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ABSTRACT
An RNA family that binds isoleucine with

Kg=200-500 uM was repetitively isolated from a ribonucleotide transcript

pool containing 50 randomized positions. The RNA site is specific, discriminating against branched side chains of
different size (valine—one methylene smaller than isoleucine) by at least 1.3 kcal/mol and against the shape (linear)
of norleucine by 0.6 kcal/mol. The binding site was localized by sequence comparison, by synthesis of mutant and
truncated active derivatives, and by chemical modification—interference. The binding site is small, no more than 10-12
nt, containing an asymmetric internal loop (6 over 2 nt) that includes the isoleucine codon AUU and a sequence of four

G’s, two of which are involved in G
hydrophobic RNA site.

-U and G -C base pairs. Areas of U/G concentration like these may signal a
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INTRODUCTION

Selection—amplification in vitro has been used to iso-
late RNAs with affinity for several amino acids, starting
from sequence-randomized RNA pools. Characterized
RNAs bind valine (Majerfeld & Yarus, 1994), citrulline
(Famulok, 1994), and eight independent RNA sites were
isolated with affinity for arginine (Connell et al., 1993;
Connell & Yarus, 1994; Famulok, 1994; Tao & Frankel,
1995; Geiger et al., 1996). For a review of RNA amino
acid binding sites, see Yarus (1998). To explore the
capability of RNA to form a hydrophobic pocket, we
have previously isolated an RNA that binds valine in
preference to isoleucine (Majerfeld & Yarus, 1994). Af-
finity of this RNA for its ligand was moderate (K =
12 mM), but it showed stereospecificity, preferring L-
over D-valine 15-fold (AAG = 1.7 kcal mol ). The valine-
binding RNA also distinguished side chains of different
size (e.g., alanine, a-amino-butyrate, or isoleucine had
AAG = 1.6-1.8 kcal mol~* versus valine), shape (linear
norvaline had AAG = 1.6 kcal mol~1), and polarity (va-
line versus isosteric, but polar threonine showed
AAG = 2.0 kcal mol~1). We now report the isolation of
an RNA that conversely binds isoleucine in preference
to valine. These new isoleucine sites show that RNA
can display varied aliphatic specificities and also pro-

Reprint requests to: Michael Yarus, Department of Molecular, Cel-
lular, and Developmental Biology, University of Colorado, Boulder,
Colorado 80309-0347, USA; e-mail: yarus@stripe.colorado.edu.

471

vide a new site in which amino acid binding is strongly
dependent on nucleotides of a coding triplet within the
site (Yarus, 1998).

RESULTS

Selection and analysis of the final RNA pool

Using selection—amplification, we isolated an RNA
that binds isoleucine from an RNA transcript pool with
50 randomized nucleotides. RNA was adsorbed to
an affinity matrix, ~10 mM isoleucyl-agarose, and
subsequently eluted with equimolar L-isoleucine. After
13 cycles of selection, pooled RNA sequences were
no longer random, as visualized by partial T1 RNAse
digestion (Ciesiolka et al., 1996). After two further
selection—amplification cycles, RNAs were cloned and
sequenced (Ciesiolka et al., 1996). The final pooled
RNAs had increased median elution volume to
1,500 wL (versus ~300 uL for randomized RNA), but a
distinct isoleucine elution peak was not visible in the
pool profile, despite the clear isoleucine elution of in-
dividuals purified from the pool (below). A pool selected
for affinity to another hydrophobe, the amino acid va-
line, had behaved in the same way (Majerfeld & Yarus,
1994).

Fifty isolates were sequenced and grouped accord-
ing to sequence homologies. Two repetitively isolated
motifs could be identified. These two families were
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termed the “AUA” and the “AUU” families. Figure 1
shows the sequences and partial secondary structures
of representative clones.

