., 1992).
The primary cleavage products are 3’- and 5’-phosphate ter-
mini and free nucleic acid bases.

The recognition characteristics of Rh(phen),phi’** are
particularly well suited to probing RNA structure. Double-
helical regions of RNA tend to adopt an A-conformation
(Arnott et al., 1973; Dock-Bregeon et al., 1989), where the
major groove is pulled deeply into the helix interior; as a result
the narrowed major groove becomes inaccessible to interca-
lation. Thus both double-helical regions and unstacked sin-
gle-stranded regions of an RNA would not be expected to be
cleaved by Rh(phen),phi**. Cleavage studies using Rh-
(phen),phi** and other transition metal complexes have been
carried out on tRNAP* (Chow & Barton, 1990). Rh-
(phen),phi** is unique among the metal complexes in the sites
that it targets. Specific recognition by the complex depends
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upon its shape. The sites targeted by Rh(phen),phi’* are
neither double helical nor single stranded. The sites also differ
from those marked by other structural probes such as lead ion
(Behlen et al., 1990) or psoralen (Garrett-Wheeler et al.,
1984). Consistent with the recognition characteristics of the
rhodium complex on DNA, Rh(phen),phi3* targets sites of
tertiary interactions in tRNAF, In particular, Rh(phen),phi**
targets triply bonded bases in tRNA, where the third base may
provide an accessible surface from the major groove for Rh-
(phen),phi* stacking.

Here we explore further the efficacy of Rh(phen),phi**
using (i) the two tRNAs which have been crystallographically
characterized, tRNAP* (Kim et al., 1974; Quigley & Rich,
1976) and tRNAA®P (Westhof et al., 1985) from yeast, (ii)
tRNAP! containing no base modifications (Sampson & Uh-
lenbeck, 1988; Hall et al., 1989), (iii) a structurally modified
native tRNAP (Peattie, 1979), and (iv) a series of tRNAPte
mutants (Sampson et al., 1990). The goals of these efforts
have been to delineate the specificity of this reagent and to
evaluate the application of the rhodium complex in detecting
structural changes in RNA.

MATERIALS AND METHODS

tRNAs. Unmodified wild-type yeast tRNAF* and mutants
were prepared by in vitro transcription by T7 RNA polymerase
(Sampson et al., 1990). Yeast tRNAA® was a gift from D.
Moras. Native yeast tRNAP* (Bochringer Mannheim), yeast
tRNAA®, and the unmodified transcripts were 3’-end-labeled
with [5-32P]pCp (England & Uhlenbeck, 1978) or 5'-end-
labeled by dephosphorylation with alkaline phosphatase fol-
lowed by phosphorylation with [y-*?P]ATP and polynucleotide
kinase. The tRNAs were gel purified on a 10% denaturing
polyacrylamide gel, located by autoradiography, excised, and
eluted from the gel in 45 mM Tris, 45 mM boric acid, and
1.25 mM EDTA, pH 8.0. The eluted tRNAs were ethanol
precipitated twice and stored in 10 mM Tris-HCI, pH 8.0.

Cleavage Reactions. Rh(phen),phi** stock solutions were
freshly prepared. All end-labeled tRNAs were renatured by
heating to 70 °C for 1 min in 10 mM Tris-HCl and 10 mM
MgCl,, pH 8.0, and slowly cooling to room temperature prior
to use. A typical 20-uL cleavage mixture contained labeled
tRNA, 10 uM Rh(phen),phi**, and the appropriate buffer (50
mM Tris, 20 mM sodium acetate, 18 mM NaCl, and 1 mM
MgCl,, pH 7.0, or 50 mM sodium cacodylate and 1 mM
MgCl,, pH 7.0) and was brought to a final concentration of
100 zM in nucleotides with carrier tRNAF™, Irradiation for
10 min at 365 nm at ambient temperature using a 1000-W
Hg/Xe lamp and monochrometer yielded site-specific cleavage
of the tRNA samples only in the presence of the rhodium
complex. The reaction mixtures were ethanol precipitated,
washed at least three times with 70% ethanol to remove buffer
salts, and analyzed on 15% polyacrylamide-8 M urea gels.
The full-length tRNA and cleavage products were identified
by coelectrophoresing with diethyl pyrocarbonate (DEPC)
{A-specific) and hydrazine (U-specific) reactions (Peattie,
1979) and viewed by autoradiography.

RESULTS

Cleavage of Native Yeast tRNA™. The sites of Rh-
(phen),phi** cleavage of native tRNAP* were determined
through cleavage of 5’- and 3’-end-labeled tRNA. The rho-
dium cleavage sites can be assigned by comparison with
end-labeled products of DEPC and hydrazine reactions, which
lead to specific cuts at A and U residues, respectively. These
base-specific reactions involve the carbethoxylation or alkyl-
ation of the RNA bases followed by aniline-catalyzed elimi-
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FIGURE 2: Cleavage of 2P 3’-end-labeled native yeast tRNAP*, yeast tRNAP* transcript, G19C mutant, and yeast tRNA** by Rh(phen),phi**

in 50 mM Tris, 20 mM sodium acetate, 18 mM NaCl, and | mM MgCl,, pH 7.0. Lanes 1, 10, and 14: A-s

ific reaction on native tRNAFhe,

tRNAPH transcript, and tRNAMP, Lanes 2, 11, and 15: U-specific reaction on native tRNA™<, tRNAP™ transcript, and tRNA**?, Lanes
3, 6,8, and 12 (controls): native tRNAPP tRNAP transcript, G19C, and tRNAA®. Lane 4 (light control): tRNAP" irradiated in the absence
of metal. Lanes 5, 7,9, and 13: specific cleavage by Rh(phen),phi** on native tRNAF™, tRNA* transcript, G19C, and tRNAA®, Arrows
indicate reference points along the tRNA sequence. Bars indicate major regions of cleavage of Rh(phen),phi’*.

