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ABSTRACT: Asymmetric dimethylation of arginine side chains
is a common post-translational modification of eukaryotic
proteins, which serves mostly to regulate protein—protein
interactions. The modification is catalyzed by type I protein
arginine methyltransferases, PRMT1 being the predominant
member of the family. Determinants of substrate specificity of
these enzymes are poorly understood. The Nuclear poly(A)
binding protein 1 (PABPN1) is methylated by PRMT1 at 13
arginine residues located in RXR sequences in the protein’s C-
terminal domain. We have identified a preferred site for PRMT1-
catalyzed methylation in PABPNI1 and in a corresponding
synthetic peptide. Variants of these substrates were analyzed by
steady-state kinetic analysis and mass spectrometry. The data
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indicate that initial methylation is directed toward the preferred arginine residue by an N-terminally adjacent proline. Enhanced
methylation upon peptide cyclization suggests that induction of a reverse turn structure is the basis for the ability of the
respective proline residue to enable preferred methylation of the neighboring arginine residue, and this notion is supported by
far-UV circular dichroism spectroscopy. We suggest that the formation of a reverse turn facilitates the access of arginine side
chains to the active sites of PRMT1, which are located in the central cavity of a doughnut-shaped PRMT1 homodimer.

rotein arginine methyl transferases (PRMTs) catalyze the
dimethylation of arginine residues, a common posttransla-
tional modification of eukaryotic proteins, which is important in
modulating protein—protein interactions.' > PRMTs are
classified according to their products: Type I PRMTs form
asymmetric dimethylarginine (@-N%N®-dimethylarginine),
whereas type II PRMTs produce symmetric dimethylarginine
(w-N©N“-dimethylarginine). The only confirmed mammalian
type II enzyme is PRMTS. Type I PRMTs, forming the
apparently more common product, are PRMT1, -2, -3, -4, -6,
and -8.°7°
Both types of PRMTs generate their products via the
monomethylated intermediate, and both use S-adenosylme-
thionine (AdoMet) as the methyl donor. Type I enzymes obey
a distributive reaction mechanism, in which both the sequential
transfer of two methyl groups to a single arginine side chain and
the modification of multiple side chains within one protein
proceed through independent substrate binding events.* "'
The catalytic core of the PRMTs is a conserved two-domain
structure: The methyl donor is bound by the N-terminal
Rossman fold domain, whereas the methyl-accepting arginine
side chain is bound between this domain and the p-barrel
forming the C-terminal domain.'*”"” Several PRMTs also
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present acidic grooves on their surfaces surrounding the active
sites. These grooves are likely to bind additional positively
charged amino acid residues in the vicinity of the methyl-
accepting arginine and thus contribute to substrate selec-
tion, 1416718

Substrate specificities of the PRMTs remain poorly
characterized. The issue is complicated for a number of
reasons: First, the PRMTs may associate with additional
polypeptides in vivo that affect their substrate selection by
additional interactions.'”*® Second, the substrate spectra of
different PRMT's are distinct but overlapping, so comparisons
of methylated amino acid sequences are of little value unless the
responsible methyl transferases are known. Furthermore, the
conservation of methylated sequences is likely to reflect not
only the determinants required for recognition by one or more
methyl transferases but also the adaptation to a specific
function, for example, binding to RNA and the nuclear import
receptor in the case of the methylated C-terminal domain of
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PABPNI1 (see below). Finally, it is conceivable that PRMTs can
bind their substrates in different orientations, each of which
may have different sequence preferences."”'* Comparisons of
synthetic peptides with full-length proteins from which they
were derived showed that, at least in some cases, both
substrates were methylated with similar efficiencies.””** Thus,
in these cases substrate recognition involves only local
sequences surrounding the methyl accepting arginine residue.
Nevertheless, more subtle contextual effects on substrate
preferences and selection of methylated residues have been
noted,">""**** and accessibility of the peptide is likely to play
an important role.”* Even before the complex inventory of
mammalian PRMT's was appreciated, a consensus sequence for
arginine methylation, F/GGGRGGG/F, the “RGG box”, was
suggested on the basis of sequence comparisons.”> However,
even though a synthetic RGG box peptide is methylated by
multiple PRMTs in vitro, it is not a particularly good substrate
for the predominant enzyme, PRMT1.>"** Other substrates,
like the nuclear poly(A) binding protein 1>° or histones®” ~*° do
not conform to the RGG consensus. Studies with synthetic
peptides have confirmed that PRMTSs can modify a much wider
range of substrates than indicated by the RGG box
consensus. ">

All type I PRMTs that have been crystallized show a
characteristic homodimeric structure, in which the two
monomers associate in a doughnut-like shape with the active
sites accessible from the relatively small cavity in the
middle.'”™"” Since the dimeric structure is important for
enzyme function,"*'*™'® this arrangement of the active sites is
likely to restrict the range of potential substrates through steric
exclusion of larger folded structures. In fact, many observations
support the notion that lack of a stable tertiary fold is an
important determinant of substrate specificity (see Discussion).

The metazoan nuclear poly(A) binding protein 1 (PABPN1)
is involved in mRNA polyadenylation.>' ~*¢ All 13 arginine side
chains within its 49 residue long C-terminal domain are
quantitatively asymmetrically dimethylated in vivo.** The
modification can be performed by PRMTI, -3 and -6,
PRMT1 being the dominant enzyme.”> Neither binding to
poly(A) nor stimulation of poly(A) polymerase is affected by
arginine methylation, even though the C-terminal domain is
required for both.>*?” Instead, methylation modulates the
interaction of PABPN1 with its import receptor, transportin.38
In contrast to many other PRMT substrates, PABPN1 contains
12 out of its 13 methylated arginines arranged in RXR motifs.
The C-terminal domain harboring these motifs is likely to be
unstructured: It carries a very high positive net charge, being
entirely devoid of acidic residues, and it lacks amino acids with
aliphatic side chains. Moreover, it is the binding site for
trelnsportin,38’3'9 which is known to bind unstructured
peptides.**™*

This study examines the proposition that backbone
conformation is an important determinant of the substrate
specificity of PRMTs. By comparing the PRMT1-mediated
methylation of wild type full-length PABPN1, PAPBN1-derived
peptides and a number of mutant variants, we identify a proline
residue as a determinant for the preferred methylation of a C-
terminally adjacent arginine. We present evidence suggesting
that this effect is due to a reverse turn conformation induced by
the proline residue.
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B EXPERIMENTAL PROCEDURES

Plasmids and Proteins. The plasmid pUK-CP encoding a
fusion of CspB with the C-terminal domain of PABPN1 (Csp-
RXR) was assembled as follows: Digestion of pUK-H4C>* with
Ndel and Kpnl left the open reading frame encoding the C-
terminal domain of PABPNI in the pUK vector. The open
reading frame coding for Bacillus subtilis CspB* was amplified
by PCR from pET11a-CspB (a gift of Franz-Xaver Schmid,
University of Bayreuth, via Mirco Sackewitz, University of
Halle) with the T7-promoter primer as forward primer and
CGGGGTACCCGCTTCTTTAGTAACGGTAGC as reverse
primer introducing a Kpnl restriction site. The PCR product
was digested with Ndel and Kpnl and ligated into the digested
pUK-H4C-plasmid in frame with the C-terminal domain of
PABPNI.

