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Structural insight into arginine methylation by the
mouse protein arginine methyltransferase 7: a zinc
finger freezes the mimic of the dimeric state into a

single active site

Protein arginine methyltransferase 7 (PRMT7) is a type III
arginine methyltransferase which has been implicated in
several biological processes such as transcriptional regulation,
DNA damage repair, RNA splicing, cell differentiation and
metastasis. PRMTY7 is a unique but less characterized member
of the family of PRMTs. The crystal structure of full-length
PRMT7 from Mus musculus refined at 1.7 A resolution is
described. The PRMT?7 structure is composed of two catalytic
modules in tandem forming a pseudo-dimer and contains only
one AdoHcy molecule bound to the N-terminal module.
The high-resolution crystal structure presented here revealed
several structural features showing that the second active site
is frozen in an inactive state by a conserved zinc finger located
at the junction between the two PRMT modules and by the
collapse of two degenerated AdoMet-binding loops.

1. Introduction

Methylation of arginine is a prevalent post-translational
modification found in eukaryotes, and is mediated by protein
arginine methyltransferases (PRMTs). PRMTs are implicated
in a wide array of biological processes such as regulation of
transcription, RNA metabolism and DNA damage repair
(Bedford & Clarke, 2009; Yang & Bedford, 2013). Since
deregulation of these processes appears to be implicated in the
pathogenesis of various diseases such as human cancers (Cha
& Jho, 2012), understanding the mechanism of action of
PRMTs at the atomic scale is therefore crucial for both
fundamental biology and pharmacological applications.
PRMTs catalyse the transfer of a methyl group from
S-adenosyl-L-methionine (AdoMet) to the side-chain N atoms
of arginine residues to form methylated arginines and
S-adenosyl-L-homocysteine (AdoHcy). The target arginine
residues, which are mainly located within glycine-rich and
arginine-rich patches (GAR motifs), can be monomethylated
or dimethylated. The members of mammalian PRMTs are
classified into three main types based on their methylation
activity: type I [such as PRMT1, PRMT3, PRMT6, PRMTS
and PRMT4, also known as coactivator-associated arginine
methyltransferase 1 (CARM1)] dimethylate arginine asym-
metrically, while type II (such as PRMTS5) dimethylate argi-
nine symmetrically and type III only monomethylate arginine.
PRMT?7 was first identified in a genetic screen for suscept-
ibility to chemotherapeutic cytotoxicity (Gros et al., 2003).
PRMT?7 was initially demonstrated to be capable of gener-
ating both monomethylated arginine (MMA) and symme-
trically dimethylated arginine (sDMA) depending on the
substrate that was used in the assays (Miranda et al., 2004;
Lee et al., 2005). This activity has recently been revisited and
PRMT?7 is now defined as the sole known PRMT member that
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Table 1

Data statistics for the MmPRMT?7 structure.

Values in parentheses are for the outer shell.

Crystallization

Reservoir 100 mM BTP pH 7.0, 12.6%
PEG 8000, 3.2% PEG 20 000

Volume (ul) 1+1

Temperature (°C) 17

Cryoprotectant 15% PEG 400

Data processing

Wavelength (A) 0.979

Resolution range (A) 29.35-1.60 (1.63-1.60)

Space group P432,2

Unit-cell parameters (A, °) a=b=973,c=16838,
a=p=y=90

Total reflections
Unique reflections

933784 (43825)
107019 (5199)

Average multiplicity 8.7 (8.4)
Completeness (%) 99.9 (99.9)
(o (1)) 13.9 (0.5)
Wilson B factor (Az) 23.1
Runeast (%) 8.0 (432.6)

CCy ¥ 0.999 (0.181)
Refinement R
Resolution range (A) 29.35-1.70
Ryork/ Riree 0.160/0.190
No. of atoms
Total 5882
Protein 5138
Ligands 52
Water 692
No. of protein residues 641
R.m.s. deviations§
From ideal bond lengths (A) 0.007
From ideal bond angles (°) 1.13
Ramachandran favoured (%) 97.7
Ramachandran outliers (%) 0.16
Average B factor (A?)
Overall 35.7
Macromolecules 347
Ligands 48.9
Solvent 42.1
MolProbity validation
Rotamer outliers (%) 1.4
C* outliers 0
Clashscore 1.95
Overall score 1.14

F Rmeas 18 the redundancy-independent merging R factor (Diedgrichs & Karplus,
1997). % The mean //o(]) falls below 2.0 in the outer shell at 1.78 A and below 1.0 at
1.7 A. § Using ideal values from Engh & Huber (1991).

only generates MMA residues (Zurita-Lopez et al., 2012).
PRMTY7, together with PRMTS, is involved in the methylation
of histone H3 arginine 2, a marker for the activation of tran-
scription (Migliori et al., 2012), and histone H4 arginine 3, a
marker for the repression of transcription of several genes
implicated in DNA repair (Karkhanis et al, 2012). PRMT7
also methylates eukaryotic elongation factor 2 (eEF2), a
function coordinated by PRMTS and regulated by the basic
fibroblast growth factor (bFGF; Jung et al., 2011). Finally,
PRMT7 plays a role in male germline-imprinted gene
methylation through its interaction with the epigenetic regu-
lator CTCFL (CCCTC-binding factor-like), also known as
BORIS (brother of regulator of imprinted sites; Jelinic et al.,
2006).

PRMTY7 contains 692 amino acids in mouse (and in human)
and is one of the two PRMTs that harbour two putative

AdoMet-binding motifs in tandem, possibly as a result of
gene duplication (Miranda et al., 2004). The PRMT catalytic
module belongs to the class I type of AdoMet-dependent
methyltransferases (Katz et al., 2003) and harbours a set of
four conserved sequence motifs. However, the second PRMT7
catalytic module is poorly conserved, including residues within
the four motifs, and may not be functional (Miranda et al.,
2004; Krause et al., 2007). The PRMTs that catalyse the
formation of DMA are active as dimers, an oligomeric state
illustrated by the crystal structures that have been solved
(Weiss et al., 2000; Zhang et al., 2000; Zhang & Cheng, 2003;
Troffer-Charlier et al., 2007; Yue et al.,2007; Cheng et al., 2011,
Sun et al.,2011; Antonysamy et al., 2012; Ho et al., 2013; Wang,
Zhu, Caceres et al., 2014). However, PRMT?7 already contains
two catalytic modules in tandem, which raises questions about
its structural organization and oligomerization. The correla-
tion between the unusual architecture of PRMT7 and its
MMA-formation activity also remains elusive. In the present
study, we describe the crystal structure of full-length PRMT7
from Mus musculus solved and refined de novo at 1.7 A
resolution. Structure determination has been described else-
where (Cura et al., 2014).

