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ABSTRACT:. Nanoviruses are a family of plant viruses that possess a genome of multiple circular single-
stranded DNA (ssDNA) components and are strikingly similar in their replication mode to the plant
geminiviruses and to the circoviruses that infect birds or mammals. These viruses multiply by rolling
circle replication using virus-encoded multifunctional replication initiator proteins (Rep proteins) that
catalyze the initiation of replication on a double-stranded DNA (dsDNA) intermediate and the resolution
of the ssDNA into circles. Here we report the solution NMR three-dimensional structure of the endonuclease
domain from the master Rep (M-Rep) protein of faba bean necrotic yellows virus (FBNYV), a representative
of the nanoviruses. The domain comprises amino acie852(M-Rep-gs), and its global fold is similar

to those previously described for the gemini- and circovirus Rep endonuclease domains, consisting of a
central 5-stranded antiparallgisheet covered on one side by @fhelix and irregular loops and on the
other, more open side of the domain, byahelix containing the catalytic tyrosine residue (the catalytic
helix). Longer domain constructs extending to amino acids 117 and 124 were also characterized. They
contain an additionak-helix, are monomeric, and exhibit catalytic activity indistinguishable from that of
M-Rep-gs. The binding site for the catalytic metal was identified by paramagnetic broadening and maps
to residues on the exposed face of the cerftrslheet. A comparison with the previously determined Rep
endonuclease domain structures of tomato yellow leaf curl Sardinia virus (TYLCSV), a geminivirus, and
that of porcine circovirus type 2 (PCV2) Rep allows the identification of a positively charged surface that
is most likely involved in dsDNA binding, and reveals common features shared by all endonuclease domains

of nanovirus, geminivirus, and circovirus Rep proteins.

Nanoviruses possess the smallest known virions and thessDNA} ranging in size from 977 to 1111 nucleotides,

smallest individual genome components of all plant viruses

individually encapsidated in small icosahedral virions of 17

(1) and are causative disease agents for a variety of importan20 nm diameter. Each component encodes, in viriti) (

food and fodder legumes2). The nanovirus genome is
multipartite and consists of 6 to 8 molecules of circular
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sense polarity, a single protein and contains a common region
that is part of the viral origin of replicatior8). This region

is partially conserved among all genomic components of a
given nanovirus and contains sequence elements (including
a common nonanucleotide sequence flanked by inverted
repeats that may form a hairpin-loop structure) functionally
equivalent to those found in the intergenic regions of plant
geminiviruses and animal circoviruse$ 6), that possess
only one or two genomic components. The replication of

