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Abstract: The Gly- and Arg-rich C-terminal region of human nucleolin is a 61-residue long domain involved in a number
of protein-protein and protein—nucleic acid interactions. This domain contains 10 aDma residues in the form of aDma-GG
repeats interspersed with Phe residues. The exact role of Arg dimethylation is not known, partly because of the lack of efficient
synthetic methods. This work describes an effective synthetic strategy, generally applicable to long RGG peptides, based on
side-chain protected aDma and backbone protected dipeptide Fmoc-Gly-(Dmob)Gly-OH. This strategy allowed us to synthesize
both the unmodified (N61Arg) and the dimethylated (N61aDma) peptides with high yield (~26%) and purity. As detected by NMR
spectroscopy, N61Arg does not possess any stable secondary or tertiary structure in solution and N“,N“-dimethylation of the
guanidino group does not alter the overall conformational propensity of this peptide. While both peptides bind single-stranded
nucleic acids with similar affinities (Kq = 1.5 x 1077 M), they exhibit a different behaviour in ssDNA affinity chromatography
consistent with the difference in pK, values. It has been previously shown that N61Arg inhibits HIV infection at the stage of HIV
attachment to cells. This study demonstrates that Arg-dimethylated C-terminal domain lacks any inhibition activity, raising the
question of whether nucleolin expressed on the cell-surface is indeed dimethylated. Copyright © 2004 European Peptide Society

and John Wiley & Sons, Ltd.
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INTRODUCTION

Nucleolin, one of the most abundant proteins in the
nucleoli of vertebrate cells, is highly conserved among
eukaryotes and carries out multiple functions in ribo-
some biogenesis, transcription, repression, cell prolifer-
ation and growth. It is also involved in embryogenesis,
differentiation, systemic autoimmune disorders and
shuttling between cytoplasm and nucleus (for reviews
see [1-3]).

Abbreviations: As recommended in J. Pept. Sci. 2003; 9: 1-8 and
URL: http://www.chem.qmw.ac.uk/iupac/AminoAcid/with the follow-
ing additions and variations: aDma, N”,N“-dimethylarginine; BSA,
N,O-bis-(trimethylsilyl)acetamide; Dmob, 2,4-dimethoxybenzyl; EDT,
ethanedithiol; Hmb, 2-hydroxy-4-methoxybenzyl; IE, ion exchange;
Mma, N¢-methylarginine; Mts, 2,4,6-trimethylbenzene-1-sulfonyl,
mesitylene-2-sulfonyl; Pbf, 2,2,4,6,7-pentamethyl-dihydrobenzofuran-
5-sulfonyl; PIP, piperidine; PITC, phenylisothiocyanate; sDma, N®,N¢ -
dimethylarginine; TA, thioanisole; TIPS, triisopropylsilane; Tma,
trimethylarginine; Tmob, 2,4,6-trimethoxybenzyl; Tms, trimethylsilyl;
Tris, tris(hydroxymethyl)amino methane; TSP, S—mmethylsilyl—[2H4]—
propionate sodium salt. Amino acid symbols denote the L-configuration.
All solvent ratios and percentages are volume/volume unless stated
otherwise.

* Correspondence to: Dr Sotir Zahariev, ICGEB, Padriciano 99, 34012
Trieste, Italy; e-mail: sotir@icgeb.org
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The C-terminal RGG box motif (residues 646-706,
ChNu) contains ten Arg that are N“,N”-dimethylated
(aDma) and clustered in nine aDma-Gly-Gly repeats
interspersed with six Phe residues (Figure 1). This
region controls nucleolar localization, is able to perturb
RNA base-stacking and secondary structure [4] and
participates in the formation and maturation of
preribosomal particles. It also mediates or interacts
directly with high affinity and specificity with a subset
of ribosomal proteins and nucleic acids [2], in particular
four-stranded DNA stabilized by G-quartets (G4 DNA).
ChNu is the target of a potent pseudopeptide inhibitor
of HIV entry [5] and for cancer therapy [6].

Five different forms of methylated Arg (Figure 2)
have been identified: Mma, aDma, sDma and recently
SMma [7] and Tma [8]. In extracts of human -cells
over 50 proteins have been found to be methylated
at the Arg residues and the predominant (>90%)
product of Arg methylation is aDma, produced by
type I N-methyltransferases (from PRMT1-1 to PRMT1-
4 and PRMTI1-6) which transfer methyl groups from
S-adenosylmethionine [9].

The exact biological role of Arg methylation,
believed to be an irreversible post-translational protein
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H-EGGFGGRGGGRGGFGGRGGGRGGRGGFGGRGRGGFGGRGGFRGGRGGGGDHKPQGKKTKFE -NH,

(N61Arg-b)

H- EGGFGGRGGGRGGFGERGGGRGGRGEGFGGRGRGGFGEGRGGFRGGRGGEEDHKPQGKKTKFE-NH, (N61Arg)

H- EGGFGGRGGGRGCFGGRGGGRGGRGCFGGRGRGEFGEGRGGFRGGRGEEEDHKPQGKKTKFE-NH, (N61aDma)

Figure 1 Sequences of the 61 amino acid long peptide amides, corresponding to the C-terminal region of human nucleolin
containing either R = arginine (N61Arg-b and N61Arg) or R = N”,N“-dimethylarginine (N61aDma). N61Arg-b was synthesized
by classical stepwise strategy but was obtained in low yield. In the successful automated stepwise synthesis of N61Arg and
N61aDma, a Gly-Gly dipeptide building block protected at the amide bond with the 2,4-dimethoxybenzyl (Dmob) group was used
(underlined). For a solid-phase segment assembly attempt the peptide sequences separated by arrows and marked from N1 to N6

were synthesized; N3 and N4 are in fact identical.

