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A NOVEL STABLE RNA PENTALOOP THAT INTERACTS
SPECIFICALLY WITH A MOTIF PEPTIDE OF LAMBDA-N PROTEIN

Junji Kawakami and Naoki Sugimoto o Frontier Institute for Biomolecular
Engineering Research (FIBER), Konan University, Higashinada-ku, Kobe, Japan, and
Department of Chemistry, Faculty of Science and Technology, Konan University,
Higashinada-ku, Kobe, Japan

Hisanori Tokitoh and Yoshiatsu Tanabe o Department of Chemistry, Faculty of
Science and Technology, Konan University, Higashinada-ku, Kobe, Japan

o To achieve a novel specific peptide—nucleic acid binding model, we designed an in vitro selection
procedure to decrease the energetic contribution of the electrostatic interaction in the total binding
energy and to increase the contribution of hydrogen bonding and m—m stacking. After the selection
of hairpin-loop RNAs that specifically bound to a model peptide of lambda N protein (N peptide),
a new thermostable pentaloop RNA motif (N binding thermostable RNA hairpin: NTS RNA) was
revealed. The obtained NTS RNA was able to bind to the N peptide with superior specificity to the
boxB RNA, which is the naturally occurring partner of the lambda N protein.

Keywords Lambda N protein; Stable RNA hairpin; Specific binding; Thermodynamic
analysis

INTRODUCTION

It is known that many biological events are evoked by the interaction
between proteins and nucleic acids. The protein-nucleic acid interaction is
a complex phenomenon that is achieved by many local interactions with
various side residues of amino acids and nucleotides.[!=3! To resolve the
complexity of the protein—nucleic acid interactions, specific model systems
constructed with careful consideration about the contribution of each lo-
cal interaction are particularly useful. The binding energy of a protein—
nucleic acid interaction system is determined by electronic charge—charge
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interactions, hydrogen bonding networks, van der Waals interactions, and
hydrophobic interactions as well as the participation of metal ions and water
molecules. Among these, electrostatic interaction, a long-range interaction,
increases the association rate of the protein-nucleic acid binding* and is
certainly indispensable for a tight binding. However, nonspecific attractive
force between positive charges on the amino acid side chains and negative
charges on the nucleotide backbone is always accompanied by the electro-
static interaction between a basic protein and a nucleic acid. Sometimes this
intrinsically nonspecific interaction is dominant even in a “sequence specific”
binding. The hydrogen bonding network, on the other hand, is essential for
the specific protein-nucleic acid interaction.!>% Also, London dispersion in
m—m stacking is effective within an extremely short range, and therefore, the
stacking is responsible for stabilization of macromolecular complexes with
restricted structures in specific bindings.!”-!

Here, we aimed to develop a model system of specific protein—nucleic
acid interaction with desired binding mode. In the desired system, energetic
contribution of the electrostatic interaction in the total binding energy of the
model system should be small for the specificity, and instead, the contribution
of hydrogen bonding and w—m stacking should be large. We paid notice
to the interaction between lambda N protein and boxB RNA hairpin!?~!%
as a mother system that contained all the electrostatic, hydrogen bonding,
and m—7m stacking interactions as described in detail in Results section. We
designed a hairpin-loop RNA selection scheme with the model peptide of
the N protein with 22 amino acids (N peptide) shown in Figure 1a as a target.
In the selection scheme, negative selection step with highly positive charged
peptide as a pseudotarget was placed before the positive selection step and
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FIGURE 1 Sequences of N peptide, boxB RNA, and RNA library used in this study. (a) Sequence of
the N peptide. (b) Sequence and proposed secondary structure of the boxB RNA. (c) Sequence and
proposed secondary structure of the hairpin-loop RNA library with 7 nts randomized region. N denotes
any nucleotide base (A, G, C, or U).
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RNAs that bound to the pseudotarget molecule in nonspecific manner was
removed from the RNA library. The winner RNA of our selection, to construct
a model system in which 7—m stacking and hydrogen bonding make large
contribution to the binding and nonspecific electrostatic interaction does
not, may not be the most forceful binder but should have sufficient specificity
to its cognate target. As aresult, a novel thermostable pentaloop RNA hairpin
(N binding thermostable RNA hairpin: NTS RNA) was obtained. Based on
thermodynamic data, itis expected that the NTS RNA binds to the N peptide
with superior specificity to the boxB RNA, the naturally occurring partner of
the lambda N protein.

