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Selection of an RNA domain that binds Zn2+

JERZY CIESIOLKA, JESSICA GORSKI, and MICHAEL YARUS
Department of MCD Biology, University of Colorado, Boulder, Colorado 80309-0347, USA

ABSTRACT
We have selected an RNA that depends on zinc for affinity to a column, starting from a pool of ribooligonucle-
otides with 50 randomized positions. This RNA's chemical sensitivities, calculated folding thermodynamics,
and activity when fragmented suggest that an ion binding site lies within a complex 21-nt hairpin loop, near
the junction with an imperfect helical stem. This RNA site has an unselected selectivity among divalents, pre-
ferring nickel, cobalt, and cadmium to calcium, magnesium, and manganese, as expected for a simple site of
chelation. A moderate zinc-dependent change in loop structure accompanies divalent binding and can be de-
tected by chemical probing and zinc-dependent UV-induced crosslinking. The latter also demonstrates the ap-
position of loop sequences to make a structure that may be related to the E-loop motif found in a number of
other RNA molecules; the E-loop motif, accordingly, may be a divalent site.
Keywords: divalent ion-RNA interactions; IMAC; metal ion affinity chromatography; RNA structure; selection-
amplification; SELEX

INTRODUCTION

Metal ions are indispensable components of all biolog-
ical systems. In many protein enzymes, metal ions not
only play a structural role, but actively participate in
catalytic processes (Walsh, 1977; Fersht, 1985). More
recently it has been realized that metal ions may play
a similar dual role in nucleic acids, crucial for catalysis
by ribozymes in particular. Thus, in all characterized
ribozymes, divalent metal ions are required not only
for the formation of active structures, but also may par-
ticipate directly in catalysis (for review see Pan et al.,
1993; Yarus, 1993). Thus, it is likely that information
about RNA-divalent binding sites will help understand
RNA catalysis.

Information concerning metal coordination in RNA
is still very limited; there are few proven generalizations
concerning general principles that govern the interactions
of structured, folded RNA molecules with divalent
metal ions. Most information available so far derives
from a few sites in solved tRNA crystal structures (re-
viewed in Teeter et al., 1980; Pan et al., 1993). The re-
cent crystal structure of a hammerhead RNA-DNA
ribozyme-inhibitor complex has significantly augmented
this information; a small hammerhead RNA motif

Reprint requests to: Michael Yarus, Department of MCD Biology,
University of Colorado, Boulder, Colorado 80309-0347, USA; e-mail:
yarus@beagle.colorado.edu.

GAR/AG was proposed as a divalent ion-binding site
(Pley et al., 1994).

Recently a new technique, selection-amplification,
has allowed open-ended investigation of the funda-
mental capabilities of RNA (Ellington & Szostak, 1990;
Tuerk & Gold, 1990). The power of that approach has
been used for identifying in random RNA pools RNA
motifs that bind varied small-molecular-weight ligand
organic dye molecules (Ellington & Szostak, 1990), de-
rivatized amino acids (Famulok & Szostak, 1992), free
amino acids (Connell et al., 1993; Connell & Yarus,
1994; Famulok, 1994; Majerfeld & Yarus, 1994), ATP
(Sassanfar & Szostak, 1993), GDP (Connell & Yarus,
1994), antibiotics (Davies et al., 1993), the alkaloid the-
ophylline (enison et al., 1994), cyanocobalamin (Lorsch
& Szostak, 1994), and the transition-state analog of a
bridged biphenyl (Prudent et al., 1994). We have now
exploited the method for selection of RNA molecules
that bind Zn ions. This is the first elemental ion, and
the smallest ligand, yet used in RNA selection-amplifi-
cation experiments.
Our selection required affinity for chelated, but par-

tially coordinated Zn2+. Thus, a selected RNA, which
is unlikely to bind all Zn2+ coordination positions,
might be expected to allow other small molecules to
gain access to the inner coordination sphere of its
bound ion. Such accessible RNA-bound divalents
might be useful in constructing new metallo-RNA cat-
alysts (Yarus, 1993).
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RESULTS

Selection
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from each round was assayed by limited hydrolysis of
these internally labeled RNAs using RNase Ti (Fig. 2).
Uniformly distributed bands in the lanes correspond-

used metal ion af- ing to first four rounds turned to a distinct pattern af-
iucarryingimnlodia ter the fifth round of selection, indicating that the
hZc irn (Fim 1A) original pool with G's equally frequent at every position
hZ of (FgRNA pA). was being superseded by a selected group of specific
applied to the col- sequences. This coincided with a jump in the amount
dafrome5 X1013 Cd°ff of RNA recovered in the EDTA-fraction from 0.07 to

i from5ashxo101 e
d 13.8% (Fig. 1A). Two additional rounds increased the

aws honlyo 03olutef amount of RNA bound to the column to more than
e onl 03bof 70%, but did not change the pattern of Ti RNase prod-e column of bound '

50. ucts. This pool's cDNAs were cloned and individual:ontaining 50 mM members were sequenced.desalted, reverse The pool was virtually homogeneous: of 36 indepen-
wvith T7 RNA poly- dent sequences, 30 were identical, 4 clones were re-1 used for the next lated to the predominant sequence by point mutations,
y of the RNA pools and 2 were unrelated to the major sequence as well as

to each other. The RNAs from the latter unrelated clones
CH,-COO- were unable to bind to the Zn-column.