R;. R; i. Mma: R1=CH3, R=R,=R3=H
o No
R1_N:C\ ii. sDma: R1=R2=CH3, R=R3=H
S N-R
iii. aDma: Ry=R3=CH3, R=R4=H
iv. SMma: R=CH3; R1=R2=R3=H
~
H C” v. Tma: undetermined

R=R1=R2=CH3, R3=H or
R=R2=R3=CH3, R4=H or
R1=R2=R3=CH3, R=H:

Figure 2 Different forms of methylated arginine: Mma, sDma
and aDma were found in human cells. {Mma was identified
in yeast proteins. The presence of Tma was demonstrated in
a protein from parasitic protozoan Trypanosoma brucei, but
the position (R— Rs) of methylation is undetermined (three
position isomers).

modification in eukaryotes, is still poorly understood
[9-11]. Apart from influencing protein—protein interac-
tions, Arg methylation has been also implicated in cell
proliferation, signal transduction and protein traffick-
ing [12]. Our recent studies have demonstrated that Arg
methylation, although reducing the capacity for hydro-
gen bonding formation, does not affect the nucleic acid
binding. However, aDma containing peptides perturb
the helical structure of RNA to a lower extent than the
Arg-containing counterparts [13].

High level expression of recombinant ChNu, and of
Arg-rich peptides in general, is difficult because of their
high basicity on one hand, which makes them toxic
to cells, and their susceptibility to proteolytic cleavage
on the other hand. Prokaryotes lack PRMT1 and can
therefore express only unmethylated proteins. Enzy-
matic invitro methylation of model RGG-containing
peptides or proteins is not quantitative and produces
a mixture of products [14,15]. Moreover, ChNu pep-
tide amide is a challenging sequence for SPPS both
because of the length and of the high Gly content (34
out of 61 residues, Figure 1); repetitive peptides are
known for poor recovery due to low coupling yields [16].

Copyright © 2004 European Peptide Society and John Wiley & Sons, Ltd.

Lastly, Arg-rich peptides are prone to incomplete cleav-
age and severe adduct formation in the crude stage
[17].

Here, an efficient strategy is described for the syn-
thesis of Arg-Gly-Gly- (N61Arg) and aDma-Gly-Gly- rich
(N61aDma) 61-amino acid residue peptide amides, cor-
responding to ChNu (Figure 1). In our hands, stepwise
(product N61Arg-b) and convergent approaches to the
SPPS of ChNu suffered from low coupling efficiency and
solubility/purification problems. To overcome these
problems a backbone protected dipeptide Fmoc-Gly-
(Dmob)Gly-OH was prepared and successfully used as
a building block in the automated SPPS of N61Arg and
N61aDma. The purified polypeptides were employed in
a set of experiments for further elucidation of the role
played by Arg methylation.

MATERIALS AND METHODS

Materials

The TBTU and PyBOP C-activating reagents were from
Calbiochem-Novabiochem AG (Switzerland) while HATU was
from Applied Biosystems (USA). Anhydrous DMF, NMP and
PIP were from Biosolve Ltd (The Netherlands); BSA, DIPEA,
TFA, EDT, TA, TIPS, Tms-Br and HOBt from Fluka Chemie
AG (Switzerland). All other reagents and solvents were
reagent grade and were purchased from Fluka, Sigma-Aldrich
(USA), Biosolve Ltd (Netherlands), Alexis (USA) and Advanced
ChemTech (USA). Fmoc-protected amino acids were obtained
from Novabiochem (Switzerland), Inbios (Italy), Bachem AG
(Switzerland) or Applied Biosystems. Side-chain protecting
groups were: Boc (Lys), Trt (Gln, His), Bu! (Ser,Thr), OBut
(Asp, Glu), Pmc or Pbf (Arg), Mts or Tos (aDma).

Peptide Synthesis

Manual peptide synthesis [18] was carried out in 6 or 20 ml
polypropylene syringes (International Sorbent Technology
Limited, UK) equipped with polyethylene frits, mounted on
a solid phase extraction vacuum chamber (Macherey-Nagel,
Germany) for the solvent washes and subjected to continuous
nitrogen bubbling.

J. Peptide Sci. 11: 17-28 (2005)



Automatic peptide synthesis of N61Arg-b was performed
on a MilliGen 9050, (Milford, USA) synthesizer. N61Arg
and N6laDma were synthesized automatically an a Protein
Technologies PS3 peptide synthesizer (Rainin Instrument Co.
Inc., USA).

The resins used, generally with substitution 0.16-0.34
mmol/g, were: TentaGel Sieber amide resin (Calbiochem-
Novabiochem AG, 0.16 mmol/g) loaded with Fmoc-Glu(OBut)-
OH for C-terminal amidated peptides N61Arg and N61aDma;
TentaGel S-Trt-Gly-Fmoc (Fluka, 0.18 mmol/g) or 2-chlorotri-
tyl-resin (Alexis, USA, 1.47 mmol/g) loaded with Fmoc-Gly-OH
(0.34 mmol/g) according to the published procedure [19]
for peptides in Table 1. Resin loading was determined by
spectrophotometric quantitation [20] of Fmoc groups after
cleavage with PIP in DMF and was in agreement with the
loading as determined by AAA. The synthesis scales used were
0.05 mmol and 0.1 mmol.

Peptides were synthesized according to standard solid-
phase Fmoc chemistry [21] with TBTU or PyBOP as
peptide coupling reagent [22] using 4 equivalents of
TBTU(PyBOP)/HOBt/Fmoc-Xaa-OH/DIEA (0.95/1.00/1.00/
1.90). The coupling time was 45 min. Single coupling was
performed throughout the synthesis unless stated otherwise.
Coupling efficiency after each cycle of manual SPPS was mon-
itored by the Kaiser ninhydrin test [23]. If required, double
couplings were applied using HATU or/and PyBOP as cou-
pling(s) reagents.

Fmoc-deprotection was performed with 20% PIP in DMF
(or NMP) for 7 min at a flow rate of 3 ml/min (MilliGen
9050 synthesizer) or for 2 x 5 min with 5 ml 20% PIP/NMP
each one (PS3 peptide synthesizer). After peptide chain
assembly on the resin, machine-assisted removal of the N-
terminal amino group protection was performed. The resin
was washed with DMF, PrOH(2), DMF, DCM and petroleum
ether (fraction 40°-60 °C). Peptide-resins swollen in DCM were
placed in polypropylene syringes equipped with polyethylene
frits, and cleaved/deprotected: those containing less than five
Pbf-side chain protected Arg residues, with TFA/Hs0O/TIPS
(20 ml/g resin) for 1-12 h at room temperature. Peptides
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N61Arg, N61Arg-b and N61aDma were deprotected with Tms-
Br/thioanisole, for 3.5 h according published procedures [17]
with modifications for long peptides [24].