MATERIALS AND METHODS
Preparation of Oligonucleotides and RNA Library

A template DNA with 40 nts for the polymerase chain reaction (PCR); 5'-
GGCACATTCCAGCCCNNNNNNNGGGCTAACATTCAGATCC-3', a 32 nts
plus primer; 5-AGTAATACGACTCACTATAGGCACATTCCAGC-3', and a
16 nts minus primer; 5'-CGATTGTAAGTCTAGG-3" were synthesized by the
phosphoramidite method using a model 391 DNA/RNA synthesizer (PE
Biosystems; PE). The NTS RNA, 5-rTAGCCCGGCUAACGGGCU-3/, and the
boxB RNA, 5'-TAGCCCUGAAGAAGGGCA-3', were similarly synthesized with
additional treatment by 2 M tetrabutylammonium fluoride for 12 h to remove
the 2" t-butyldimethylsilyl group. After deblocking of the bases by overnight
treatment with concentrated ammonia, the oligonucleotides were purified
by high-performance liquid chromatography (HPLC) on a C-18 cartridge
column TSK Gel (TOSOH). A double-stranded template DNA of transcrip-
tion n vitro was prepared by PCR on a model 480 DNA thermal cycler (PE)
with the single stranded template DNA and 100 pmol of each primer in
100 nLL of reaction mixture containing 10 mM Tris HCI (pH 8.3), 50 mM KClI,
2.0 mM MgCly, 200 uM NTPs, and 2.5 U of AmpliTaq DNA polymerase (PE).
Thirty cycles of PCR were carried out at 95°C for 60 s, 42°C for 60 s, and 72°C
for 120 s. The resulting DNA product was recovered by ethanol preparation.
A 40 nts RNA library that has the same sequence as the chemically synthe-
sized template DNA except for U instead of T was then prepared using the
AmpliScribe T7 transcription kit (Epicentre Technologies). The transcript
RNA was purified from 8% denaturing polyacrylamide gel containing 8 M
urea.

Preparation of Peptides

Peptides were synthesized with an Fmoc strategy on a solid sup-
port as described previously.l!9 A solid support of Fmoc-NH-SAL
resin (N-a-9-fulorenylmethoxy-carbonyl-super acid labile polystylene resin),
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producing an amide at the carboxy terminus, was used in this study,
and it was treated with piperidine to remove Fmoc group for the
coupling. Protected Fmoc-amino acids (Watanabe Chemical) were acti-
vated their carboxyl group by three molar amounts of benzotriazolyl-
N-oxytris (dimethylamino) phosphonium, 1-hydroxylbenzotriazole, and six
molecular amounts of N, N-diisopropylethylamine, and coupled to the elon-
gation peptide on the resin. After Fmoc deprotection of the last amino
acid, amino terminus was biotinylated by Biotin-AC5 Sulfo-OSu (Dojindo)
if needed. The synthesized peptides were cleaved from the resin and depro-
tected by trifluoroacetic acid with m-cresol, 1,2-ethanedithiol, and triethylsilyl
bromide. These peptides were purified by the HPLC.

In vitro Selection

The transcribed RNA pool was quantified by measuring the absorbance
at 260 nm with averaged extinction coefficients of the dinucleotides. Affinity
columns were prepared by 0.5 nmol ImmunoPure Immobilized Avidin Gel
(PIERCE) binding to biotinylated glycine (Gly), Tat peptide (RKKRRQRRR),
or N peptide (MDAQTRRRERRAEKQAQWKAAN). Fifty picomoles of an
RNA library in 200 pL of the binding buffer [10 mM NasHPO, (pH 7.0),
100 mM NaCl, and 1 mM NasEDTA] was heated at 94°C for 5 min and then
slowly cooled to room temperature. The annealed RNA solution was mixed
with Gly or Tat peptide immobilized agarose in pre-columns and incubated
at 25°C for 1 h to eliminate the RNAs that are able to bind to the column
support or Tat peptide. Then eluted RNAs from the pre-column were in-
cubated with the N peptide immobilized agarose at 25°C for 1 h. During
this incubation, the peptide and RNA concentrations were 50 uM and about
100 uM, respectively. Unbound RNAs on the affinity resin were washed out
with 3 column volumes (200 pL x 3) of the binding buffer. RNAs bound
to their target N peptide were collected by 1-h incubation with 200 uL. of
500 uM N peptide solution put through the binding buffer in the column.
The eluted RNAs were recovered by ethanol precipitation and converted
to a library RNA with the next generation number by reverse transcription
coupled PCR and subsequent transcription under the same conditions as
described above.

Cloning and DNA Sequencing

After three rounds of selection and amplification, the double stranded
PCR products were blunted by T4 DNA polymerase (TAKARA). The blunted
DNAs were collected by ethanol precipitation and phosphorylated at their
5" end by T4 polynucleotide kinase (TOYOBO). The Resulting DNAs were
ligated into the Hinc II site of the plasmid pUCI118 with T4 DNA ligase
(TAKARA). E. coli MV1184 was transformed by the ligated plasmid DNAs
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and cultured on an LB plate containing ampicillin, IPTG (isopropyl-g-
D-thiogalactoside), and X-gal (5-bromo-4-chloro-3-indolyl-g-ID-galactoside).
After the blue-white selection, 20 white colonies were picked up and cultured
in the LB medium containing ampicillin. The plasmids were recovered from
E. coli clones using the alkaline lysis procedure. Nucleotide sequences were
determined by the ABI PRISM 310 Genetic Analyzer (PE) using the BigDye
termination method.