'HOH-CH2-N
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Binding of the selected RNA sequence to the IDA-
CH,-Coo- column was strictly dependent on column-bound Zn

cerAnn 1IDA ions. RNA applied to a column charged with Mg ions
was eluted in the void volume (Kd > 80 mM), whereas
85% of applied RNA was eluted slowly from the Zn-

DN SUMMARY charged column, 15% flowing through in the void vol-
RNA % RNA ume (this fraction might represent misfolded molecules).
[ sg ] EDTA eluted Less than 4% was retained more strongly, but elutable
20 0.03 with EDTA (Fig. 1B). The dissociation constant of the
20 0.07 major peak was determined by isocratic ligand elution
20 0.11 (Dunn & Chaiken, 1974; Connell et al., 1993) and
20 0.07 found to be 1.2 ± 0.4 mM (Fig. 3). This isocratic elution
20 73.0 with free Zn2+ also demonstrates that the RNA's sites

for free and bound ion overlap, or are linked.
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FIGURE 1. Selection of Zn-binding RNA by immobilized metal ion
affinity chromatography on IDA-Sepharose column. A: Elution pro-
file for round #1 and the selection summary. Internally 32P-labeled
RNA was loaded onto the Zn-column. After washing the column for
20 column volumes, any remaining RNA, as well as Zn ions, was

eluted with 50 mM EDTA in the chromatography buffer. In the in-
set, the structure of the affinity matrix is shown. B: Elution profile
for the selected, Zn-binding RNA.

Structure of the selected RNA

A secondary structure for the Zn-binding RNA pre-
dicted by Mfold (Zuker, 1989) is shown in Figure 4. The
stabilization energy (AG' = -15.5 kcal/mol) differs by
ca. 10% from the energy of the most stable structure
calculated by the program. However, our experimen-
tal data (the results of the minimal sequence experi-
ment, and chemical modification data for full-length
and truncated RNA) are more consistent with the
structure shown in Figure 4, particularly in the hairpin
loop domain.
The hairpin loop domain consists of a 20-bp stem

with two mismatches (CA and GG), two bulged uri-
dines, and a large 21-nt loop. Two tails are mostly
single-stranded, making only a short 4-bp helix. In the
cloned RNA pool, we have also four clones with sin-
gle mutations of the major sequence; single isolates
with G70U or A22G, and two having G70A (Fig. 4).

In order to determine the miniimal sequence required
for binding to the Zn-column, we performed a 3' and
5' boundary experiment (Fig. 5). The pooled results
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FIGURE 2. Heterogeneity of the selected RNA pools as-
sayed by limited hydrolysis with RNase Tl. Internally
32p labeled RNA pools from round 0 to 7 of selection
were digested with two different concentrations of
RNase Tl and digestion products were electrophoresed
through a denaturing 12% polyacrylamide gel.

showed clearly that only the region spanning nucleo-
tides C30 and A72 (the loop and a part of the stem in
the secondary structure shown in Fig. 4) was required
for binding to the Zn-column.

Hydrolysis of RNA molecules with lead ions has
been proven to be a valuable method of probing strong
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FIGURE 3. Dissociation constant measurements by isocratic affinity
elution in the presence of Zn ions. Experimental details are described
in the Materials and methods. The line is the least-squares fit to the
data, assuming an ideal binding isotherm.

metal ion binding sites (Krzyzosiak et al., 1988; Beh-
len et al., 1990; Kazakov & Altman, 1991; Ciesiolka
et al., 1994) as well as overall RNA conformation (Gor-
nicki et al., 1989; Ciesiolka et al., 1992a, 1992b). Strong
specific cleavages induced by Pb ions are thought to oc-
cur near strong metal ion binding sites. Therefore, such
exceptional cleavages imply that region to be in three-
dimensional proximity to the bound ion. However, co-
ordination of the ion may occur via regions distant in
the primary structure, as has been shown in yeast
tRNAPhe (Brown et al., 1983; Rubin & Sundaralingam,
1983). Moreover, in addition to these strong cleavages
near stably bound Pb ions, cleavages of lower intensity
preferentially occur in single-stranded RNA regions,
whereas helical regions are highly resistant to hydro-
lysis. Cleavages do occur in double-stranded regions
at weak, bulged, or destabilized base pairs. This can be
understood because the phosphodiester is not aligned
to allow in-line cleavage by 2'-OH in a normal A-form
helix. Therefore, helices are resistant and single-
stranded RNA regions can also go uncleaved if nucle-
otides are held out of alignment by stacking or tertiary
interactions, but all flexible regions will be cleaved.
We have applied the lead hydrolysis method to

structural analysis of the selected Zn-binding RNA. A
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FIGURE 4. Predicted secondary structure of Zn-binding RNA.
Boundaries obtained from the 3' 32P labeled( ) and the 5' 32p
labeled (-<) RNA (see Fig. 5) are indicated. An additional
"weaker" boundary observed from the 3' 32p labeled RNA (- - -<;
see also Fig. 5 B) is caused, most likely, by the association of a small
fraction of short RNA fragments with the full-length molecule. Strong
(_), moderate (-), and weak (-) Pb2+ cleavages (see Fig. 6) are
also shown. Lines along the sequence mark two regions that might
be paired to form a pseudoknot structure.