The resin was removed by filtration, washed with small
portions of TFA and dried in vacuo at room temperature.
Peptides were precipitated and washed with diethyl ether,
dissolved in 5% acetic acid (25 ml/g peptide-resin), extracted
with diethyl ether (6 x 10 ml) and freeze dried. N-side chain
protected peptides were cleaved from 2-chlorotrityl resins with
HFIP (6 resin volumes) for 1 h and the procedure was repeated
twice. The Dmob-amide bond protecting group was cleaved
under the same acidic conditions used for deprotection of
Hmb [25].

Analytical RP-HPLC was carried out on a Gilson HPLC
system, using Zorbax 300 SB 5C18 (150 x 4.6 mm 1.D.)
columns. Samples were eluted with a linear gradient from
A =0.1% TFA in water to B = 0.1% TFA in MeCN. Preparative
RP-HPLC was performed on a Waters RCM with PrepPak
Cartridge Delta-Pak 300 15RP18 (100 x 25 mm I.D.) columns
at a flow rate of 7 ml/min or on a Waters Prep LC universal
base module with a PrepPak Cartridge Delta-Pak 300 15RP18
(100 x 40 mm I.D) column at a flow rate of 18 ml/min.
Samples were injected manually and eluted from the column
with a gradient slope from 0.4% to 0.6% B/min. Pure fractions,
according to analytical RP-HPLC [26] or ESI-MS analysis, were
pooled and freeze-dried. IE-HPLC was carried out on AKTA
Basic 10 (Amersham Pharmacia, Sweden) using a Shodex
IEC SP-825 column (75 x 8 mm I.D., Millipore, MA, USA)
equilibrated in 20 mm Na-phosphate buffer pH 8.5. Elution
was carried out with a linear NaCl gradient from 0.05 to
0.60 m NaCl at a flow rate of 1 ml/min.

Synthesis of the Gly-Gly Building Block

H-(Hmb)Gly-OH (3a) and H-(Dmob)Gly-OH (3b) were prepared
(Figure 3) according to published procedures [25,27]. After
crystallization both 3a/3b always contained occluded Gly.
Therefore the reaction mixture from NaBH, reduction was
stirred overnight at pH ~10 with 0.3 equivalents of Dde-OH,
acidified, diluted with 1 volume water and extracted with

Table 1 Analytical Data for N“,N“-Dimethylarginine (aDma)-Containing Peptides from ChNu Sequence

Entry Sequence MW Purity (%) Yield(%)
calc. /exp. crude crude/purif.
N2 Fmoc-GFRP (Tos)GGR (Tos)GG-OH 1349.56/1349.7 98 83/67
N3? Fmoc-R(Tos)GGFGGR(Tos)G-OH® 1349.56/1349.6 92 77/—°
N5 Fmoc-FGGR(Tos)GGGR(Tos)GG-OH 1463.67/1464.1 96 82/62
N6 Fmoc-E(But)GGFGGR(Tos)GGGR(Tos)GG-OH 1763.00/1763.6 96 85/60
N2a Fmoc-GFR(Mts)G(Hmb)GR(Mts)GG-OH 1542.83/1543.4 974 864/70
N3a? Fmoc-R(Mts)G(Hmb)GFGGR(Mts)G-OH 1542.83/1542.7 93d 89d/61
N5a Fmoc-FGGR(Mts)G(Hmb)GGR(Mts)GG-OH 1656.94/1657.4 944 784/60
N6a Fmoc-E(But)GGFG(Hmb)GR(Mts)-GG(Hmb)GR(Mts)GG-OH 2093.43/2094.2 944 774/59
N3b? Fmoc-R(Mts)G(Dmob)GFG(Dmob G)R(Mts)G-OH 1708.05/1708.7 97 87/63
N3c? Fmoc-R(Mts)G(AcHmb)GFGGR(Mts)G-OH 1584.87/1585.2 89 77/58

a Peptides N3 and N4 are the same compound and correspond to identical repeats in the sequence of ChNu.

PR is N®,N“-Dimethylarginine (aDma).

¢ Hardly soluble in solvents for peptide synthesis; limited solubility in HFIP and HFIP/CHCIl3 mixtures.
d After Fmoc deprotection and Fmoc reintroduction with Fmoc-OSu (see Results and Discussion).

Copyright © 2004 European Peptide Society and John Wiley & Sons, Ltd.
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OR
MeO CHO + NH,CH,COOH

1a, 1b 2

a series: R=H

b series: R=Me QMe
OR 3a,3b
ki
HNCH,COOH
iv; v
OMe

@OR 4a, 4b
o

Fmoc-NHCH,CONCH,COOH

Figure 3 Synthesis of amide bond protected glycyl-glycine
building blocks. Dipeptide 4b was used in this study for suc-
cessful automated SPPS of N61Arg and N6laDma. Reagents
and conditions: (i) 1/2/NaBH4 = 1.1/1.0/1.0 equivalents in
THF/H20 (1:1),4°-10°C, 2 h. (ii) pH ~ 10, Dde-OH (0.3 equiv-
alents), r.t., 12 h; (iii) pH 3-4, EtOAc extraction, crystallization
of 3a from water phase [25,27]; (iv) BSA(3 eq.)/DCM, rt, 0.5 h;
(v) Fmoc-Gly-OPfp/DIEA, 1.0/0.2 eq. in DCM, rt, 12h or
Fmoc-Gly-Cl/DIEA, 1.0/1.0 eq. in DCM, 0°C for 0.5 h, then
1.5 hr at rt.

EtOAc (10 mmol scale, 3 x 30 ml). The pH was adjusted to 5
and 3a/3b were crystallized as described [25,27]. The yields
of 3a/3b were 60%-65%, the purity >99% (TLC or HPLC after
precolumn derivatization with Fmoc-Cl). Dipeptides 4a/4b
were prepared in 30 mmol scale from in situ silylated 3a or 3b
[28] and Fmoc-Gly-Cl or Fmoc-Gly-OPfp and then purified
to homogeneity (>98%) by flash chromatography on SiOz
(CHCl3/MeOH/AcOH 96/4.5/0.5) with a yield ~80%.