PABPNI1 variants R259A, R287A, and R294A were created
by introduction of the respective point mutations into the
plasmid pGM-synPABPN1>’ using the Gene Editor Site
Directed Mutagenesis system (Promega). The mutagenesis
primers were CAGCACAACAGACGCTGGCTTCCCAC
(R259A); CAGTGGTTTTAACAGCGCGCCGCGGGGTC-
GCGTC (R287A); and GGGTCGCG-TCTATGCGGGCCG-
GGCTAG (R294A). PABPNI1 variants P288A and R289A were
created by site directed mutagenesis as described®” using pGM-
synPABPNI1 as template and the oligonucleotides CAGTGG-
TTTTAACAGCAGGGCACGGGGTCGCGTCTACAG and
CTGTAGACGCGACCCCGTGCCCTGCTGTTAAAACCA-
CTG (PABPN1-P288A) as well as CAGTGGTTTTAACAG-
CAGGCCTGCAGGTCGCGTCTACAGGGGC and GCCC-
CTGTAGACGCGACCTGCAGGCCTGCTGTTAAAACCA-
CTG (PABPN1-R289A) as primers. For expression of mutant
PABPN1 in Escherichia coli DNA fragments carrying the
mutations were excised from pGM-synPABPN1 by Xhol and
BamHI and subcloned into pUK-synPABPN1AC49*7 opened
with the same enzymes.

Expression of PABPNI and its variants in E. coli BL21IDE3
pUBS520 and purification by IMAC and ion exchange
chromatography were conducted as described earlier.”” Csp-
RXR was obtained by the same procedure. His-tagged rat
PRMT1vl with a deletion of the first 10 amino acids'* was
expressed and purified as described.”” Protein concentrations
were determined spectrophotometrically using the theoretical
absorption coefficients (PRMT1) or by quantification of band
intensities from SDS—PAGE using a calibration curve from a
BSA standard (PABPNI variants).

Peptide Synthesis. All peptides were synthesized with free
N- and amidated C-termini, except peptides T1 (free termini),
T2 (acetylated N-terminus), and T3 (cyclic peptide). Peptides
were synthesized according to the Fmoc/tBu solid-phase
strategy (Syro peptide synthesizer; MultiSynTech, Witten,
Germany). To obtain a free C-terminus or the amide, Wang or
Rink amide resin, respectively, was used. The cyclic peptide T3
was synthesized as follows: Fmoc-Asp(OH)-ODmab (5 equiv
in dimethylformamide) was coupled to the Rink amide resin
(0.5 mmol of peptide per gram resin) by HOBt/DIC (S equiv
in dimethylformamide) activation, and the peptide chain was
elongated. The Dmab-protecting group was cleaved by three
treatments of the resin with hydrazine (2% in dimethylforma-
mide) for 3 min. Cyclization was achieved by two treatments of
the resin for 24 h with a solution of HOBt/DIC (3 equiv in
dimethylformamide). After cleavage from the resin with TFA
and precipitation from ice cold diethyl ether, the crude peptides
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were purified by preparative HPLC and analyzed by reversed-
phase analytical HPLC. Identity of the peptides was confirmed
by MALDI-TOF mass spectrometry (Ultraflex III; Bruker
Daltonik) or by electrospray ionization (ESI) mass spectrom-
etry (Bruker Esquire HCT, peptides T1-3). Peptide RXR-1 was
also obtained as a TFA-free preparation (ThermoFisher
Scientific; Ulm, Germany), which was used for the CD
measurements in the presence of TFE.

For methylation assays, lyophilized peptides were dissolved
in double distilled water. Concentrations (typically & 2 mM)
were determined spectrophotometrically using the theoretical
absorption coefficients. 280 nm was used for peptides
containing tyrosines or tryptophans, 255 nm for the RGG-
peptides. Concentrations of peptides lacking aromatic residues
were determined by the absorption of the peptide bond (205,
210, 215, and 220 nm).

In Vitro Methylation Assays. All PRMT1 assays were
done at pH 8.0 and 30 °C as described.'® Steady state kinetic
analysis with S-adenosyl-L-[methyl-'*C]methionine (GE Health-
care) as the methyl donor has been described.'®** Bovine
serum albumin was omitted from the reaction buffer when
protein substrates were to be analyzed by mass spectrometry.
Concentrations of protein substrates were varied up to 2 uM
and concentrations of peptides up to 100 pM, with actual
concentrations for each particular substrate chosen on the basis
of a preliminary first titration. Enzyme concentrations were at
least 50-fold lower than substrate concentrations. At each
substrate concentration, incorporation was determined at three
to seven time points to ensure linearity of the progress curve.

Mass Spectrometry. For mass spectrometric measure-
ments, peptides (final concentration 40 yM) were incubated
with 0.2 uM PRMT1 and 100 uM AdoMet. After different time
intervals, the reaction was stopped by addition of the inhibitor
sinefungin (Sigma; final concentration 0.6 mM) and freezing.
Samples were thawed, purified using C18 ZipTips (Millipore,
Eschborn, Germany), and analyzed with an Ultraflex III
MALDI-TOF/TOF mass spectrometer (Bruker Daltonik,
Bremen, Germany). 0.5 uL of each sample was spotted, with
the dried droplet method, onto an MTP 384 stainless steel
target plate (Bruker Daltonik) with 0.5 yL matrix solution
(50% (v/v) ACN (Merck), 0.1% (v/v) TFA (Sigma) saturated
with a-cyanohydroxycinnamic acid (Bruker Daltonik)).
MALDI-TOF mass spectra were recorded in the positive
ionization and reflectron mode in the m/z range 800—5000.
External calibration of the mass spectra was performed with the
Peptide Calibration Standard II (Bruker Daltonik). Signals
corresponding to methylated peptide species were selected for
tandem MS analysis. FlexControl 3.0 software (Bruker
Daltonik) was used for MS and MS/MS data acquisition.
Data were processed with the FlexAnalysis 3.0 software (Bruker
Daltonik). All arginine residues in a peptide were considered as
potential methylation or dimethylation sites. In order to
identify the methylation sites, fragment ions (a, b- and y-type
ions) including all theoretical methylation patterns were
calculated, compared to the MS/MS spectra and scored using
the Biotools 3.1 software package (Bruker Daltonik). For peak
assignment in MS/MS, a maximum mass deviation of 500 ppm
was allowed.