UV Measurements

An absorbance vs. temperature curve was determined at 260 nm with a
Hitachi U-3210 spectrophotometer connected to a Hitachi SPR-10 thermo-
programmer in a 0.1 cm path length cuvette. The heating rate was 0.5 or
1°C/min. The water condensation on the cuvette exterior in the low tem-
perature range was avoided by flushing with a constant stream of dry Ny gas.
All experiments were carried out in a buffer containing 10 mM NagHPOy,
0.1 mM NaoEDTA, pH 7.0. The extinction coefficients at 260 nm were calcu-
lated with the nearest-neighbor approximation.!!”! The resulting values are
1.70 x 10° cm™!M~! and 1.60 x 10° cm~!M~! for the boxB RNA and the
NTS RNA, respectively. The concentrations of the RNAs were determined
from the absorbance measured at a high temperature.

Fluorescence Measurements

The fluorescence spectra of the peptide—RNA complexes were measured
by a fluorescence F-3010 spectrophotometer (Hitachi) at a controlled tem-
perature (25.0°C) by a thermostatic circulator. The peptide concentration
was determined from the UV absorption of the Trp residue at 278 nm. All
measurements were done in 10 mM phosphate buffer (pH 7.0) containing
100 mM NaCl and 0.1 mM NasEDTA. Fluorescence spectra were obtained
every 1 nm at a scan rate of 50 nm min~!. Fluorescence quenching of the
peptides with the addition of the oligonucleotides was measured by the fluo-
rescence intensity change at 350 nm with an excitation wavelength at 278 nm.
The peptide concentration was 5 uM for all the fluorescence measurements.

The binding constant (K,) of peptide-RNA complexes was estimated by
the curve fitting procedure using the following equation:!®

AF = ARy { K, - ([RNA] + [Peptide]) + 1 — {(K, - [RNA] + K, - [RNA]
+ K, - [Peptide] +1)> —4- K2 [Peptide] - [RNA]}'* /(2. K, - [Peptide]) )
where AF is an observed fluorescence change and Ak, is a maximum

fluorescence change. The [Peptide] and [RNA] are the total peptide and
added RNA concentrations, respectively. One RNA binding to one peptide
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molecule in a non-cooperative manner was assumed for the correction of the
RNA concentration term. The titration curves were analyzed by the nonlinear
least-squares fitting procedure. Free energy changes at 25°C (A Gg;) were
calculated from the rate constants as follows: A Gy; = —298.15 R In K,, where
R is the gas constant.

Surface Plasmon Resonance (SPR) Measurements

The peptide—-RNA interaction was also examined using an SPR system
with BIAcore 1000 (Pharmacia) by measuring the function of the mass
change on the matrix surface. For the peptide immobilization on the SPR
sensor chip, biotinylated peptide solution was injected onto streptavidin at-
tached carboxymethylated dextran matrix on the gold sensor surface. RNA
binding to the immobilized peptides was monitored by passing the RNA so-
lution (5.0uM) in 10 mM phosphate buffer containing 100 mM NaCl and
0.1 mM NagEDTA (pH 7.0) across the sensor chip at a constant flow rate of
15 L min~! at 25°C. The SPR signals were collected every 1.0 s. The RNA
solution was injected for 100 s and then the analyte solution was exchanged
to the buffer without RNA. RNAs bound to the immobilized peptides were
turned off by a flash flow of 0.05% SDS (sodium dodecyl sulfate) solution to
regenerate the surface.

RESULTS
System Design for the Selection

For DNA, the double-stranded helix is the ordinary structure. Therefore,
almost all the DNA binding proteins recognize the groove of the double
stranded DNA whether the interaction is specific or not.118=20] In contrast,
higher ordered structures of RNA are defined by intramolecular interac-
tions and are varied with many single stranded regions, i.e., bulges, internal
loops, and hairpin-loops in addition to the double stranded regions. These
particular local structures of RNA frequently participate in the specific inter-
action with proteins.[1521724] We have already observed the importance of
the specific structure of RNA for a peptide-nucleic acid binding system in
our previous study to obtain peptides that recognize stable tetraloop struc-
tures of nucleic acids via combinatorial Chemistry.[%] At that time, in our
tiny model systems, -7 stacking of an aromatic side residue and nucleotide
base played a significant role for the binding. When a flipped nucleobase in
the loop was exposed to the solvent water, many aromatic amino acids were
selected whereas a dominant force was brought by hydrogen bonds. From
this information, here, m—n stacking in addition to hydrogen bonding was
settled as an important interaction for obtaining specific model system. For
-7 stacking, a nucleic acid structure should be enough stable and restricted
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to expose an aromatic base portion at a specific position in the structure. For-
tunately, we were able to use the DNA counterpart of the stable rC(UUCG)G
hairpin?6=3% in our previous study.!?”) However, there are only a few exam-
ples that are admirably adapted for use as a model system in nature, and
consequently, in this study we decided to select such a nucleic acid structure
from a random library.

