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Small RNA-divalent domains

JERZY CIESIOLKA and MICHAEL YARUS

Department of MCD Biology, University of Colorado, Boulder, Colorado 80309-0347, USA

ABSTRACT

From a potentially completely sampled set of randomized 23-mer sequences, we selected RNAs that bind a
Zn-column and also show K, = 100-400 pM for free Zn2*, probably relying on one or two direct ion coordina-
tions. Comparison of selected sequences with previously known divalent sites suggests three or four small
RNA motifs repeatedly found to interact with divalent ions. We suggest that the GC cluster, the augmented
GC cluster, and the E element may be useful generalized ion-binding structures. Such structures may help
identify similar divalent sites in sequenced RNAs and serve as substructures for design of functional RNA

metallodomains.
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INTRODUCTION

Divalent metal ions are required for virtually all cellu-
lar processes, and substantial deviation from homeo-
static concentrations can lead to defective function.
Great progress has been made in the past decade in
understanding the role of protein-bound divalents
(Karlin, 1993; Berg & Shi, 1996). In particular, defini-
tion of specific structural motifs (e.g., Zn fingers) now
suggests hypotheses about the presence and role of
bound ions in metalloproteins, even when only a pri-
mary peptide structure is known,

RNA's polyanionic character will support numerous,
pleiomorphic interactions with ions. However, al-
though divalents should be ubiquitous in the ion atmo-
sphere around RNA structures, motifs that localize
such ions are only partially characterized. Localized
metal ions were observed in crystalline yeast tRNAP"®
in the late 1970s (Teeter et al., 1980). However, the next
15 years did not bring any fundamentally new infor-
mation on the general principles that govern the folds
in specific divalent metal ion sites. Then, in the early
1980s, catalytic RNA molecules (ribozymes) were dis-
covered that require divalents for their function. Such
site-bound divalents not only stabilize the active struc-
ture of ribozymes, but also participate directly in catal-
ysis (Pan et al., 1993; Pyle, 1993; Yarus, 1993). Thus,
new RNA-divalent domains may yield new RNA struc-
tures and functions (Yarus, 1993).

Reprint requests to: Michael Yarus, Department of MCD Biology,
University of Colorado, Boulder, Colorado 80309-0347, USA; e-mail:
yarus@beagle.colorado.edu.
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Recent information on specific RNA-divalent metal
ion interactions has come from several sources: in a
crystal structure of the hammerhead domain, four
Mg?* (Scott et al., 1995) or one Mn?* (Pley et al., 1994)
ion were localized. In model oligonucleotides derived
from the aminoacyl stem of Escherichia coli tRNAA
(Limmer et al., 1993) and P1 element from the group I
self-splicing intron from the large ribosomal RNA of
the yeast mitochondria (Allain & Varani, 1995), NMR
band shapes suggest localization of Mn?*. Using Pb**-
catalyzed self-cleavage, a Pb** site was isolated by
selection-amplification on partially randomized tRNA™*®
(Pan & Uhlenbeck, 1992).

We have used affinity selection-amplification pre-
viously to select RNA molecules that bind Zn** (Kp =
1 mM; Ciesiolka et al., 1995), and found sites possibly
related to the naturally occurring E-loop motif in other
RNA molecules (Wimberly, 1994).

RESULTS

Zinc affinity selection

For this survey, we used an RNA pool consisting of a
23-mer random region and two flanking constant re-
gions (Fig. 1) derived from the prior selection (Ciesiolka
et al., 1995); the latter form a 19-base pair stem includ-
ing two mismatches and a bulged nuclectide (Fig. 2).
An RNA sample was prepared by in vitro transcription
of 1.5 x 10 independent synthetic DNA templates,
and likely contained every possible sequence of the
23-nt random region (Ciesiolka et al., 1996). The sam-
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FIGURE 1. The construction of the initial oligo-
ribonucleotide pool for the selection-amplification
experiment and the nucleotide sequences of
those selected RNAs that contained recognizable
recurring sequences. Lower case and upper case
letters distinguish nucleotides in the initially
constant and randomized regions, respectively.
Solid lines enclose completely conserved se-
quences, and dotted enclosures highly, but not
completely, conserved sequences. These mark-
ings are also used in Figures 2 and 4. Sequences
named in italic boldface were characterized for
Kp (Table 1) or studied further.