Alternatively, samples were analyzed by ESI-MS using an
LTQ-OrbitrapXL mass spectrometer (ThermoFisher Scientific,
Bremen) equipped with a nano-ESI source using metal coated
borosilicate emitters (Proxeon, Odense, Denmark). Mass
spectra of peptides were acquired offline in the positive
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ionization mode in the m/z range 200—2000. The resolving
power was 30000 at m/z 400. Fragments created by either
collision-induced dissociation (CID, for RGG-peptides) or
higher energy CID (for RXR-peptides) were detected in the
orbitrap mass analyzer.

For mass spectrometric analysis of PABPN1 methylation, 3
UM protein was incubated with 0.1 uM PRMT1 and 1 mM
AdoMet. Samples were processed as above and digested
overnight with chymotrypsin (Roche Diagnostics) at 37 °C at
an enzyme/substrate ratio of 1:80 (w/w). The digested samples
were purified using ZipTips C18 (Millipore) and MALDI-TOF
mass spectra were acquired as described above. Data were
analyzed manually by comparison to predicted chymotryptic
fragments and methylated derivatives.

Alternatively, the samples were analyzed by off-line nano-
HPLC/MALDI-TOF/TOF-MS consisting of a nano-HPLC
(Ultimate 3000, Dionex, Idstein, Germany) and an Ultraflex I
MALDI-TOF/TOF mass spectrometer. 15 uL of the peptide
mixture was loaded onto a trapping column (Acclaim
PepMap100 C18, S ym, 100 A, 300 gm LD. X 5 mm, Dionex)
and washed for 15 min with 0.1% TFA at a flow rate of 30 uL
min~'. Trapped peptides were separated over the separation
column (Acclaim PepMap100 C18, 3 um, 100 A, 75 ym 1LD. X
150 mm, Dionex), which had been equilibrated with 95% (v/v)
solvent A (5% (v/v) ACN/95% (v/v) H,O containing 0.05%
(v/v) TEA), 5% (v/v) solvent B (80% (v/v) ACN, 0.04% (v/v)
TFA). Peptides were eluted with a 30-min gradient from S to
50% (v/v) solvent B, followed by a 2-min gradient to 100% (v/
v) B and 100% B (v/v) for 3 min. Separations were conducted
at a flow rate of 300 nL/min and a temperature of 45 °C. A
fraction collector Proteineer fc (Bruker Daltonik) was used to
spot 25-s nano-HPLC fractions onto a 384 MTP 800 um
AnchorChip target and mix them with 1.1 gL matrix solution
(0.71 mg/mL a-cyano-4-hydroxy cinnamic acid in 90% (v/v)
ACN, 0.1% (v/v) TFA, 1 mM NH,H,PO,) per spot. Mass
spectra in the m/z range 740—5000 were acquired in the
positive ionization and reflectron mode by accumulating data
from 1800 laser shots per spot. Ion signals with a signal/noise
ratio higher than 9 were automatically subjected to MALDI-
LIFT-TOF/TOF-MS/MS. For determining methylation sites,
mass spectra were searched against the amino acid sequence of
His-tagged bovine PABPN1 using Biotools 3.1 and Mascot-
server 2.2.

Far-UV CD. Lyophilized TFA-free peptide RXR-1 was
dissolved to a final concentration of 0.87 mM in water with up
to 80% 2,2,2-trifluoroethanol. 15—20 single scans were
accumulated with a scan rate of 20 nm/min, 4 s response
time, and a bandwidth of 1 nm at 4 °C. The optical path length
was 0.5 mm. All other peptides were diluted into 100 mM
Na,HPO,/NaH,PO,, pH 7.5, to final concentrations between
0.1 mM and 0.5 mM. Thirty single far-UV CD spectra were
accumulated from 260 to 185 nm with a scan rate of 50 nm/
min and 1 s response time, all other parameters being as above.

Structural Modeling. Available crystal structures of rat
PRMT1 (PDB code: 10RS8, 10R], and 10RH) are inadequate
for use in modeling studies, as the N-terminal a-helix (residues
1—40), which constitutes a part of the substrate binding pocket,
is missing. Complete forms of rat PRMT3 (50% sequence
identity with PRMT1) and human PRMT4 (= CARM]I; 35%
sequence identity) were used to generate an accurate and
complete homology model of the dimeric form of human
PRMT]I. Structures of rat PRMT1 (PDB code: 10R8), rat
PRMT3 (PDB code: 1F3L), and human PRMT4 (PDB code:
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2Y1W) were obtained from the Protein Data Bank, and
structural alignment with the protein sequence of human
PRMT1 was performed using MOE 2011.10 (Chemical
Computing Group, Montreal, Canada, 2011). A homology
model was subsequently generated using the PRMT4 structure
as a template to add the missing N-terminal o-helix. The
dimeric structure of PRMT1 was developed by superimposition
with the dimeric form of PRMT4 (chains A and C, 2Y1W) in
MOE. The X-ray structure of rat PRMT1 reveals the substrate
arginine situated in the deep cavity of the binding pocket, the
guanidino group forming key H-bond interactions with the
backbone carbonyl oxygen of E153 and the side chain of E144.
Consequently, the substrate arginine could easily be placed into
the binding pocket of the structural model of human PRMT]1.
A shell script was developed to generate spheres of different
diameters which could be hosted by the substrate binding cavity
of PRMT1.