The AUA family appeared to descend from two inde-
pendent molecules in the initial randomized pool. Rep-

“AUA” sequences

I. Majerfeld and M. Yarus

resentative clones were tested for column affinity and
for elution by free isoleucine and related molecules to
determine binding specificities. IL11 bound to isoleucyl
agarose with K; = 1.6 mM, which is similar to the av-
erage of the final selected population. However, it
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FIGURE 1. Alignment of the randomized regions of the AUA and AUU sequences, partial foldings of representative clones
and summary of structural probing data for the AUU clone. Dots indicate nucleotides conserved with respect to the first
sequence in each group, dashes indicate primer nucleotides. Conserved nucleotides in the AUU family motif are bold.
Computed minimal free energy structures (Mfold; Jaeger et al., 1989) for clones IL11 and IL19 are shown with initially
random nucleotides capitalized and fixed nucleotides in lower case. Pb?* cleavages are indicated by half arrows; longer for
more frequent cleavage. Susceptibilities to DMS and CMCT maodifications are shown by diamonds and squares, respectively.
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showed little specificity, being equally eluted by isoleu-
cine, alanine, valine, and methyl-amine (K, ~ 10 mM).
This nonspecific family, which appeared to be indiffer-
ent to the amino acid side chain, was not characterized
in detail.

The AUU family (eight clones) was specific. Se-
guence variation among isolates (Fig. 1) suggests der-
ivation from =5 initial molecules. In selection buffer,
RNAs IL19 and IL42 bound the column and free iso-
leucine with K; = 200-500 uM, 5-10 times better to
isoleucine than to free alanine or valine, and favored L-
over D-isoleucine ninefold. The sequence shared among
this entire family is the sequence UAUUGGGG,; flank-
ing sequences are partially conserved.

The calculated (Jaeger et al., 1989) most-stable struc-
ture places the sequence UAUUGG in an internal loop
opposite two bulged fixed nucleotides (Fig. 1). Two con-
served G’'s form base pairs, including one GU base
pair. This secondary structure was confirmed for IL19
by limited Pb?* hydrolysis, which is diagnostic for re-
gions sufficiently flexible to align themselves for cleav-
age of the phosphodiester (Ciesiolka et al., 1992). Higher
Pb2?* sensitivity is observed for loop nt U32-G36. A
characteristic alternation of sensitivity within the loop
seen in the full-sized molecule is preserved in all smaller
derivatives, suggesting that the loop backbone confir-
mation is preserved in detail in all these RNAs (Fig. 2).
The secondary structure is further confirmed by sus-
ceptibility to DMS and CMCT modifications of Watson—
Crick sites on the bases. Most relevantly, the looped
structure for the conserved UAUUGG was confirmed
by all probes (Fig. 1).

Specificity of isoleucine binding

Isoleucine agarose binding by AUU RNAs required Zn?".
IL19 and IL42 did not bind the column in selection buffer
with 7.5 mM MgCI, as the only divalent. Restoration of
0.1 mM Zn?" also restored binding; other selection di-
valents did not. Binding improved with Zn2* up to at
least 0.5 mM. Further experiments use only 7.5 mM
Mg?* and 0.4 mM Zn?" as divalents. Addition of Zn?*
gave several protections and enhancements in and out-
side the conserved loop at concentrations as low as
40 uM (not shown), suggesting a Zn?*-RNA structure.
It is possible, in addition, that Zn?" amino acid is an
active ligand species.

We estimated dissociation constants by isocratic elu-
tion from isoleucyl agarose (Table 1; Ciesiolka et al.,
1996). Full-sized RNAs and 5’ fragments thereof (see
below, Fig. 3) bound free isoleucine with K; = 200—
500 uM. Discrimination against side chains of different
configuration or size was evident. For example, the
truncated transcript IL19-54 bound to isoleucine with a
Ky = 400 uM and to norleucine (the same size, but
linear in side-chain shape) with K; =1 mM (AAG of 0.6
kcal/mol). Valine, one methylene shorter than isoleu-
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cine, bound with K; = 3.5 mM to the truncates (AAG =
1.3 kcal/mol). IL19-54 discriminates shape less strongly
than a previously selected valine binding RNA (AAG =
1.6 kcal/mol for norvaline; Majerfeld & Yarus, 1994),
but is similar per methylene group (AAG = 1.6 kcal/
mol; Majerfeld & Yarus, 1994). Amino acid amides were
better eluants, and may better resemble the column-
bound affinity ligand used for selection. Nevertheless,
their side chains were not distinguished as well as free
amino acids (Table 1). The presence of the amide ap-
parently obstructs specific side-chain contacts.