representative autoradiogram of hydrolysis of 5'-end
labeled RNA with Pb ions at concentration 0.25 and
1 mM is shown in Figure 6 and the results are dis-
played in Figure 4. There are two regions in the mol-
ecule strongly cleaved by Pb: close to the 5'-terminus
at All and C12 and within the loop region at U54 and
A55. It seems that both regions are in the vicinity of a
bound Pb ion. However, it is not clear whether the
cleavages are induced from two independent binding
sites or from one site but with the RNA arranged into
a pseudoknot structure with the 5'-terminal region folded
back over the loop (regions U10-U18 and G50-A58 can
be paired with only one CA mismatch).
The distribution of weaker cleavages, in particular,

and the resistance to hydrolysis of the stem regions
G28-C37 and G59-G67 with a single cleavage at bulged
U33, is consistent with the proposed hairpin loop-like
structure for that domain. The region G38-G41, com-

posed of four consecutive purines resistant to hydro-
lysis, may be strongly stacked. The remaining part of
the molecule is much more susceptible to hydrolysis,
reflecting either its lower stability (the stem U16-
A27/U68-A78 is composed mostly of AU base pairs),
or because of conformational heterogeneity in that
domain.

Strong, specific cleavages at All-C12 and U54-A55
induced in the presence of 0.25 mM Pb ions were di-
minished and finally suppressed when the reaction
was performed in the presence of Zn ions at 0.25 and
2 mM (Fig. 6). Cleavages in other regions are much less
or not affected in the presence of Zn ions. This suggests
that Pb and Zn ions may compete for an overlapping
localized binding site. Similar competition experiments
in the presence of several other divalent metal ions
and their effect on the cleavages induced in the loop
region is shown in Figure 6. Local suppression of Pb-
induced cleavage was also observed in the presence of
Cd, even more strongly with Co and Ni, much weaker
with Mn, whereas Ca had almost no effect on lead
cleavages. These observations were in good agreement
with the results of a parallel column assay. RNA was

most strongly retained on the IDA-column charged
with Ni and Co, but eluted in the void volume from the
column charged with Ca (not shown).

Structure of the Zn-binding domain

Because the boundary experiment suggested that the
5'- and 3'-terminal regions of the selected RNA are su-

perfluous for binding to the Zn-column, we synthe-
sized the truncated molecule in which nucleotides
A4-U18 and U79-A87 were deleted. The most stable
calculated secondary structure of this smaller RNA
(AGO = -18.3 kcal/mol) corresponds to the hairpin
loop domain of the full-length molecule (the region
C19-A78 in Fig. 4) with 5' and 3' tails, 5'-GGG-3' and
5'-AGCUUCGC-3', respectively. The truncated RNA
showed Zn-column affinity similar to the longer origi-
nal RNA (10% difference in peak position) but the flow-
through-fraction (misfolded molecules?) decreased
from 15 to 5% of the RNA applied (data not shown).
Lead hydrolysis of the truncated RNA (Fig. 7A) also

closely resembles that of the corresponding hairpin
loop domain of full-length RNA (Fig. 6) and was con-

sistent with the predicted secondary structure. Thus,
the pseudoknot noted above, if it existed, was not cru-

cial for ion affinity, because it is deleted in the truncate.
Hairpin loop structure was also consistent with the

results of chemical modification with DEPC (Fig. 7B).
This reagent modifies N7 positions of adenosine resi-

cleavages within the loop region between U42-A58,
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FIGURE 5. Minimal sequence requirement for the binding of the selected RNA to the IDA-Sepharose colum charged with
Zn ions. RNA was either labeled at its (A) 5'-end or (B) 3'-end with 32P and partially digested under alkaline conditions.
Digestion products were loaded onto the Zn-column, eluted with the start buffer, and subsequently with buffer contain-
ing 50 mM EDTA (see Fig. 1B). Seven different fractions were collected: three in the void volume (flow-through), three
from the major elution peak, and one eluted with EDTA (RNA bound). RNA from these fractions was recovered by etha-
nol precipitation and run on a 12% polyacrylamide gel along with OH--alkaline hydrolysate and Ti-partial RNase Ti
digest.

mann et al., 1987). In the truncated RNA, only residues
in the loop region (e.g., A39, A44, A45, A46, A49, A55,
A56, and A58) and in the single-stranded 3'-terminus
(e.g., A78 and A88; numbering according to the full-
length RNA) were modified.
Because Zn ions are known to interact with the

bases, preferentially with N7 of guanine (Rubin et al.,
1983; Saenger, 1984), we performed chemical protec-
tion experiments with DMS and DEPC (Fig. 7B,C). All
substantial differences in the chemical reactivity of N7
atoms in presence of Zn occurred in the loop region of
the truncated RNA. In the absence of Zn, all the A's
and G's present in the loop were modified. Notably,
protections observed in the presence of Zn occurred in
the regions G38-G43 and A49-A58 adjoining the
double-stranded stem (Fig. 7D). The remaining part of
the loop between A44 and G48 was not affected.