B RESULTS

In PABPNI, methylated arginines are restricted to the C-
terminal domain. Although peptides of ~20 amino acids
derived from it are good substrates for PRMT]1, they are not
quite as good as the entire 49 amino acid domain in the context
of the full-length protein.*” The entire C-terminal domain
could not be tested by itself in methylation assays due to its
poor solubility. Therefore, it was fused to the cold shock
protein from B. subtilis, Csp B, a small and highly soluble
protein,*® which, as a prokaryotic protein, is not a natural
PRMT substrate. The chimeric protein, Csp-RXR, was
expressed in E. coli, purified to homogeneity, and used for
steady state kinetic methylation experiments. Its modification
by PRMT1 was indistinguishable from PABPN1 methylation
(Figure 1, Table 1). CspB without the PABPN1 appendix was
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10000 f

5000

3

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
[protein] (uM)

“CH_ incorporation (pmol min™ mg™)

Figure 1. PRMTI recognizes PABPN1 exclusively by its C-terminal
domain. Steady state kinetic measurements of PRMT1-mediated
methylation of wt-PABPN1 (O) and Csp-RXR () were performed as
described under Experimental Procedures. Data for the wild-type
protein are those published previously.””

not methylated to any detectable extent. Thus, PRMT1
recognizes exclusively the C-terminal domain of PABPNI,
and contacts with the remainder of the protein are not
necessary for substrate recognition.

Preferred methylation sites within the C-terminus of
PABPNI1 were first identified by peptide mass fingerprint
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Table 1. Kinetic Parameters of the PRMT1-Catalyzed
Methylation Reaction of PABPN1 Variants®

Vmaxl(pmoll kcat (110_2 KM kcit/ Ml
protein min~ mg~ s7h) (uM) ("M
wt-PABPN1? 25200 1.8 0.07 270000
Csp-RXR 26700 1.9 0.08 250000
PABPNI1- 25800 1.8 0.15 110000
R259A
PABPNI1- 24400 1.7 0.26 64000
R294A
PABPN1- 12900 0.90 0.12 78000
R287A
PABPN1- 11700 0.82 0.29 29000
R289A
PABPN1- 17500 1.2 0.44 28000
P288A

“Point mutations were introduced into the full-length bovine protein,
and the numbering refers to its predicted sequence,” including the N-
terminal methionine but not the His-tag. bData taken from ref 22. The
standard errors of V. and Ky did not exceed 2% and 9%,
respectively.

analysis using MALDI-TOF-MS. PABPN1 was incubated with
PRMT1 and AdoMet, and samples were taken at different time
points and digested with chymotrypsin. Precursor ion mass
spectra were searched for both unmodified and methylated
chymotryptic peptides. A few additional cleavages were also
observed. Proteolytic peptides covering nearly the whole length
of the C-terminal domain of PABPN1 were identified, including
all arginine residues (Figure 2). Substantial amounts of
methylation were found only in two fragments, both covering
the region N285/5286—Y293 containing arginine residues 287,
289, and 291 (Figure 2A,C). In order to obtain more detailed
information, chymotryptic peptides were separated by reversed
phase HPLC and analyzed by MALDI-MS/MS. The analysis of
a sample taken after 10 min reaction time identified specifically
Arg289 to be methylated. Both monomethylated and
dimethylated Arg289 was found. Traces of methylated
Arg251, Arg259, and Arg267 were detected in samples taken
after longer incubation times (90 and 120 min). In the
precursor ion spectra, however, only negligible amounts of
these products were detected compared to the unmethylated
counterpart (Figure 2B). Thus, in vitro methylation of
PABPN1 by PRMT1 strongly prefers arginine 289.

We have previously described the peptide RXR-1, which
corresponds to amino acids 280—303 of PABPN1 with an
internal deletion of amino acids 294—298 thus covering the
critical region containing Arg289'%** (Table 2). In agreement
with the preference for Arg289 in full-length PABPN1, RXR-1
is exclusively methglated at the corresponding position in the
peptide, Arglo '° (Figure S1). When this residue was
substituted either by lysine (peptide RXR-9) or by alanine
(peptide RXR-10), the peptides were methylated by PRMT1
with a 100-fold lower efficiency (Figure 3 and Table 2). For
comparison, the neighboring arginines, Argl2 and -8
(corresponding to Arg291 and Arg287 in full-length
PABPN1) were individually substituted by either lysine or
alanine. The alanine substitution at Arg8 (peptide RXR-11a)
and the lysine mutation at Argl2 (peptide RXR-12b) were
tolerated by PRMT1, whereas the other two mutations (R8K,
peptide RXR-11b; and R12A, peptide RXR-12a) decreased the
methylation efficiency (Table 2). Thus, while not every amino
acid is tolerated, arginine is not essential at these positions.
These results are in agreement with those obtained with a
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FRGR QIKVIPKRTN RPGISTTDRG FPRARYRART TNYNSSRSRF YSGFNSRPRG RVYRGRARAT SWYSPY mma dma
RGR QIKVIPKR - -
RGR QIKVIPKRT - -
RGR QIKVIPKRTN - -
RGR QIKVIPKRTN RPGISTT - -
VIPKRTN RPGISTT - -
N RPGISTTDRG FPRARY - -
RPGISTTDRG FPR a -
TTDRG FPRARY - -
TDRG FPRARY - -
DRG FPRARY 12 12
RG FPRARY - -
RART TNY - -
RART TNYNSSRSRF - -
NSSRSRF - -
NSSRSRF Y - -
NSRPRG RVY 1
SRPRG RVY 1
RGRARAT SW - -

Figure 2. In vitro arginine methylation of PABPN1 by PRMTT1 is largely restricted to arginine 289. PABPN1 was methylated by PRMT1 for 0, 10,
30, 90, and 120 min (spectra of samples taken after 90 min have been omitted), digested with chymotrypsin, and analyzed by MALDI-TOF-MS. (A)
Mass spectra of the peptide N**SRPRGRVY**. (B) Mass spectra of the peptide D**RGFPRARY?®, In both figures, the number of methylations
(1x, 2x) is indicated. n.a, not assigned. (C) Chymotryptic peptides were analyzed by nano-HPLC/MALDI-TOF/TOF-MS/MS as described in
Experimental Procedures. The sequence of the C-terminal domain of PABPNI is shown (upper lane) in comparison to all identified peptides
representing this region. Identified methylated residues are underlined. The amino acid numbering refers to the sequence of the bovine protein,*
including the N-terminal methionine but not the His-tag of the recombinant protein. K247 marks the start of the C-terminal domain. Numbers on
the right show the maximum number of monomethyl (mma)- and dimethylarginine (dma) residues found in the respective peptides. *: methylation
was detected only in samples taken after at least 30 min and was present in negligible amounts.

similar series of RXR1 peptide derivatives, in which arginine
residues were substituted by dimethylarginine: These sub-
stitutions had little impact on PRMT1 activity as long as Argl0
was not affected.'® In summary, Argl0 in the peptide RXR-1,
corresponding to Arg289 in full-length PABPNI, is the
preferred site of methylation.