Thus, the specific hydrophobic RNA site for valine
(Majerfeld & Yarus, 1994) is not unique; sites for other
aliphatic hydrophobic shapes can be selected. Valine
and isoleucine RNAs contain in common an asymmet-
ric internal loop and a sequence of four G’s, one of
which (in isoleucine RNA) or two (in valine RNA) are
involved in G-U base appositions. Other evidence also
suggests that G’'s and G-U’s may be pivotal in creation
of a hydrophobic RNA site (see below).

Identification of the binding site

Our argument requires the location of this amino acid
site. Extensive sequence variation among the AUU
family (Fig. 1) suggested that the binding site could be
small, centered on the conserved sequence UAUUG
GGG. Terminal random truncation experiments using
alkaline hydrolysis gave 3’ boundaries at nt 43 for IL19
and the comparable place in IL42. Thus, the 5’ domain
of these RNAs was sulfficient for binding and specific
elution (not shown).

This was confirmed by specific truncation. Using an
EcoR 1l site present in IL19 DNA (nt 50-54), we made
a 54-nt truncated transcript, IL19-54. Probing of IL19-54
by Pb?* hydrolysis and chemical modification showed
that the secondary structure of this 5’ domain was un-
affected (Figs. 2, 3). Zn?" dependence and ligand spec-
ificity was also maintained. Isocratic elution of truncated
IL19-54 RNA from an isoleucyl agarose column illus-
trates its specificity; isoleucinamide is a notably better
eluant than valinamide (Fig. 4a). Therefore, the trun-
cated RNA detects removal of one methylene group
from the side chain.

Further sequence changes confine the site to the
RNA's internal loop. Truncate IL42-32 is a shortened
version of the 5 domain of IL42 with an altered flanking
hairpin. IL42-32b had a different nucleotide substituted
at every position outside the conserved internal loop.
In the latter, the fourth conserved G was changed to an
Ain an AU base pair. Pb?* probing of these 32-mers
confirmed the conserved family loop (Figs. 2, 3).

These 32-mers also required Zn?* for column bind-
ing. Although overall affinity of IL42-32b RNA for the
affinity matrix, isoleucine agarose, was decreased, spec-
ificity for free ligands determined by affinity chroma-
tography (Fig. 4b) was similar to the parental RNA



474

IL19-54
e mm)
OH T1
0.12538

C R R

G39—
G36— -
":': -
-
G330 — -
= G25—
G39— :; E
G36 — —
e _ 2 . 2
-
E
G — = v -
-
e -
——
el -
G25 — o »b -
-
- -
-
Lo d -
-
- P -
- .
- .
-

I. Majerfeld and M. Yarus

1L42-32 IL42-32b
_ o Pmm] _ P M
OH T1 OH T1
0.25 51 025 51

- o &
- - | ™
. G16 s. -
(:13—:.- = - ;z
- . t
® ® -
- L3 .
e X LR &
-
- - Y
l " - .
- -
- i - ”
- - ‘ :
- - '

FIGURE 2. Structural probing of IL19 and truncated derivatives with Pb2". RNA was [*?P] labeled at the 5’ terminus and
the products of partial Pb?" hydrolysis were identified by separation in 12% polyacrylamide (IL19 and IL19-54) or 15%
polyacrylamide (1L42-32 and 1L42-32b). Each partial Pb?* hydrolysate is run alongside an NaOH ladder and a partial RNase

T1 digest as markers.