2. Materials and methods
2.1. Cloning, expression, purification and crystallization

The details, which illustrate the need to screen several
homologues of the target protein in parallel and different
expression systems to increase the chances of producing
diffracting crystals, have been published in Cura et al. (2014).
Briefly, the M. musculus prmt7 gene was cloned into a baculo-
virus expression system as a GST fusion. The recombinant
protein was purified to homogeneity by affinity-purification
and size-exclusion chromatography. The GST tag was also
removed during the process. The protein was stored at 4°C in
20 mM Tris-HCI pH 8.0, 150 mM NacCl, 5 mM tris(2-carboxy-
ethyl)phosphine (TCEP). The previously defined crystal-
lization conditions (Cura et al., 2014) were refined to improve
the diffraction limit of the crystals. The crystals used for X-ray
diffraction were obtained from an MmPRMT?7 sample at
3.7 mg ml~" incubated for 20 min at room temperature with
1 mM AdoHcy and 100 mM NDSB-256 (the nondetergent
sulfobetaine dimethylbenzylammonium propane sulfonate;
Sigma). Hanging drops were set up at 290 K by mixing 1 pl
protein solution and 1 pl reservoir solution consisting of
100 mM bis-tris propane (BTP) pH 7.0, 3.2%(w/v) PEG
20 000, 12.6% (w/v) PEG 8000. Single diffracting crystals grew
to 100 x 100 x 200 wm within 10 d. They were cryoprotected
by a short soak in 3.2%(w/v) PEG 20 000, 12.6% (w/v) PEG
8000, 100 mM BTP pH 7.0, 15%(v/v) PEG 400 and flash-
cooled in liquid nitrogen for data collection.

2.2. Data collection, processing and structure refinement

High-resolution data sets were collected on the PROXIMA
1 beamline at synchrotron SOLEIL using a PILATUS 6M
detector (Dectris) at 100 K and processed with XDS (Kabsch,

2402 cCuraetal.

+ Arginine methyltransferase 7

Acta Cryst. (2014). D70, 2401-2412



research papers

ins I
Noy’ NaY NeZ T NR1 NoA
QQEQQEQ 0QQ0QQQ0Q0QQQQQQAQQAQAQQ — R0Q0Q0QQQ
MmPRMT7-N 19 EEDEHYDYHQEIARS....SYADMLHBK IIRAAV|ISRVKDRGQKALVMD I G|TIGT G|L S MMAV
RnPRMT1 27 EDMTSKDY|YFDS|Y)JAHFG. IN[R HLFKDKVVMDVGISGTG|IMCMFAA
HsPRMT3 212 LQEDEDGYV] . .[N|P HIFKDKVVMDVGICGTGIIMSMFAA
HsPRMT6 39 TKRERDQL|YYEC|Y|SDVS. TIDAMRLG|I[LR. .NW. . AALRGKTVDVGAGTG|II§S I FCA
HsCARM1 141 TEESSAVQIYFQFY|GYLS ..NH..TDFKDKIVMDVGICGSGIIMSFFAA
AtPRMT10 29 EVD..YAQ SFLY. ..NK. . HHFEGKTVDVG|TGSG|T IWSA
MmPRMT7-C 364 .s.w s PVC L..LP..G|SVCHMCVS|.DGS|LIJSMLAH
o O o0 000000.0 0000000000000..Q e > QQ000Q0Q
(670 4 CaY Caz CpIL CoA
YExxY DVGxGxG
Np2 NoB NB3 Nnc 2ns I NB4
o— QQQQQQ0Q0Q0QQQ — Q200 Q20
MmPRMT7-N 89 FCYA[IEV|IFKPMAEARVK|IVERMG|IFSDKIKVINKHSTEYV RANILI|ITILIF|. . .[D[. TELIG.EGAL
RnPRMT1 95 KVI|GIIEIC|S|. S|I|[SDYAIVK|I VKAMNKILDH|V[V|IT|I I[KIGKVEEYV] KVDIII[SIqWM|. . .G|.[Y[CLIFY . [ESML
HsPRMT3 280 KVL|G[VD|QIS|. E|I|L YQAMDII I RILNK|LE D|T|I|T|IL IKIGKIEEV] KVDVII[SIAWM|. . .G|.[Y[FLILF . ESML
HsPRMT6 107 RVYAVEA[S|. AI[WQQARE[V VR|FNG|LE DR|VIH|[VLIPIGPVET V| QVDAIVISIHWM|. . .(G|. [Y[GLILH . [ESM|L
HsCARM1 209 KIYA[VEA|S|. TMAQHRAREV|LVKSNN|LTDR|I[VIVIPIGKVEEV .QVDIIIISIHPM|. . .G|.[YMLFN. ERML
AtPRMT10 95 KVYA[VEAT|. KMADHRARA|IL VKANNLDH|IVEVIEGSVEDI KVDVIISEWM|. . .[G|.[Y|FLLR.[ESMF
MmPRMT7-C 425 VETVE[S|ISIVASIYRLMKR[I FKVMH|LE DK|I|SVINKRPELL KVSLLLGHPFFTTSLLPWHNL
— QQQQQQQQQ0QQQ — 200 — 3 2
Cp2 CaB cp3 cnc cp4 cnD
SExM...G.xxLxx.ExM

NoD NB5
20000000, . .0 = e R

MmPRMT7-N 157 P[S[Y[E[HAHK . . .HLV|QEDCEAVEHRAT|V|YAQILIVIESR
RnPRMT1 157 N|T|V|L|HARD. . .[KWLAPDGL|I|FpEDRAT|L|Y[V TA|I[EDR
HsPRMT3 342 D[S|V|L|YAKN . . .[KYLAKG|GS|V|YED I|C|T|I|S|LV[AV|SDV
HsPRMT6 168 S|S|V|LHARIT. . . KEG|G|LILILIJASAELF|IIVIPLIISDOMLEWRLGFWSQVKQHYG[VDMSCLEGFATRCLMG. . ... .
HsCARM1 270 E|S[Y|LHAK|. .. .KYLKPS|GNMFMT IGD|VH|LAPFTDE. . .QLYM. .EQFTKANFWYQPSF. ... evvueno.. HGV
AtPRMT10 156 D|S[V|I|S[ARD. . .RWLKPT|GVMYESHARMWLAPII|IKS....NIAD..RKRNDFDGAMADWHNFSDEIKSYYGVDMGV
MmPRMT7-C 493 . |[.|JFWY|VRTSVDQHLAPGAVVMIEQAAISILHAV|IIVEFR. . .DLWR. .IRSPCGDCEGF

L .0000000 Q0 Qm—————p 200..00 w -

CaD CnD’ CpS CnE CBRF
ins III
NBG’ NoG r
o Q00Q
. O . . .