Argl0 is preceded by a proline residue. For simplicity, we will
refer to the position at the N-terminal side of the methylated
arginine as —1 and to the position on the C-terminal side as +1.
In order to examine the importance of the proline residue at
—1, several substitution variants were tested. When Pro9 was
substituted by glycine (peptide RXR-13), no effect on the
methylation efficiency was seen (Figure 3 and Table 2).
Unexpectedly, however, the double mutant P9G R10K (peptide
RXR-14) remained a good substrate for PRMT1 (Figure 3 and
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Table 2), whereas the R10K substitution by itself strongly
reduced the ability of the peptide to be methylated (peptide
RXR-9, see above). In other words, the substrate activity lost
due to the R10K substitution was restored upon the additional
substitution of the proline at position —1. As a control, Pro9
was also substituted by alanine (peptide RXR-15). The single
exchange impaired methylation by PRMT1. Nevertheless, the
combination of the P9A mutation with the R10K mutation
(peptide RXR-16) generated a 10-fold better substrate
compared with the R10K mutation alone (peptide RXR-9)
(Table 2).

These data strongly indicate that the exclusive methylation of
Argl0 in the ‘wild-type’ RXR-1 peptide depends on Pro9 and
predict that the substitution of Pro9 should promote
methylation of the two other arginines. Therefore, methylation
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Table 2. Kinetic Parameters of the PRMT1-Catalyzed Methylation of PABPN1-Derived Peptides”

peptide sequence Vinax (pmol min™' mg™) ke (1072 s71) Ky (uM) kee/Kyy (s72 M7Y)
RXR-1Y FYSGFNSRPRGRVYATSWY 36000 2.5 1.3 20,000
RXR-9 FYSGENSRPKGRVYATSWY 2830 0.18 13 140
RXR-10 FYSGENSRPAGRVYATSWY 2380 0.16 11 150
RXR-11a FYSGFNSAPRGRVYATSWY 23800 1.7 2.3 7400
RXR-11b FYSGENSKPRGRVYATSWY 1200 0.08 4.8 170
RXR-12a FYSGENSRPRGAVYATSVY 7500 0.53 9.8 540
RXR-12b FYSGENSRPRGKVYATSVY 18600 13 1.1 12000
RXR-13 FYSGENSRGRGRVYATSWY 30,700 22 1.1 19000
RXR-14 FYSGENSRGKGRVYATSWY 27000 19 1.6 12000
RXR-15 FYSGFNSRARGRVYATSWY 9130 0.64 1.8 3600
RXR-16 FYSGFNSRAKGRVYATSWY 2140 0.15 0.70 2200

“Peptide RXR-1 corresponds to amino acids 280—303 of PABPN1 with an internal deletion of amino acids 294—298. In peptide RXR-1, Pro9 and
Arg10, corresponding to Pro288 and Arg289 in the PABPN1 sequence, are underlined. Bold letters indicate amino acid substitutions. The standard
errors of V.. and Ky typically did not exceed 4% and 14%, respectively. YData taken from ref 22.
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Figure 3. Methylation of RXR-peptides is determined by Pro9. v/S
characteristics of PRMT1 with peptides RXR-9 (A), RXR-13 (<),
and RXR-14 (O) were determined as described under Experimental
Procedures. Amino acid sequences and kinetic constants are listed in
Table 2. The data of RXR-1 (O) have been published22 and are
included for comparison.
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sites in peptide RXR-13 carrying the P9G mutation were
analyzed by mass spectrometry. Products with one or two
methyl groups were readily observed (Figure S2), and a triply
methylated product, which was never found for RXR-1, was
also present. This already implies that in RXR-13, in contrast to
RXR-1, at least two arginine residues were methylated. Upon
MALDI-MS/MS analysis of peptides, few methylated fragment
ions were unambiguously identified, indicating a heterogeneous
mixture. Distinct monomethylations at both Arg8 and Argl2
were seen (Figure 4, compare to Figure S1). Methylations at
these residues were also found with RXR-15 (P9A variant) as a
substrate (data not shown).

Analysis of peptides RXR-1, -13, and -15 was repeated using
ESI-MS/MS. Analysis of RXR-1 confirmed exclusive methyl-
ation at Argl0O (data not shown). The fragment ion mass
spectrum of the monomethylated precursor ion of RXR-13
revealed methylation at Arg8 and Argl2 (Figure SA and Figure
S$3). In RXR-15, Argl0 and Argl2 were found to be methylated
(Figure SB and Figure S4). Thus, MS analysis confirms that the
exclusive methylation of ArglO in the wild-type sequence is
abolished by substitution of Pro9.
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In order to determine whether the proline effect is specific to
the RXR-1 sequence or can be generalized, we introduced
substitutions into the RGG-1 peptide, a generic PRMT1
substrate originally lacking any proline ** (Table 3). As
previous MALDI-MS/MS analysis had indicated that PRMT1
methylates RGG-1 at Arg3 and Arng,10 substitutions were
generated in the —1 position relative to Arg9. The RGG-1
peptide is methylated by PRMT1 with modest efficiency.”*
When the glycine at position —1 was substituted by proline, the
resulting peptide, RGG-2, was methylated with a similar k.,
but significantly higher apparent affinity, resulting in a 10-fold
improved catalytic efficiency (Table 3). RGG-3, as a control,
contained an alanine substitution at —1. In this case, the K, for
methylation by PRMT1 was also decreased, but less so than
with the G8P substitution (Table 3). In-depth ESI-MS/MS
analysis (including MS® experiments) showed that even the
original RGG-1 peptide was methylated at all three arginine
residues (data not shown). Introduction of proline (Figure SS)
or alanine (data not shown) at position 8 did not induce
changes in the methylation pattern that would have been
detectable by mass spectrometry. Thus, the proline effect in the
RGG context is not nearly as pronounced as in the RXR
sequence.

In order to determine whether the behavior of the various
RXR peptides was representative of full-length PABPN1, we
introduced corresponding mutations into the protein. Sub-
stitution of the preferred methylation acceptor, Arg289, by
alanine reduced the efficiency of methylation 10-fold (Table 1).
For comparison, three additional arginines were individually
substituted by alanine: The substitution R259A had a weak
influence, whereas R287A and R294A each had a 4-fold effect
on the catalytic efficiency of PRMT1 (Table 1). In summary,
among the arginine substitutions tested, that of Arg289 had the
strongest effect on the methylation efficiency, in agreement
with it being the preferred methylation site.