Regarding the protein part, some RNA binding motifs as functional par-
tial structures of the RNA binding proteins are the candidates for use. How-
ever, the ribonucleoprotein (RNP) consensus sequence[?’l’?’Q] and RNP K ho-
mology motif!3334! in RNPs such as U1A are rather large, i.e., 50 to 100 amino
acids, and thus are not suitable for the tiny model construction. Although the
RGG box containing arginine—glycine—glycine tripeptide repeat is as small as
20 to 25 amino acids, ! this is an intrinsically nonspecific binding motif and
is also not appropriate for the model system. On the other hand, the highly
basic arginine rich motif seen in some proteins such as the Tat or Rev protein
of the human immunodeficiency virus is able to achieve sequence specific
RNA binding using only 10 to 20 amino acids.!19:21:2%:36.37] Therefore, this
tiny motif is the most adequate for the model system, although w—m stacking
is not fundamentally contained in the interaction between the arginine rich
motif and RNA. Among the proteins with the arginine rich motif, the lambda
N protein interacts with its cognate RNA hairpin-loop structure by using w—mw
stacking.

The lambda N protein regulates the anti-termination of transcription by
way of the binding to a boxB hairpin-loop in the transcript mRNA, [9~15.38.39]
In the stable N protein—boxB hairpin-loop complex, many interactions
are concerned with the binding: electrostatic interaction between basic
amino acids and phosphate backbone, hydrophobic interaction between
alanine 3 and the stem region of the hairpin-loop structure, the hydro-
gen bond network, and m—m stacking of the aromatic side residues be-
tween tryptophan 18 and adenosine 9./**! Furthermore, a model peptide
of the N protein (N peptide) shown in Figure la is able to bind to a
model RNA of the boxB hairpin-loop (boxB RNA) shown in Figure 1b with
the same sequence specificity and binding stability as the natural N-boxB
interaction.[10-12]

From the knowledge mentioned above, we have selected hairpin-loop
RNAs that bind to the N peptide from a hairpin-loop RNA library with
a 7 nucleotides (nts) random region as shown in Figure lc. Because it is
thought that the energetic contribution of w7 stacking is rather weak even
in a sequence specific protein—nucleic acid interaction,[”44?] the best way
for increment the energetic contribution of hydrogen bonding and nm-m
stacking in the total binding energy is decrement the electrostatic contri-
bution in the binding. In the selection scheme, negative selection step with
highly positive charged peptide as a pseudotarget was placed before the pos-
itive selection step and RNAs that bound to the pseudotarget molecule in
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nonspecific manner by using electrostatic interaction mainly was removed
from the RNA library.

Selection of N Peptide-Binding RNAs

The N peptide-binding RNAs were selected from a library shown in
Figure lc containing about 1.7 x 10* random sequences with 3, 5, or 7 nts
loops. Using the procedure shown in Figure 2, the RNAs that bound to col-
umn resin were removed from the library by passing them through a column
with glycine immobilized resin (Gly column). Individually, the RNAs that
interact nonspecifically with a basic peptide by an electrostatic effect were
eliminated from the other library by passing them through a column with
the resin on which a model peptide (RKKRRQRRR) of the highly basic Tat
protein was immobilized (Tat column). RNAs after those pretreatments were
incubated in a column with the N peptide immobilized resin (N column)
separately and the N binding RNAs were recovered by an affinity elution
procedure with the binding buffer containing 0.5 mM N peptide.

The peptide binding property of RNAs in the initial library before the
selection (Generation 0; GO) and in the libraries after three cycles of the
selection (Gly-G3 and Tat-G3) were examined. The library RNA was passed
through the affinity columns and the amount of retained RNA in the columns

RNA library
EN N
RT-PCR - —agcecy NN 4 RT-PCR
transcription i /_UCGGGNNN - transcription
3"
bound RNAs T id bound RNAs
waste (—G|y column at pepti e—) waste

column

unbound RNAs

o

bound - bound
Rl\;lAS — N peptide column RNAs

I I

unbound RNAs

.

waste waste

FIGURE 2 Selection procedure with affinity columns used in this study. An RNA library was passed
through columns in which Tat peptide or Gly was immobilized. Then the eluted RNAs were loaded to the
N peptide column. RNAs were incubated in each column for 1 h at 25°C in a buffer containing 10 mM
NagHPO4 (pH 7.0), 100 mM NaCl, and 1 mM NagEDTA. After washing with three column volumes of
the buffer, bound RNAs were eluted from the column by a buffer containing 0.5 mM N peptide.
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was determined separately. As shown in Figure 3a and Table 1, the N peptide
binding RNAs were concentrated during both selections; 47.0 and 45.3% of
the total amount of RNAs in the Gly-G3 and Tat-G3 libraries were bound
to the N column, respectively, whereas only 27.3% of the RNAs in the GO
library bound to the N column. On the other hand, the amount of Tat
peptide binding RNAs (nonspecific binders) decreased in the Tat-G3 library
from 46.0 (GO) to 38.0%. In contrast, the amount of the nonspecific binders

a)

D
o

N
o

bound RNA (%)
N
o

b)