1 Abbreviations: AAV5, adeno-associated virus 5; BBTV, banana
bunchy top virus; dsDNA, double-stranded DNA; EMSA, electro-
phoretic mobility shift assay; FBNYV, faba bean necrotic yellows
virus; M-Rep, master Rep; NMR, nuclear magnetic resonance;
NOE, nuclear Overhauser effect; PCV2 porcine circovirus type 2;
RC, rolling circle; RCR, RC replication; Rep, replication initiator
protein; rmsd, root-mean-squared deviation; SIPAGE, polyacryl-
amide gel electrophoresis in the presence of sodium dodecyl sulfate;
ssDNA, single-stranded DNA; TYLCSV, tomato yellow leaf curl
Sardinia virus.
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the multiple nanovirus genomic DNAs is initiated by a single of the DNA cleavage reaction, and identified residues
replication initiator protein, the so-called master Rep protein involved in metal binding. Finally, a comparative analysis
(M-Rep) 6), that cleaves a specific phosphodiester bond in of the present structure with those of previously determined
the conserved nonanucleotide sequence at the viral replicatiorrepresentative Rep endonuclease domains of a geminivirus
origin. Despite the occurrence of multiple additional Rep (13) and a circovirus Z0) is presented.
proteins encoded by other DNA molecules associated with
the nanoviruses, solely the M-Rep is required and sufficient EXPERIMENTAL PROCEDURES
to catalyze replication initiation of the nanovirus genomic
DNAs (3, 7, 8). M-Rep is a multifunctional protein of33 Protein Expression and Purificatio\ putative FBNYV
kDa involved in both initiation and termination of rolling master Rep (GenBank accession Y11405) endonuclease
circle replication. It is related in sequence and biological domain comprising amino acids-B5 was cloned by PCR
function to the rolling circle replication initiator proteins of  (introducingNdd (5') andBanHI (3') restriction sites) into
gemini- and circoviruses. two plasmids, pET3a and pET15b. The protein overexpressed
The distinct biochemical activities of Rep proteins from from pET15b contains a 20 amino acid hexahistidine-
gemini-, circo-, and nanoviruses are associated with differentcontaining tag (Ta)) at its N-terminus (i.e., T&§M-
parts of the protein: (1) Sequence specific recognition of Rep-gs). Two further constructs were designed, containing
the replication origin and endonuclease activity, i.e., DNA extensions of the putative domain past the catalytic tyrosine
cleavage and joining at the replication origin, reside in the residue, comprising one or two potentialhelices. These
N-terminal region 9—13). (2) Oligomerization of gemini-  consisted of residues—1117 and 1124 (M-Rep-117 and
virus Rep has been assigned to the central region, comprisingM-Repi-124), respectively, and were cloned into a pET28a
amino acids 119180 (12), although a corresponding domain vector (Novagen) which contains a prescission protease
has not yet been identified for nanovirus or circovirus Rep cleavage site after the hexahistidine sequence, resulting in a
proteins. (3) The ATPase activity, essential for virus replica- polypeptide with an extra N-terminal tag of 22 residues
tion (14), resides in the C-terminal part of Rep from around (Tag?). Another variant of the pET3a M-Reps construct
amino acid 180 onwardlg), and very recently, helicase that included an extra methionine preceding Metl was also
activity of Rep or its ATPase domain oligomers has been constructed by site-directed mutagenesis using the QuikChange
demonstrated for two different geminivirus Rep proteins Site-Directed Mutagenesis kit (Stratagene).
(16, 17). All proteins were expressed iBscherichia colistrain
Amino acids involved in the different activities of the Rosetta BL21 (DE3) plysS (Novagen). UniforntfN- and/
replication initiator proteins constitute characteristic motifs or 3C-labeled proteins were prepared by growth in minimal
conserved throughout large families of genetic entities that media containing®®NH4CI and/or3C-glucose as the sole
multiply by rolling circle replication, including gemini-,  nitrogen and carbon sources, respectively. Cell mass was
circo-, and nanoviruseslg, 19). In particular, three con-  produced in rich medium, followed by exchange of cells into
served sequence motifs of rolling circle replication initiator a small volume (typically 1/3) of labeled medium at high
proteins (9) are localized in the N-terminal endonuclease cell density 23). Cells were induced with 0.5 mM IPTG
domain of Rep. The recently determined structures of the after 1 h, allowing for growth recovery and unlabeled
endonuclease domains of the Rep proteins from the gemi-metabolite clearance, and grown overnight afC8For the
nivirus tomato yellow leaf curl Sardinia virus (TYLCSV) M-Repi—gs constructs the protein from the soluble fraction
(13) and from porcine circovirus type 2 (PCV2() revealed was purified in three steps: two ion exchange chromatog-
structural and biochemical features corroborating the func- raphy steps (GE Healthcare) using a Q-sepharose column
tional roles of these sequence motifs (see below) and further(which excludes the protein) and a SP-sepharose column
rationalized their conservation in the RCR initiator proteins. (which retains the protein), followed by size exclusion
Since nanovirus replication initiator proteins, including the chromatography on Superdex 75 (GE Healthcare). The load
M-Rep, are smaller than those of gemini- and circoviruses, and wash buffer for the Q column was 20 mM sodium
and since their amino acid motifs are slightly different, itis phosphate (pH 6.6), 0.3 M NaCl, and 1 mM DTT, and NaCl
instructive to determine and compare the structure of the was reduced to 0.1 M NacCl for the SP column. For elution,
endonuclease domain of a nanovirus M-Rep protein with the same buffer but wit 1 M NaCl was used in both ion
those of the corresponding gemini- and circoviruses. Infec- exchange columns. For the polypeptides Pad-Rep;—os,
tivity of cloned viral DNAs has only been achieved for a Tag*-M-Repi-117 and Tag-M-Repi—124 (See Results) pu-
single nanovirus to date, namely, faba bean necrotic yellowsrification was achieved in a two step protocol: (1) affinity
virus (FBNYV), an expanding pathogen of legume crops, chromatography on Talon resin (Invitrogen) using im-
rendering it especially important and amenable to reversemobilized cobalt and (2) gel filtration on Superdex 75.
genetics 21). Origin-specific DNA cleavage and nucleotidyl Samples for NMR analysis contained 88 mM M-Rep-_gs
transfer activities have been demonstraiteditro for the protein (see Results) in 20 mM sodium phosphate buffer (pH
complete FBNYV M-Rep protein, with tyrosine 79 identified 6.6), 0.6 M NaCl, 0.01% Najland 1 mM DTT. In the case
as the catalytic residueg); In addition, divalent Mg" or of Tag-M-Rep-117 and Tag-M-Repi-124 the highest