Pro288 was also substituted by alanine in the full-length
protein. Methylation efficiency of the variant PABPN1-P288A
by PRMT1 was reduced approximately 10-fold, similar to the
R289A variant (Table 1). Preferred methylation sites of the
P288A variant were analyzed by MALDI-MS/MS as described
above for the wild type protein. Portions of the precursor ion
mass spectra obtained after methylation for 0 and 120 min are
shown in Figure 6. Whereas significant methylation of wt-
PABPNT1 had been found only in the region N285/5286—Y293
(see above), substantial methylation in the region R258-Y267

dx.doi.org/10.1021/bi300373b | Biochemistry 2012, 51, 5463—5475
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Figure 4. Methylation of peptide RXR-13 by PRMT1 analyzed by MALDI-TOF/TOF-MS/MS. Left: RXR-13 was methylated by PRMT1 for 90
min, and the sample was treated and analyzed as described under Experimental Procedures. The signals of the unmethylated (A), the mono- (B) and
the dimethylated (C) precursor ions (marked with @, B, and *, respectively, in Supplemental Figure 2) were selected for fragmentation. Only
relevant regions of fragment ion mass spectra are shown. Methylated species are marked by asterisk. Whereas the methylated b8 fragment proved
Arg8 methylation, the unmethylated bll fragment, derived from a monomethylated precursor, demonstrated methylation of Argl2 (B).
Fragmentation of the dimethylated precursor (C) again produced the monomethylated b8 fragment, confirming monomethylation of Arg8.
Dimethylation of Arg8 was proven by unmethylated y11, whereas the unmethylated b11 fragment indicated dimethylation of Argl2. Note that, due
to similar masses of the theoretically possible fragment ions, signals at m/z ~ 1484 and 1498 were not unambiguously assigned and could correspond
to y12 or a methylated al3 ion. These signals were therefore assigned relying on the methylation state of the respective precursor ion with the
assumption that no fragmentation of the N—CHj; bond occurs under MALDI-MS/MS conditions. Right: The amino acid sequences of the three
possible variants of monomethylated (upper panel) or dimethylated (lower panel) RXR-13 are shown along with the identified fragment ions that
are consistent with the respective methylation pattern. Only three of the theoretically possible variants are shown.

was easily detectable for the P288A variant (compare Figure 2 site pocket of PRMT1, which does not appear to be easily
with Figure 6). Fragments Y273/N274—Y281 and R294-W302 accessible.

were found to be methylated as well. The fragments from the Cyclization of short peptides is commonly used to stabilize
C-terminal domain that were identified by LC/MALDI-MS/ them in a reverse turn conformation, and structural analysis of
MS are summarized in Figure 6C. By MS/MS, residues 259 and proline-containing cyclic peptides has conﬁrmigl t4}slse preference
263 were shown to carry methyl groups. Clearly, the restriction of this amino acid for position i+1 of the turn.”" " Thus, three

of methylation to Arg289 was relieved upon the loss of Pro288. different version of a pentapeptide, dAla-Pro-Arg-Gly-Asn, were

Thus, in fulllength PABPN1, like in the peptides, preferred synthesized (Table 4). Peptide T-1 contained this sequence in a
linear form with free N- and C-termini. Peptide T-2 was also

linear, but had an acetylated N-terminus and an amidated C-
terminus. Peptide T-3, finally, was in the cyclic form with a
peptide bond between dAla and Asn. According to its far-UV
CD spectrum, peptide T-1 was in random coil conformation,
lacking any ordered structure (Figure 7A). It was practically no
PRMT]1 substrate, its methylation being at the lower limit of
detection (Figure 7B). The spectrum of peptide T-2 showed a
slightly red-shifted minimum (Figure 7A), indicating a mixture
of ordered and disordered structure. It was a better substrate

methylation of Arg289 depends on the proline residue in the
—1 position.

How is arginine methylation favored by a preceding proline
residue? The most likely explanation is an effect on the
backbone conformation of the peptide. Proline is the most
strongly favored amino acid at positions i and i+1 of various
types of reverse turns.”* We also note that the specifically
methylated arginine in RXR-1 and full-length PABPNI is
followed by glycine, and this is the preferred amino acid in

positions i+2 or i+3 of turns.** Together, proline and glycine with a significantly increased k., (Figure 7B, Table 4). The
would put the intervening arginine in either position i+1 or i+2 cyclic peptide T-3 was still a relatively weak PRMT1 substrate,
of the reverse turn. The arginine side chain in either position is but it was methylated about one hundred times faster than
predicted to point away from the peptide backbone forming the peptide T-1 (free termini) and fifteen times faster than peptide
hairpin-like turn.** It is conceivable that this conformation T-2 (blocked termini) (Figure 7B, Table 4). Although the CD
would facilitate the insertion of the side chain into the active spectrum of T3 lacks the characteristic maximum at ca. 190 nm,
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Figure S. Methylation of peptides RXR-13 and -15 by PRMT1 analyzed by nano-ESI-LTQ-Orbitrap-MS/MS. Peptides RXR-13 (A) and RXR-1S
(B) were methylated by PRMT1 for 90 min, and the sample was treated as described in Experimental Procedures. The triply charged
monomethylated precursors were selected, fragmented by higher energy CID, and fragment ions were analyzed in the orbitrap. Only relevant regions
of the fragment ion spectra are shown; (for the complete spectra see Figures S3 and S4). Methylation of Arg8 was proven by unmethylated fragment
ions y8—11, whereas the unmethylated b10 fragment - although only detected with neutral losses of CO and water - implied methylation of Argl2
(A). The monomethylated b11 fragment of the dimethylated precursor also proves monomethylation of Argl2, assuming that the N—CH; bond is
not cleaved under the conditions applied (B). Internal fragments are indicated by the amino acid numbers, for example, 3—S5 represents the sequence
SGF. On the right-hand side, the amino acid sequences of the possible variants of monomethylated RXR-13 are presented along with identified
fragment ions that are consistent with the respective methylation pattern. Methylated arginine residues and fragment ions are indicated by asterisks.
Only the most likely variant of monomethylated RXR-1S is shown, and identified fragments consistent with all three theoretically possible forms are

omitted.