(o]
o

bound RNA
(% of pre—treated RNA)
y &

FIGURE 3 Binding properties of hairpin-loop RNA libraries to Tat, N, and Gly columns. (a) Percentages
of the bound RNA in the total amount of RNA in the libraries to the columns. Amount of the bound RNA
was calculated from UV absorption of eluted RNA at 260 nm. The white, black, and gray bars indicate the
GO0, Tat-G3, and Gly-G3 libraries, respectively. (b) Percentages of the bound RNA to the columns for the
libraries after negative selection procedures. Tat— N indicates the amount of N peptide binding RNA in
the library RNA that eluted from (did not bind to) the Tat column. This is the mimetic condition of the
selection procedure for the Tat-G3 library. N — Tat indicates the amount of Tat peptide binding RNA in
the library after the negative selection with the N column, similarly.
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TABLE 1 Percentages of Bound RNA to Affinity Columus®

Affinity column

Library N Tat Gly Tat— N N — Tat

Gly-G3 47.0£1.7 573+21 9.3+25 51.0x£36 40.0X+26
Tat-G3 453+40 38.0+£30 11.7+£25 703+40 483+25
GO 27.3+21 46.0+£17 83+£29 403+£25 50721

“RNA libraries were incubated in each colmun for 1 h at 25°C and then
washed with three columun volumes of the binding buffer. Percentages of
the bound RNAs to columns were calculated from UV absorption of eluted
RNAs at 260 nm. See the legend of Figure 3 for the abbreviations Tat— N
and N — Tat.

increased in the Gly-G3 library from 46.0 to 57.3%. In other words, it was
proved that specific binders to the N peptide were selectively concentrated
in the Tat-G3 library. Similar results were obtained from the experiments
that mimicked the selection procedures as shown in Figure 3b and Table 1.
After the negative selection procedure, more than 70% of RNAs in the Tat-
G3 library bound to the N column (Tat — N), indicating the specific binding
of RNAs in the Tat-G3 library to the N peptide. No such concentration of
specific binder could be seen for Gly-G3 library after the negative selection.

Nucleotide Sequences of N Peptide Binding RNAs

Figure 4 shows the nucleotide sequences of 20 clones from the Gly-G3
and Tat-G3 library. As a result, almost all the clones from the Gly-G3 library
had 7 nts loop and no consensus sequence was found in the nucleotide
sequences. On the other hand, an obvious consensus sequence was revealed
from the Tat-G3 library as shown in Figure 4. The consensus sequence was
5-GGYYRRC-8', where Y and R indicate the pyrimidine (U or C) and purine
nucleotides (A or G), respectively, and the most abundant sequence was 5'-
GGCUAAC-3'. This consensus sequence suggests that the clones in the Tat-G3
library have a 5 ntsloop (pentaloop) closed by a GC base pair. The consensus
sequence in the Tat-G3 library was different from the natural lambda boxB
RNA sequence, 5'-UGAARAA-3'. For example, closing the base pair of the
loop was GC in the consensus sequence whereas it was U/A in the natural
boxB RNA. The bases in the loop also differ except for the first G and the
fourth purine nucleotide.

Structural Stability of N Peptide Binding RNAs

UV melting behaviors of the boxB RNA (5-rAGCCCUGAAGAAGGGCA-
3’) and a model RNA from the consensus sequence of the Tat-G3
clones, (5-rAGCCCGGCUAACGGGCA-3": NTS RNA) are shown in Figure 5
(nucleotides in the loop region are underlined). As seen in Figure 5, both
RNAs melt in the higher temperature region above 80°C, although a small
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boxB RNA region

| 7 —13 l
5' -GEGCACATTCCAGCCC NNNNNNN GGGCTACATTCAGATCC-3 '

7 —13 7 —13
Gly-G3 +++ CCCGACU -+ Tat-G3 *°** GGCUAAC s+
oo 0 CUGAAUA » s s 00 GGCUAAC o e 0
) AAUAACA "o ) GGCUAAC )
e s e CUAACAU e e e s s 0 GGCUAAC s s 0
+++ GACCUUA +»» +++ GGCUAAC ==+
ese CGACCUU =-- +++ GGCUARAC »+-=-
s s e CUAACAU o e e o« e 8 GGCUAAU ]
+e+ CCUGAUG +-- +++ GGUCAGC e*-»-
s o e CCUUCCU o-=- +++ GGUCGGG ++-
s+e GQUCCGGC e-- «++ GCUCGGG +=-
soe CCCGCCU oo +s+ GCUCGGG *=-
+ s« UCUGAUG *-»- +++ GGACGGC -
e ACAAUUC ---» PP @AUAUC e
e e JAUCCCC s e- es s GQUCAUT -
ve+o CUGAUCA s +s+ GGUGUAA =+--
ses AUCAUUA +o» + s+ GGGGATC -
++e ACAUAGA «-- « s+ GGCAUCT «=-
ce+ CCGUGUA +=» + s+« GAUCUCC s+--
++o CUUACGG ¢*-=° +s+ GUBAGGU »+--
eo e QAAUCUU oo oo EgAgﬁU s e

FIGURE 4 Nucleotide sequences of N peptide binding RNAs. RNAs after three cycles of the selection
were inserted into pUC118 plasmid and cloned. These sequences were obtained from independent
20 clones of each library (Gly-G3 and Tat-G3). The nucleotides correspond to the consensus GGYYRRC
(Y=C/U, and R=A/G) were underlined for the Tat-G3 clones.