Pilot Synthesis of Gly/Arg- Rich Peptides

Protected dimethylarginines Fmoc-aDma(Mts)-OH and Fmoc-
aDma(Tos)-OH were synthesized according to Székely et al.
[29]. All peptides in Table 1 were prepared by manual synthesis
[18]. N2-N6 were prepared by stepwise synthesis, N2a-N6a,
N3c using preformed 4a, N3b using preformed 4b. Protected
peptides (with the exception of N3) were analysed by RP-HPLC
and LC-MS, and purified by preparative RP-HPLC.

Synthesis of ChNu Peptides

Automated stepwise SPPS of N61Arg-b (0.1 mmol scale) was
performed on a MilliGen 9050 synthesizer using Sieber
amide resin and a standard Fmoc-protocol. SPPS of N61Arg
and N6laDma (0.1 mmol scale) was performed on a PS3
peptide synthesizer using the same resin. 4b was used for
coupling at 14 positions (Figure 1). Crude peptides were
cleaved, deprotected and recovered as described in the Peptide

Copyright © 2004 European Peptide Society and John Wiley & Sons, Ltd.

Synthesis section, and purified by a two-step procedure using
IE-HPLC and RP-HPLC.

Amino Acid Analysis

Peptide-resins or peptides were hydrolysed with 5.5 N HCI
containing 2% phenol in tubes sealed in vacuo for 24 h at
110°C. AAA was performed by RP-HPLC after derivatization of
the amino acid mixture with phenylisothiocyanate on a PicoTag
system (Waters). Mma, sDma, aDma [30] were derivatized
separately with PITC. Phenylthiocarbamoyl-derivative of Mma
was eluted before Pro, sDma derivative after Pro, and
derivative of aDma, after sDma, before and partially overlapped
with NHs.

ESI-MS

Mass spectrometry analysis was performed using an API
150EX electrospray single quadrupole mass spectrometer
(Applied Biosystems, Foster City, USA). Samples were analysed
in positive mode, by direct syringe infusion (300 ul/h).
The samples were either HPLC fractions dissolved in 0.1%
TFA in water/MeCN, solid-phase extracted from solutions
containing other buffer components using ZipTipC18 (Millipore
Corporation, Bedford, USA) and eluted with 0.1% TFA in
water/MeCN, or RP-HPLC purified samples, lyophilized and
re-dissolved in a mixture of 0.1% HCOOH in MeCN/water
(1:1). The molecular mass of the peptides was calculated
by deconvolution of the ion spectra using the software
BioMultiview (Applied Biosystems).

LC-MS

Analytical LC-MS was carried out on a Waters system
configured with two model 510 pumps and a Waters
automated gradient controller operated at 1 ml/min. The
flow was then split (1:20) to a Zorbax 300 SB 3.5C18
(150 x 1.0 mm I[.D.) column. Samples were eluted with a linear
gradient from A =0.1% TFA in water to B=0.1% TFA in
MeCN, and the column effluent diverted directly to a Applied
Biosystems Sciex API 150EX mass spectrometer.

NMR

Samples for NMR spectroscopy were prepared by dissolving
the freeze-dried material (N61Arg and N61aDma) in potassium
phosphate buffer (0.1 m, pH 6.0) containing 10% D5O (Aldrich,
Gillingham, UK), to give a final peptide concentration of
~0.5 mM. 1D 'H-NMR spectra were acquired at 298 K on a
Bruker AVANCE spectrometer operating at a 'H frequency of
500.13 MHz and equipped with a triple resonance probe and
z-gradients. The carrier frequency was placed on the solvent
resonance and spectra were recorded with a sweep width of
8000 Hz and 8k points. The solvent suppression was achieved
either by low power irradiation during the pre-acquisition
delay or using a 3-9-19 pulse sequence [31]. Data were zero-
filled and processed using XWIN-NMR (Bruker). Spectra were
referenced to TSP.

DNA Binding Assays

Double filter binding assays [32] were carried out as described
[13]. Briefly, the synthetic DNA (5-GATCTCGCATCACGT-
GACGAAGATC-3') oligonucleotide (MWG-Biotech, Germany)

J. Peptide Sci. 11: 17-28 (2005)



was labelled using [y32P]-ATP and T4 polynucleotide kinase
(New England Biolabs, Beverly, USA). Samples for filter
binding assays were prepared by incubating the nucleic acid
substrates at a constant concentration (1 nM) with increasing
amounts of N61Arg or N61aDma (final concentration from 0.2
to 100 pM). All binding experiments were carried out in a 20 mm
sodium phosphate buffer (pH 7.2) at 25°C on nitrocellulose
and DEAE membranes in a 96-well dot-blot apparatus
(Schleicher & Schuell, Dassel, Germany). The amounts of
the free oligonucleotide bound to the DEAE membrane and
that of the oligonucleotide/peptide complex bound to the
nitrocellulose membrane were detected and quantified using a
Cyclone Phosphoimager system (PerkinElmer, Wellesley, USA).
The estimated error in the [DNApoundl/[DNAgotall ratio was
+0.03. Non specific adsorption on the membranes was not
detectable.

For ssDNA affinity chromatography, 0.5 ml of ssDNA
agarose (Amersham Pharmacia Biotech, Uppsala, Sweden) was
packed in a HR 5/5 column (Amersham Pharmacia Biotech),
the column was equilibrated with 20 column volumes of 50 mm
Na-phosphate pH 7.4 and after loading the polypeptide N61Arg
or N61aDma, was washed with 5 column volumes; the elution
step was performed in the same buffer with a gradient of
NaCl (from O to 1 M in 40 column volumes) at a flow rate of
0.5 ml/min.

Helicase Activity Assay

The assay was performed as described [33,34]. Briefly, the
substrate was an M13 phage plasmid annealed either with
a 17-mer or a 41-mer labelled oligonucleotide. In the assay
100 pmol of polypeptide N61Arg or N61aDma and 0.5 pmol of
the substrate were used in the presence or in the absence of
ATP. After incubation the reaction mix was separated by native
12% PAGE and the gel visualized by autoradiography.