nations to give 5'- and 3’-phosphate termini (Peattie, 1979).
High-resolution mapping of the rhodium cleavage reactions
shows the production of homogeneous 5’- and 3’-termini which
comigrate exactly with the phosphate termini generated by
DEPC and hydrazine. While the DEPC and hydrazine re-
actions involve modification of the nucleic acid base and re-
quire aniline to facilitate strand scission, the rhodium reactions
yield direct strand scission at the ribose. Furthermore, since
no diffusible species mediates the reaction, the site of cleavage
indicates the site of binding.

As can be seen in Figure 2 (lane 5), few and specific
cleavage sites are evident on the 3-end-labeled tRNA. Strong
cleavage occurs at residues G22, G45, U47, ¥55, and U59.
Weaker cleavage is observed at A44, m’G46, and C48.
Identical sites of cleavage are observed in experiments con-
ducted with 5’-end-labeled tRNA with one additional site
evident at U8. The U8 site is not observed on the 3’-end-la-
beled tRNA because of its closeness to the 3P label and the
poor resolution of the gels in this region. Also, although most
sites produce single 5’- and 3’-termini, cleavage at G22 yields
a 5'-phosphate terminus but two 3’-termini. A secondary
reaction mechanism which is particular to the geometry of the
site may account for the mixture of 3’-termini; to avoid am-
biguity in assignment, mapping studies are therefore focused
primarily on cleavage of 3’-end-labeled RNAs. These ex-
periments were all conducted under conditions where <1 cut
per tRNA molecule is obtained. Experiments were also

A

FIGURE 3: Rh(phen),phi** cleavage sites on (A) yeast tRNAP™ and
(B) the unmodified tRN AP transcript mapped on a ribbon diagram
adapted from the crystal structure of tRNAP" (Kim et al., 1974;
Quigley & Rich, 1976). The solid circles indicate the positions of
Rh(phen),phi**-promoted strand scission with size corresponding to
relative cleavage intensity. Arrows indicate the bases which are
modified in the native tRNAFP,

conducted at several Rh/RNA ratios and with varying times
of irradiation; there were no changes observed in site selectivity.

The ribbon diagram in Figure 3A shows the locations of the
major and minor Rh(phen),phi** cleavage sites. These sites
are different from those observed using other structure map-
ping reagents. Figure 4 displays the crystal structure of yeast
tRNAPhe with the tertiary interactions highlighted in white
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(Figure 4A, left) and the cleavage sites for Rh(phen),phi**
in yellow (Figure 4B, left). As can be seen from this figure,
cleavage by Rh(phen),phi** occurs predominantly in regions
exhibiting extensive tertiary structure. This finding contrasts
cleavage studies with other conventional probes which recog-
nize secondary structural features such as double- or single-
stranded regions of the tRNA or regions of greater solvent
accessibility.

Cleavage at sites which are neither purely single nor purely
double stranded may be understood by considering the dif-
ferent structures of an RNA major groove. As shown in
Figure 5, an RNA double helix adopts an A-conformation
which contains a deep and narrow major groove; the base pairs
are pushed out toward the minor groove of the helix. Thus
the base pairs are largely inaccessible from the major groove
for stacking with the metal complex. No cleavage by Rh-
(phen),phi** is evident in the double-helical regions of
tRNAP, Three of the eight residues on tRNAF (G22, G45,
and m’G46) cleaved by Rh(phen),phi**, however, are directly
involved in triple interactions in which a third base hydrogen
bonds with a normal Watson—Crick base pair in the major
groove of the D stem. The interaction of this third base (G45,
A9, or G46) in the major groove of the RNA helix creates
a structure in which the normally deep and narrow groove is
widened and the third base, which fills the groove, is accessible
to the helix surface. As shown in Figure 5C, the stacking of
these third bases (shown in purple) in the major groove may
now provide a platform for stacking with the rhodium complex.

Of the three triples (G45-[m*G10-C25], A9-[A23-U12],
and m’G46-[G22-C13]), the central A9-[A23-U12] shows no
cleavage. This lack of cleavage can be rationalized on the basis
of the limited accessibility of the sugar—phosphate backbone
in this region. The proposed mechanism of cleavage by Rh-
(phen),phi** involves direct hydrogen abstraction from the
ribose and therefore necessitates that the complex lie close to
the sugar in order for a reaction to occur. Residues G45 and
m’G46 are located in the variable loop segment, and their
sugars are quite accessible from the major groove side of the

D stem (phosphates of this strand are in yellow in Figure 5).

Residue A9 comes from another segment of the polynucleotide
chain and intercalates between G45 and m’G46 with its
backbone buried within the molecule (phosphates of this strand
are in orange); as seen in Figure 5, although stacking with the
metal complex is feasible, the sugar residues of this strand are
not accessible from the major groove side for cleavage.