transition of the baseline was observed within the temperature range from
30 to 50°C for the NTS RNA. UV melting behaviors of the RNAs at 5 uM
and 50 uM did not change for both RNAs. The stability of the NTS RNA
structure was also evaluated using native polyacrylamide gel electrophoresis
(data not shown). The mobility of the NTS RNA at 20°C resembled that of
hairpin-loop DNAs with 17 or 18 nts but was different from the mobility of
a 17 base-paired-double-stranded DNA. Same tendency could be seen in the
PAGE experiment at 50°C. The results from the gel electrophoresis indicated
that the NTS RNA folds into almost the same hairpin-loop structure at both
temperatures of 20 and 50°C.

Binding Property of the N Peptide-Binding RNAs to the N Peptide

Binding affinity of the RNAs to the N peptide was analyzed using SPR. As
the result, about 80 and 70 response unit (RU) increments were observed by
100 sec passing 5.0 uM of the RNAs across the N peptide immobilized sensor
surface for the boxB RNA and the NTS RNA, respectively (data not shown).
This result suggests the slightly weaker binding ability of the NTS RNA to
the N peptide than that of the boxB RNA. However, for the experiments
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FIGURE 5 Normalized absorbance vs temperature curves for (a) 5-rAGCCCUGAAGAAGGGCU-3
(boxB RNA) and (b) 5'-TAGCCCGGCUAACGGGCU-3' (NTS RNA). Nucleotides in the loop region were
underlined. All mesurements were done in a buffer containing 10 mM NasHPO4 (pH 7.0), 100 mM
NaCl, and 1 mM NagEDTA. The oligonucleotide concentrations were 5 uM (open diamond) and 50 uM
(closed diamond).

with the Tat peptide immobilized sensorchip, the RU increment was about
60 and 30 for the boxB RNA and the NTS RNA, respectively. In other words,
the NTS RNA discriminated the two highly basic peptides, whereas the boxB
RNA interacted with both peptides. The response of the NTS RNA binding
to the N peptide changed more slowly than that in the other cases.

Quantification of Interaction between the N Peptide
and N Peptide-Binding RNAs by Fluorescent Quenching

The binding constants of the RNAs and N peptide were also analyzed
via the fluorescence of tryptophan. As shown in Figure 6, the fluorescent
quenching of tryptophan!*!! in the N peptide was observed by titration of
the NTS RNA. The quenching behavior exhibited exponential dependency
to the concentration of the NTS RNA. Therefore, those results strongly
suggest that the NTS RNA utilize the 7—m stacking for the binding to the
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FIGURE 6 Fluorescence quenching of tryptophan in the N peptide accompanied by NTS RNA titration.
Concentration of the N peptide was 5 £M. All measurements were done with an excitation wavelength at
278 nm in a buffer containing 10 mM NagHPO4 (pH 7.0), 100 mM NaCl, and 1 mM NagEDTA at 25°C.

N peptide just like as boxB RNA. Maximum quenching fractions of the flu-
orescence were almost the same value; 86.4 and 85.7% for the boxB RNA
and the NTS RNA, respectively. The binding constant, K,, of the N peptide
binding was 1.37 x 10° M~! and 3.36 x 10 M~! at 25°C for the boxB RNA
and the NTS RNA, respectively. These binding constants are equivalent to
—11.1 and —10.3 kcal mol~! as the free energy changes during the binding
at 25°C (A Gyy). The difference in the binding affinity of the two RNAs was
0.8 kcalmol .

DISCUSSION
In vitro Selection Procedure to Obtain N Peptide-Binding RNAs

Several selection of mutant N protein/peptide thatinteract with the boxB
RNA were reported previously, indicating availability of another artificial
combination.[**~47] For the RNA part, although point mutants were analyzed
for the boxB RNA so far,!37:38:47:48] the tightest binder to the N peptide should
be obtained from a library via normal in vitro selection experiments.!**! How-
ever, a novel selection procedure, in which a negative selection to remove
the nonspecific tight binder to the target is included, would be required
for obtaining an aimed RNA molecule that is a specific tight binder to the
target with the desired binding mode. In this study, a model peptide of the
Tat protein of the human immunodeficiency virus type-1 (Tat peptide) was
used as the pseudotarget for the negative selection.!!?-21] The Tat peptide is
one of the best pseudotarget molecules that decreases the nonspecific elec-
trostatic background but retains the w—m stacking, because the Tat peptide
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contains many basic amino acids but does not have an aromatic residue. In-
dependently, another selection procedure with Gly resin as a pseudotarget to
remove the RNAs that are nonspecifically bound to the column support was
simultaneously carried out. It is expected that the N peptide-binding RNAs
with a large electrostatic background should be obtained from the library
after the selection with pretreatment by the Gly resin.