50

Family # 1
Seq24 AUCAUJAUGICUCUGAACGACGGC
Seq39 AUCAUCAUGCCAAGIAAC|GACGAC
Seq 8 CCAUCAUGICUAUGAAC|GACGGUC
Seq17.53 GUCGACAUG|CUACGIAAC|GAUGGU
Seq20 GUGAUQAUGICAACGAAC/GACCUU
Seq38 GCGAUCAUG|CUCCGAACIGACCUU
Seql3 GACCAGAUGICCCUGAACICAGGCC
Seq35 AUCGCGAUG|CGCUGHAACICUUGAC
Seq12  AACAUGAUGCGCGUAACCACGUC
Seq 18 UGCOAUGICCCCGGMAACIGUAUG--
Seq 47 CGCCAUGICACGUAACGGUAUG--
Seq 14 CGCCAUGICUGAAGAACIGGUACG -
Seq 43 CGCCAUGCGUACGAACIGIGUACG -
Seq | GUGAUG|GCCUGUGAJAAC|CIGUG - -
Family # 2
Seq 7 FEEACG@UGACCG@?%U
Seq27 |AlGGlAC|GGlccuccGUCchU
Seq19 |A|GGAC|GGICUCGCGUCAU
Seq52  |AIGGAC|GGUUCGCGUCIGC
Seq 51 AGGGUGGUUUUCGCCIGU
Seq40 |AIGGIACIGGIGUUGCCCCAU
Seq37  |A[GGAGIGGUUCAGGUC|C A
Seq46 [AIGGCCIGGUCC CCGCCIGA
Seq41,45|AlGGlULIGGluUCACGCCGU
Family # 3
22
Seq2] [oaggcC GAUCCIGUUCAC[GGACCTAGG gf-- - cage
Seq 2 uaggce- GAGAUCCGUUCAC|GGACCLAGGG|---cage
Seq 16 uagge- GAGAACCUCCCCUGGUCCLCAGGG|--- cage
Seg 9 |uaggc-GACCUUCGACUAC|IGAGGGICAGGG|---cage
Seq33 GUAGIUCICIGAC-----mmaaaoo- GGCCACG|CAG G G|Ceeucage
Family # 4
Seq22  [UA|C[GGAC[GGIUA A UGG[CClAUC C|CG
Seq 11 |UAICIGGACIGGluUCUCG|Ccclaulcclela
Seq28  |UA|U|GG|A U|GG{CCAACA|CC| Alc clulc
Seq 4 UA|UIGGUC|GAlcUGCCGICCAAlCC|UG
Seq 3,36 [UA|CIGGuC|GUlUCCcCcCcGaChAAlccl

ple was applied to an affinity column carrying iminodi-
acetic acid (IDA) groups charged with Zn ions (Ciesiolka
et al., 1995). The column was washed to remove
weakly bound molecules and subsequently eluted with
the same buffer containing 2 mM Zn?*. Zn-eluted
RNA was reverse transcribed into cDNA, PCR ampli-
fied, and a new, enriched RNA pool was obtained by
in vitro transcription (Tuerk & Gold, 1990).

After seven cycles of selection by ligand elution and
amplification, the pool (29% eluted by 2 mM Zn?*)
was reverse transcribed, amplified, and the resulting
DNA pool cloned into pUC19. Forty-two individual
clones were sequenced. Thirty-six clones were classi-
fied into four families containing related sequence mo-

tifs (Fig. 1). Representative clones from each family
were chosen for further analysis.

Behavior of individual selected molecules

The corresponding transcripts bound the column with
similar affinities (K¢ = 50 uM). Chromatographically
measured affinity for free Zn?* showed apparent K's
in the range 100-1,600 M (Table 1). Thus, the tested
RNAs meet the selection criteria (see the Materials and
methods). Better affinity for Zn-IDA-agarose than for
free Zn** suggests that these RNAs have a moderate
affinity for elements found only on the resin. In order
to identify Zn-binding structural motifs, we further
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characterized RNAs 17, 21, and 52 to exemplify the
three major families (which comprise 30/42 = 71% of
the pool; Fig. 1).