Mn?* cations were found to be essential for DNA cleavage concentration obtainable was 0.4 mM. Proteolytic cleavage
by two different nanovirus M-Rep protein8, (22). with prescission protease (1 h at’@) was carried out on
Here we report the three-dimensional solution NMR Tag?-containing®®N-labeled proteins, and cleavage products
structure of the catalytic domain of the M-Rep protein of were examined by 2EH—N NMR, without separation, in
FBNYV and further characterize ii® vitro endonuclease  order to identify resonances belonging to the tags. This
activity. In addition, we investigated the metal dependence enabled us to directly analyze the spectra of the Rep
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extension constructs, which were recorded using the non-generated with MOLMOL and Swiss-PdbViewer 333).
cleaved, Tagf-containing proteins, because cleavage of the Structural superpositions were carried out with Superpose
affinity tags resulted in a significantly lower solubility, (34).
insufficient for the 3D NMR experiments necessary to assign  Mapping of Dvalent Metal Binding Site by NMRThe
their NMR resonances. analysis of divalent metal binding was performed by
Endonuclease Acfity Assays.Cleavage assays were comparing the perturbed (with added divalent metal) and the
carried out with each purified domain (M-Reps, M-Rep-gs, nonperturbed (reference) 2B—*N HSQC spectra acquired
Tag?-M-Rep-117, and Tag-M-Rep;_124, see Results) using  under identical conditions. Titrations were performed at 700
a 12mer ssDNA oligonucleotide containing the conserved MHz in the following manner: the protein was dialyzed into
nonamer sequence on the viral strand of FBNYV (12 50 mM Tris, 0.6 M NaCl, 1 mM DTT, pH 7.0 at a final
5'-TAGTATT"ACCCC-3, where" denotes the cleavage site concentration of 10M and a sample volume of 35,
and the nonamer sequence is underlined). Reactions include@nd variable amounts of Mng(1:0, 1:0.4, 1:0.8, and 1:1.6
20 uM protein in 20 mM Tris pH 7.4, 0.1 M NaCl, in the  protein:metal molar ratio) were added. Unpaired electrons
absence or presence of 2tM of the oligonucleotide are a particularly efficient source of relaxation, even when
F12, in a final volume of 1@L. Samples were incubated at present at low concentration, resulting in a general broaden-
37 °C for 5 min, followed by the addition of 2 SDS— ing of resonances. Therefore, the number of scans was
PAGE sample buffer and heating for 5 min at-980 °C increased for successive additions (216, 216, 240, and 304)
before loading onto the gel. Covalent REPNA adducts of the paramagnetic ion to compensate for signal loss due
were separated by SBPAGE (12% polyacrylamide) and  to broadening. Only well resolved and isolated peaks were
stained with Coomassie for visualization. The effects of used for metal binding analysis. Peak intensities were
divalent metal ions on the cleavage by the different constructs measured with NMRView35) and normalized with respect
were followed by including 2.5 mM MgGJ| MnCl,, ZnCl,, to the number of scans and to the intensities of the
or CaC} in the respective reaction buffer prepared without corresponding signals in the reference spectrum. Amide
any metals. Each series contained one sample in which thecorrelations considered affected by divalent metal binding
divalent metal was prevented from interacting with protein were those that exhibited a significant decrease in intensity
and/or DNA by adding 30 mM EDTA before addition of for the three additions (1:0.4, 1:0.8, and 1:1.6) compared to
the ssDNA substrate. the average decrease noted for all amides. In this manner,
NMR SpectroscopyAll NMR experiments were carried  residues whose resonances broadened beyond the cutoff value
out at 293 K (20°C) on Bruker Avance 600 (with a defined by the average signal decrease minus one standard
cryogenic probe) and 700 MHz spectrometéks. *°H, and deviation were considered as strongly affected in a specific
13C backbone and side chain resonances of M,Rg@and fashion: for the 1:0.4 titration point, this meant a reduction
Tag?-M-Rep-117 were assigned by three-dimensional (3D) in signal size below 73%, for 1:0.8 below 55%, and for 1:1.6
double- and triple-resonance NMR experiments, as reportedbelow 25%. Weakly but specifically affected residues were
(24). Interproton distance constraints for M-Reg were those whose intensities were below the cutoff only in the
derived from 3D and four-dimensional (4B3N- and*3C- last two additions, 1:0.8 and 1:1.6. The rest of the residues
separated nuclear Overhauser enhancement (NOE) experiare considered as nonaffected by metal binding to the protein
ments. Torsion angle restraints were derived from backbonedomain.
chemical shifts using the program TALOR5. Hetero-
nuclear 3J couplings were measured by quantitative RESULTS AND DISCUSSION
correlation spectroscop®®). Heteronucleat>N{*H} NOE Protein Production and Characterizatiohe FBNYV
experiments were acquired at 700 MHz in an interleaved M-Rep full length protein was expressed as a histidine-tagged
fashion using an interscan delay of 6 s, and eclatiecho polypeptide and, upon purification, exhibited significant
gradient selection for pure phase signals in the indirect aggregation resulting in high molecular weight complexes
dimension and water suppression. TAg{*H} NOE value (data not shown). Therefore, we focused on accurately
for each amide was determined as the intensity ratio of the delineating the boundaries of the stably folded N-terminal
correlation in the'H-saturated experiment and that in the endonuclease domain. After inconclusive results were ob-
reference, nonsaturated experiment. Errors bars for thetained from limited proteolysis experiments performed using
I5N{*H} NOEs were determined from the baseline noise of the full length protein, we designed three different protein
the two spectra. truncations: the putative catalytic domain of M-Rep, com-
Structure CalculationStructures were calculated from the prising residues 195 (M-Rep_gs, With or without an
experimental constraints in torsion angle space using N-terminal tag); a larger construct including one additional
CYANA 2.1 (27). Upper-limit distance constraints of 2.7, stretch, predicted to be-helical; and an even larger protein
3.3, 5.0, and 5.5 A (with 0.5 A added for NOEs involving that contained two of thei-helices predicted to form the
methyl protons) were used, corresponding to strong-, me- potential oligomerization domain of Rep. Purity, labeling,
dium-, weak-, and very-weak-intensity NOE cross peaks, and identity of the expressed Rep domains were assessed
respectively. Additional NOEs were automatically assigned by mass spectrometry (M-Reps, Tag*-M-Repi—gs, Tag?-
(in the 3D**N-separated NOESY and 2D NOESY recorded M-Repi-117, and Tag*>M-Repi-124 expected masses are