From the analysis of the libraries after the selection procedures, the
amount of the N peptide binding RNAs increased about 20% during both
selections and the order of the amount of the N peptide-binding RNAs
was GO < Gly-G3, Tat-G3 as shown in Figure 3a and Table 1. On the other
hand, the order of the amount of the Tat peptide binding RNAs was Tat-
G3 < GO < Gly-G3. In other words, the Tat-G3 library contained abundant
specific N peptide-binding RNAs as expected. Analogous results were ap-
peared in the experiments to elucidate the effect of the pretreatments as
shown in Figure 3b and Table 1. About 40-50% of the RNAs that did not
bind to the N column (after the pretreatment with N column) were bound
to the Tat column for all the libraries (N — Tat). This result corresponds to
the finding that 46% of the RNAs in the GO library (before selection) is bound
to the Tat column, indicating 40-50% of the random RNAs have potential
ability of binding to the Tat peptide. Contrary to the results of N — Tat, the
amount of the N peptide binding RNAs in GO0, Gly-G3, and the Tat-G3 li-
braries after the negative selection procedure with the Tat column was about
40, 50, and 70%, respectively (Tat — N). These results suggest the following
two things: (a) Many N peptide binding RNAs in the Gly-G3 library interact
with the N peptide via an electrostatic interaction and thus they also bind
to the Tat peptide, and (b) N peptide binding RNAs in the Tat-G3 library
interact with the N peptide by using w—m stacking and hydrogen bonding
with reduced energetic contribution of electrostatic interaction and thus
their affinity to the Tat peptide is low. In this manner, the specific N peptide
binding RNAs were concentrated in the Tat-G3 library as we desired.

Nucleotide Sequences of N Peptide-Binding RNAs

The nucleotide sequences of 20 clones from the Gly-G3 and Tat-G3 li-
braries were compared with that of the natural boxB hairpin-loop RNA. As
shown in Figure 4, almost all the clones from the Gly-G3 library had a 7 nts
loop but a consensus sequence could not be found. This result suggests that
the RNAs in the Gly-G3 library expose their phosphate group to the solvent
water to stabilize the N peptide-RNA binding by electrostatic interaction,
and therefore, any restricted structure with an ordered orientation of the
bases would not exist. Thus, the interaction between the RNAs in the Gly-G3
library and the N peptide should be nonspecific. This conclusion is similar
to the entire character of the Gly-G3 library mentioned above and consistent
with the adsorption result on the affinity columns.
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On the other hand, the nucleotide sequence of the clones in the Tat-G3
resembled each other and a consensus sequence with a pentaloop, 5'-
GGYYRRC-3', was revealed. This consensus sequence was distinct from the
natural boxB RNA sequence, 5’-UGAARAA-3'. Mutation analysis showed the
sequence could be changed in some extent; however, the valid sequence
5-UGRRRAA-3' was not consistent with our result either.37-3] The closing
base pair of the loop was G/C in our consensus sequence, whereas it was
U/A in the natural boxB hairpin-loop RNA. Only a transversion of the clos-
ing base pair from U/A to A/U leads to a drastic decrease in the binding
constant of the N peptide-boxB RNA complex.m] Also, similar results were
reported for the natural N protein—boxB hairpin-loop binding both in vitro
and in vivo.l¥* Consequently, the consensus sequence obtained from the
Tat-G3 library should fold into a novel structure that is different from the
structure of the natural boxB. The natural boxB RNA has many purine bases
in the loop and folds into a highly ordered structure that resembles the
GNRA tetraloop.l'?) Our consensus sequence from the Tat-G3 library has
two pyrimidine bases at the second and third positions of the loop so that
the consensus sequence may fold into a ordered structure that resembles
UNCG rather than GNRA and exposes a pyrimidine base to the solvent for
n-m stacking.[%%51 The phosphate groups in the folding of the consensus
sequence might be buried within the packed structure.

Structural Stability of N Peptide-Binding RNAs

The UV melting behavior showed the structural transition of the boxB
RNA and the NTS RNA in the higher temperature region above 80°C.
Because a nucleic acid with a hairpin-loop structure has complementary
sequences at both its ends, it may interact with another molecule to form a
duplex with an internal loop. Therefore, itis necessary to confirm the original
structure corresponding to the melting behavior. For the self-complementary
duplex, the melting behavior depends on the nucleic acid concentration
and the melting temperature, T;,, could be defined as 7! = (2.303 R log
G+ AS°)/AH; where R, G, AS°, and A H° are the gas constant, the total
strand concentration of the nucleic acid, and the entropic and enthalpic
changes for the duplex formation, respectively. When the nucleic acid folds
into a hairpin-loop structure itself, the melting temperature is independent
of the strand concentration. The UV melting experiments for two RNA sam-
ples with different concentrations were carried out and the results were com-
pared as shown in Figure 5. As a result, the UV melting behaviors of the RNAs
at 5 uM and 50 uM did not change for both RNAs, and therefore, the NTS
RNA should fold into a hairpin-loop structure as well as the boxB RNA.
The high melting temperature above 80°C denotes an extraordinarily sta-
ble hairpin-loop structure of the NTS RNA like the GNRA tetraloop with a
melting temperature above 70°C.!5%!
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A small transition in the baseline was observed within the temperature
range from 30 to 50°Cfor the NTS RNA, so that the possibility of a drastic con-
formational change in the temperature range was confirmed by the PAGE ex-
periments (data not shown). As a result, the mobility of the NTS RNA resem-
bled that of the 17 or 18 nts hairpin-loop DNAs with a stable GNRA tetraloop
but was different from the mobility of a 17 base-paired-double-stranded DNA
at both temperatures of 20 and 50°C. These results indicated that the NTS
RNA folds into the hairpin-loop structure at both temperatures of 20 and
50°C and that the drastic conformational change will not be observed within
the temperature range. This small transition at the lower temperature range
was not affected by the nucleic acid concentration and thus this transition
might be due to some local structural change in the loop region.