The initial stem-loop sequence organization remains
the thermodynamically preferred structure for all the
three RNAs (Zuker, 1989) and the results of the mini-
mal sequence experiments (Fig. 2) confirm that loop

5" labeled RNA ———

regions are required for binding to the column and sub-
sequent elution with free Zn?*. Because N” positions
of guanine and adenine residues are preferred sites of
Zn** coordination in tRNA (Rubin et al., 1983; Saenger,
1984), we probed the chemical reactivity of these posi-
tions with diethylpyrocarbonate {DEPC) and dimethyl-
sulphate (DMS) as a function of Zn?* concentration
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TABLE 1. Dissociation constants for binding of Zn?* to the selected RNAs and RNA truncates.

RNA # 9 11 17 21 24 52,
Ke (pM) for Zn-IDA-agarose column 52 29 73 38 45 33
Kp (pM) for free Zn?* determined by:
Isocratic elution 540 1,590 280 (= 70) 140 (+ 30) 320 410 (+ 80)
Chemical modification 250 (£ 90) 110 (+ 30)
RNA # (truncates) 17L 521
K¢ (uM) for Zn-IDA-agarose column 32 300
Kp (uM)for free Zn>* determined by:
Isocratic elution 90 (+ 10) 420 (= 60)

(Krol & Carbon, 1989). Only loop nucleotides changed
susceptibility to modification when Zn** was added,
indicating that structural changes due to Zn** binding
are confined to the previously randomized loop re-
gions. Moreover, within the loop region of RNA 21,
strong lead-induced cleavages occurred (Ciesiolka et al.,
1995) that were suppressed in the presence of Zn?*,
the simplest interpretation being that Pb and Zn com-
pete for overlapping loop-binding sites. Although we
cannot rigorously distinguish direct occlusions from in-
direct conformational effects, virtually every nucleotide
protected from Pb, DMS, or DEPC by Zn”* seems to
be within one type of conserved sequence or another,
that is, within a sequence repetitively selected and
therefore implicated in zinc affinity by independent
evidence (below).

Zn?*-induced changes were exploited to measure
the apparent K;, for association of divalent with its site
in RNAs 21 and 52 in solution. Nucleotides A25 in
RNA 21 and A23 in RNA 52 are each within the major
block of conserved nucleotides for their respective fam-
ilies, and are protected in the presence of Zn (Fig. 2).
Protection from DEPC modification was determined as
a function of Zn?* concentration (Fig. 3), and gave an
apparent binding isotherm (Welch et al., 1995) with
Kp =250 uM for RNA 21 and 110 pM for RNA 52. The
value obtained for RNA 21 is indistinguishable, and for
RNA 52 is in reasonable agreement (ionic strength dif-
fered) with independent Kp s obtained by isocratic af-
finity chromatography (Table 1).

Truncation of active molecules

To more closely delimit minimal Zn-binding domains,
we synthesized four RNA truncates. The first two trun-
cates, 171. and 521, were derivatives of RNA 17 and 52
in which the entire loop regions were closed by arbi-
trary 4- and 5-base pair stems, respectively (Fig. 2).
Thus, the original fixed stems are, in effect, deleted in
17L and 52L.

Both truncates bind free Zn?* with undiminished
affinity (Table 1). Therefore, the strong zinc sites reside

within the initially randomized loop, as also suggested
by the chemical modification data. Kp for both free
and bound Zn** improved threefold in RNA 17T,
whereas Kp for free Zn?* remained the same in RNA
52L and column affinity decreased tenfold. Thus, affin-
ity for free Zn* can either vary with the affinity for
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FIGURE 3. Protection of (A) RNA 21 A25 and (B) RNA 52 A23 from

DEPC modification as a function of zinc concentration. Solid lines
present least-squares fits to a binding isotherm.
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the Zn** column (17L) or somewhat independently
(52L), suggesting that column affinity and affinity for
Zn** jon can be distinguished.

The 3’ and 5" boundaries for minimal active mol-
ecules (Fig. 2) extend outside the active regions defined
by truncation to 17L and 52L. The larger molecules
within these experimentally determined boundaries,
which refer to molecules truncated from one end only,
were therefore probably mandated by correct folding
rather than directly by Zn binding,.