Especially remarkable were an unexpected Zn-
induced DEPC hyperreactivity of A55 and A56, and an

apparently changed base specificity for DMS, which
modified the adenosines in 38-GA and 43-GA, leaving

the guanosines protected by Zn ions. The results of
chemical modification of the full-length RNA in the
hairpin loop-like region, as well as protections ob-
served within the loop in the presence of Zn, were

identical in the truncate and full-length RNA (data not
shown).
Watson-Crick positions were separately probed,

using DMS and CMCT reactions assayed with reverse

transcription, and are summarized in Figure 8. No sig-
nificant protection effects were observed in the pres-

ence of Zn, although a few changes in the relative
intensity of several bands could be reproducibly noted.
It seems likely that there are no extensive interactions
within the loop that involve Watson-Crick pairing.
However, reactivity varies distinctly across the loop,
suggesting that the loop has an ordered structure.

In order to get further structural information on the
Zn-binding domain, we looked for UV crosslinking. In
folded, highly structured RNA molecules, specific, in-
tramolecular crosslinks can often be formed upon ir-
radiation with short-UV light. Irradiation of the 3'- and

17-

32-

43-
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FIGURE 6. The relative abilities of different divalent metal ions to inhibit strong Pb-induced cleavages. The 5'-end 32p-
labeled RNA was hydrolyzed with 0.25 mM Pb2+ at 23 °C for 20 min in the presence of different divalent ions at 0.25 and
2 mM concentration as indicated. Digestion products were separated on a denaturing 12% polyacrylamide gel.

5'-end labeled Zn-binding RNA in the absence and
presence ofZn revealed several photoproducts migrating
above the intact RNA on a denaturing polyacrylamide
gel (Fig. 9A). The bands of relatively high intensity
were observed in region a of the gel both in the absence
and presence of Zn. In contrast, region b of the gel
contains a strong band that appeared only in the pres-
ence of Zn. Six percent of the RNA molecules formed
the Zn2+-dependent crosslinking product; this was

the major crosslink formed in the presence of Zn2+. The
6% yield is not maximal, but was obtained at the min-
imum irradiation giving a sufficient yield for character-
ization. The gel-purified crosslinked RNA species were
mapped by partial alkaline hydrolysis of 5'- and 3'-end

labeled material (Fig. 9B). RNAs from band b produced
ladders with distinct gaps after A39 and starting from
A56 for the 5'- and 3'-end labeled RNA, respectively,
indicating that the crosslink was formed between G40
and U57. The RNAs isolated from bands a appear het-
erogeneous; mixtures of photoproducts in which resi-
dues from two opposite RNA strands between C15 and
U18 and C77 and A81 become crosslinked would be
consistent with the data.

DISCUSSION

For selection of Zn-binding RNAs, we have adopted
the method of immobilized metal affinity chromatog-

-54
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FIGURE 7. Probing of the truncated Zn-binding
RNA with (A) Pb2+t (B) DEPC, and (C) DMS.
The reactions were performed with 3'-end 32P-
labeled RNA at 25 °C for 20 min (Pb and DMS)
or 1 h (DEPC). In the reactions with DEPC and
DMS, Zn ions at concentration of 1 and 5 mM
were also included as indicated and, after the
modification, the RNAs were treated with so-
dium borohydride and aniline (see the Materi-
als and methods). Ci, control lanes, L, alkalne
hydrolysate. D: Results ofDEPC andDMS mod-
ification are displayed in the loop region of the
RNA structure shown in Figure 4. The dotted
line marks a UV-induced crosslink.
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raphy (IMAC), used previously for separation of proteins
based on their content of exposed histidine residues
(reviewed in Porath, 1992). The method was extremely
selective. From the initial RNA pool of t1014 95-mers
with 50 nt randomized (20 jig of RNA), seven rounds
of selection-amplification isolated a single structure
(Fig. 1). The results of competitive affinity chromatog-
raphy performed at different concentrations ofZn (plus
high monovalent and 1 mM Mg ions) suggests Kd of
1.2 ± 0.4 mM for Zn ions (Fig. 3).
The minimal RNA sequence defined in the bound-

ary experiment, the results of lead hydrolysis, and
analysis of different secondary structures with similar
calculated stabilities are consistent with a hairpin sec-

ondary structure for the essential domain (Fig. 4), hav-
ing a helical stem with bulge defects, and a 21-nt loop.