The strong cleavage by Rh(phen),phi’* apparent at the
T¥C loop residues ¥55 and US59 is not as well understood.
As is evident from the crystal structure, this region contains
extensive tertiary interactions, and these unusual base inter-
actions between the D and TWC loops (G18-¥535, G19-C56)
may provide a structure which facilitates the interaction with
the rhodium complex. Cleavage at U59 is also difficult to
understand. This residue is not base paired, however, it lies
stacked in the core region of the molecule. It is unclear
whether the US9 site is uniquely recognized by Rh(phen),phi**
or if cleavage here is a result of stacking interactions with the
neighboring triply bonded sites.

Effect of Salt Variation on tRNAP™ Cleavage. Cleavage
by the rhodium complex varies as a function of magnesium
and sodium concentrations and buffer conditions. The original
cleavage experiments were performed in sodium acetate buffer
(50 mM Tris, 20 mM sodium acetate, 18 mM NaCl, 1 mM
MgCl,, pH 7.0). In 50 mM sodium cacodylate and 1 mM
MgCl,, pH 7.0, additional cleavage sites are observed at
residues Y37, A38, and ¥39 in the anticodon loop. There is
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also diminished cleavage at U47. However, with increasing
concentrations of NaCl (up to 75 mM) a loss in cleavage at
the anticodon residues is observed, and increased cleavage at
U47 is apparent with no change at the other sites. Similarly,
a loss of cleavage in the anticodon loop residues is associated
with added MgCl, (0.5-10 mM) as is a loss in cleavage at the
triple base sites. Cleavage at ¥55 and U59 appears to be
independent of magnesium and salt concentrations. Appar-
ently the particular orientation of the D and TW¥C loops re-
quired for recognition by Rh(phen),phi** is not altered in the
presence of up to 10 mM MgCl, or 75 mM NaCl.

These results suggest that with increasing magnesium
concentrations the conformational changes in the tRNA are
localized. The overall structure of the tRNA is likely to be
unchanged, but a local loosening or tightening of the structure
may occur, which is detected by Rh(phen),phi**. For example,
it has been shown through fluorescence studies on the Y base
that the presence of magnesium ion causes the anticodon loop
to be more structured (Beardsley et al., 1970) but has little
effect on the overall shape of the molecule. The loss of
cleavage in the anticodon loop and at the triple base sites may
be associated with a tightening of the structure. Alternatively,
but unlikely on the basis of relative affinities, the magnesium
ion may simply be competing with the rhodium complex for
binding at these sites.

Cleavage of Yeast tRNAAP, On the basis of its crystal
structure (Westhof et al., 1985), the tertiary structure of yeast
tRNAA resembles that of tRNAP (Figure 4A). Therefore,
in order to define further the recognition by Rh(phen),phi’*,
we have examined cleavage by Rh(phen),phi** on yeast
tRNAAP, There is a striking similarity in cleavage patterns
observed on yeast tRNAFP* and tRNAAP (Figure 4B). Strong
cleavage, as shown in Figure 2 (lane 13), is observed at residues
A21 through G26, ¥32, and U48, with minor cleavage ap-
parent at Add, G45, A46, ¥55, U59, and U60. Again, the
sites of cleavage appear to mark regions of tertiary folding of
the tRNA molecule, as compared in Figure 4 (panels A and
B, right).

Five of the 14 sites in tRNAA® which are cleaved by Rh-
(phen),phi* are directly involved in triple base interactions
and three neighbor and stack with the base triples. The re-
maining cleavage sites are located in the anticodon and T¥C
loops. The tertiary interactions found in yeast tRNAAP are
generally analogous to those observed in yeast tRNAP, but
with some minor differences which may affect cleavage. Most
of the differences in cleavage between tRNAA® and tRNAFhe
can be explained by the crystal structure data.

Let us first consider the sites of triple base interaction. The
following interactions occur in the major groove of the D stem:
G45-[G10-U25], A9-[{A23-U12], and A46-[G22-¥13]. It
appears that the presence of only four bases (A44, G45, A46,
U48) in the variable loop of yeast tRNAA® as compared to
five (A44, G45, G46, U47, C48) in yeast tRNAF! induces
a different stacking environment for the base triples, as is
revealed when the crystal structures are compared (panels B
and C of Figure 5). The base triples in tRNAA® are more
evenly stacked on one another compared to the base triples
in tRNAP, The presence of G-U mismatched base pairs may
also contribute to the increased stacking of the base triples
in tRNAASP (Westhof et al., 1985). There is a greater uni-
formity in cleavage observed across the triple sites in tRNAASP
as compared with tRNAP; this uniformity may be a function
of the evenness or columnar stacking apparent in the triply
bonded region of tRNAAP,

Another structural difference apparent in tRNAA® is a
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FIGURE 4: Tertiary interactions and cleavage data for Rh(phen),phi** shown in a computer graphic representation of the crystal structures
of yeast tRNAPP and tRNAA. The sugar—phosphate backbones are shown in aqua and the nucleic acid bases in purple. (A, top) The bases
involved in tertiary interactions are shown in white for tRNAF™ (left) and tRNAMP (right). (B, bottom) The residues (bases and sugars)
which are cleaved by Rh(phen),phi** are shown in yellow for tRNAP* (left) and tRNA** (right). Note the correspondence between the white

and yellow regions where Rh(phen),phi3* promotes strand scission.

