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Methylation of RNA and proteins is one of a broad spectrum of post-trans-
criptional/translational mechanisms of gene expression regulation. Its functional sig-
nification is only beginning to be understood. A sensitive capillary electrophoresis
mobility shift assay (CEMSA) for qualitative study of the methylation effect on
biomolecules interaction is presented. Two RNA-peptide systems were chosen for the
study. The first one consists of a 17-nucleotide analogue (+27-+43) of the yeast
tRNAPhe anticodon stem and loop domain (ASLPhe) containing three of the five natu-
rally occurring modifications (2'-O-methylcytidine (Cmgy), 2'-O-methylguanine
(Gmg,) and 5-methyleytidine (m°C,)) (ASLY"*-Cmgy,Gmgz,,m°Cyq) and a
15-amino-acid pegtide (named t 2: Serl-Ile-Ser—Pro-Trp5—Gly-Phe-Ser—G1y—LeuIO-Leu-
Arg—Trp-Ser—’I‘yr1 ) selected from a random phage display library (RPL). A pep-
tide-concentration-dependent formation of an RNA-peptide complex was clearly ob-
servable by CEMSA. In the presence of the peptide the capillary electrophoresis (CE)
peak for triply methylated ASLPhe shifted from 18.16 to 20.90 min. Formation of the
complex was not observed when an unmethylated version of ASLF"® was used. The
second system studied consisted of the (+18)-(+44) fragment of the trans-activation
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response element of human immunodeficiency virus type 1 (TAR RNA HIV-1) and a
9-amino-acid peptide of the trans-activator of transcription protein (Tat HIV-1)
Tat(49-57)-NH, (named Tat1: Arg*?-Lys Lys-Arg”*Arg-Gln-Arg-Arg- Arg” -NH,). In
the presence of Tat(49-57)-NH, a significant shift of migration time of TAR from
18.66 min to 20.12 min was observed. Methylation of a residue Arg52—>Arg(Me)2, cru-
cial for TAR binding, strongly disrupted formation of the complex. Only at a high
micromolar peptide concentration a poorly shaped, broad peak of the complex was ob-
served. CE was found to be an efficient and sensitive method for the analysis of
methylation effects on interaction of biomolecules.

Post-transcriptional and post-translational
modifications of RNAs and proteins are not
well understood mechanisms of gene expres-
sion regulation. In recent years, however, sig-
nificant progress has been made in the under-
standing of their structural and physiological
roles. RNA-protein interactions are funda-
mental to numerous biological processes and
the importance of post-transcriptional modifi-
cations for RNA function is irrefutable (Agris,
1996; Ashraf et al., 1999; Yarian et al., 2000).
Presently over 100 RNA modifications are
known (Agris, 1996; Helm et al., 1999). How-
ever, the physicochemical contributions of
modified nucleosides as identity elements for
protein recognition are poorly understood.

tRNA is a model molecule widely used to
study the role of modified nucleosides for
RNA structure and function. Most modifica-
tions known have been found in tRNA (Agris,
1996; Yarian et al., 2000). Methylation is the
simplest modification known. Both nucleo-
base and the sugar moiety of a nucleoside may
be methylated (Agris, 1996). Modified nucleo-
sides of tRNA anticodon domain are known to
be identity elements for the recognition of
cognate tRNA by some aminoacyl-tRNA syn-
thetases (aaRS). A single methyl group of
1-methylguanosine 37 (m1G37) prevents mis-
arginylation of tRNAASP by yeast ArgRS and
the presence of the modified nucleoside lysi-
dine within the anticodon of Escherichia coli
tRNA® eliminates mismethionylation by
MetRS (Putz et al., 1994; Muramatsu et al.,
1988). The recognition and discrimination of
the tRNA anticodon domain seem to depend
on relatively small regions of aaRS. A peptide
of 10 amino acids in length is sufficient to ex-

hibit an aaRS specificity (Auld & Schimel,
1995).

Post-translational modifications are com-
plex events that change the properties of a
protein by proteolytic cleavage or by addition
of modifying groups to amino-acid residues.
Analysis of their role presents formidable
challenge. Cellular functions of proteins are
often correlated with amino-acid modifica-
tions. The best known example is the
phosphorylation-dependent regulation of en-
zymatic activity (Karn, 1999). The mechanism
and functions of protein methylation are far
less understood. Proteins are methylated on
carboxyl groups or on the side-chain nitrogen
atoms of lysine, histidine and arginine resi-
dues (Aletta et al., 1998). Arginine seems to be
especially predestinated to interact with nu-
cleic acids (Gary & Clarke, 1998). Its
guanidinium group potentially forms five hy-
drogen bonds and its positive charge may be
used for positional contacts with the nega-
tively charged phosphate residues of RNA
backbone. Methylation does not change the
overall positive charge but disturbs the hydro-
gen bonds pattern created by unmodified
arginine guanidinium group and modulates
the hydrophobic properties of the side chain.
Methylated arginine residues have been found
in many RNA-binding proteins (Gary &
Clarke, 1998; Lischwe et al., 1982). Hypothe-
sized roles of arginine methylation include
signal transduction, nuclear transport and
modulation of nucleic acid activity, particu-
larly RNA (Gary & Clarke, 1998; Aletta et al.,
1998).