MmPRMT7-N 208 QVIVPPSE[LERCPG..... APSVCIDIQL....NQVS|PADF[TVILISDVLPMFS[VD|FSK
RnPRMT1 203 ..GFDMSC|IK.DVA..... IKEPLVD.V....V.D.|[PK.QL[.[VTNACLI|KEVD|IY.
HsPRMT3 388 ..GFKMSCMK.KAV..... IPEAVIVE.V....L.D.[PK.TL|.I[SEPCG|I[KH[IDICH.
HsPRMT6 233 wasw sism s o s Dlaiswwm e e .L.S.GE.DJV|.LARPQR|FAQLELS .
HsCARM1 322 DLSALRGARAV.DEY..... FRQPVIVD.T....F.D.[IR.IL[.MAKSVK|.[YTVNFL.
AtPRMT10 221 LTKPFAEEQ..EKYY....IQTAMWN.D....L.N.[PQ.QI|.I[GTPTIVKEMDCL.
MmPRMT7-C 541 DVHIMDDM|I|. .KHSLDFRESRERAEPHPLWEYPC.R.|S|..L[.|..]SKPQE[ILTFDFQ.

CoG ’ ;

ins IV

MmPRMT7-N 264 SRQFVPPL...ASGQRQV|VL|ISWWDI

RnPRMT1 252 PFCLQ[VKR. .N.DY|VHA[LVA[YFNI
HsPRMT3 437 DFTLK|ITR..T.SMC|TA[IAGYFDI
HsPRMT6 274 RFRCS[C|IYG..S.APMHG|FA|IWEQYV
HsCARM1 373 PFKFHMLH..S.GL[VHG|LA|FWEDV

AtPRMT10 271 SNVTSVINME.‘.H.TRLCGFGGWFDV
MmPRMT7-C 597 KGTME|LTR..P.GK[SHGAV|LIWME Y]

linker

MmPRMT7-N 322 PQEEPVV|.|.|. QG|SPRCLVAMHHD. .D[Y|. ... .. C.IVWY|SLQ.RTSPDENDSAYQVR.....
RnPRMT1 302 EDY...LTVKTGEE[L|FGTI|GMR. .PNAKNNRDLDF|T|IDL.DFKGQLCELSCSTDYRMR. .
HsPRMT3 488 EKP.. .|F|S|VKAGEA[LKGKV[TVH. .KSKKDPRSLT|V|T|LITL.NNSTQTYGLQ. ... ......
HsPRMT6 326 NEP...|VIQVEQDITD[V|SGEITL|L. .P|SRDNPRRLRVLILRY . KVGDQEEKTKDFAMED. ...
HsCARM1 432 QSP...|LFAKAGDTLSGTCILLI..ANKR..QSYDI|S|IVA.QVDQTGSKSSNLLDLKNPFF
AtPRMT10 330 SNP...[INVEE|GDN[LNLGLLMS . .RSKENHRLME|IE[LNC.EIKEASGNPKESFKKTYFIE
MmPRMT7-C 653 STTLDLRVPLN|GPR|SVSYV|VEFHPL[TG. . . ... DITMEFRLADTLS......cccco...

Figure 1

Structure-based sequence alignment of MmMPRMT?7 with other PRMTs. The structures used for the alignment are RnPRMT1 (PDB entry lor8; Zhang &
Cheng, 2003), HsPRMT3 (PDB entry 4hsg; Structural Genomics Consortium, unpublished work), HSCARM1 (PDB entry 4ikp; Structural Genomics
Consortium, unpublished work), HSPRMT6 (PDB entry 4hc4; Structural Genomics Consortium, unpublished work) and AtPRMT10 (PDB entry 3r0q;
Cheng et al., 2011). Strictly conserved residues are shown in white on a red background. Partially conserved residues are shown in red and framed in blue.
The schematic representation of the secondary-structure elements of MmPRMT?7 is drawn above the alignment for the N module and below for the C
module. The elements are coloured red for amino-terminal helices, green for the AdoMet-binding domain, yellow for the B-barrel domain and blue for
the dimerization arm. The numbering of the elements follows the rules established for other PRMTs in the literature (Troffer-Charlier et al., 2007). The
four signature motifs are framed. The four MmPRMT?7 residues involved in zinc binding are indicated by red circled stars. The figure was drawn with
ESPript (Gouet et al., 1999) and further edited.
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2010) and HKL-2000 (Otwinowski & Minor, 1997). The
structure was solved by molecular replacement using the
previous de novo model obtained by single anomalous
dispersion (SAD) at 2.1 A resolution (Cura et al., 2014) and
refined against a high-resolution native data set at 1.7 A. The
model was built with Coot (Emsley et al., 2010) and refined
with PHENIX (Adams et al., 2010) and BUSTER (Bricogne
et al., 2011). The statistics are summarized in Table 1. The
model geometry was checked and validation was performed
using MolProbity (Chen et al., 2010). All other crystallo-
graphic calculations were carried out with the CCP4 package
(Winn et al., 2011). The model contains two small molecules
present in the crystallization condition (one PEG molecule
and a sulfobetaine molecule) that show ‘local ligand density
fit’ highlighted by the validation server. The 2mF, — DF,
weighted electron-density map contoured at 0.355e A~
(1.30) in the area of the AdoHcy molecule is shown in
Supplementary Fig. S3.

The atomic coordinates and experimental data have been
deposited in the Protein Data Bank (PDB entry 4cda). All
structural figures were prepared with CueMol (http://
www.cuemol.org) or PyMOL (Schrodinger).