Table 3. Kinetic Parameters of the PRMT1-Catalyzed Methylation of RGG Peptides®

peptide sequence Vinax (pmol min™
RGG-1° GGRGGFGGRGGFGGRGGFG 18200
RGG-2 GGRGGFGPRGGFGGRGGFG 11200
RGG-3 GGRGGFGARGGFGGRGGFG 14900

1

mg™) ke (1072 571) Ky (uM) ke/Kae (s M)
13 3.0 4300
0.8 0.16 49000
1.0 0.50 21000

“The standard errors of Vi, and Ky, typically did not exceed 4% and 17%, respectively. “Data taken from ref 22.

the minimum at 215 nm supports either f-strand or type I -
turn conformation, with the cyclic character of this short chain
strongly favoring the latter one (Figure 7A). In this case, Arg3
should be in the i+2 position. The results are consistent with
the notion that a reverse turn conformation displaying arginine
in one of the apical positions may facilitate methylation by
PRMT1.

The structures of several RXR peptides were also evaluated
by far-UV CD spectroscopy. A low signal intensity was
common to all of them, suggesting equilibria of two or more
conformations. Nevertheless, the spectra obviously deviated
from those expected of an unstructured peptide (Figure 8A,B,
compare to that of T1, Figure 7A). The CD spectrum of RXR-1
showed a slight minimum at 210 nm, but the most prominent
feature was a maximum at 225—230 nm. As the latter was not
present in peptides lacking Arg8 or Tyrl4 (data not shown), it
probably results from a cation-z-interaction between the
guanidine and aromatic moieties of these two amino acids.
This peak may partially obscure the signal expected for a
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reverse turn. Upon addition of the secondary structure
stabilizing reagent 2,2,2-trifluoroethanol, the peak at 225 nm
was strongly reduced in favor of the minimum at 210 nm,
which also shifted toward 215 nm (Figure 8A). Such a
minimum is usually associated with f-strands or with type 1 -
turns.*”*° This minimum was strongly reduced by substitution
of Pro9 (peptide RXR13; Figure 8B), showing that Pro9 affects
the conformation of the peptide and supporting the
interpretation that this amino acid favors a reverse turn
structure (data not shown). The spectra of RXR-9 and RXR-10
were indistinguishable from the spectrum of RXR-1 (data not
shown); thus, the substitution of Argl0 does not have a major
influence on the structure of the peptide.

B DISCUSSION

The determinants by which protein arginine methyltransferases
recognize their substrates are poorly understood. Complexes
containing the type II enzyme PRMTS bind their Sm protein
substrates via an interaction between the noncatalytic subunit

dx.doi.org/10.1021/bi300373b | Biochemistry 2012, 51, 5463—5475
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Figure 6. The P288A substitution relieves the local restriction of methylation. PABPN1-P288A was methylated by PRMT1 for 0 or 120 min as
indicated, digested with chymotrypsin and analyzed by MALDI-TOF-MS as described in Experimental Procedures. (A) Mass spectra of peptide
NZ°SRARGRVY?” with one, two, and three methyl groups. (B) Mass spectra of peptide D**RGFPRARY>* with one or two methyl groups. n.a,,
not assigned. (C) Peptides derived from the C-terminal domain were analyzed by nano-HPLC/MALDI-TOF/TOF-MS/MS. They are aligned with
the P288A mutant protein sequence (see legend to Figure 2). Methylated arginine residues confirmed by MS/MS experiments are underlined.
Numbers on the right show the maximum number of monomethyl (mma) and dimethylarginine (dma) residues found in the respective peptides.
Peptides marked with asterisks were found to be methylated in MS, but not in MS/MS.

Table 4. Kinetic Parameters of the PRMT1-Catalyzed
Methylation of Linear and Cyclic Pentapeptides”

(Figure 1). Although machine learning methods have been
reported to predict arginine methylation sites with some
accuracy,” > the rules for substrate recognition are not clear.

—2
e cegmenes n‘f;;‘;—*l(g‘;‘-"ll) k“‘s—(ll)o (/Ifﬁ‘;‘[) (ff?‘ﬁ—lv‘l) It is also impossible to predict which member of the family of
T-1  ZPRGN n 0.002 440 0.05 PRMTs will catalyze methylation of a particular arginine
T 7PRGN 241 0017 620 027 residue. In this paper we present evidence that the substrate
T.3  ZPRGN 3574 025 1500 16 specificity of PRMT1 is determined not only by specific

“Z denotes p-alanine. T-1, linear peptide with free N- and C-termini.
T-2, linear peptide with acetylated N- and amidated C-terminus. T-3,
cyclic peptide via peptide bond. The standard errors of V,, and Ky
did not exceed 5% and 13%, respectively.

pICIn and the Sm fold outside the methylated domain.'**°

Likewise, arginine methylation of histone substrates does not
rely exclusively on interactions between a particular PRMT and
the N-terminal histone tail to be modified; instead, the
modification is directed to particular sites in chromatin through
an association of PRMTs with transcription factors.” However,
recognition of local amino acid sequences does play a role in
determining the substrate specificity of type I PRMTs""*"**

5471

contacts between the enzyme and particular amino acid side
chains in the vicinity of the substrate arginines but also by the
conformation of the peptide backbone in the substrate. We
suggest that an arginine residue in one of the apical positions of
a reverse turn is favorable for methylation.

The evidence can be summarized as follows: Out of 13
arginine residues that are modified in PABPN1 in vivo, PRMT1
selects one particular position, Arg289, that is almost
exclusively methylated in vitro. The same preference is
maintained in a peptide corresponding to the amino acid
sequence surrounding Arg289. Both in the protein and in the
peptide, selection of Arg289 depends on a proline residue as its
N-terminal neighbor. This proline, together with the glycine

dx.doi.org/10.1021/bi300373b | Biochemistry 2012, 51, 5463—5475
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Figure 7. Cyclization of a pentapeptide facilitates its methylation by PRMT1. (A) Far-UV CD spectra of peptides T-1 (O), T-2 (<), and T-3 (O)
were recorded as described in Experimental Procedures. Intensities were corrected for the number of peptide bonds, four, four and five for the two
linear and the cyclic peptide, respectively. (B) The same peptides were titrated into a methylation assay, and initial rates of methyl transfer were
determined. Symbols as in (A). Kinetic constants derived from the data are shown in Table 4.