In vitro Methylation of N61Arg

The human PRMT1 coding sequence was amplified from the
EST plasmid clone 27 498 (I.M.A.G.E. consortium) and cloned
into Ndel and EcoRI sites of pET-25(b)+ vector (Novagen,
Darmstadt, Germany). 6xHis-tagged protein was expressed
in E. coli HMS174(DE3) cells (Novagen,). At ODggo ~ 1.0
expression was induced with 1 mm IPTG and carried out for
4 h at 30°C. Cells were harvested and stored at —80°C. The
cleared bacterial extract was first applied onto Ni-NTA resin
(Qiagen S.p.A., Milan, Italy) according to the manufacturer’s
instructions. Partially purified PRMT1 was then desalted on a
HiPrep 26/10 column (Amersham Biosciences Europe GMBH,
Milan, Italy) using buffer containing 20 mwm Bis-Tris, pH 7.5,
1 mMm EDTA and 1 mMm DTT and applied to a Shodex IEC QA-
825 (75 x 8 mm 1.D., Millipore, Bedford, MA, USA). The protein
was eluted by NaCl gradient, concentrated in Centriprep® YM-
10 concentrators (Millipore) and stored at 4°C. The protein
concentration was determined spectrophotometrically using a
PRMT]1 calculated extinction coefficient at 280 nm.

The in vitro methylation of N61Arg was carried out using
250 um S-adenosyl-methionine (SAM), 20 ug of N61Arg peptide
and 10 ug of recombinant PRMT1 in 50 mm Na-MOPS, pH 7.2,
300 mMm NaCl, 2 mm EDTA for a total volume of 150 pul. After
3 h and 72 h incubation at 30°C the reaction was stopped by
the addition of 2% TFA and analysed by LC-MS.

Copyright © 2004 European Peptide Society and John Wiley & Sons, Ltd.
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Assay of HIV Infection in HeLa CD4* Cells

Human HeLa-CD4-LTR-LacZ expressing or not expressing
CCR5 were referred to as HeLa P4-C5 and Hela P4,
respectively. These HeLa cells (provided by Drs P. Charneau
and O. Schwartz; Institut Pasteur, Paris) were cultured in
Dulbecco’s modified Eagle’s medium (Gibco) supplemented
with G418 sulfate (500 ug/ml) for the HeLa P4 cells and
with G418 sulfate (500 pg/ml)/hygromycin B (300 ug/ml)
(Calbiochem-Novabiochem Corp., La Jolla, CA) for the HeLa
P4-C5 cells [35]. The T-lymphocyte tropic (X4) HIV-1 LAl isolate
was propagated and purified as described previously [36]. The
macrophage-tropic (R5) HIV-1 Ba-L isolate [37] was provided
by the AIDS Program, NIAID, National Institutes of Health. The
MOI of the HIV-1 for different infections was 1.

HIV-1 LAI infection was monitored indirectly in HeLa-CD4-
LTR-lac Z cells (HeLa P4 cells) containing the bacterial lac Z
gene under the control of HIV-1 LTR [35]. HIV-1 entry and
replication result in the activation of the HIV-1 LTR leading to
the expression of -galactosidase. At 48 h post-infection, the
cells were lysed and assayed for f-galactosidase activity using
the chlorophenol-red-g-pD-galactopyranoside as a substrate.
The optical density was measured at 570 nm. The HIV-1 Ba-
L infection was monitored in HeLa-CD4-LTR-lac Z cells but
expressing also CCR5 (HeLa P4-C5 cells) as above.

RESULTS AND DISCUSSION

General Strategy and Synthesis of the Gly-Gly
Building Block

As a first approach to the synthesis of N61Arg and
N61aDma a solid-phase segment assembly (convergent
synthesis) was used due to the highly repetitive
character of the Gly/Arg rich region. For example,
fragments N3 and N4 have the same sequence, which
can be found also in N5 and N6 (Figure 1, Table 1); in
addition, four GFGGRG repeats can be identified within
the ChNu sequence. Although the synthesis of these
repeats looks straightforward [38], during the manual
parallel synthesis of the protected peptides N2 to N6,
we observed incomplete coupling at several positions,
which leads to truncated peptides that are very difficult
to separate from the target product. Moreover, the
protected peptide N3 was poorly soluble in all the most
commonly used solvents.

This outcome suggested the need for a reversible
‘structure-breaking’ protecting group [39]. Recently,
two strategies were explored to prevent aggre-
gation when using Fmoc methodology in SPPS:
(i) incorporation of pseudoproline dipeptide [40] and
(i) reversible protection of the peptide bond with the
Hmb group [25,41] or its analogues (Tmob, Dmob).
When introduced before the ‘difficult’ part of the
sequence, both groups have the ability to disrupt the
secondary structure (8-sheet) formation and to increase
the solvation of the growing peptide chain for at least
six amino acid residues from the point of insertion.

J. Peptide Sci. 11: 17-28 (2005)
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Thus analytically pure H-(Hmb)Gly-OH was prepared
using a modification of the published procedures
(Figure 3). Dipeptide 4a was prepared in solution with a
purity of >90%-95% and isolated with a yield of >70%
from the reaction of Fmoc-Gly-Cl [42] or Fmoc-Gly-
OPfp with in situ silylated H-(Hmb)Gly-OH according to
a modified method of Muller et al. [28]. H-(Dmob)Gly-
OH and H-(Tmob)Gly-OH were obtained in a similar
way. With respect to the yield and purity of the
products, Dmob-protected Gly was found to be superior
to the Tmob analogues. Ten grams of dipeptide 4b
was prepared (Figure 3) and purified by SiOy column
chromatography. In a model SPPS experiment, the
dipeptide was shown to be free of Fmoc-Gly-OH and
AcOH.