RNAs 175 and 525 are more severely truncated de-
rivatives of 17L and 52L (Fig. 2). In RNA 17S, only the
distal part of the loop of RNA 17 is preserved, closed
with a new 4-base pair stem. In 525, only the proximal
loop of parental RNA 52 is preserved, closed off with
a GNRA tetraloop introduced for the purpose (Fig. 2).

The shorter truncates 17S and 525 did not bind ob-
servably to the column. We therefore sought alterna-
tive means of quantifying zinc affinity for 175 and 52S.
Transitions in absorbance on addition of Zn?* were
detectable, but too small for accurate affinity measure-
ments. However, CD spectra showed substantial, re-
producible Zn-dependent transitions. The amplitude
of the 275-nm CD band (RNA 17S) and the 265-nm CD
band (RNA 52S) were changed by 6-7% with half-
transition in both cases in the range of 200-300 M
Zn?* (data not shown). Such transitions were absent
in the CD of randomized RNA, or RNAs of unique but
arbitrary sequence. Thus, it seems likely that zinc
causes structural transitions, and these truncates there-
fore retain Zn** sites even though they no longer bind
to the column. Affinity for the zinc column is therefore
again present in a subset of RNAs that bind Zn?".
Thus, CD spectra suggest that the core of the divalent
ion site is in the distal part of the RNA 17 loop and the
proximal part of the RNA 52 loop. These locations, as
is plausible, also contain most of the contiguous highly
conserved nucleotides for each family (Figs. 2, 4).

In Figure 4, we have collected structural data on di-
valent binding sites in RNA. Below we compare se-
quences to identify conserved features repeatedly
associated with divalent binding.

DISCUSSION

The GC cluster

The most frequent conserved structure we term the
“GC cluster,” consisting most simply of two adjacent
helical GC base pairs (Fig. 5). The structure likely lo-
calizes the ion in the major groove, possibly using ad-
jacent purine N7 atoms on the G’s (Rubin et al., 1983;
Limmer et al., 1993; Allain & Varani, 1995). A major
groove location for the ion is consistent with our ob-
served Zn?* protections at the guanine N7 atom (Fig. 2).

The GC cluster is quite flexible in structure, with
either the G tract 5 of the C tract, or vice versa. The
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simplest site may also be expanded by adjacent GC
or RY pairs, and one of the GC pairs may be a GU
(Figs. 2, 4, 5). GC clusters are found in the vicinity of
localized divalents in the crystal structures of yeast
tRNAP"e (Fig. 4A, site 5) and the hammerhead domain
(Fig. 4B, site 1), as well as in the region of Mn-depen-
dent changes in proton resonances in model oligo-
nucleotides (Fig. 4D,E).

In three of four selected families (Figs. 1, 4G), we
find GC clusters. Family 4 contains two such motifs as
its most salient conserved features. A representative of
Family 4 (RNA 11) binds Zn?** with K, = 1.6 mM,
which suggests that an isolated GC cluster may bind
Zn** with very low affinity. Such low affinity is also
consistent with the presence of a GC cluster motif in
our randomized pool, which does not bind to the Zn-
column (cf. Fig. 2), and with the normal activity of
RINA 52 lacking its GC/GC sequence (boundary exper-
iment, Fig. 2). In addition, a GC cluster region (which
showed Zn** base protections) was removed by trun-
cation of 17L to 175, apparently with little disturbance
of overall affinity (Fig. 2). Finally, the titration of NMR
effects is consistent with K, > mM for Mg?* (Limmer
et al., 1993) in GC/GC sequences. Thus, these se-
quences, acting in isolation, are very unlikely to ac-
count for the greater affinities shown here (Table 1) by
our representative family members.

The augmented GC cluster

However, the GC cluster seems to be readily expand-
able, accommodating added elements that increase af-
finity for the divalent ion. Such an “augmented GC
cluster” (Fig. 6) appears to be the core element in our
Family 2 (Figs. 4G, 6). In Family 2 members (24% of
sequenced isolates), a completely conserved AeG and
a partially conserved 3-nt bulge loop are found directly
adjacent to the basic GC cluster, yielding a structure
with better ion affinity (RNA 52, 52, Table 1). Nucle-
otide bases in all three elements, the GC cluster, the
AsG base apposition, and the bulge, exhibit Zn?** pro-
tection from chemical modification (Fig. 2). We spec-
ulate that the added elements fold toward the major
groove of the GC cluster to supply added coordination
for the ion. The occurrence of multiple distinct motifs
in Family 2 (a GC cluster plus an augmented GC clus-
ter) is of interest in light of truncates of this family
(52S), which retain only the augmented GC cluster and
no longer observably bind the column, but apparently
bind free Zn ion well.