(Table 1). These results, taken together, show that the
isoleucine binding site resides within the conserved
internal loop, which is the only feature conserved in all
molecules.

Involvement of bases in the conserved sequence was
confirmed by CMCT modification—interference. CMCT
modifies the N-1 of G and the N-3 of U, nucleotides
frequent in the conserved loop. IL19-54 RNA was mod-
ified at 25°C or at 65 °C, applied to isoleucyl agarose,
then washed and specifically eluted. Molecules with
modifications at positions that are required for binding
or folding are enriched in the column flow through; mod-

ifications at crucial nucleotides are depleted in the bound
and eluted fraction. Results are summarized in Figure 5.

With the exception of U35, modification of all G’s and
U’s in the conserved sequence interfered with binding
when denatured RNA was modified. Thus, the normal
base pairing faces of all bases save U35 must be intact
for folding of the amino acid site. Modification of nucle-
otides proximal to the loop (U13, G18, U19, and U40)
interfered with binding, but to a lesser extent. CMCT
reaction on both sides and in both strands at more
distant sites is innocuous; thus, the site is sharply cen-
tered at the loop. Modifications performed at 25 °C were
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TABLE 1. Specificity of isoleucine binding RNAs.2
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Ky (mM)
Amino acids Amino acid amides
lle-agarose lle Norleu Val Ala Gly lle Leu Val Ala

Full-length RNA

IL19 0.4 (2) 0.4 (2) 1.7 (2) 1.7 (2)

1L42 0.5 (6) 0.5(2) 1.7 (1) 1.7 (5)

Truncated RNA

IL19-54 0.3 (8) 0.4 (6) 1.0 (1) >3.5(1) >3.5 (4) 3.0 (1) 0.1(4) 0.7 0.3(1) 0.3(1)
1L42-32 1.0 (1) 0.3 (1) >1.2 (1)

1L42-32 b 8 (2) 0.2 (2) 1.2 (2)

aDissociation constants (Ky) for agarose-bound isoleucine and
chromatography. Numbers in parenthesis are number of repeats.

consistent but, as predicted by the secondary structure
model, G38 and G39 were not accessible to modifica-
tion in folded RNA. Modification at U41, which lies out-
side of the loop, results in some loss of binding; it
appears that, at this position, the modification can be
better accommodated upon folding of the RNA. In sum-

I1 19-54 j”

_JAUU .
7o 3 felad
- G 3.0l U G -4.0 QA » AUAso 3'0OH
€ uceccu GGU UCC CU  CCAGG
*C Agugca ca a
99 a
y o ca P u a g g ggS’PPP
a
I1 42-32
{AUU {
G
a on G 30 3'OH
ACGU GGUAcC
U ugtlioa ucaugg
c a 51pPP
I1 42-32b
{AUU {
G
o) g 20 G 30 3'0OH
cgac GagacC
U gcug uucugg
u Y ca 5'PPP

FIGURE 3. Computed minimal free energy structures and summary
of structural probing data for truncates IL19-54, |L42-32, and 1L42-
32b. Upper case indicates nucleotides initially randomized and lower
case indicates both PCR primer sequences and nucleotides whose
identity was arbitrarily fixed. Symbols as in legend to Figure 1.

free ligands were determined by isocratic competitive affinity
The error of means is estimated at + 20%.

mary, the crucial nucleotides are thereby confined to
conserved loop sequences and helix adjacent, in agree-
ment with data above. All data are accounted for by the
notion that all structure required for the amino acid site
is supplied by specific loop nucleotides flanked by ar-
bitrary helices.

DISCUSSION

From an initial RNA pool of about 2 X 103 95-mers, we
have isolated an RNA that binds isoleucine (K; = 200—
500 uM) and does so specifically. The binding site is
contained within a small asymmetric loop. An internal
loop generally of not more than 10-12 nt, as exempli-
fied by the isoleucine site, appears to be a common
feature of most RNA amino acid binding sites (Yarus,
1998). The AUU family exemplifies this tendency, and
also has a highly conserved sequence that includes an
isoleucine triplet implicated in amino acid binding by
modification studies.