Capillary electrophoresis (CE) has become
one of the most powerful analytical tech-
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niques used for characterization of biomo-
lecules (Heegaard & Kennedy, 1999; Yeung,
1999; Todorov & Morris, 2002). Methyl-
ated-(nucleoside or amino acid)-dependent
RNA -protein interaction is difficult to study
because of the inherent problems in homoge-
nous isolation and characterization of func-
tional RNA and protein molecules. We thus
opted for solid phase synthesis of both RNA
and peptide using methylated amino acids or
nucleosides as building blocks. Through this
approach precise control of modification in-
corporation may be achieved. Small methyl-
ated biomolecules, such as amino acids or nu-
cleotides have been studied by CE previously
(Causse et al., 2000; Liebich et al., 1998). In
this paper a capillary electrophoresis mobility
shift assay (CEMSA) to study methylation in-
fluenced RNA-peptide interaction is pre-
sented. Two examples of methylation-in-
fluenced RNA -peptide interaction were stud-
ied. Peptide tF2, the most populated ligand
from a random 15-amino acid long phage dis-
play library (RPL) specifically binds triply
modified anticodon domain of yeast tRNAFPe,
ASLPhe-Cmgz,Gm34,m5C40 in a methylat-
ion-dependent manner (Mucha et al., 2001).
These methylated nucleosides naturally occur
in the anticodon domain of yest tRNAPPe
(Fig. 1). To study the effect of protein methyl-
ation on RNA-protein interaction, the
TAR-Tat HIV-1 system was chosen. Interac-
tion of TAR(+18-+44) with an arginine rich
region Tat(49-57) is mediated by the single
arginine residue Arg52 (Calnan et al., 1991).
This residue forms a specific network of hy-
drogen bonds with the bulge region of TAR.
One can conclude that distortion of the
guanidinium group structure of Arg52 by
methylation should modify the hydrogen bond
net and decrease Tat peptide affinity for TAR.
Using CEMSA a positive and negative influ-
ence of methylation on RNA-peptide interac-
tion were easily observed.

MATERIALS AND METHODS

RNA synthesis. Unmodified and triply mo-
dified 17-nucleotide stem-loop of anticodon
domain (+27-+43) of yeast tRNATR® (ASLF®)
were synthesized using standard RNA
phosphoramidite method as described previ-
ously (Mucha et al., 2001). The 27-nucleotide
hairpin-bulge (+18-+44) TAR HIV-1 was pur-
chased from Commonwealth Biotechnologies
Inc. (U.S.A). Structures of the RNAs are
shown in Fig 1.

Peptide synthesis. Peptides tF2,
Tat(49-57)- NHg (named Tat1) and its methyl-
ated analogue Arg52—>Arg(Me)2 (named Tat5)
were synthesized by the solid phase method
using Fmoc/TBTU protocol as described pre-
viously (Mucha et al., 2002). The peptide se-
quences are shown in Fig. 1.
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Figure 1. Secondary structure of unmethylated
ASLF"® (A), triply methylated ASLY?® (B), native
yeast tRNAP ¢ anticodon domain (C) and frag-
ment of TAR studied (D).

Nucleotides important for Tat binding are bolded and
shadowed. Sequences of peptides are shown at the bot-
tom. Arg®® of Tat critical for TAR binding is bolded.
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RNA-peptide complex preparation. To
investigate RNA-peptide binding different
concentrations (2.1-210 uM) of Tat peptides
and 2.1-63 uM of peptide tF2 were tested. An
RNA -peptide complex was formed by mixing
pre-formed RNA (heated to 80°C for 3 min and
then cooled slowly to room temperature) with
a peptide in binding buffer — 10 mM Tris/HCI,
70 mM NaCl, 20 mM EDTA, 5% glycerol, pH
7.5. The complex was incubated for 30 min at
0°C before CEMSA analysis. Final RNA con-
centration was 2.1 uM. All solutions were pre-
pared using Milli Q water (Millipore).