rotation of the A15-U48 Levitt pair with respect to UB-A14.
This rotation leads to an interaction of A21 with the sugar
of U8 and base of A14 to form a fourth base triple; A21 of
tRNAP™ interacts only with the sugar of U8. Ethylnitrosourea
alkylation studies (Romby et al., 1985) have revealed the
differential reactivities of phosphates in the two tRNA species.
Phosphate 22 in the D stem is protected in tRNAA®, yet
accessible in tRNAP", In contrast, phosphates 23 and 24 are
accessible in tRINAA®, but partially protected in tRNAFhe,
Our results show that sugar residue 22 is most accessible in
tRNAP" while residues 23, 24, and neighboring residues are

accessible in tRNAA*®. We have also observed strong cleavage
at position 48 on tRNAA®, but not tRNAP"*, This may also
be a result of the different conformation of the neighboring
U8-A14-A21 triple interaction. Again, Figure 5B shows the
more evenly stacked arrangement for A21 and U48 in
tRNAA®,

The crystal structure of tRINAA* reveals the absence of
G19-C56 base pairing and other interactions between the D
and T¥C loops typical of tRNAP¥  Cleavage by Rh-
(phen),phi** is apparent at the T¥C loop residues ¥55, U59,
and U60 on the tRNAA®, but the cleavage associated with
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FIGURE 5: Illustrations of the basis for recognition of the triply bonded bases by Rh(phen),phi**. (A, top) Structure of a G-C base pair and
a G-[G-C] triple base pair. (B, middle) Comparison of an A-form RNA double helix (left) and two triple helix regions based on the crystal
structures of yeast tRNAF® (middle) and tRNAP (right). Bases are blue; phosphorus atoms are yellow for strand 1, green for strand 2, and
orange for strand 3; the third bases interacting in the major groove are shown in purple (from top to bottom, G45, A9, and G46 for tRN AP
and A21, G45, A9, and A46 for tRNAA*); all other atoms are white. For comparison of sizes, the rhodium complex is shown in blue to the
far right. Note that the sugar residues of G45 and G46 are accessible from the major groove (yellow strand), while the sugar of A9 is buried
within the molecule (orange strand). The view in (B) is perpendicular to the helix axis. The helices in (C, bottom) have been rotated 90°
and tilted approximately 45° to afford a view into the major groove. Note how the third bases fill the major groove of an A-like helix and
are accessible for stacking from the major groove with the metal complex.

this region is much weaker than that observed on tRNAP™,
In the tRNA”P crystal (Westhof et al., 1985), C56 remains
stacked on G57; however, G19 is displaced by about 4 A
compared to tRNAP". As a consequence, the G19-C56 base
pair, which is important for maintenance of the D-T¥C loop
interactions in tRNAP" is disrupted. Solution studies on
tRNAMP, however, revealed protection from N-3 alkylation
by dimethyl sulfate at C56, which according to the crystal
structure should be reactive (Romby et al., 1987). The lack
of reactivity of C56 suggested the existence of a G19-C56
Watson—Crick base pair correlated with the free state of the
molecule in solution. Our results indicate that the rhodium
complex is still recognizing structure in the T¥C loop, but to
a lesser extent than observed for tRNAFP*, Perhaps this region

in the tRN AP is structured somewhat like tRNAF, but with
more flexibility.

Other differences in cleavage by Rh(phen),phi** on
tRNAAP and tRNAFP™ are seen in the anticodon loops. On
tRNAFP we see cleavage of the anticodon residues Y37, A38,
and V39 only under certain salt conditions, whereas on
tRNAAP we see strong cleavage at W32, This is consistent
with the data of Romby et al. (1987), who showed that the
loop residues of tRNA”P are more susceptible to chemical
modification under native conditions than of tRNAF, sug-
gesting that the anticodon loop in tRNA™P is structurally
different. This could result from the different stacking in-
teractions in tRINA*® because of the long-range effects such
as the G30-U40 mismatched base pair in the anticodon stem
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Table I: Cleavage of tRNAP" Mutants by Rh(phen),phi** Compared with Lead Cleavage Rates and Aminoacylation Kinetics

mutant tertiary interaction? diminished sites® enhanced sites® Pb° aminoacylation?

wild type G19-C56, G18-USS (1.0) (1.0)
G19C C19-C56 48, 55 45, 46 ND¢ ND

G18A-U3s5C A18-C55 54, 55 0.42 0.23
wild type G46-[G22-C13] (1.0) (1.0)
G46C C46-[G22-C13] lose 45, 47, 48, 55 0.22 0.40
G22A-C13U G46-[A22-U13] 45, 46 0.40 0.53
G46A-G22A-C13U A46-[A22-U13] 48 44, 45, 46 0.44 1.20
wild type A9-[A23-U12] (1.0) (1.0)
AU U9-[A23-U12] 36, 37, 38, 46, 47, 59 0.18 0.55
wild type G45-[G10-C25] (1.0) (1.0)
G45U U45-[G10-C25] 45, 46, 47 0.87 0.95
G10C-C25G G45-[C10-G25] 27, 36, 37, 38, 48 45, 46, 54, 55, 60 ND 0.88

aTertiary interactions for wild type are in regular type and mutations are in bold type. ®Cleavage relative to wild-type tRNAP® transcript.
Cleavage mixtures contained 3’-end-labeled tRNA, 10 M Rh(phen),phi**, 100 uM carrier tRNAP", 50 mM Tris, 20 mM sodium acetate, 18 mM
NaCl, and 1 mM MgCl,, pH 7.0 at 25 °C. ¢Taken from Behlen et al. (1990). ¢Taken from Sampson et al. (1990). ¢ND, not detected.

or different base composition in the loop itself.