Pilot Synthesis of Gly/Arg Rich Peptides

Compound 4a was purified (Figure 3) and used for
the parallel manual synthesis of peptides N2a-N6a
(Table 1). To increase the coupling efficiency in the
synthesis of these peptides, TBTU/HOBt [27,43] was
used in place of pentafluorophenyl activated esters
[41]. Small portions from the peptide resins were
cleaved with HFIP and analysed. According to ESI-MS
analysis, the main peak (>80%, HPLC) corresponded to
the correct sequence but was additionally O-acylated
on the Hmb group with the amino acid used in
the last coupling step. Peptide-resins were therefore
simultaneously N- and O-deprotected with PIP/DMF
and then their N-termini were selectively reacylated
with Fmoc-OSu. The desired peptides N2a-N6a were
obtained in excellent yield and purity (Table 1). Peptides
N3ec, carrying an acetylated Hmb protection [44], were
prepared for the convergent synthesis of N6laDma,
but the occurrence of acetylation at the Arg guanidino
group, as revealed by ESI-MS (not shown), diminished
the homogeneity of the crude product (Table 1). This
and other discussed shortcomings [27,45] of Hmb
pointed to the need of permanently O-blocked versions
of Hmb-amide bond protection.

Dmob and Tmob groups have been used in the
protection of Asn/Gln carboxamide [46], reduced
peptide bond [47] or to improve the solubility of
protected peptides [39,46,48]. Moreover, both groups
may be cleaved under acidic, mild oxidative or reducing
conditions [49], compatible with the Fmoc methodology
for SPPS.

4b was therefore used for the preparation of N3b
(Table 1) and demonstrated its efficacy in peptide
solvation (both in SPPS and RP-HPLC) without the
disadvantages of Hmb protection.

Peptide Synthesis of N61Arg and N61aDma

N61Arg and N61aDma were successfully synthesized by
a standard stepwise automated Fmoc protocol for SPPS
using preformed 4b in 14 positions (Figure 1). Amino
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Figure 4 Panel (A) LC-MS analysis of the three crude
polypeptides N61Arg-b, N61Arg and N6laDma. In panel
(B) the deconvoluted mass spectra and the MW (expected mass
in parenthesis) corresponding to the relative products (shaded
peaks in A) are reported.

acids/dipeptide were used in 10% molar excess with
respect to the coupling reagent (PyBOP). The cleav-
age/deprotection conditions (Tms-Br/TA/EDT, 3.5 h)
of peptide-resins N61Arg and N6laDma were opti-
mized according the published procedure for long
peptides [17,24] in order to minimize the formation
of N-terminal pyroglutamic acid, which represents the
main product after 12 h of deprotection. The RP-
HPLC chromatograms of crude N61Arg and N61aDma
are shown in Figure 4; both products were purified
by cation exchange chromatography with a yield of
~31%-35% (Figure 5), then desalted/purified by RP-
HPLC to homogeneity (>95%) (Figure 6A) with a yield
of ~26%. For comparison, an automated stepwise syn-
thesis of N61Arg-b by standard Fmoc protocol [21]
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Figure 5 [E-HPLC separation of the three crude polypeptides
N61Arg-b, N61Arg and N61laDma. The asterisk indicates the
peak containing the correct product. For chromatographic
conditions, see Materials and Methods.

for SPPS gave a final yield of ~4%-6% (Figures 4
and 5) and the separation of N61Arg-b from desGly
truncated peptides turned out to be impossible. The
purity and identity of the peptides were confirmed by
ESI-MS (Figure 4B), amino acid analysis, SDS-PAGE
(Figure 6B) and PAGE in acetic acid/urea (not shown).
LC-MS analysis of the main peaks from IE-HPLC of
N61Arg and N61aDma showed the presence of very low
amounts of desGly truncated impurities (Figure 4B). It
seems that this deletion cannot be completely avoided,
unless preformed protected triglycyl-building blocks are
applied for coupling on all three positions containing
this sequence (Figure 1). Alternatively, solid-phase seg-
ment assembly (convergent synthesis) of ChNu'’s, using
Dmob-amide bond protection as a solubilizing group,
could be applied.

NMR

In the spectrum of N61Arg in H,O/D,0O solution, the
large majority of the backbone NH signals are clustered
between 8.1 and 8.6 ppm, while the aromatic protons
of the six Phe residues give rise to the sharp multiplets
between 7.15 and 7.35 ppm. The remaining isolated
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Figure 6 (A): Analytical RP-HPLC separation of purified,

coinjected N61Arg (25 ug) and N6laDma (30 ug). (B): 15%
acrylamide PAGE in Tris-glycine buffer: lanes from 1 to 4 were
loaded, respectively, with 1.6, 3.2, 6.4 and 12.8 ug of N61Arg;
lanes from 1’ to 4’ were loaded, respectively, with 0.8, 1.6, 3.2
and 6.4 ug of N61laDma. MW markers (MW in kDa) are shown
on the left.

resonances between 6.8 and 8.6 ppm can be assigned to
the peptide C-terminal NH, protons, to the NHy; amide
protons of GIn®®* side chain, and to the remaining
backbone NH protons of the non repetitive, C-terminal
region (residues 695-706). The additional, broad peak
at ~6.6 ppm can be assigned to the guanidino protons
of the Arg side chains. In the aliphatic region the
spectrum is dictated by the overlapping resonances
of the 34 Gly (3.8-4.0 ppm) He protons, the 10 Arg Hu
protons (~4.3 ppm) and the H$ protons of the Arg side
chains (3.11 ppm).

The spectrum of N61aDma is nearly identical to that
of N61Arg, with a few notable exceptions. The broad
resonance at 6.6 ppm splits into two sharper peaks
at 6.66 and 6.68 ppm, while an additional broad peak
at ~5.7 ppm appears. In the aliphatic region the H$
resonance of aDma side chain is shifted from 3.11
to 3.17 ppm and the aDma methyl group resonances
appear at ~2.9 ppm.