3000 .I T T T T l. _I 1 T T ) L I. 3000
) 1t B ]
< 2000 | - 4 2000 T
) [ [ ] )
£ L £
2 1000 #8 1000 0
£ £
Q o
o oF 0 S
) [ 2
s : ] H
_E -1000 | _ 1-1000 £
e, r [ ] e,
-2000 :_ 20 40 60 80 ] :' ': -2000
£l PR Y 1 PR Y L [TFEnl(H{.)I' ol | RN [T ST T TR T (N SN TN ST SN NN SN ST ST SN NN SN NN N A
185 200 215 230 245 260 185 200 215 230 245 260
A (nm) A (nm)

Figure 8. Secondary structure analysis of RXR family peptides. (A) Far-UV CD spectra of TFA-free RXR-1 were recorded in water containing 0%
(0),20% (A), 40% (V), 60% (OI), and 80% trifluoroethanol (<>). Inset: The signal at 215 nm is plotted versus the TFE concentration. (B) Far-UV
CD spectra of RXR-1 (O) and RXR-13 (@) were measured in phosphate buffer as described under Experimental Procedures.

residue at position 290, may promote a reverse turn structure,
putting the arginine in either the i+1 or the i+2 position of the
turn and making its side chain point away from the tight turn of
the backbone. In support of this hypothesis, cyclization of a
pentapeptide containing a PRG sequence accelerated the rate of
methylation 15-fold and improved catalytic efficiency 6-fold.
Cyclization of such proline-containing peptides is known to
favor reverse turn structures with proline in the i+1 position,
thus putting the arginine residue in this particular peptide in the
i+2 position.

We suggest that the proposed structure with the arginine side
chain at the tip of a reverse turn facilitates access to the PRMT1
active site, which is facing the central hole of the doughnut-like
homodimer. All PRMTs that have been crystallized are
homodimers arranged in this manner,"*”"” so structural
restraints on the range of possible substrates are probably
common among all these enzymes. In all cases examined,
catalytic activity of the PRMTs depends on homodimer
formation."*'™'® This may serve to maintain their substrate
specificity, restricting methylation activity to substrates that can
access the central cavity of the homodimer and excluding larger
folded structures. In order to test this idea, we simulated, by
computation, an arginine side chain on the surface of spheres of
different diameters and asked whether the arginine would be
able to reach the active sites of a PRMT1 dimer. The results
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(Figure S7) showed that any sphere with a diameter larger than
8.9 A prevented access to the active site, as expected from the
dimensions of the central cavities of PRMTI1, -3, and -4,
approximately 8 X 12 A."7 As even the smallest protein fold
(e.g, the Trp cage miniprotein with a diameter of ~12—15 A)>*
is larger than this, the absence of a stable tertiary fold is almost
certainly a precondition for methylation by mammalian
PRMT], -3, and -4. Likely exceptions are arginine residues
placed in loops emanating from folded regions, provided they
are of sufficient length and dimensions. In contrast to the
mammalian enzymes, the active sites of Arabidopsis PRMT 10
appear more easily accessible.'”

Structural restraints on PRMT substrates due to poor
accessibility of the active sites are reflected in several properties
of known substrates: Many methylated arginine residues are
embedded in glycine-rich sequences, as exemplified by the
RGG consensus of methylation sites. In fact, although overall
sequence conservation of arginine methylation sites is very low,
glycine is preferred at all positions between —7 and +7 relative
to a methylated arginine,”"** and most substitutions of glycine
residues directly flanking the arginine decrease the efficiency of
methylation.'"*® The preference for glycine is likely to be due
to its larger conformational freedom in comparison to other
amino acids and the resulting flexibility of the peptide chain.
More generally, arginine methylation appears to occur

dx.doi.org/10.1021/bi300373b | Biochemistry 2012, 51, 5463—5475
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preferentially in natively unfolded protein domains. This is
known for example for the C-terminal domain of the Sm
protein D;, which is symmetrically dimethylated in RG
dipeptide repeats® and disordered in a crystal structure®®
for the N-terminal tails of histones, which are also disordered in
crystals.”” Lack of tertiary structure is also predicted for the
methylated C-terminal domain of PABPN], as discussed above.

Arginine methylation is frequently found in N- or C-terminal
protein domains, as in the Sm proteins, histones, and PABPN1
discussed above or in nucleolin,*®*® hnRNP A1,> or
fibrillarin.®® This arrangement may again facilitate access to
the active site. However, some of these domains are fairly long.
For example, in PABPN1 the most N-terminally located
methylated arginine is 47 amino acids away from the C-
terminus. Threading of this entire polypeptide chain into the
central hole of the PRMT dimer for Arg259 to reach the active
site does not seem very efficient. Threading is impossible in
those cases where methylated arginines occur between two
folded domains, for example, in hnRNP K5 Thus, the PRMT
active site may be reached more easily by the peptide chain
forming a transient loop or reverse turn. Alternatively, the
PRMT dimer may open and close over the substrate sequence.

As the formation of a reverse turn depends on several
features of the peptide sequence, it is not surprising that the
proline effect that we describe here is context-dependent. For
example, Arg263 in PABPNI also has a proline in the —I
position, yet it is not a preferred methylation site. Likewise, the
effects of introducing a proline residue into an RGG peptide
were minor. Nevertheless, proline is the second or third
preferred amino acid in almost all positions surrounding a
methylation site,*" presumably reflecting the disorder-promot-
ing properties of this amino acid.®”

The proposed turn structure (Figure S8), which we envision
as a favored state in the conformational equilibrium of the C-
terminal domain of PABPN1 or the RXR-1 peptide, is
supported by the prediction of a folding program (http://
www.scfbio-iitd.res.in/bhageerath/indexjsp); the same pro-
gram predicts loss of the structure when the proline in the
—1 position is substituted by glycine. It is possible that
hydrophobic interactions between the tyrosine and phenyl-
alanine residues scattered around R289 help to stabilize the
turn conformation by hydrophobic interactions. These two
aromatic amino acids are also hallmarks of the RGG domain.*®
While a reverse turn does not have one unique CD spectrum,
the spectrum of RXR-1 is consistent with the presence of a
reverse turn, and the change of the spectrum caused by
substitution of P9 confirms a destabilization of this
conformation. Interestingly, the methylated domain of
nucleolin has previously been postulated, on the basis of
spectroscopic data, to form a series of f-turns.”>

The discovery of a reverse turn structure as an element
favoring arginine methylation has been facilitated by the use of
relatively short synthetic peptides, which are free to adopt
preferred conformations based on local amino acid sequence. In
the context of a larger protein, it is likely that contacts with
other parts of the protein will affect the conformational
equilibrium even of natively unfolded regions. This may be one
of the reasons why the properties of isolated peptides as
substrates for arginine methyl transferases do not always
correspond to those of the native protein.'®'"**~>*

or
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