The effects of magnesium ion on cleavage of tRNA* also
differ from those seen on tRN AP, However, the results on
tRNAA® are consistent with the notion of only localized
conformational changes in the tRNA in the presence of
magnesium ions. A loss of cleavage is observed at the triple
base sites in 10 mM MgCl,, consistent with a tightening of
the structure in this region so as to inhibit interactions with
Rh(phen),phi**. In contrast to the tRNAP™ results, increased
cleavage is observed in the TYC loop residues in tRNAA®,
In the case of the T¥C loop, a magnesium-induced structural
change may actually enhance interaction with the rhodium
complex. No change in cleavage at the anticodon residues ¥32
is associated with increased magnesium ion. Unlike on
tRNAPre, Mg2* seems to have little effect on the structure of
the anticodon loop in tRNA”P and subsequent interaction with
Rh(phen),phi®*,

Cleavage of Unmodified tRNA. Cleavage by Rh-
(phen),phi** of the yeast tRNAF! transcript, which lacks all
14 modified nucleotides but otherwise contains no base sub-
stitutions, was also examined. Thermal melting profiles of the
transcript show that, at low magnesium concentrations, the
transcript possesses a less stable structure as compared to the
native yeast tRNAP (Sampson & Uhlenbeck, 1988); even
in high magnesium concentrations (8§ mM), the transcript
exhibits a different melting profile, suggesting a more flexible
structure than the fully modified yeast tRNAP", Perhaps the
absence of specific base modifications causes an overall de-
stabilization of the tRNA transcript. NMR studies on the
tRNAF transcript have also indicated that even when the
transcript is folded normally (5 mM free MgCl,), local
structural changes may arise because of the absence of base
modifications (Hall et al., 1989).

Cleavage of unmodified tRNAF by Rh(phen),phi** seems
to be similar but not identical to that of fully modified
tRNAP Strong cleavage, shown in Figure 2, is apparent at
G22, U47, C48, U55 (¥55 in native), and U59 with minor
sites at C27, A36, G37 (Y37 in native), A38, G45, and G46
(m’G46 in native). The rhodium cleavage results therefore
indicate that globally the folded structure of the tRNA is likely
the same. Furthermore, the fact that the sites of cleavage are
in general the same on the modified and unmodified tRNAs
also provides evidence that the complex is recognizing a specific
shape or structure and that the actual cleavage chemistry is
not related to the base modifications.

The differences in cleavage between native and wild-type
tRNAP" are shown in a ribbon diagram in Figure 3. Changes
in cleavage in the anticodon loop (residues 36—38) and the

anticodon stem (residue 27) may reflect a loosening or al-
teration in the structure due to the absence of the modified
bases. In contrast to modified native tRNAF", cleavage of
the anticodon loop residues in the unmodified tRNA transcript
is actually enhanced in 10 mM MgCl,. This may be reflective
of the subtle structural differences between the modified and
unmodified RNA rather than blocking effects of the bulky
modified base. A decrease in cleavage at US55 may also reflect
the absence of modified bases at residues 54 and 55. Similarly,
the small changes in selectivity by the rhodium complex in the
triple base region could be a result of minor structural vari-
ations which arise when modified bases are no longer present
to stabilize specific interactions. For example, the hydrogen
bonding at the m’G46-[G22-C13] triple by N, and the exo-
cyclic N, of G46 may be stabilized by the increased positive
charge associated with methylation at N;. The positive charge
may also stabilize the interactions of G46 with phosphate 9.
The triple G45-[m?*G10-C25] is followed by the severely
propeller twisted A44-m3G26 base pair. The m*G10-C25 base
pair stacks with m3G26, while A44 stacks with the C27-G43
pair below. The dimethylation of G26 may contribute to the
propeller twisting of the base pair and therefore stabilize the
stacking interaction at the neighboring triple site. These in-
teractions are likely important for recognition by the rhodium
complex as seen by changes in cleavage at A44, G435, and G46,
as well as C27. Also, similar to native tRNAP', a gradual
loss in cleavage at G22, U47, and C48 with increasing mag-
nesium is observed. With increasing magnesium ion concen-
trations, no cleavage is apparent at A44, G45, and G46,
however, suggesting that the unmodified tRNA transcript may
be structurally slightly different from native tRNA, even in
the presence of magnesium, rather than simply more flexible.

Cleavage of tRNA Mutants. In order to characterize
further the recognition characteristics of the rhodium complex,
cleavage was examined on a series of mutant tRNAs prepared
as RNA transcripts. Table I summarizes the findings ob-
tained. Table I also shows comparison of the rhodium cleavage
data to assays of mutant structure based upon cleavage by lead
ion (Behlen et al., 1990) and rates of aminoacylation (Sampson
et al., 1990). In this fashion the use of rhodium cleavage as
an assay for RNA structural perturbations may be compared
and contrasted to current methodologies.