2.3. SAXS experiments and data processing

Small-angle X-ray scattering data were collected using a
BioSAXS-1000 camera (Rigaku) mounted on a MicroMax-
007 HF rotating-anode X-ray generator (Rigaku) at a sample-
to-detector distance of 500 mm, covering the momentum-
transfer range 0.008 < g < 0.65 A~ [¢ = 47sin(6)/A, where 20 is
the scattering angle and A = 0.154 nm is the X-ray wavelength],
in four frames (30 min each) to check for possible radiation
damage. The g scale was calibrated by silver behenate powder
diffraction and all data were collected to a maximum ¢q of
035 AL All scattering measurements were carried out at
17°C in a thermostated quartz capillary with a diameter of
1.5 mm. MmPRMT7 samples were solubilized in 20 mM Tris
pH 8.5, 150 mM NacCl, 2 mM TCEP and measured at several
concentrations.

The SAXS data were processed by standard procedures
using the ATSAS software package (Petoukhov et al., 2012).
The scattering intensity /(0) and the radius of gyration R, were
evaluated using the Guinier approximation with PRIMUS
(Konarev et al., 2003). These parameters were also determined
from the entire scattering pattern using GNOM, which
computes the distance distribution function P(r) and the
maximum particle dimension D, (Svergun, 1992). CRYSOL
was used to fit the theoretical scattering pattern to the
experimental data (Svergun et al., 1995).

For ab initio model construction, multiple runs were
performed using DAMMIF (Franke & Svergun, 2009) to
verify the stability of the solution. Ten models were averaged
using DAMAVER (Volkov & Svergun, 2003) and super-
imposed on the X-ray structure using SUPCOMB (Kozin &
Svergun, 2001).

! Supporting information has been deposited in the IUCr electronic archive
(Reference: KW5095).

3. Results
3.1. Overall structure

The structure of the binary complex of M. musculus PRMT7
(MmPRMT?7) with AdoHcy was crystallized in space group
P43;2,2 and the structure was refined to 1.7 A resolution
(Table 1). Residues 1-26, 354-360, 633-636 and 655-664 were
not visible in the final electron-density map. The MmPRMT7

AdoMet-
binding N

linker

dimerization

v ¥/ dimerization
arm C

Figure 2

Overall structure and zinc-binding motif of MmPRMT7. (a) Cartoon
representation of an MmPRMT7 monomer with the same colour code as
in Fig. 1. MmPRMTY7 is composed of two PRMT catalytic modules (N and
C modules). Each module is composed of three parts: an AdoMet-binding
domain, a B-barrel domain and a dimerization arm. The nomenclature
used here is AdoMet-binding N, B-barrel N and dimerization arm N for
the N module and AdoMet-binding C, -barrel C and dimerization arm C
for the C module. The first and last visible residues are indicated.
Disordered regions are drawn as dotted lines. The AdoHcy molecule
bound to the the N module is drawn as a stick model. The three cysteines
and the histidine coordinating the zinc ion are drawn as ball-and-stick
models. The zinc ion is shown in purple. (b) Electrostatic potential
mapped on the solvent-accessible surface of MmPRMT7. The model is in
the same orientation as in (a). The potential was calculated with APBS
(Baker et al., 2001). The colour ranges from blue for positively charged
areas to red for negatively charged areas. (¢) Close-up view of the zinc-
binding motif. Residue numbers are indicated. The 2mF, — DF. weighted
electron-density map was contoured at 2.46 e A (90).
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monomer is composed of two PRMT catalytic modules in
tandem bridged by a 19-residue linker (residues 351-369). The
general architecture is very similar to that of known PRMT
dimer structures, with the two modules related by a twofold
symmetry axis. Each module can be decomposed into an
N-terminal AdoMet-binding domain (residues 27-174 and
370-511) and a C-terminal B-barrel domain (residues 176-350
and 513-688) connected by a conserved proline residue
(Prol175 and Pro512). The B-barrel domain is interrupted by a
helix wing (residues 188-219 and 527-553) called the dimer-
ization arm that mediates most of the interactions between the
two modules. In both modules the last strand of the B-barrel
(B15) is missing compared with other PRMTs (Figs. 1 and 2a)
and the first PRMT YFxxY motif in the oY’ helix is poorly
conserved (Supplementary Fig. S1). On the other hand, both
MmPRMT7 modules present additional helices in the S-barrel
domains that contribute to closing the hole that is present
in all other PRMT dimers. The absence of a hole in the

0.0

oy
N
N
E -1.0 “\\\
g w
= .
o
= N
5 o,
o0 e,
s} R
= =20 s,
A

()

Figure 3

SAXS experiment. (a) SAXS curves of MmPRMT?7. Experimental data
are denoted by red circles, with the fit from the crystallographic
monomeric structure shown as a blue solid line. (b) Two 90° rotated views
showing the fit of the crystallographic monomeric structure (shown in
ribbon representation) to the SAXS ab initio model (represented in
yellow).

Table 2

Small-angle X-ray scattering data.

Protein concentration (mg ml™") 1.8

1(0) (relative) from P(r) 1.264 + 0.005
R, from P(r) (nm) 2.80 £ 0.07
1(0) (relative) from Guinier 1.278 £ 0.011
R, from Guinier (nm) 2.92 £ 0.03
D,.x (nm) 85+£05

MmPRMTY7 structure compared with those of type I and type
II PRMTs (Weiss et al., 2000; Zhang et al., 2000; Zhang &
Cheng, 2003; Troffer-Charlier et al., 2007; Yue et al., 2007,
Cheng et al., 2011; Antonysamy et al., 2012; Wang, Zhu, Chen
et al., 2014) was confirmed by a small-angle X-ray scattering
(SAXS) model (Fig. 3) and therefore is not an artefact from
the crystallization process. Analysis of the electrostatic
potential with APBS (Baker et al., 2001) reveals the presence
of a negatively charged area in the central depression where
the target peptide would bind (Fig. 2b).