With 34 Gly, 10 Arg and 6 Phe over 61 residues, the
nucleolin C-terminal region is highly repetitive in its
sequence and therefore very difficult to analyse by NMR
methods in the absence of uniform or specific isotopic
labelling. However, the lack of chemical shift dispersion
for the backbone NH and H« protons, the overlap of
the Phe aromatic ring resonances, and the fact that
all chemical shift values that can be assigned are very
close to those expected for random coil peptides show
that N61Arg does not possess any stable secondary
or tertiary structure in aqueous solution. As the NMR
spectrum of N6laDma is nearly identical to that of
N61Arg, it can be concluded that N,N-dimethylation
of the guanidino group does not alter the overall
conformational propensity of this peptide. In support
of the NMR findings, the circular dichroic spectra of
N61Arg and N61aDma (not shown) are identical, with a
strong negative band at 200 nm and a slightly positive
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band at 220 nm, typical of random coil structures.
It should be borne in mind, however, that certain
polypeptides, that are apparently unstructured when
isolated, can adopt a well defined conformation in the
presence of specific target molecules or other domains
of the same protein [50]. This conformational plasticity
has been suggested to work as an energy saving
expedient [51]. This might be the case also for the
nucleolin C-terminal region. A different conformation of
this region in the context of the entire protein cannot be
ruled out, as well as a conformational switch induced by
the interaction of the C-terminal region with its target
protein or nucleic acid.

At a local level N,N-dimethylation is known to
affect the guanidino group physico-chemical properties,
such as the pK,, hydrophobicity, steric hindrance
[52] and hydrogen bonding capabilities [13]. While the
chemical shift of aDma methyl groups is consistent
with that reported for positively charged substituted
guanidines, the small change in the chemical shift
of the HS resonance, together with the different
behaviour of guanidino protons in regard to solvent
exchange, suggest that subtle changes both in the
charge distribution and resonance energy are occurring
upon N,N-dimethylation of the guanidino moiety. At
this stage, however, it is difficult to predict how these
changes are going to affect the interaction of aDma
containing peptides with target proteins or nucleic
acids.

DNA Binding Assays

Arg residues have a strong tendency to form hydrogen
bonds, especially double hydrogen bonded structures
[13]. In the interaction of Arg side chain with nucleic
acids, various patterns between the guanidino group
and the phosphates can be formed.

Dimethylation drastically reduces the number of
hydrogen bonds that Arg can form, and some of the
patterns with double H-bonds are excluded [13]. Fur-
thermore, dimethylation increases the hydrophobicity,
the accessible surface and the molecular volume of the
guanidino moiety, but does not alter the net charge of
the residue [52]. Therefore the role of Arg dimethylation
on the interaction between the nucleolin C-terminal
domain and nucleic acids was investigated.

Filter-binding assays (Figure 7) revealed no appre-
ciable differences in the binding affinity towards a
single-stranded nucleic acid substrate between the Arg-
dimethylated and the unmethylated peptides (with an
approximate Kg= 1.5 x 1077 m for both N61Arg and
N61laDma). This value is comparable to those col-
lected with recombinant C-terminal nucleolin (Kyq =
~2 x 1077 m) [4]. Also examined were the binding prop-
erties of an intermediate peptide produced during the
stepwise synthesis of N61Arg and corresponding to
residues 669-706 of human nucleolin. This peptide
contains six Arg involved in five RGG sequences. The
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Figure 7 Double filter binding assay of N61Arg (®) and
N61aDma (O) in the presence of ssDNA.

assay indicates an approximate ten-fold lower affinity
for ssDNA with respect to N61Arg and a five-fold higher
affinity with respect to peptides containing four RGG-
repeats (data not shown), suggesting that the nucleic
acid binding capacity increases with the number of
the RGG repeats. These findings confirm that the non-
specific binding of RGG peptides to the nucleic acid is
primarily ionic in nature and are in agreement with our
previously published results on shorter Gly/Arg-rich
peptides [13].

To confirm the ionic nature of the DNA/RGG repeat
interaction, the affinity for nucleic acid substrates was
also tested by affinity chromatography on a ssDNA
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Figure 8 ssDNA-agarose affinity chromatography of N61Arg
and N61aDma.
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agarose column challenging the binding of N61Arg and
N6laDma by increasing the ionic strength with a salt
gradient. The lower ionic strength (Figure 8) required to
elute N61aDma (408 mm NaCl) compared with N61Arg
(550 mm NaCl) can be explained by the reduced pKa
value of the dimethylated Arg side chain, which is
further confirmed by the ion-exchange chromatography
step performed for the purification, where N61aDma
again elutes before N61Arg (Figure 5). The fact that
asymmetric guanidino group alkylation renders the Arg
molecule less basic was also previously reported and
discussed [52].

Helicase Activity

Nucleolin has been previously identified as the human
DNA helicase IV. The ATP-dependent duplex unwinding
activity was attributed to the Gly/Arg-rich domain
[53]. The helicase activity of N61Arg and N6laDma
was tested using the same experimental set-up in
the presence or in the absence of ATP but no
unwinding activity was detected (not shown). This
result confirms the findings of Ginisty etal [1]
who could not detect any helicase activity with
different nucleolin samples or recombinant fragments
comprising the C-terminal domain [1]. The absence
of helicase activity seems also to be consistent with
our previous data about a stabilization effect exerted
by RGG containing peptides on the DNA double helix
as demonstrated by DNA melting studies [13]. An
indication in this sense is supported also by the work of
Hanakahi et al. [54] showing how nucleolin accelerates
annealing of complementary or partially mismatched
oligonucleotides and that this annealing activity can be
localized to the C-terminal region.