Mutations of Tertiary Interactions in the D-TVC Loop
Region. We were interested in exploring how changes in the
D-T¥C loop interactions might perturb the overall tertiary
structure of the RNA. Figure 6 summarizes the cleavage data
for two different D-TWC loop mutants., These mutations
occur at neighboring residues and have substantially different
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FIGURE 6: Mapped sites of cleavage on the T¥C loop mutants (A)
G19C and (B) G18A-USSC. Arrows point to the sites of mutation.

effects on the T¥C loop cleavage. These effects are localized,
however, and little change in cleavage is observed at the triple
base or anticodon sites.

The crystal structure of yeast tRNAF shows that the nu-
cleotides G19-C56 form the only tertiary Watson—Crick base
pair in the outermost corner of the tRNA molecule and are
important for maintaining interactions between the D and
T¥C loops. The G19C mutant leads to a C19-C56 mismatch
which is expected to partially disrupt the D-T¥C loop in-
teraction. An observed 5-fold decrease in the rate of site-
specific cleavage by lead indicates that this mutant has an
altered tertiary structure in the corner region of the tRNAPhe
molecule (Behlen et al., 1990). Rh(phen),phi** promotes
strand scission of G19C (Figure 2) at US9 and the anticodon
residues to the same extent as in the wild-type transcript, but
there are small changes in cleavage at the triple base sites and
a noticeable decrease in cleavage at US55. This result is con-
sistent with cleavage results on yeast tRNAAP; the disrupted
G19-C56 base pair evident in the crystal structure seems to
have only small long-range effects on cleavage by Rh-
(phen),phi* at the triple base sites, but less cleavage at the
USS site with less selectivity is apparent.

The mutant G18A-¥55C (data not shown) shows overall
patterns of cleavage by Rh(phen),phi** which are similar to
wild type, but with greatly enhanced cleavage at U54 and C55.
This mutation is expected to have significant effects on the
interaction between the D and T¥C loops. The amino-
acylation kinetics of this mutant indicate that the hydrogen-
bonding interactions between G18 and ¥35 are important for
interaction with the cognate yeast phenylalanyl-tRNA
synthetase (Table I). In addition, decreased lead cleavage
suggests that this mutant has an altered tertiary structure. Our
data suggest that the tRNA is still folded with its overall
structure the same, but a significant structural change has
occurred in the D-TWC loop region. Together with the
tRNAA cleavage data, these results point to the importance
of the TWC loop structure for the recognition by the rhodium
complex.

Mutations of the G46-[G22-C13] Tertiary Interaction. In
the core region of the tRNA molecule, the G22-C13 base pair
in the D stem interacts with G46 of the variable loop. This
triple base scheme is stabilized by seven hydrogen bonds (four
tertiary) in tRNAP* and three hydrogen bonds (one tertiary)
in tRNAA®, Mutations in this tertiary interaction were
constructed to maintain the conserved Pyl13-Pu22 motif and
vary at position 46. These mutations exhibit relatively small
differences in aminoacylation kinetics and only slight reduc-
tions in lead cleavage (Table I). Importantly, Rh(phen),phi®*
targets the same sites in these mutants, which verifies that the
complex recognizes structural features of the RNA rather than
individual nucleotides.
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Not only does the rhodium complex target the triple base
structure in tRNA, but Rh(phen),phi** is also able to dis-
tinguish small variations in the backbone structure around the
base triples. As shown in Figure 7 (lane 7), a one-base change
to C46-[G22-C13] leads to a large change in cleavage at G45
through C48. This mutant appears unstable since the overall
cleavage is much weaker and less specific at both the triple
sites and the D loop sites. A relative lead cleavage of 0.22
compared to wild-type cleavage is also indicative of some
structural change for this mutation (Behlen et al., 1990).

We have also examined a two-base change at the D stem
base pair to G46-[A22-U13] and a three-base change to
A46-[A22-U13], a common base triple found among tRNAs.
Figure 7 (lanes 9 and 11) shows cleavage patterns similar to
those on the wild-type transcript, but with strong cleavage at
G46 for both mutants. These data are also compared in Figure
8 (A and B). Changes in cleavage at the triple base sites for
these mutants may be understood by considering variations
in the base-stacking interactions. As was evident also in the
tRNAAP cleavage data, the rhodium complex is sensitive to
variations in base stacking of the triples, as would be expected
if the rhodium complex intercalates in this region. Perhaps
the greater change in cleavage in C46-[G22-C13] results from
a greater change in stacking, since the mutation involves a
purine to pyrimidine base change at residue 46. Mutants
G46-[A22-U13] and A46-[A22-U13], on the other hand, in-
volve only semiconservative base changes. The conservation
of a purine at position 22 and a pyrimidine at position 13 may
help to maintain proper stacking interactions within these triple
base regions. Not surprisingly with an intercalator, the
stacking may actually be more important than hydrogen-
bonding interactions among bases in determining the inter-
actions with Rh(phen),phi**.