3.2. A monomer which mimics the classical PRMT dimer

Dimer formation is known to be essential for the catalytic
activity of PRMTs (Weiss et al., 2000; Zhang et al., 2000; Zhang
& Cheng, 2003). In a few instances, higher oligomeric states
have been observed (Lin et al., 1996; Tang et al., 1998; Rho
et al., 2001; Lim et al., 2005; Troffer-Charlier et al., 2007,
Herrmann et al., 2009; Antonysamy et al., 2012). MmPRMT7
consists of two PRMT modules in tandem and is observed to
be a monomer in solution. This assignment is based on several
observations: (i) in the crystallization paper (Cura et al., 2014),
MmPRMT?7 was shown to be a monomer by gel-filtration
and DLS experiments; (ii) native mass-spectrometric analysis
showed the presence of both monomeric and dimeric species,
with the monomer as the main species (data not shown); (iii)
SAXS analysis gave a radius and a profile in agreement with
a monomeric state in solution (Fig. 3 and Table 2); (iv)
MmPRMT?7 has been crystallized in two different crystal
forms (P4;2,2 and [I222), implying different packing inter-
actions; and (v) PISA analysis (Krissinel & Henrick, 2007) also
predicted no stable higher oligomer states.

3.3. Comparison of the two modules in tandem

When compared with each other, the two PRMT7 modules
(named N and C) are somewhat different, with a root-mean-
square deviation (r.m.s.d., calculated on equivalent C* atoms)
of 314 A (Fig. 4 and Supplementaray Table S1). These
differences are not clustered in a specific domain (AdoMet-
binding, B-barrel or dimerization arm) but are spread all
over the module. The N module has the lowest r.m.s.d. with
PRMT4/CARM1 (2.42 A) and the C module has the lowest
r.m.s.d. with PRMTS5 (2.69 A). When comparing the individual
domains separately, the N and C AdoMet-binding domains
have r.m.s.d. values with all type I PRMTs of around 1.6 and
23 A, respectively (Fig. 4a and Supplementary Table S2). For
the B-barrel domains, the lowest r.m.s.d. values are 2.39 A
between the N domain and CARM1 and 2.49 A between the C
domain and PRMT1 (Supplementary Table S3). Overall, the
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MmPRMT7 N module is more similar to the other PRMTs
than the C module. The MmPRMT7 dimerization arms display
B-hairpins at their tips, with the C arm being shorter than the
N arm. In the N arm the second a-helix (NaG) is disrupted
by the zinc ion binding to residue Cys219 (Fig. 2¢), whereas
in the C arm the second helix (CaG) is properly folded.
The conformations of the MmPRMT7 dimerization arms are
similar to those of PRMT1 and PRMT3, but their orientations
are somewhat different owing to the reduced size of their first
helices (NaE and CnE; Figs. 4b and 4c). Both dimerization
arms display similar orientations relative to the module as
those observed for PRMT6 and PRMT3, which is consistent
with the apparent twofold axis observed for the MmPRMT?7
structure. In summary, the conformation and orientation of
the MmPRMT?7 dimerization arm result in a specific orienta-
tion of the modules relative to each other, so that the space
between them is shaped like a cone with the bottom closed by
insertion loops.

3.4. MmPRMT7 has no hole between the two modules in
tandem

The interface between the N and C modules of MmPRMT7
buries a solvent-accessible surface area of 2760 A% The
interface can be divided into three regions: the two classical
PRMT interfaces between the dimerization arm from one
module and the AdoMet-binding domain from the other
module and the interface that closes the hole observed in the
other PRMT dimer structures. The first two interfaces are
mainly composed of hydrophobic and hydrogen-bonding
interactions. Between the C dimerization arm and the N
AdoMet-binding domain, residues Leu527 and 11e530 of helix
CnE, residue Phe540 of strand CBG’ and residues Val542,
Tle544, Met545, Met548, 11e549 and Leu553 of helix CaG
make extensive hydrophobic interactions with residues Ile30
and Tyr35 of helix NaY, residue Tyr49 of helix NaZ, residues
Thr75, Leu77, Met80 and Met81 of helix NaA and residues
Met99 and Ile106 of helix NaB (Fig. 5a). A set of 14 hydrogen
bonds involving main or side chains further strengthens this
interface. Between the N dimerization arm and the C
AdoMet-binding domain, residues Trp193 and Leul96 in the
NoE/NBF loop, residues Val199, Val201 and Thr203 of strand
NBEF, residue 1le210 of strand NBG’ and residue Leu216 of
helix NoG make extensive hydrophobic interactions with
residue Trp374 in the CaY'/CaY loop, residues Phe379 and
I1e382 of helix CaY, residue Thr388 of helix CaZ, residues
Leud13, Metd16, Met417, His420 and His421 of helix CaA and
residues Leu348, Ile442 and Val445 of helix CaB (Fig. 5b).
A set of 16 hydrogen bonds involving main or side chains
further strengthens this interface. Finally, the extra loops in
MmPRMT7 compared with other PRMTs (Fig. 1) create the
third interface that fills the gap between the two modules
(Fig. 5c¢). Several hydrophobic interactions between bulky
residues and two hydrogen bonds (Asn229-Asp568 and
Asp312-Tyr569) form this interface. In summary, the interface
between the MmPRMT7 N and C modules is a continuum
that spans between the tips of the two dimerization arms. It

involves 66 and 69 residues in each catalytic module and
incorporates 34 hydrogen bonds and eight salt bridges.

3.5. AdoHcy recognition in the active N module

One AdoHcy molecule is bound in a deep pocket of the N
AdoMet-binding domain which is composed of the N-termini
of the Nu helices and the C-termini of strands NS1, NA2 and
Np4. The AdoHcy molecule adopts an extended conformation
(Fig. 6a), as seen in other PRMTs, and can be divided into
three parts. For the homocysteine moiety, residue Met38
makes van der Waals contacts with the S atom, Arg44 interacts
with the carboxyl group, and the Gly72 carbonyl O atom
makes a hydrogen bond to the amine group. For the ribose