Capillary mobility shift assay (CEMSA).
CEMSA experiments were performed on a
Beckman P/ACE 2100 capillary electrophore-
sis system using a BioCap LPA coated capil-
lary (BioRad) 75 um X 57 cm (50 cm to the de-
tector), running buffer: 267 mM Tris/borate
with polymer modifier (BioRad), the inherent
pH of the commercial running buffer (pH 8.3)
was modified to pH 7.0 using solid boric acid.
Reverse polarity, constant voltage — 15 kV,
temp. 20.1°C, electrokinetic injection for 20 s
at 10 kV and detection at 254 nm were ap-
plied. The capillary was pre-treated with water
for 20 min, with the washing buffer (BioRad)
for 5 min, with water for 5 min and finally
with the running buffer for 5 min before use.
The capillary was washed between runs with
the running buffer for 3 min. All solutions
were filtered through a 0.22 um teflon mem-
brane prior to use.

RESULTS

CEMSA of ASLP"® with peptide t*2 binding

Methylation-dependent RNA-protein inter-
action is a complex, not fully understood phe-
nomenon. Because of the unique features of
CE, such as high separation efficiency, short
analysis time and minute amounts of samples,
this technique should be useful to study
methylation-dependent interactions of bio-
molecules. To achieve good resolution of free

and complexed RNA and to avoid adsorption
of the molecules to the internal capillary wall,
linear polyacrylamide (LPA)-coated capillary
and sieving matrix containing separation
buffer were used. A triply modified yeast
tRNAP"® anticodon stem and loop domain
(ASLPhe), Cmgg, Gmgy and m5C40, was em-
ployed to select tRNA-binding peptides from
an RPL (Fig. 1). Peptide tF2 with the highest
affinity for the triply modified ASLFP® was se-
lected from the RPL (Mucha et al., 2001). The
binding affinity of the triply modified ASLFPhe
for peptide tFo (Kg=1.3+0.4 uM) determined
by fluorescence quenching of the peptide’s
tryptophans, was comparable to that of the na-
tive yeast tRNAFP® for peptide t'2 (Kq=2.3+
0.4 uM) (Mucha et al., 2001). Although we
were able to characterize the peptide’s affinity
and specificity for variously modified ASLFPhe
using fluorescence spectroscopy, attempts to
study these interactions by standard slab gel
electrophoresis (SGE) were unsuccessful.
These interactions were easily observable us-
ing CEMSA. Triply modified ASLY® was visi-
ble as a single peak with migration time of
18.16 min (Fig. 2). The efficiency of complex
formation of the triply modified ASLYR® with
peptide t'2 was peptide concentration de-
pendent (Fig. 2). In the presence of a constant
amount of triply modified ASLFP® (2.1 4M), a
new peak of increasing size and a slower mi-
gration time (20.90 min) was observed with
increasing concentration of the peptide
(Fig. 2). At an equimolar ASLFP¢/tF2 concen-
tration of 2.1 uM no shift of the RNA peak was
observed (not shown). A small peak (¢, =
20.90 min) of the complex only became visible
at higher peptide concentrations (Fig. 2).
With increasing concentration of peptide tFo
complex formation increased. The migration
time of the complex was independent of the
peptide concentration and only one peak in
addition to the unbound RNA was observed.
This result indicates that only one type of
RNA-peptide complex was formed. In the
presence of the denaturating agent sodium
dodecylsulfate the complex dissociated and



Vol. 50

Methylation effect on RNA-peptide interaction 861

complex

ASLA™2 1:30

ASL:t™2 1015

Relative absorbance (254 nm)

free ASL
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Figure 2. CEMSA of ASL""*.Cmg,,Gmg,,m°C,,
interactions with peptide t 2.

Free and peptide-bound RNA is observed in the pres-
ence of increasing concentration of the peptide. For ex-
perimental conditions see Material and Methods. The
molar ratio of triply methylated ASLFRe 16 tF9 peptide
is shown for each sample analyzed. Peaks with migra-
tion time around 7 min represent buffer effects.

only free ASL was visible (not shown). Previ-
ous observations of complex formation by flu-
orescence spectroscopy showed that triply
modified ASLP® bound peptide t¥2 at a 1:1
stoichiometry (Mucha et al., 2001). Unmodi-
fied ASLFP® had a significantly reduced affin-
ity for peptide t'2 (Kq =70 uM) as deter-
mined by fluorescence quenching (Mucha et
al., 2001) and no affinity for this peptide was
observed by CEMSA up to a 100-fold peptide
excess (not shown).