The E element

The most frequent larger conserved motif (Family 1,
36% of sequenced isolates) contains two completely
conserved triads (AUG and AAC) that we suggest be
apposed to form a pattern apparently related to the
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FIGURE 4. Small RNA structural
motifs associated with divalent
metal binding sites. Structures of
(A) yeast tRNAP® with Mg?* sites
(closed circles) and Zn?" sites (open
circles); (B) hammerhead domain
A with Mn?* and Mg?* sites (closed
A circles); (C) leadzyme with point of
& cleavage indicated with an arrow;
A & ;
model oligonucleotides derived
from (D) the aminoacyl stem of
E. coli tRNAAR with locality of the
divalent indicated with a shaded
bar; (E) P1 element from the group
I self-splicing intron from the large
ribosomal RNA of the yeast mito-
chondria with darker shaded bars
indicating stronger ion effects; (F)
previously selected Zn binding RNA
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(G) phylogenetic representation of
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most conserved part of the E-loop motif (Wimberly,
1994), as well as to the structure we selected earlier
(Ciesiolka et al., 1995; Fig. 4F). Both the triad and
highly conserved flanking G:C or C:G pairs (not
shown below) show Zn”* base protections (Fig. 2).
In the new muotif (Figs. 4G, 6), however, a GA base
pair is reversed and there is no bulged nucleotide (itself
nonconserved in the consensus E-loop motif). Thus,
we suggest that, subject to confirmation by structural
studies, the ribosomal E-loop motif may be only the

first-discovered member of a larger family of sites that
share only a subset of nucleotide elements, but may
use overlapping means to bind ions. We propose that
these be called E elements, in recognition of the first
member of the family (Wimberly, 1995).

A second augmented GC cluster?

The next most abundant structure we selected is Fam-
ily 3 (12% of sequenced isolates), which has a unique
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composition, with a minimal GC cluster near an asym-
metric internal loop rich in purines (8 of 11 nucleo-
tides). This may be a second kind of augmented GC
cluster, though interpretation is less obvious because
of the distance between the two elements (Fig. 4G).
The cluster as well as both sides of the loop show base
protections in the presence of Zn?* (Fig. 2). In one
case, however, the loop was selected without the GC
cluster (Seq. 33, Fig. 1), suggesting that it may auton-
omously satisfy the selection. However, the loop may
perhaps serve either as an autonomous site or as an
augmentation for a nearby GC cluster, depending on
minor sequence changes.

Other previously identified sites

To the selected elements above, any survey should add
several structures previously known in multiple RNAs.
Apposed GAG/AG is found in the crystal structures of
two hammerhead ribozymes (Pley et al., 1994; Scott
etal., 1995), binding an Mg or Mn ion (Fig. 4B, site 2).
This motif may conceivably occur in the internal loop
of the leadzyme (Fig. 4C).

The U-turn at sequence CUGA is known as an ion
site from tRNA crystallography (Fig. 44, site 4) as well
as in the hammerhead structure (Fig. 4B, site 3).

A helical GU base pair was proposed as an RNA ele-
ment sufficient to define a Mn* binding site respon-
sible for NMR line broadening (Allain & Varani, 1995;
Fig. 4E).

Finally, there are also ion sites unrecognizable at this
level of analysis of the primary or secondary structure,
which result from the proximity of widely separated
nucleotides, that is, from tertiary structures (e.g.,
Fig. 4A, site 1). Such sites appear to be frequent in large
RNAs with highly evolved tertiary structures, such as
the Tetrahymena intron (Christian & Yarus, 1993).