Isolation of a single large, unique RNA like this is un-
expected because of the small size of the ligand, and
the many possible ligand atoms (e.g., phosphate oxy-
gens and purine N7 base atoms) in RNA. A possible
explanation is that a relatively large RNA motif is
needed to meet selection for binding to the Zn-column.
The actual binding site may be small, but its low sta-
bility may require imbedding in a larger stable RNA.
In addition, the intrinsic constraint of divalent-affinity
chromatography, that the RNA must utilize only a sub-
set of coordination positions, may be more stringent
than we had originally thought.
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FIGURE 8. Chemicalprobingof the struc-
ture of Zn-binding RNA by alkylation of
W-C positions of bases with DMS and
CMCT. A: DMS and CMCT modification
were performed as described in the Ma-
terials and methods at 23 °C in native
conditions (nat), ± 1 or 5mM Zn as indi-
cated, and in the presence of 1mM EDTA
at 25 °C (sem-den) or at 90 °C (den). Mod-
ification sites were mapped by primer ex-
tension with reverse transcriptase using
a 32P-labeled 25-mer primer complemen-
tary to the 3'-end of the RNA. Reverse
transcriptase terminates one base to the
3'-side of the modified nucleotide. A, C,
G, U are dideoxy sequencing lanes and
lanes Ci are reverse transcription from
unmodified RNA. B: Summary of the re-
sults displayed in the loop region of the
RNA structure shown in Figure 4. The
dotted line marks a UV-induced cross-

link. C: The more highly conserved por-
tion of the E-loop motif and the RNA
domain of selected Zn-binding RNA are

shown.
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Within the loop, strong lead-induced cleavages oc-

curred at U54, A55, which are suppressed in the pres-
ence of Zn, suggesting that Pb and Zn compete for
overlapping binding sites. A similar competition effect
occurred also in the presence of Ni, Co, and Cd,
whereas in the case ofMn much weaker and Ca almost
no effect was observed. By far the simplest interpreta-
tion of these results is that a site capable of binding sev-

eral different divalents in overlapping positions exists

in the selected RNA, but a more complex notion that
separate sites communicate through structural effects
is not formally eliminated. We have provisionally
adopted the single-site model.
The RNA specificity for varied divalents is informa-

tive. Divalent affinities for sites of simple, somewhat
mobile structure usually follow the Irving-Williams af-
finity series (Frausto da Silva & Williams, 1991): Ca2+t
Mg2+ < Mn2+ < Co2+ < Ni2+ < CU2+ > Zn2+, Cd2+.
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FIGURE 9. UV crosslinking of the Zn-binding RNA. A: UV crosslinking of the 5'- and 3'-end labeled RNA (denoted in the
figure as 5'-lab RNA and 3'-lab RNA, respectively) performed ± 2 mM Zn ions as indicated. In the control lanes, RNA was
not exposed to UV light. B: Identification of crosslinked residues in photoproducts a and b isolated from the gel shown
in panel A. L, alkaline hydrolysate; Ti, RNase Ti digest.

The Irving-Williams series also seems to describe the
selected RNA site (Fig. 6). Thus, the selectivity evi-
dence supports a single site for ions, and also suggests
that the selected RNA site does not impose strict geo-
metrical or size constraints on the bound ion. This re-
sult may therefore be consistent with the evidence for
conformational flexibility during binding (Figs. 7, 9),
and with the requirement that the RNA contact only
a subset of coordination positions, the latter imposed
by the affinity selection.
Although a hairpin is required for divalent binding,

all nucleotides may not be near the ion. The minimal
sequence experiment showed that the region between
C30 and A72 was indispensable for Zn-column affin-

ity (Fig. 4). Computerized folding of each progressively
shortened molecule suggested that these boundaries
might not define the region minimally required for ion-
binding per se, but instead the region required for sta-
bility of the active stem-loop (not shown).

In order to verify the proposed secondary structure
of the Zn-binding domain, we have synthesized a trun-
cated RNA by deleting the regions A4-U18 and U79-
A87. The hairpin loop-like structure of this new
molecule is now thermodynamically preferred (AG =
-18.3 kcal/mol). As expected, the smaller RNA
showed the important features of the parental molecule:
it was bound to the Zn-column with similar affinity and
was strongly cleaved by lead in the corresponding re-
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gion of the loop. On the other hand, when the 21-nt
loop was replaced by a 23-nt random region, only 0.5%
of the resulting RNA pool was able to bind to the Zn-
column (data not shown). Thus, the sequence of the
loop region was indispensable for Zn binding.
The internal structure of the 21-ntloop region is there-

fore of particular interest. Because Zn ions coordinate
preferentially to N7 nitrogen atoms of guanine residues
in nucleosides and polynucleotides (Rubin et al., 1983;
Saenger, 1984), we probed the reactivity of N7 posi-
tions of purines ±Zn with DEPC and DMS, in both the
full-length RNA and its truncated version. The results
showed very clearly that all the Zn-induced protections
occurred in the loop region of the RNAs, namely in the
regions immediately adjacent to the stem (Fig. 7D). The
results of chemical modification of Watson-Crick po-
sitions of the bases within the loop of the Zn-binding
RNA do not detect definite divalent effects (Fig. 8B),
but differential modification can be interpreted as in-
dicating the presence of several nonstandard inter-
actions (see below).
A striking conjunction of divalent effects within the