Mutations of the A9-[A23-U12) Tertiary Interaction. A
reverse Hoogsteen pair with A9 occurs in the major groove
of the A23-U12 base pair of the D stem. This triple is flanked
by two other triples (G46-[G22-C13] and G45-[G10-C25]),
and the A9 residue is stabilized by stacking interactions with
the G45 and G46 residues. The mutant which involves a
one-base change of the third base U9-[A23-U12] exhibits only
small changes in the cleavage patterns, as shown in Figure 7
(lane 13). We have observed a small decrease in Rh-
(phen),phi’** cleavage at all sites except US55 but a large de-
crease in the lead cleavage rate (0.18) (Table I). This mutant
maintains only one hydrogen bond between U9 and A23;
however, the triple may be stacked such that it is still recog-
nized by the rhodium complex.

Mutations of the G45-[G10-C25) Tertiary Interaction. The
crystal structure of tRNAP shows that the variable loop
nucleotide G45 has a single hydrogen bond between its exo-
cyclic amine and the O; of G10 in the major groove of the D
stem and that G4S is tilted and stacked over A44. Further-
more, A44 stacks with the first base of the anticodon stem,
while the G10-C25 base pair stacks over G26. The propel-
ler-twisted A44-G26 base pair maximizes stacking with its
neighboring nucleotides. The mutations G45U and G10C-
C25G, which should form the base triples U45-[G10-C25] and
G45-[C10-G25], respectively, exhibit normal aminoacylation
kinetics compared with wild type but, as seen in Table I, show
very different rates of cleavage with lead. As with the other
triple base mutants, the overall patterns of cleavage by Rh-
(phen),phi3* are the same as wild type (Figure 7, lanes 15 and
17, illustrated in Figure 8C,D), again supporting the notion
that the rhodium complex recognizes the triple base structure
rather than individual nucleotides. One can, however, observe
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FIGURE 7: Cleavage of several *2P 3-end-labeled tRNAP'* mutants by Rh(phen),phi** in 50 mM Tris, 20 mM sodium acetate, 18 mM NaCl,
and 1 mM MgCl,, pH 7.0. Lanes 1 and 18: A-specific reaction on the tRINAP™ transcript. Lanes 2 and 19: U-specific reaction on the tRNAPh
transcript. Lanes 3, 6, 8, 10, 12, 14, and 16 (controls without metal or irradiation): tRNAP transcript, G46C, G22A-C13U, G46A-G22A-C13U,
A9U, G45U, and G10C-C25G. Lane 4 (light cnmrolg: tRINAPb® transcript irradiated in the absence of metal. Lanes 5, 7,9, 11,13, 15, and

17: specific cleavage by Rh(phen),phi** on the tRNA

be transcript, G46C, G22A-C13U, G46A-G22A-C13U, A9U, G45U, and G10C-C25G.

Arrows indicate reference points along the tRNA sequence. Bars indicate major regions of cleavage by Rh(phen),phi**.

FIGURE 8: Mapped sites of cleavage on the triple base mutants (A)
G22A-C13U, (B) G46A-G22A-C13U, (C) G45U, and (D) G10C-
C25G. Arrows point to the sites of mutation.

differences within these regions of cleavage. Cleavage at A44,
U45, and G46 on G45U is unusually strong compared to
cleavage on the wild-type transcript. Once again, stacking
interactions may be more important than hydrogen-bonding
interactions in determining binding by the rhodium complex.
Hydrogen bonding between G10 and U45 is unlikely, but it
seems that the presence of residue 45 in the major groove of
the D stem is sufficient for recognition by the rhodium com-
plex. The presence of the two neighboring triple sites may also
help to maintain stacking in this mutant, although stacking
of a pyrimidine (U45) is less favored than stacking of a purine
(G45).

The G10C-C25G mutant shows small changes in cleavage
at the triple sites and a diminished intensity of cleavage in the
anticodon loop and at residue C27. These variations may
indicate a more global change in structure of the mutant.
Unusually strong cleavage is evident in the D-T¥C loop re-
gion. Consistent with the rhodium cleavage data, this mutation
showed a pronounced effect on the lead cleavage at a site far
from the mutation (Behlen et al., 1990).

Removal of the m'G46 Residue in Native tRNA™,
Chemical modification in which a triple base interaction is
destroyed without substantial effect elsewhere in the molecule
is also useful in delineating the recognition of the triple base
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FIGURE 9: Densitometer scans of Rh(phen),phi** cleavage of (A)
native tRNAP™ and (B) the chemically modified tRNAP*, Cleavage
reactions were performed in 50 mM sodium cacodylate, pH 7.0. The
native tRN AP was modified with sodium borohydride as described
by Peattie (1979) prior to cleavage by the metal complex. The major
sites of cleavage are marked.

sites by Rh(phen),phi**. Upon sodium borohydride treatment
of the native tRNAPhe, residue G46, which is methylated at
the N7 position, is depurinated (Peattie, 1979). This depu-
rination leads to a loss of the third base interaction in the major
groove for the triple G46-[G22-C13]. As shown in Figure 9,
the cleavage by Rh(phen),phi** on the still intact, folded,
depurinated tRNA indicates a large reduction in the cleavage
intensity at the triple sites (G45 and G22) and neighboring
site (U59) relative to the other sites of cleavage (¥55) which
are far from the mutation. It is difficult to bring both the
borohydride reduction and aniline treatment to completion,
however, to permit quantitation of the effect. Additionally,
other base modifications, such as depurination at Y37, may
occur, which may also cause structural perturbations in the
tRNA. Nonetheless, with these caveats, it appears that the
triply bonded base in the folded tRNA is essential for rec-
ognition by the rhodium complex.