Such functional coding triplets were not found in the
selected valine site (Majerfeld & Yarus, 1994), but are
frequent among in vitro-selected arginine-binding RNAs
(Yarus, 1998) and have been found in a natural binding
site, the group | intron (Yarus, 1988). Thus, such se-
guences exist in amino acid sites specific for arginine
and isoleucine, at both extremes of side-chain polarity.
This supports a stereochemical basis for the genetic
code (Woese et al., 1967) in which direct RNA affinity
for amino acids may have comprised the first coding.
(For more complete discussion, see Yarus, 1998.)

Similarities between the valine and isoleucine sites
are easily found. Both contain conserved strings of G’s
with apposed U’s. Aliphatic amino acid side-chain in-
teractions have long been known (la Cour et al., 1985)
in which the aliphatic region is apposed to the face of G
bases, suggesting that the conserved G's may be in-
volved in a predictable interaction.

The same is true of the U base. Tat protein of bovine
immunodeficiency virus (BIV) requires an isoleucine
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FIGURE 4. Isocratic affinity elution from isoleucine agarose.

Approximately 10 pmol of internally labeled 3°P-RNA were

denatured at 65°C for 3 min, brought to column buffer composition (buffer B + 0.4 mM ZnCl, and 0.2 mM eluant when
present) and allowed to renature for 10 min at room temperature. a: IL19-54 RNA. Column size 0.2 mL. b: 1L42-32 b RNA.

Column size 0.4 mL.

residue for binding to its target, TAR RNA (Chen &
Frankel, 1995). Two recently published NMR structures
of BIV TAR—Tat peptide complexes (Puglisi et al., 1995;
Ye et al., 1995) direct this critical isoleucine toward the
hydrophobic edge (C5-C6) of a specific U base, pre-
sented (Ye et al., 1995) in the TAR RNA major groove
by its tertiary structure. Given prominent conserved

U’s within the isoleucine and valine (Majerfeld & Yarus,
1994) binding RNAs, BIV TAR-Tat peptide structure sug-
gests that U edges may also be prominent among
elements that can be assembled into specific hydro-
phobic RNA sites.

There is independent evidence for the role of G's and
U’s. These nucleotides are prominent in other hydro-
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FIGURE 5. CMCT modification—interference on truncate RNA IL19-
54. Chemical modification was performed at 25°C and at 65 °C and
the modified RNA was bound to and eluted from an isoleucyl agarose
column. a: Summary of results. Triangles and circles indicate mod-
ified positions after treatment of unfolded and folded RNA, respec-
tively. Filled symbols represent modifications that interfere with binding
and elution. Larger symbols indicate greater interference. Open sym-
bols mark modifications that do not interfere with binding and elution
from the column. b: Phosphorimager profile of reverse transcription
analysis for the segment G28-U41 of the flow through and specifi-
cally eluted fractions of RNA modified at 25°C. U32 is a position
either very sensitive to spontaneous cleavage or the site of a reverse
transcription stop; interference was evaluated over this background.

phobic sites, and larger hydrophobic ligands seem to
require larger G/U-rich structures. Recently isolated
DNA (Li & Sen, 1996) and RNA (Conn et al., 1996)
enzymes for the metalation of the hydrophobic ligand
porphyrin, selected on the basis of affinity to a transition-
state analogue, have sequences exceptionally rich in
G and U residues. Such consistency suggests that the
well-known association of codons centered on U (NUN’
codons) with hydrophobic amino acids may be expli-
cable in terms of a primordial chemical affinity.
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MATERIALS AND METHODS