secondary structure suggests the position of the bound
divalent ion. Zn2+ induces an unusual DMS hyper-
reactivity of A55 and A56. Opposite these positions, on
the other side of the loop, nt 38-41 are protected. These
are most easily interpreted as steric and/or electronic
effects of a nearby ion. Interestingly, Zn ions also in-
duce the formation of a particular conformer of the loop
region in which two nucleotides (G40 and U57) become
crosslinked upon irradiation with UV light (Fig. 9). The
Zn-dependent crosslink implies that these bases are
very close, a few Angstroms apart, in the Zn2+-bound
structure, thereby bringing the two regions that are en-
hanced/protected together in space. Finally, an ion site
here also provides a simple interpretation for the rapid
Pb2+-induced cleavages at U54 and A55, which would
reflect abstraction of hydrogen from ribose by hydrox-
ide ions bound to a nearby Pb2+ (Brown et al., 1983;
Rubin & Sundaralingam, 1983). Caution is required be-
cause a site distant in the primary structure can stim-
ulate hydrolysis when the backbone passes close to the
ion in space, but the coincidence of Zn2+-induced re-
activity changes, the crosslink, and the position of
Pb2+-stimulated hydrolysis suggests that the divalent
site is near the stem-loop junction, within a structure
made by pairing the sides of the loop.

Closer examination of the possible arrangements of
the loop reveals that simple extension of the stem re-
gion by interactions G38A58, A39U57, and G40A55
with bulged A56 resembles the loop E-like motif sug-
gested for a number of functionally important RNA
molecules (reviewed in Wimberly, 1994). The highly
conserved consensus part of the loop E structure con-
sists of an AG base pair, AU reverse Hoogsteen inter-
action, a nonconserved bulged nucleotide, and a

esting feature of the loop E motif is that, upon irradia-
tion with LW light, the G from the first base pair can be
crosslinked to the U from the second reverse Hoogsteen
interaction in eukaryotic 5S rRNA and in the viroids
(Branch et al., 1985) or, alternatively, to the bulged U
in the hairpin ribozyme (Butcher & Burke, 1994). The
consensus loop E-like structure and the structure near
the Zn site differ in the presence of G instead of A or
C in the third base pair and in that particular G is in-
volved in the LW crosslink. Accordingly, we suggest
that the Zn-binding structure may be related, but not
identical to the loop E motif.
Two virtually identical three-dimensional models of

the E-loop motif have been proposed based on NMR
studies of RNA oligomers that correspond to the
E-loop region of eukaryotic 5S rRNA (Wimberly et al.,
1993) and sarcin/ricin stem-loop region of 28S/23S ri-
bosomal RNA (Szewczak et al., 1993). The models ra-
tionalize the chemical probing data obtained by others
(Romaniuk et al., 1988). Our chemical probing of the
loop structure in the region that resembles the highly
conserved part of the E-loop motif (Fig. 7D, 8B) agrees
well with data obtained for 5S rRNA from Xenopus
laevis (Romaniuk et al., 1988). The reactivity of A58
(N7 protected, N1 modified) is consistent with base
pairing with G38, although the proposed geometry for
that GA pair (N7A-N2G, N6A-N3G) in both E-loop
models does not explain the resistance of N7 and N1
of G38 to chemical modification. However, the corre-
sponding residue was also not modified in 5S rRNA
(Romaniuk et al., 1988). As predicted from the reverse
Hoogsteen interaction, N1 of A39 is reactive, but N7 is
not. The reactivity of N3 position of U57 is not pre-
dicted, however. Two adenosine residues, A55 and
A56, are the only purine bases in that region whose
N7 positions are highly accessible to modification.
Moreover, in the presence of Zn ions, both residues be-
come hyperreactive. A55 and A56 might be isostruc-
tural (their N1 positions are also modified to a very
similar extent). One of them is bulged out and corre-
sponds to G75 in 5S rRNA, which is also the only pu-
rine residue modified at N7 position. The second
adenosine residue might interact with G40, similar to
the interaction G38A58, because accessibility of both
pairs to chemical modification is identical. Accordingly,
chemical reactivities are consistent with, but do not
prove, the existence of a structure related to the E-loop
motif. Analogy to the E-loop motif conversely suggests
a divalent-binding function for that motif.