AdoMet-binding AdoMet-binding
N module/HsPRMT6 N module/C module
(a) (®)

dimerization
arm

\

A 3>\
dimerization C.
arm

p

( i ( r’
{,> N module/HsCARM1

@

Figure 4

Comparison of individual module structures of MmPRMT7 with other
PRMTs. Superposition of the AdoMet-binding domains of MmPRMT?7
module N on HsPRMTG6 (beige) (a) or on MmPRMT7 module C (b).
Superposition of the B-barrel domains of MmPRMT7 module C on
module N (¢) or on HSCARM1 (d). The colour code for MmPRMT?7 is
the same as in Fig. 1.
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moiety, the Tyr35 hydroxyl group hydrogen-bonds to the
ribose 3’-hydroxyl group, and Glu94 makes hydrogen bonds to
the two ribose hydroxyl groups. For the adenine moiety, the
Val95 backbone amine hydrogen-bonds to N3, the Ser123
hydroxyl group and backbone amine make hydrogen bonds to
N1 and N6, and the Ser158 hydroxyl group hydrogen-bonds to
N1. The coordinated water molecule interacting with N7 on
the adenine ring is conserved in several type I PRMT struc-
tures. In addition, the hydrophobic residues Ile71, Val95,
His122 and Leul45 make van der Waals interactions with
the adenine ring. Overall, the AdoMet-binding mode in
MmPRMTY7 is very similar to that observed in other PRMTs.
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3.6. An unexpected structural zinc ion stabilizes the PRMT7
tandem-repeated modules

The electron-density map reveals that the connection
between the N and C modules of MmPRMTY7 is stabilized by a
metal ion (Fig. 2¢). It involves three cysteine residues (Cys219,
Cys366 and Cys368) and one histidine residue (His371). One
cysteine is located at the end of the N dimerization arm
(Cys219), whereas the three other residues are close to each
other and are located at the end of the linker between the two
modules (366-371). The nature of the ion bound to the mouse
PRMT7 monomer was assigned as zinc based on three
observations: (i) the strength of the peak in the electron-
density map and the observed metal-donor atom distances,
(ii) its coordination by three cysteine residues and one histi-
dine residue and (iii) the difference of 63 Da between the
theoretical molecular weight and that measured by mass
spectrometry in native conditions (data not shown). The
residues for zinc coordination are conserved in PRMT7
sequences with tandem-repeated modules, with the exception
of the plant PRMT7. The MmPRMT?7 zinc finger can be
classified as ‘zinc necklace subtype C-terminal’ based on its
structural conformation (Krishna et al., 2003; Andreini et al.,
2011). This class of zinc finger is found in proteins with diverse
functions and has a structural role in most cases.

3.7. Collapsed and nonproductive AdoMet-binding pocket in
the C module

The most important difference between the two
MmPRMT?7 modules is the collapse of the AdoMet-binding
pocket in the C module (Fig. 6b) compared with the conserved
pocket of the active N module. This collapse leads to the
formation of a nonproductive AdoMet-binding pocket.
Several correlated structural features are used to lock this

Interfaces between the two MmPRMT7 modules. (a) Interface between dimerization arm C and AdoMet-binding N. (b) Interface between dimerization
arm N and AdoMet-binding C. Residue side chains involved in hydrogen bonds are drawn as stick models. Residue main chains involved in hydrogen
bonds are drawn as ball-and-stick models. Residues mediating hydrogen bonds through their side chain are numbered. Secondary-structure elements are
labelled. The conserved residues Asn110 and Asn446 are outlined in black. (c) Interface between the two B-barrel domains. Residues involved in the
interface are outlined in black. Other residues that fill the hole between the two modules are also drawn and labelled. AdoHyc is indicated as SAH. The
colour code is the same as in Figs. 1 and 2.
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putative AdoMet-binding pocket into a nonproductive state: substrate-binding pocket. In a classical PRMT active site,
(i) the conformation and sequence composition of the two motif 2 is located at the C-terminal end of strand f1, while the
loops (motif 2 and double-E loop) involved in cofactor double-E loop is located at the C-terminal end of strand S4
binding or the catalytic mechanism, (ii) the zinc finger which (Fig. 1). In both loops of the MmPRMT7 C module, conserved
freezes the position of helices CaY'/CaY and (iii) an arginine residues involved in AdoMet binding are missing or are
residue (Arg378) which occupies the canonical arginine replaced by bulkier amino acids (Fig. 1 and 6c). The first

module C

module N

S412 E478

(© )

Figure 6

Collapse of the cofactor-binding pocket in MmPRMT?7 domain C. (a) AdoMet-binding pocket of module N. The pocket is drawn as a molecular surface
cut in half and coloured with the electrostatic potential calculated in Fig. 2(b). The bound AdoHcy molecule and the MmPRMT?7 residues interacting
with it are drawn as stick models. Water molecules involved the hydrogen-bond network are drawn as red spheres. Hydrogen bonds are drawn as yellow
dotted lines. (b) Collapse of the cofactor-binding pocket in MmPRMT7 module C. The residues that fill the potential pocket are drawn as stick models.
(c) Superposition of the N and C AdoMet-binding domains illustrating the conformation of the loops surrounding the pocket. The strands of the B-sheet
are numbered. (d) Detailed conformation and interaction network of the residues of MmPRMT7 domain C that are responsible for the collapse of the
pocket. Domain N elements are coloured green and domain C elements are coloured white.
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residue of the double-E loop, Glu478, is tightly maintained
through four hydrogen bonds to Arg378 and Arg387 of helices
CaY and CoaZ. The cis conformation of residue Pro479 is
responsible for a sharp turn of the loop towards the domain
compared with the double-E loop from the N module. This
conformation is maintained by a hydrogen bond to the Tyr391
hydroxyl group (Fig. 6d). The hydrogen bonds between the
Asn490 hydroxyl group of helix CnD and the Phe481 back-
bone amine and the Ser484 hydroxyl group strongly restrain
the conformation of the inactive double-E loop. The loop from
motif 2 also moves inwards and several hydrogen bonds
between the loops completely lock the active site. Residues
Ser409, Asp410 and Ser412 from motif 2 form hydrogen bonds
to residues Gly477, Pro479, Thr482 and Glu478 from the
double-E loop.

It has been shown that helices aY'/aY show a disorder-
to-order transition upon substrate binding (Troffer-Charlier
et al., 2007). The Zn finger (Cys219-Cys366-Cys368-His371)
of MmPRMT?7 is located just before helices CaY'/CaY and
freezes the position of these two short helices. As described
above, Arg378, which is located between CaY’ and Ca, is
fixed by salt-bridge interactions with the so-called double-E
loop. Moreover, this arginine residue of the protein occupies
the pocket which is expected to bind the arginine of the
substrate to be methylated. Together, these structural features
ensure a nonproductive AdoMet-binding site in the C module.