To———»a00
COOO

FIGURE 6. Augmented GC cluster (RNA 52).
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Zn and conformation

Zinc binding frequently may be associated with confor-
mational change, and/or unusual RNA conformations.
Secondary structures shown in Figure 4G are not
strongly thermodynamically preferred. Compensatory
base pair changes generally support pairings shown
within selected motifs (Fig. 1), although mismatches
(e.g., AC), as well as deletions or bulged nucleotides
(e.g., Family 1), can replace many pairs. One result is
that more than one different base pairing scheme is
usually possible within 2 kcal/mol (Zuker, 1989) of the
most stable conformer. Binding of a Zn ligand with K,
in the range 0.1-0.4 mM must contribute more than the
net AG®, —5.5 to —4.6 kcal/mol (from AG® = —RT InK),
to the stability of the bound conformation. Thus, it is
likely that Zn ions would promote conformational
change, stabilizing one of the near-isoenergetic forms
of the site that is best suited to the ion. This expecta-
tion is consistent with changes in nucleotide suscepti-
bility to modification at widely separated sites on
addition of Zn* (e.g., RNAs 17 and 21, Fig. 2), and
with our previously observed Zn-dependent UV cross-
link (Ciesiolka et al., 1995).

Results as a survey of sites

In view of the ease with which RNA might bind ions,
perhaps the most striking finding is that a few recog-
nizably related structures become prevalent in our se-
lection for Zn?* affinity. However, the completeness
of our survey of possible sites is limited by the selec-
tion for affinity for the Zn-column, including our re-
quirement that immobilized RNAs use only the fourth
and perhaps fifth coordinations of an already-chelated
Znion. This presumably is one factor limiting binding
free energy to the range observed (Kp = 100 uM for
Zn*h),

Because divalent binding sites frequently chelate sev-
eral types of ions, and because this selection procedure
(Ciesiolka et al., 1995) has yielded sites binding several
kinds of divalents previously, it is likely that selected
motifs bind divalents other than Zn?*. The motifs are
represented by families of 5-15 RNA molecules that
differ substantially in sequence (Fig. 1). Therefore, ion
binding must be somewhat independent of the RNA
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sequence context. Such motifs in other RNA molecules
therefore will suggest site-bound divalent ions. Finally,
these new motifs may be useful as building blocks for
RNA metalloenzymes, because selection required that
RNA-bound ions leave three Zn coordination positions
occupied by H,0O, which might now be exploited to
bind and activate substrates.

MATERIALS AND METHODS

Randomized RNA

The RNA pool with 23-mer random region was generated
from a T7 promoter sequence by in vitro transcription (Mil-
ligan et al., 1987) of a DNA template strand of the sequence:
5-GCG AAG CTT GCA TAT GCT ACG CTG AGG
C-Nz;-GCC TAC AGC CTA ACG TAT GCC C =< TAT AGT
GAG TCG TAT TAG AGC TCG C-¥, where N is equimolar
nucleotides and <« is the transcript start.

Affinity selection

A mixed IDA-Sepharose-Sepharose 4B affinity column was
prepared from Chelating Sepharose Fast Flow (Pharmacia)
and Sepharose 4B (1 mL; capacity ca. 1.5 pmol divalent/mL
gel). The column was charged with Zn ions by applying 1 mL
of 20 mM ZnCl, in 0.4 M NaCl, 20 mM HEPES-Na, pH 7.0,
washing out excess Zn with 10 mL of the buffer without Zn,
and equilibrating the column with 5 mL of buffer A (0.4 M
NaCl, 20 mM HEPES-Na, pH 7.0, 1 mM MgCL).

Thirty micrograms of internally labeled P RNA (7.4 x
10™ molecules transcribed from 1.5 x 10" DNA templates)
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 affin-
ity column. The column was washed with 20 volumes of
buffer A and subsequently with 9 mL of the same buffer con-
taining 2 mM ZnCl,. The Zn-eluted pool (0.15, 0.09, 0.03,
1.54, 8.5, 16, and 29% of the applied RNA was recovered in
the 1-7 round of selection) was recovered by ethanol precip-
itation, reverse transcribed, amplified by PCR, and then tran-
scribed into RNA for the next round of selection (Tuerk &
Gold, 1990).

The column was washed with 20 column volumes of the start
buffer. This requires that retained RNAs have dissociation con-
stant K¢ (for fixed ligand; Ciesiolka et al., 1996) roughly <0.05
the concentration of fixed ligand, e.g., =0.075 mM. The first
nine column volumes after the start of the Zn** elution were
pooled. This condition approximately constrains the Ky, (for
free ligand; Ciesiolka et al., 1996) of the eluted RNA to be
=0.7 the free ligand concentration, e.g., <1.5 mM.