Finally, we wish to compare the affinity of the selected
site to other RNA molecules. The best characterized is
the binding of Mg2+ to tRNAs; Kd of the strongest
sites is within the range 10-100 AM (for review see Pan
et al., 1993). The apparent affinity of ribozymes for
divalents can be characterized by K, the concentration
of divalent ions required for the reaction to reach half-
maximal rate. The hammerhead ribozyme functions
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nonstandard base pair AA or CA (Fig. 8C). An inter-



J. Ciesiolka et al.

with several divalents (Dahm & Uhlenbeck, 1991), for
Mg2'+ K is 5.3 mM for cleavage (Perreault et al., 1991)
and 13 mM for the ligation reaction (Hertel & Uhlen-
beck, 1995), although a 100 ltM dissociation constant
for free Mg2+ was obtained from changes in the RNA
CD spectra of the RNA (Koizumi & Ohtsuka, 1991).
Mg2+, Sr2+, and Ca2+ are capable of supporting the re-
action of the hairpin ribozyme with corresponding ap-
parent dissociation constants of 3, 10, and 20 mM
(Chowrira et al., 1993). The Tetrahymena ribozyme re-
quires Mg2+ or Mn2+ (about 2mM) (Cech, 1993) and the
ribozyme of ribonuclease Pfrom Escherichia coli functions
in the presence of Mg2+ . 20 mM, and Mg2+ can be re-
placed by Mn2+ or Ca2+ (Altman, 1990). Both ribo-
zymes bind specifically several Mg2+ ions (Celander &
Cech, 1991; Kazakov& Altman, 1991; Christian&Yarus,
1993). The circular form of the Tetrahymena pre-rRNA in-
tron in the presence ofRNA substrate binds Mg2+ with
Kd of 2 mM (Sugimoto et al., 1989). In an oligonucleo-
tide model of a group I intron ribozyme substrate resem-
bling the P1 helix, Mn2+ binding site was observed with
Kd 20.1 mM (Allain & Varani, 1995). The ribozyme ribo-
nuclease P from E. coli binds three Mg2+ ions very tightly
(Kd = 16 ,uM) or weakly one Ca2+ ion (Kd = 20 mM)
(Smith & Pace, 1993). However, the formation of the
productive intermolecular ribozyme-substrate complex
requires a very high concentration of Mg2+, 63 mM, in-
dicating relatively low affinity of Mg2+ for the substrate
(Perreault & Altman, 1993).
Thus, the apparent affinity of RNA for structurally

or catalytically important divalents is heterogeneous,
but frequently within the range 10-4 to 10-2 M. The
measured affinity of the selected RNA for Zn2+ (Kd =

10-3 M) is in the middle of this (free energy) range.
We are reselecting Zn affinity, beginning from an

RNA pool derived from the truncated Zn-binding
RNA, but with the loop replaced by a 23-nt random re-
gion. The selection has been altered to allow us, in
theory, to select molecules with higher affinity to Zn.
The initial RNA pool for reselection, unlike the pool de-
scribed here, likely contained every possible sequence
of 23 ribonucleotides, perhaps also enabling us to per-
form a phylogenetic analysis and to more completely
define possible Zn2+ sites in RNA.

MATERIALS AND METHODS

RNA synthesis

The RNA pool with 50-mer random region was generated
from a T7 promoter sequence by in vitro transcription (Mil-
ligan et al., 1987) of the double-stranded DNA template of
the sequence: 5'-GCG AAG CTT CGA ATT CAT GCA TAT
G-N50-TGA CAG TAG TAT CCT CTC CC << TAT AGT
GAG TCG TAT TAG AGC TCG C-3', where N is equimolar

Selection procedure

A HiTrap Chelating Sepharose (Pharmacia) affinity column
(1 mL; capacity ca. 23 /Amol divalent/mL gel) was charged
with Zn ions by applying 1 mL of 100 mM ZnCl2 solution,
washing out excess Zn with 10 mL of distilled water, and
equilibrating the column with 5 mL of buffer A: 0.4M NaCl,
20 mM HEPES-Na, pH 7.0, and 1 mM MgCl2.
Twenty micrograms of internally labeled 32P RNA (4 x

1014 molecules transcribed from 5 x 1013 different DNA tem-
plates) in 250 ,uL of buffer A was heated at 65 °C for 5 min,
cooled to room temperature over 15 min, and loaded onto the
affinity column. The column was washed with 20 volumes
of buffer A and subsequently with the same buffer contain-
ing 50 mM EDTA in place of Mg. The EDTA-eluted pool (six
column volumes) was passed through small G50 spun col-
umns containing 0.3M sodium acetate, pH 6.0, the RNA was
ethanol precipitated, reverse transcribed, amplified by PCR,
and then transcribed into RNA for the next round of selec-
tion as described (Tuerk & Gold, 1990).

Determination of Kd

The Kd for binding Zn ions to the RNA in solution (Fig. 3)
was determined by isocratic elution (Dunn & Chaiken, 1974;
Connell et al., 1993) from the equation: Kd = L (Vel- Vn)/
(Ve- Vei) 1, where L is the free ligand concentration used to
isocratically elute RNA loaded onto the affinity column, Ve1
is the median elution volume of RNA eluted in the continu-
ous presence of free ligand, Ve is the median elution volume
measured in the absence of free ligand in the column buffer,
and V, is the volume at which an RNA population having
no interaction with the column would elute.

Internally labeled RNA (ca. 3 x 105 cpm, 0.125 /M RNA
in total volume of 250 ,uL) was heated at 65 °C for 5 min in
buffer A and cooled to room temperature over 15 min. Zn
ions were added to an appropriate concentration, samples
incubated at room temperature for additional 10 min, and
loaded onto the 2-mL Zn-column that had been equilibrated
in buffer A containing the same concentration of Zn ions as
in the sample.