3.8. Target arginine-binding pocket: still more to learn

In an attempt to understand the structural basis of the
different activities of the PRMT types, all available PRMT
structures were superimposed on the conserved residues in the
target arginine-binding pocket, namely the methionine in helix
aY, the two glutamates of the double-E loop and the trypto-
phan of the THW loop. One representative structure was

chosen for each type of PRMT based on the structure reso-
lution and the conformation of the residues.

The formation of asymmetric DMA (aDMA) by type I
PRMT4/CARMI1 and type I PRMT1 involves two conserved
methionines (Gui et al., 2014; Fig. 7a) and the THW loop
[Met163, Met269 and His145 numbered as in mouse CARM1
(MmCARM1); Cura et al., in preparation]. In type II PRMTS5
(Fig. 7b), which produces sDMA, those residues are replaced
by a phenylalanine and two serines, respectively (Phe327,
Ser446 and Ser578 numbered as in HSPRMTS). A Phe-to-Met
mutation at this position in PRMTS (F379M and F327M in
CePRMTS5 and HsPRMTS, respectively) has also been shown
to induce the formation of a mixture of aDMA and sDMA
(observed for wild-type PRMTS; Sun et al., 2011). A Met-to-
Phe mutation at this position (M48F, corresponding to M163F
in MmCARM1) enables type I PRMT1 to generate both
aDMA and sDMA (Gui et al., 2014). This methionine is
conserved in the type III MmPRMT7 (Met38). However,
from molecular modelling it seems that a second methionine
(Met269 in MmCARMI1) and the histidine of the THWP loop
(the DHW loop in MmPRMTY7) are structurally positioned to
favour the production of aDMA versus sDMA by the type 1
CARM1I. This methionine residue is replaced in the sequence
by an alanine (Alal55) in the type III MmPRMT?7 (Fig. 7¢).
PRMT?7 and CARM1 differ significantly in this region in terms
of sequence and local structure, therefore producing a rear-
rangement of the open cavity. The size and shape of Alal55
(MnPRMT?7) is smaller compared with Met269 (MnCARM]1)
(Ala has a surface and a volume of 88.6 A? and 115 A®,
respectively; Met has a surface and a volume of 162.9 A% and
185 A3, respectively). The position of the C* atom of Alal55
of PRMTY7 is shifted away from the arginine methylation site
by ~2.8 A compared with the C* atom of Met269 of CARMI.
Moreover, the side-chain atoms of those two residues do not
point to the same region in space, providing more room in the

Type |
MmCARM1
(a)

Figure 7

Type Il
HsPRMT5

Type llI
MmPRMT?7
(o)

Target arginine-binding pocket in each PRMT type. The active site of MmPRMT7 may accommodate sDMA. Target arginine-binding pockets of (a)
MmCARMI1 (PDB entry 3b3f; Troffer-Charlier et al., 2007), (b) HsSPRMTS5 (PDB entry 4gqb; Antonysamy et al., 2012) and (c¢) MmPRMT?7. Conserved
residues surrounding the pockets are drawn as stick models and labelled. An M48F mutation in type I PRMT1 (corresponding to M163F in MmCARM1)
produces sDMA and aDMA. In type II PRMTS5, Phe327 is crucial for producing sDMA. A Phe-to-Met mutation produces both sDMA and aDMA.
In type I MmCARMI, Met269 may be also important in producing mainly aDMA. This methionine is replaced by a serine (Ser446) in PRMT5.
MmPRMT7 shows features similar to type I PRMT and Alal55 may produce space to accommodate aDMA.
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binding site for the arginine guanidinium moiety. Such addi-
tional space would be sufficient to accommodate a methyl
group, and suggests that the type IIl MmPRMT?7 may be able
to accommodate sDMA in its active site. Therefore, the
presence of only one active PRMT module in MnPRMT7
cannot by itself rationalize its activity. Further biochemical
and structural data are required for a better understanding of
the formation of different methylarginines (MMA, aDMA
and sDMA) by PRMTs.

3.9. Phylogenetic analysis

To understand the evolutionary history of PRMT7, a
phylogenetic tree of PRMT7 modules was built using
sequences from various organisms ranging from plants to
mammals, including PRMT7 sequences from the Trypanoso-
matida order, which contain a single PRMT module
(Supplementary Fig. S2). On the tree, each PRMT7 module is
on a separate branch comprising all species. The trypanoso-
matid PRMT7s form a separate branch unrelated to the N or
C modules. This tree suggests that PRMT7 module duplication
occurred early in evolution before speciation. The fact that
the trypanosomatid PRMT7s branch out and have only one
domain suggests that they diverged early on and that the lack
of the second module is not the result of domain loss after
duplication. In evolution PRMT?7 is closely related to
PRMT10, which also contains two PRMT modules in tandem
as a result of duplication. It is likely that the duplication event
occurred before the separation of PRMT7 from PRMT10.

4. Discussion

PRMTs are usually active as homodimers, with each monomer
containing a catalytic core module to which additional
domains may be added (Weiss et al., 2000; Zhang et al., 2000;
Zhang & Cheng, 2003; Troffer-Charlier et al., 2007; Yue et al.,
2007; Cheng et al., 2011; Antonysamy et al., 2012; Wang, Zhu,
Chen et al., 2014). The catalytic core module can be divided
into three parts: (i) an AdoMet-binding domain conserved in
AdoMet-dependent methyltransferases, (ii) a S-barrel domain
and (iii) a dimerization arm. Despite extensive research by
many teams in a highly competitive field, and X-ray structures
of the catalytic domains of several PRMTs, at least three
challenges remains to be solved by structural biology: (i) the
characterization at the molecular level of functional macro-
molecular complexes involving full-length PRMT targets, (ii)
deciphering rules to explain how a given PRMT recognizes
and binds its peptide substrate(s) and (iii) revealing how
PRMTs achieve specific arginine methylation on different
target sites.

Nevertheless, the classical scheme is that dimers are
necessary to produce dimethylated arginine in protein
substrates in a two-step process (Lee et al, 1977; Gary &
Clarke, 1998), with monomethylation occurring in one
monomer followed by a second methylation event occurring in
the second active site, possibly without release of the protein
substrate. The dimer interface will be involved in the forma-

tion of a binary complex with the protein substrate. As the
methylated sites of PRMT substrates are usually located on
flexible or unfolded terminal extensions, small conformational
changes may be required to translocate the target peptide
from one active site to the other. Whether PRMT-catalyzed
dimethylation results from a distributive or a processive
mechanism remains controversial and requires more struc-
tural and biochemical data (Osborne et al., 2007; Obianyo et
al., 2008; Lakowski & Frankel, 2008; Kolbel et al., 2009; Rust et
al.,2011; Obianyo & Thompson, 2012; Antonysamy et al., 2012;
Gui et al., 2013). This dynamic biological process involving
specific protein recognition and a catalytic mechanism
requiring the hydrolysis of two AdoMet molecules remains to
be elucidated at the atomic level.