CEMSA of TAR-Tat peptide interaction

TAR-Tat HIV-1 interaction is responsible
for efficient elongation of viral mRNAs during

transcription of proviral DNA integrated in
human chromosome (Karn, 1999). The single
residue A1"g52 within an arginine rich frag-
ment of Tat is responsible for the binding
specificity (Calnan et al., 1991). Thus, methyl-
ation of Arg52 should change the hydrogen
bonds pattern created by its guanidinium
group and modify the binding affinity. Native
Tat(49-57)-NHy fragment was used as a posi-
tive control to study the methylation effect on
TAR-Tat interaction (Fig. 3). A single peak of
TAR with migration time ¢,=18.66 min was
clearly visible at TAR sample concentration of
2.1 uM (Fig. 3). Free TAR migrates faster
than its complexed form as would be expected
given the smaller charge to mass ratio of the
complex and the binding was observed as elec-
trophoretic mobility shift of the TAR’s peak
(Fig. 3). The effect of peptide concentration on

TAR:Tatl 1:100]

M TAR Tatl 1:10
/L\/\‘, TAR Tatl 11
wa\

0 10 20 30
t  [min]

Relative absorbance at 254 nm

Figure 3. CEMSA of TAR-Tatl peptide interac-
tion.

The conditions were the same as for Fig. 2. Peaks with
migration time around 7 min represent buffer effects.
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the efficiency of RNA-peptide complex forma-
tion was evaluated at the peptide concentra-
tion range of 2.1-210 uM, an equivalent of
1-100-fold excess of the peptide over TAR.
The peak of unbound TAR dominated at low
peptide excess. Increasing peptide concentra-
tion promoted the complex formation. At the
TAR/peptide molar ratio 1:10 only a peak of
the complex (t,, = 20.12 min) was observed. In-
cubation of TAR with different amounts of
peptide yields only the single peak of the com-
plex even at high excess (100-fold) of the
peptide, indicating that only specific interac-
tion has occurred (Fig. 3). CEMSA experi-
ments showed that methylation of Arg52 of
the Tat peptide strongly influenced the
TAR-Tat peptide interaction. Methylation
Arg529Arg(Me)Z of Tatb peptide, where two
methyl groups were asymmetrically intro-

TAR:Tat5 1:100

kl:iR:TarS 1:50
TAR Tals 1:25 P

¥ TAR:Tat5 1:10
Wﬂm

Relative absorbance at 254 nm

0 10 20 30
t [min]

Figure 4. CEMSA of TAR-Tat5 peptide interac-
tion.

The conditions were the same as for Fig. 3. The molar
ratio of TAR to Tat5 peptide is shown for each sample
analyzed. Peaks with migration time around 7 min rep-
resent buffer effects.

duced into the guanidinium group of Arg52
strongly suppressed the peptide binding to
TAR (Fig. 4). Only at a high peptides excess,
formation of a poorly shaped and broad peak
(ty, = 21 min) was observed. In the presence
of a 100-fold excess of Tath peptide some tur-
bidity after mixing with TAR was visible and
no peaks after sample centrifugation were ob-
served by CEMSA.

DISCUSSION

The unique advantages of CEMSA for the
study of methylation influence on RNA-pep-
tide interaction is demonstrated in the pres-
ent paper. Key features of CEMSA conditions
applied include the use of LPA-coated capil-
lary and soluble sieving matrix in separation
buffer. This approach effectively minimized
interaction of the macromolecules with the
capillary wall. It allowed us to observe well
shaped and separated peaks of unbound and
bound RNA. Although no quantitative studies
have been done, CEMSA showed that the Ky
values of the RNA-peptide interactions were
in the micromolar range. This is in good
agreement with previously obtained results
(Muchaetal., 2001). CEMSA allowed the mon-
itoring of both positive and negative influence
of methylation on RNA-peptide binding.
Methylation-dependent binding was observed
for the ASLPhe—Cm32,Gm34,m5C4o—peptide
tF2 interaction. The clearly visible complex
formation shows the importance of the three
methylated nucleosides as the identity ele-
ments of the triply modified ASLPPe when rec-
ognized by peptide tFo. Using polyacrylamide
slab gel electrophoresis (SGE) at similar con-
ditions, we were unsuccessful in monitoring
the complex formation.

An opposite effect of methylation was ob-
served for the TAR-Tat peptide system. Asy-
mmetrical dimethylation of the guanidinium
group of Arg52 strongly suppressed the
TAR-Tat peptide interaction. The result dem-
onstrates that the specific net of hydrogen
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bonds created by the guanidinium group of
the conserved Arg52 plays a crucial role in
TAR-Tat HIV-1 recognition. The obtained re-
sults clearly show that CEMSA may be easily
adapted to study the methylation effect on
RNA-peptide interaction. This method pro-
vides significant improvement in the speed
and precision of the study of methyla-
tion-dependent interactions of biomolecules.
CE should be generally applicable to studies of
the influence of post-transcriptional and post-
translational modifications on interaction of
biomolecules.
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