Selection procedure

Isoleucine was linked through its carboxyl to EAH Sepharose
4B (Pharmacia) as described previously (Majerfeld & Yarus,
1994) to approximately 10 umol/mL and the selection step
was performed on a 0.2-mL column. Selection buffer was
10 mM HEPES, pH 7.0, 300 mM NacCl, and 7.5 mM MgCl,
(buffer B) and 0.1 mM each of ZnCl,, CacCl,, and MnCl, and
0.01 mM CuCl,. Elution buffer had, in addition, 10 mM iso-
leucine. Starting at cycle 7, 10 mM glycine was added to both
buffers to discourage enrichment of species with exclusive
affinity for the amino group of the ligand. The initial RNA pool
consisted of 830 pmol of RNA (95 nt) transcribed from 2 X
1013 DNA templates; there are 50 randomized positions
flanked by PCR primers that included a T7 RNA polymerase
promoter and EcoR | and Hind 11l restriction sites for cloning.
The RNA pool was folded by heating in water to 65°C for
3 min, adjusted to buffer B, and cooled to 25 °C over 10 min,
then the other divalent ions were added. The RNA was ap-
plied to the column and washed with 5-20 column volumes of
selection buffer (increasing stringency as the selection pro-
gressed) before specific elution. RNA eluted by isoleucine
was precipitated and reverse transcribed. The cDNA was
amplified by PCR and transcribed to produce a pool of RNA
for the next selection. After cycle 2, selection was preceded
by counterselection on an acetylated column to remove RNA
with affinity for the resin. About 65% of the front running peak
was collected for selection.

Lead hydrolysis

Lead cleavage was performed in buffer B with 0.4 mM ZnCl,
as described (Ciesiolka et al., 1995). 5’-32P-labeled RNA was
0.25 uM and Pb(OAc), was added at concentrations ranging
between 0 and 1.0 mM.

Chemical modification and
modification interference

DMS and CMCT modifications were performed as described
(Krol & Carbon, 1989) except that DMS treatment was done
in 80 mM HEPES, pH 7.0, 50 mM NaCl, 7.5 mM MgCl,, and
0.4 mM ZnCl,. The CMCT reaction buffer was 50 mM sodium
borate, pH 8.0, 42 mM KCI, 7.5 mM MgCl,, and 0.4 mM
ZnCl,. Treatment was followed by two precipitations. Modifi-
cations were identified by primer extension with AMV reverse
transcriptase and denaturing polyacrylamide electropho-
resis. For IL19-54 modification—interference, the modification
was either at 65 °C for 25 s (no ZnCl, in the reaction) or after
renaturation at 25°C for 15 min. RNA treated at 65°C was
precipitated twice and renatured in buffer B + 0.4 mM ZnCls.
CMCT was removed from RNA treated at 25 °C by passage
through a 1-mL P6 column in buffer B + 0.4 mM ZnCls. In
both cases, modified RNA was applied to a 0.2-mL isoleucyl—
agarose column, washed with eight column volumes of buffer
B + 0.4 mM ZnCl,, and eluted with buffer containing 0.2 mM
isoleucinamide. Flow through, wash, and specifically eluted
fractions were pooled.
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Determination of K

RNA dissociation constants (K,) for isoleucine agarose and
free ligands were determined by isocratic competitive affinity
chromatography (Connell et al., 1993; Ciesiolka et al., 1996).
Approximately 10 pmol of internally labeled 32P-RNA were
heated at 65 °C for 3 min, brought to column buffer conditions
(buffer B + 0.4 mM ZnCl, and 0.2 mM eluant when present),
and allowed to renature for 10 min at room temperature be-
fore loading onto the column. Median elution volumes were
used to calculate K, with no correction for an unbound frac-
tion (see Fig. 4). This leading peak consists of aggregated
molecules, as judged from rerunning on native gel electro-
phoresis (not shown). Aggregated material declines in amount
as the molecule is simplified (compare Fig. 4a and b), being
relatively small or absent in truncated RNAs. Aggregates do
not separate well from the main RNA peak in full-length mol-
ecules; uniformly neglecting this relatively small fraction in-
creases Ky, but by an amount judged small with respect to
other errors.
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