Heterogeneity of RNA pools- RNase Ti assay

Internally labeled 32P RNAs (ca. 10,000 cpm) from each
round of selection were digested with RNase Ti (0.3-1.2
units/2 ,ug of RNA) in 20 mM sodium citrate, pH 5.0, 1 mM
EDTA, 7 M urea buffer, at 55 °C for 15 min. Samples were
counted by Cerenkov emission and approximately equalized
radioactivities were loaded onto a 12% polyacrylamide, 7 M
urea gel.

Minimal sequence requirement
for binding to the Zn-column

The RNA was either labeled at the 3' or 5' end with 32p, par-
tially hydrolyzed under alkaline conditions (Pan & Uhlen-
beck, 1992), and precipitated with ethanol. The digestion
products were resuspended in buffer A, subjected to rena-
turation, and loaded onto the Zn-column. RNA from the col-
lected fractions was precipitated with ethanol, resuspended
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nucleotides and << is the transcript start.
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in the loading buffer, and loaded onto a denaturing 12% poly-
acrylamide gel.

Lead hydrolysis

Lead hydrolysis was performed essentially as described
(Ciesiolka et al., 1992a, 1992b). Briefly, 32P-end labeled RNA
(0.25 ,uM RNA concentration) was heated at 65 °C for 5 min
in the buffer (40 mM NaCl, 20mM HEPES-Na, pH 7.0, 1 mM
MgCl2) and cooled slowly (1 °C/min) to room temperature.
In experiments performed in the presence of Zn or other diva-
lent ions, metal ions were added and the samples were incu-
bated at room temperature for 10 min further. Subsequently,
lead acetate solution was added and the reactions proceeded
at 23 °C for 20 min. The reactions were quenched with EDTA
(greater than or equal to twofold excess over divalent ions)
in the loading buffer and the samples were analyzed on de-
naturing 12% polyacrylamide gels.

Chemical modification

For probing N7 positions of adenine and guanine bases with
DMS and DEPC, 3'-end labeled RNA (ca.50,000 cpm, 5 pmol
of RNA/200 1iL reaction volume) was heated at 65 °C for 5 min
in 80 mM HEPES-Na, pH 7.0, 40 mM NaCl, 1 mM MgCl2,
and cooled slowly (1 °C/min) to room temperature. Zn ions
were added and the samples were incubated at room tem-
perature for 10 min. In the reaction with DMS, 10 tiL of the
reagent in ethanol (1:12 dilution, v/v) was used for 20 min at
25 'C. Modification with DEPC was performed using 10 IAL
of DEPC at 25 "C for 1 h. After modification, the RNA was
ethanol precipitated and treated with sodium borohydride
and aniline as described (Krol & Carbon, 1989). The samples
were analyzed on denaturing 12% polyacrylamide gels.

For probing Watson-Crick positions of bases with DMS
and CMCT (1-cyclo-hexyl-3-[2-morpholinoethyl] carbodiim-
ide metho-p-toluene sulfonate), 1 ,g RNA samples were re-
natured as described above in 80 mM HEPES-Na, pH 7.0,
40 mM NaCl, 1 mM MgC2 for DMS or 50 mM sodium bo-
rate, pH 8.0, 40 mM NaCl, 1 mM MgCI2 for CMCT reaction.
The reactions were performed with 10 tsL DMS solution (1:12
dilution in ethanol, v/v) or 50 yL CMCT (42 mg/mL in water)
at 25 °C for 20 min or in denaturing conditions at 90 "C for
1-2 min. The RNA was precipitated with ethanol and ana-
lyzed by primer extension (Krol & Carbon, 1989) with reverse
transcriptase and a 24-nt DNA primer complementary to the
3'-terminal region of RNA.

UV-induced crosslinking
32P-end labeled RNA (ca. 3 x 106 cpm, 0.1 ItM RNA in total
volume of 20 AL) in 80mM HEPES-Na, pH 7.0, 40mM NaCl,
1 mM MgCl2 was heated at 65 "C for 5 min and cooled
slowly (1 "C/min) to room temperature. Subsequently, Zn
ions were added to 2 mM, the samples were incubated at
room temperature for 10 min, placed on ice, and irradiated
with 254 nm light for 30 min. In the control samples, Zn ions
were omitted and/or the samples were not exposed to UV
light. After irradiation, RNA was precipitated with ethanol,
resuspended in the loading buffer, and loaded onto a dena-
turing 12% polyacrylamide gel. The crosslinking products

and the intact RNA were localized by autoradiography, cut
from the gel, and their relative amounts were determined by
Cerenkov counting. Crosslinked RNAs were eluted, precip-
itated with ethanol, and partially hydrolyzed in alkaline con-
ditions (Pan & Uhlenbeck, 1992). The samples were analyzed
on denaturing 12% polyacrylamide gels along with partial
RNase Ti digests and alkaline ladders of the starting RNA.
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