Methylation Assay

The C-terminal domain of nucleolin is rich in RGG
clusters, which are asymmetrically methylated in the
cells by the protein Arg methyltransferase 1 (PRMT1)
giving ten aDma residues. In order to investigate
whether N61Arg can be used as a substrate for
PRMT1, the methylation assay was performed using
recombinant human PRMT1. The results clearly show
that N61Arg is efficiently methylated in vitro. The MS
analysis of the reaction product revealed the presence
of a vast number of mono- and dimethylated species
that appeared throughout the methylation process
(Figure 9). During the short 3 h reaction entities were
detected that contained only a couple of dimethylated
Arg. The number of dimethylated Arg increased
progressively with time, leading to the formation of
traces of fully dimethylated N61Arg (N61aDma) within
the 72 h reaction (Figure 9).
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Assay of HIV Infection in HeLa CD4* Cells

The pentameric pseudopeptide 5[Ky(CHzN)PR]-TASP
(referred to as HB-19) is a potent inhibitor of HIV
infection [35]. HB-19 binds specifically the cell-surface-
expressed nucleolin and thereby blocks the attachment
of HIV particles to target CD4+ cells [55]. By the
use of various deletion constructs of nucleolin, the
RGG domain of nucleolin was designated as the
domain that binds HB-19. Consequently, a synthetic
non-methylated peptide corresponding to the last C-
terminal 63 amino acids of nucleolin was shown to
inhibit HIV infection at the stage of HIV attachment
to cells, thus suggesting that this domain could be
functional in the HIV anchorage to target cells [5].
This work compares the anti-HIV activities of N61Arg
and N6laDma on HIV-1 infection of HeLa-CD4-LTR-
lacZ cells (HeLa P4 and HeLa P4-C5 cells). HIV entry
and replication in these cells result in the activation
of HIV LTR, leading to the expression of the lacZ
gene. Therefore, the g-galactosidase activity could be
measured in cell extracts to monitor HIV entry into
cells. The value of S-galactosidase activity obtained
in the presence of the HIV-replication inhibitor AZT
is referred to as the background value in a given
experiment. Another control for inhibition of HIV
infection was obtained by the nucleolin-binding HB-
19 pseudopeptide. Consistent with a previous report
[5], N61Arg inhibited the T-tropic HIV-1 LAI infection
of HeLa P4 cells in a dose-dependent manner with
a 50% inhibitory concentration (ICsp) value of 0.5 pm.
A complete inhibition of HIV infection was observed
at 5 um of N61Arg, a value similar to those obtained
with AZT and HB-19 (Figure 10A). The inhibitory effect
of N61Arg was not restricted to T lymphocyte-tropic
HIV-1 isolates, since it inhibited also the macrophage-
tropic HIV-1 Ba-L isolate in a dose-dependent manner
with an ICsp value of 0.7 um (Figure 10B). In contrast,
the N6laDma peptide had no significant effect on
infection of cells with both cell types (Figure 10).
These results demonstrate that the Arg dimethylated
synthetic peptide lacks any inhibition activity. This
difference raises the question whether the cell-surface
expressed nucleolin is indeed dimethylated. It should
be noted that two subspecies of nucleolin could be
resolved by two-dimensional gel isoelectric focusing:
cytoplasmic/surface nucleolin with pI values at about
4.5, and nuclear nucleolin with pl values between pH 4
and 6 [56]. The difference between the plI values could
be accounted for by the possibility that, unlike nuclear
nucleolin, the RGG domain of surface nucleolin does
not contain aDma.

CONCLUSIONS

The C-terminal region of human nucleolin, ChNu,
contains several tandem aDma-Gly-Gly repeats. The
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Figure 10 N61Arg but not N61aDma inhibits HIV infection. Inhibition of HIV infection by the synthetic N61Arg and N61aDma
peptides was assayed in HeLa P4 cells infected by HIV-1 LAI (panel A) and in HeLa P4C5 cells infected by the HIV-1 Ba-L (panel
B) isolate. HIV entry and replication result in the activation of the HIV-1 LTR promoter controlling the expression the lacZ gene
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represents the mean + S.D. of triplicate samples. Note that at 5 mm N61Arg the inhibition is as efficient as with AZT (which gives
the background value in these cells).

investigation of the biological function of this region polypeptide, and on the other by the difficulties in the
has been hampered on one hand by the impossibility synthesis of peptides containing multiple GG repeats.
of obtaining pure, fully methylated ChNu by enzy- The synthetic strategy described here, based on the
matic methods from the recombinant unmethylated Fmoc-Gly-(Dmob)Gly-OH dipeptide as a building block
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and the direct introduction of aDma, overcomes these
obstacles. The advantages are a decrease in the number
of coupling steps (from 60 to 45), a higher solubility of
the growing peptide chain, higher coupling yields and
elimination of Arg acylation, a side reaction connected
to the Hmb backbone protection strategy. Therefore,
this approach is of general applicability in the synthesis
of peptides with repeating Xaa-Gly dipeptides at multi-
ple locations.

Thus it was possible to prepare in high yield
and purity two peptide amides corresponding to the
61-residue C-terminal region of human nucleolin,
containing either unmodified Arg or aDma, and to study
their structure and function in a series of comparative
assays.

NMR and CD data show that Arg N,N-dimethylation
does not change the overall conformational preference
of ChNu and that this region is essentially unstructured
in solution as an isolated polypeptide.

It was shown that both N61Arg and N61aDma bind
to single-stranded nucleic acid substrates with sim-
ilar affinities in filter binding assays, but elute at
different ionic strength from a ssDNA-sepharose col-
umn, suggesting that the interaction with nucleic
acids is mainly dictated by ionic interactions. Although
controversal reports [1,53] exist about the heli-
case activity of ChNu, no DNA unwinding activ-
ity could be detected for either N61Arg or for
N61laDma.

N61Arg is particularly suitable for the kinetic
analyses of Arg methylation in substrates with multiple
sites, which would add data to the scarce information
available on the catalytic mechanism of PRMT1. To
the best of our knowledge, this is the first ESI-MS
analysis of in vitro enzymatic Arg methylation which
gives information on the distribution of methyl groups
in long RGG repeats and suggests that quantitative
methylation of such polypeptides is not practicable by
enzymatic methods.

While most abundant in the nucleoli, nucleolin is also
found at the cell surface, and it has been shown that
the N61Arg peptide inhibits HIV entry into HeLa cells
blocking the virus attachment to the target cell. On the
contrary, the dimethylated analogue N61aDma lacks
any inhibition activity, which brings up the question of
whether nucleolin is indeed present in its methylated
form at the cell surface.

In this respect, it is of interest to note that the
expression of surface nucleolin is highly regulated
by activation conditions of cell growth and prolifer-
ation, whereas the expression of nuclear nucleolin
remains somewhat constant. Post-translational mod-
ifications of surface and nuclear nucleolin, such as
the modification of Arg residues to aDma, could
account for trafficking of nucleolin toward distinct tar-
gets in the cell, i.e. to the nucleus or the plasma
membrane.
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