Affinity and Specificity of N Peptide Binding RNAs

The affinity of the N peptide binding RNAs to the N peptide was evalu-
ated by the fluorescent quenching of tryptophan. As a small structural tran-
sition of the NTS RNA from 30 to 50°C was suggested, all experiments were
carried out at 25°C, which was the same temperature during the selection.
There should be at least two binding modes when a positive charged pep-
tide binds to a negative charged nucleic acid. One of the binding modes
should correspond to the binding seen in the fluorescent quenching with
-7 stacking to tryptophan and the other one should not be accompanied
by the fluorescent quenching of tryptophan. Of course, the former is the
specific binding with the desired interaction and the latter would be the
nonspecific binding mainly due to the electrostatic interaction. The A Gy,
values from the fluorescent quenching for the boxB RNA and the NTS RNA
binding were —11.1 kcal mol~! and —10.3 kcal mol !, respectively. The bind-
ing energy determined in this study was slightly smaller than that expected
from the previous reports using the gel shift experiment!'*¥! (A Gy =—11
to —11.5 kcal mol~!). The experimental condition, especially salt concentra-
tion, may cause the differences.

From the SPR analysis, it was found that the boxB RNA bound rapidly
to both peptides, N and Tat. Also the NTS RNA bound to the Tat peptide
rapidly. Only when the NTS RNA interacted with the N peptide, the response
changed more slowly than the other cases at both the association and the
dissociation phases (data not shown). Because a large electrostatic contri-
bution during a binding event leads a large rate constant,!! the energetic
contribution of the electrostatic interaction in the NTS RNA-N peptide pair
should be smaller than that in the other cases as expected. Furthermore,
the difference of the response unit change (AAR) between the response
by N peptide binding and that by Tat peptide binding at the end of the
association phase in the NTS RNA case (AAR=40) is larger than that in
the case of boxB RNA (AA R =20). This finding suggests that the NTS RNA
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discriminated two highly basic peptides because the amount of the bound
RNA to the peptides on the surface after infinite time relates to the binding
constant. This consideration about the binding specificity agrees with the
following facts. Binding property of the Tat-G3 library shown in Figure 3
suggests that the binding constant of the NTS RNA, the representative of
the library, to the N peptide is almost 10 times larger than that to the Tat
peptide. On the other hand, the boxB RNA and its analogous sequences
were eliminated during the selection. This result suggests that the energetic
difference of the boxB RNA binding to the Tat peptide and the N peptide is
smaller than that of NTS RNA.

In summary, we realized to construct a novel tiny peptide-RNA inter-
action model by a selection procedure designed to increase the specificity
of the model system. Although the affinity of the NTS RNA to the cognate
target N peptide is 0.8 kcalmol~! weaker than that of the boxB RNA, the
specificity of the NTS RNA binding to the N peptide seems to exceed that
of the boxB RNA due to repression of nonspecific force to the non-cognate
target molecules. The NTS RNA folds into a highly thermostable hairpin-
loop structure and specifically interacts with the N peptide by using its re-
stricted structure. This stable hairpin-loop structure of the NTS RNA itself
and applications of the NTS RNA in vivo and in vitro are of interest. It is of
utmost importance that the N peptide-NTS RNA and their point mutants
would be a useful model system for better understanding of many biological
systems.
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APPENDIX
Asseen in Figure Al (a), the mobility of the NTS RNA at 20°C resembled

that of hairpin-loop DNAs with 17 or 18 nts length (HP17 and HP18) but
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FIGURE Al 20% polyacrylamide gel electrophoresis showing the mobility of 5'-TTTGTATCTCA-
ATTTAT-3'/5'-ATAAATTGAGATACAAA-3' (DX 17), 5~AGCTGGCGGAAGCCAGCT-3' (HP 18), 5'-
AGCTGGCGGAAGCCAGC-3' (HP 17), and the NTS RNA from lane 1 (left) to lane 4 (right).
Electrophoresis was done (a) for 14 h at 20°C and (b) for 7 h at 50°C, and then the gels were stained by
ethidium bromide.

was different from the mobility of a 17 base-paired double-stranded DNA
(DX17). Same tendency could be seen in the PAGE experiment at 50°C (b).
These results from the PAGE experiments indicated that the NTS RNA fold
into hairpin-loop structure at both temperatures, 20 and 50°C.