Kp from isocratic affinity elution

The Kp for binding Zn ions to the RNA in solution was
determined by isocratic elution (Dunn & Chaiken, 1974;
Connell et al., 1993) from the equation: Kp = L{(V; — V,,)/
(V. — V)1, where L is the free ligand concentration used to
isocratically elute RNA loaded onto the affinity column, V,,
is the median elution volume of RNA eluted in the continu-
ous presence of free ligand, V, is the median elution volume
measured in the absence of free ligand with the same column
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buffer, and V, is the median volume at which an RNA pop-
ulation having no interaction with the column would elute.
The dissociation constants K¢ from the small ligand fixed on
the column were calculated as: Ko = Lo{V,./(V. — V,)},
where L is the concentration of ligand within the column
bed. Internally labeled *P RNA (ca. 3 x 10° cpm, 0.125 uM
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 in-
cubated at room temperature for additional 10 min, and
loaded onto the 1-mL Zn-column that had been equilibrated
in buffer A containing the same concentration of Zn ions as
in the sample.

Minimal sequence experiments

The minimal sequence required for binding to the Zn column
and subsequent elution with Zn was determined as follows:
the RNA was labeled at the 3'- or 5’-end with **P, partially
hydrolyzed under alkaline conditions, and precipitated with
ethanol. The digestion products were resuspended in buffer A,
subjected to renaturation, and loaded onto the Zn-column.
The column was washed with 6 mL of buffer A (first 3 mL
were collected, flow-through fraction) and subsequently with
6 mL of the same buffer, but containing 2 mM Zn** (RNA
bound fraction). RNA from the both fractions was precipi-
tated with ethanol, resuspended in the loading buffer, and
electrophoresed through a denaturing 12% polyacrylamide
gel, along with alkaline and RNase T1 hydrolysates.

DEPC and DMS reactions

For probing N7 of adenine and guanine bases with DEPC
and DMS, 3’-end labeled RNA (ca. 100,000 cpm, 5 pmol of
RINA/200 uL reaction volume) was heated at 65 °C for 5 min
in 80 mM HEPES-Na, pH 7.0, 40 mM NaCl, 1 mM MgCl,,
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 pL of the
reagent in ethanol (1:12 dilution, v/v) was used for 30 min at
25 °C. Modification with DEPC was performed using 10 uL
of DEPC at 25°C for 1 h. After modification, the RNA was
ethanol precipitated and treated with sodium borohydride
and aniline (Krol & Carbon, 1989). Zinc-protected nucleotides
were determined with 0.5 mM and 2 mM added ion. The
samples were analyzed on denaturing 12% polyacrylamide
gels.

To determine zinc affinity in Figure 3, radioactive bands
were excised and intensity (I) measured by Cerenkov count-
ing. Dissociation constants (Kp) for Zn** are determined
from least-squares fitting to protected bands using [ = I, +
L/(1 + [Zn])/K}), where L, is the intensity at saturation with
Zn, and I, is the incremental intensity (over I, ) without Zn
(cf. Welch et al., 1995).

Lead hydrolysis

Lead hydrolysis was performed essentially as described in
Ciesiolka et al. (1995). Briefly, **P-end labeled RNA (0.25 uM
RNA concentration) was heated at 65 °C for 5 min in the fol-
lowing buffer: 40 mM NaCl, 20 mM HEPES-Na, pH 7.0,
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1mM MgCl;, and cooled slowly (1 °C/min) to room temper-
ature. In experiments performed in the presence of Zn,
0.1 mM or 0.25 mM metal ions were added and the samples
were incubated at room temperature for 10 min further. Sub-
sequently, lead acetate solution to 0.25 mM or 1 mM was
added and the reactions proceeded at 25 °C for 20 min. The
reactions were quenched with EDTA (=twofold excess over
divalent ions) in the loading buffer and the samples were an-
alyzed on denaturing 12% polyacrylamide gels.

CD titration

CD spectra were measured using an Aviv model 62DS spec-
tropolarimeter in a 0.1-cm-pathlength cuvette. Samples were
prepared in buffer A at RNA concentration 300 pg/mL. Bind-
ing curves of Zn were determined by measuring the change
in ellipticity at 265 or 275 nm, with 30 s averaging times at
each Zn concentration.
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