DiscussioN

We have shown that Rh(phen),phi** is a sensitive probe of
the tertiary structure of tRNAs. There is a strong correlation
evident between regions of the RNA which are involved in
tertiary interactions and sites which are specifically targeted
by the rhodium complex. The sites differ from those targeted
by other cationic metal complexes which differ in their shape.
Mutations which preserve the structure of the triply bonded
region of the tRNA are still cleaved by Rh(phen),phi3*, in-
dicating that it is the structure rather than the individual
nucleotides which are being targeted. Selective depurination
of m’G46, the third base involved in the triple in the native,
folded tRNA, results in the reduction of cleavage by the metal
complex. These results are consistent with the DNA recog-
nition characteristics of Rh(phen),phi**. While the complex
binds by an intercalative mode in the major groove of DNA,
binding by the complex in the deep and narrow major groove
of double-helical RNA is not expected on the basis of steric
considerations. Indeed, no cleavage is observed in double-
helical regions of tRNA. Additionally, the complex requires
structure in order to intercalate, and thus purely single-
stranded regions of the RNA are not targeted by the complex.
Furthermore, since the complex cleaves by direct hydrogen
abstraction, rather than through a diffusible intermediate, close
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contact with the RNA is required to achieve strand scission.
We therefore propose that cleavage by Rh(phen),phi**
preferentially occurs at regions of tertiary structure in the
tRNA because these regions are structured so that the major
grooves are open and accessible to stacking by the complex.

The rhodium complex is not, however, specific for one
particular tertiary structure. Instead, on the basis of cleavage
results for yeast tRNAP*, yeast tRNAA®, and the structurally
modified tRNA mutants, it appears that a variety of tertiary
structures are recognized by Rh(phen),phi**, These structures
include triple base interactions, stem—loop junctions such as
in the anticodon stem-loop region, or the structured loop
regions such as the T¥C loop. Furthermore, as can be seen
in Table I, the rhodium complex provides a sensitive probe for
structural perturbations within these regions. One or two base
changes can affect cleavage at neighboring residues which may
be a result of different base-stacking interactions for purines
versus pyrimidines (i.e., G45U) or local structural distortions
created by altered hydrogen-bonding interactions between the
bases (G18A-US55C). As is also evident from Table I, mu-
tations which disrupt certain tertiary interactions in tRNA
can also affect cleavage far away from the actual mutation,
For example, a change from A9 to U9 affects cleavage at
residues 36—38 in the anticodon loop. Similarly, a change from
G10-C25 to C10-G25 leads to changes in the T¥C loop
residues. These results suggest that structural alterations
caused by the mutations in these folded regions of tertiary
interaction can be propagated through the stacked nucleotides
to affect structure at a distance.

Cleavage results with Rh(phen),phi3* correlate well with
lead cleavage data (Behlen et al., 1990) as shown in Table 1.
It seems that mutations which produced substantial effects on
rhodium cleavage, in particular G46C and G10C-C25G, also
showed large decreases in lead cleavage rates. In contrast,
the A9U yielded only small changes in rhodium cleavage, yet
large changes in lead cleavage. It should be noted, however,
that there was a change in cleavage by the rhodium complex
at US59 in this mutant. This may be significant since residue
59 is important for coordination by lead ion. In general, lead
cleavage requires a high degree of stereochemical constraint
and is therefore sensitive to local structure near the lead
binding site. The rhodium complex is sensitive to local
structural perturbations as well, and indeed, given that the
complex binds at several sites on the polymer, the complex
provides a probe for several different regions of the RNA.
Furthermore, since the complex appears to probe tertiary
interactions, perturbations at a distance from the binding sites
which affect folding can also be sensitively assayed. Rhodium
cleavage data on the tRNAP" mutants do not seem to correlate
with the aminoacylation data. This is perhaps not surprising,
however, since the rhodium complex does not seem to interact
with regions of the tRNA which are important for making
contacts with the tRNA synthetase (Sampson et al., 1989).

In conclusion, we have demonstrated on tRNA that cleavage
by Rh(phen),phi* targets sites of tertiary interactions. The
results obtained on yeast tRNAA® and the tRNA mutants
indicate that cleavage patterns on yeast tRNAF" may reflect
generally the recognition pattern of the complex for all tRNAs.
Few and unique sites are cleaved in tRNAs, and the cleavage
patterns observed vary sensitively with subtle changes in nucleic
acid structure. Thus Rh(phen),phi** should provide a powerful
probe in characterizing the folded structure of different tRNA
mutants.

Might Rh(phen),phi** furthermore be valuable in charac-
terizing other RNA structures? The complex appears to target
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uniquely few sites within an RNA polymer. Regions which
are double helical or single stranded are not preferentially
bound. Furthermore, given the cleavage chemistry which
involves no diffusible intermediate, the reaction is specific to
the site of binding. Hence, cleavage patterns by the rhodium
complex provide a sensitive and specific fingerprint to monitor
structural changes in an RNA polymer as a function of dif-
ferent perturbations, substitutions, or reactions. On the basis
of the tRNA cleavage data, it appears also that the complex
is not specific for a single tertiary interaction. Sites cleaved
by the rhodium complex mark a range of tertiary structures.
Therefore, used in concert with other structural experiments,
Rh(phen),phi** may be a powerful and unique probe in
characterizing the tertiary structures of other RNAs.
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