With few exceptions, PRMT7 contains the two classical
PRMT monomers in a single polypeptide chain, with the
second module lacking the sequence motifs or residues shown
to be required for the methylation reaction. The 1.7 A reso-
lution crystal structure presented here revealed several
structural features showing that the second active site of
tandem-duplicated mouse PRMT7 is frozen in an inactive
state by a conserved zinc finger at the junction between the
two PRMT modules and by the collapse of degenerated
AdoMet-binding loops. This zinc finger is conserved in tandem-
duplicated PRMT?7 with the exception of PRMT7 from plants.

During the last stages of the submission of this paper, two
PRMT?7 structures were described in papers that were in
the press: PRMT7 from Trypanosoma brucei (TbPRMT7) and
Caenorhabditis elegans (CePRMT7) (Wang, Zhu, Cacares et
al., 2014; Hasegawa et al., 2014). In the medium-resolution
structure of CePRMT7, the authors observed a ‘huge and
unclear’ electron density at the level of the four coordinating
residues (Hasegawa et al., 2014) and assigned it as covalent
bonds between the cysteines and the histidine. It is more likely
that a zinc ion is also tightly bound in this structure. In
TbPRMT7 (Wang, Zhu, Cacares et al., 2014), since the enzyme
is composed of a single PRMT module, there is no zinc-
binding motif. However, the presence of two additional short
helices at the N-terminal end that participate in the interface
between the two monomers may rigidify the dimer in an
analogous manner to the zinc-binding motif.

In the ‘classical’ PRMT structures with a hole between the
two monomers, one face of the dimer usually displays nega-
tively charged patches compatible with the fixation of the
target proteins. In the case of histones, the N-terminal tail,
where the modification will take place, would pass through the
hole to reach the catalytic sites on each PRMT monomer
(Fig. 2b). In the case of PRMTY7, the crystal structure shows
that this access is blocked by the relative orientations of the
PRMT7 modules and additional loops within the g-barrel.
Therefore, the target peptide-binding mode might differ
substantially in PRMT7 compared with other PRMTs.

PRMT?7 is the only known type III PRMT, although this
assignment was the subject of debate. At first glance, the
inactivity of the second PRMT7 module may give a simple
explanation for its MMA-only forming activity. However,
TbPRMTY7, which consists of only one PRMT module and
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forms homodimers, was also shown to only catalyze MMA
formation (Wang, Zhu, Cacares et al., 2014). Therefore, the
number of active AdoMet-binding domains in PRMT?7 is not
correlated to the MMA or DMA formation activity.

In the biochemical studies published on mammalian
PRMT?7 the only monomethylated peptide tested was H4 (1-
21) with a monomethylarginine at position H4R3 (Feng et al.,
2013). However, H4R3 does not seem to be an in vitro
methylation target for PRMT7, which on the contrary targets
H4R17 and H4R19 (Feng et al., 2013). For ToPRMT?7, H4R3
was shown to be an in vitro methylation target, whereas the
monomethylated H4R3mel peptide was not a substrate
(Wang, Zhu, Cacares et al., 2014). The authors hypothesize
that the residue GIn329, which replaces histidine in the THW
motif of type I PRMTs, prevented the binding of MMA in the
pocket. However, mutation of this residue to histidine did not
allow DMA formation, demonstrating that this residue by
itself was insufficient to account for the enzyme activity type.
Furthermore, the authors misaligned the PRMT7 residues in
the THW loop. Indeed, tandem-duplicated PRMT7s such as
MmPRMT?7 and CePRMT?7 all share a conserved histidine
residue in the THW loop. Only trypanosomid PRMT?7 has an
MQW sequence instead. These single-module PRMT?7s differ
from tandem-duplicated PRMT7s at the level of their primary
sequences. Although both catalyze the formation of MMA,
their catalytic mechanisms might be slightly different.

A first simple hypothesis to explain the formation of only
MMA by PRMTY7 is that monomethylated arginine cannot be
further accommodated in the active site. As described above,
inspection of the MmPRMT?7 target arginine-binding pocket
and comparisons of the structures of type III MmPRMT?7,
type I PRMT4/CARMI and type II PRMTS does not clearly
rationalize the inability to catalyze a second methylation in the
active N module.

A second hypothesis may also be formulated. As dime-
thylation of an arginine substrate by a single monomer first
requires the release of the AdoHcy product and the binding of
a second AdoMet cofactor, conformational changes involved
in such cofactor release and upload may require or induce
release of the MMA protein substrate. If the MMA protein
substrate has lower affinity than the nonmodified protein, this
may explain why dimethylated substrates are not found.
Unfortunately, to our knowledge the affinity of MmPRMT?7
for a monomethylated peptide compared with a nonmethy-
lated peptide is not known.

As detailed above, more structures and biological data are
necessary in order to fully understand the common and idio-
syncratic features controlling MMA/aDMA/sDMA formation
by PRMTs and the formation of complexes with full-length
protein substrates.

Finally, the biological relevance of MMA remains to be
further elucidated (Strahl et al., 2001; Kirmizis et al., 2009).
Type I and type II PRMTs are also known to generate and
release monomethylated peptides as part of the dimethylation
reaction. The identification of MMA residues has recently
begun with the advances in mass-spectrometric techniques
(Afjehi-Sadat & Garcia, 2013). Monomethylated arginine

residues have been found on several histone and nonhistone
PRMT substrates (Bremang et al., 2013). On several residues,
both monomethylated and dimethylated arginine modifica-
tions have been identified (Gayatri & Bedford, 2014).
Presently, tudor domains are the only known specific reader
for methylated arginines (Chen et al., 2011). Among them,
only the tudor domain from protein TDRD3 (tudor domain-
containing protein 3) is known to bind MMA, albeit with less
affinity than DMA (Liu et al., 2012).
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