in D,O) using the algorithm NOAH 28). All methyl

10956 Da, 13119 Da, 15997 Da, and 16871 Da, respectively).

resonances of Val and Leu residues were stereospecificallyThe observed masses were 10823 Da, 12987 Da, 15868 Da,

assigned using a sample produced with 28@sglucose 29).
Structural statistics were calculated with CYANACQ],
MOLMOL (31), and PROCHECK 32), and figures were

and 16741 Da, respective (= —133,—132,—129,—130).
Therefore, the nontagged polypeptide comprises residues
2—95 (M-Rep-gs), afterin vivo processing of the N-terminal
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methionine 1 86). In the case of the tagged proteins, Metl
at the N-terminus of the tag was also not present, resulting
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in the polypeptides Ta§M-Rep,—gs, Tag-M-Rep,-117, and
Tag?-M-Rep-124.

In order to evaluate the possible role of methionine in
position 1 on the stability of the domain and its DNA
interaction, we also produced a plasmid coding for a (B)
M-Rep-os mutant containing an extra methionine residue Fgure 1: (A) Endonuclease activity of FBNYV M-Rep protein
before the ATG start codon of the native sequence, sincedomains. Oligonucleotide FIZAGTATTACCCC), containing the
the analogous residue in the biochemically and structurally conserved nonamer sequence of the nanovirus replication origin
related relaxases TrwC and Tral from conjugative plasmids (in italics) with five nucleotides after the scissile bonyi\yas used

. . It as substrate. The reaction was monitored by SBAGE (12%),
(see discussion below) was shown to be critical for SSDNA fq)0,e4 by Coomassie staining. The change in electrophoretic

binding 37, 38). The resulting protein was expected to mobility compared to the free proteins-) after covalent adduct
contain an extra Met residue preceding the native Metl formation between the protein and the pentanucleotide is easily seen
residue in M-Rep. Mass spectroscopic analysis of the purified %)2 (bB) E/Iﬁg{et of d'Vf;irgsmaﬁ?lsagre‘g‘; g'e?r‘]’ggfd%fecg'?;’Qt‘gcl'e&t"?g
protein rgvealed a molecular mass of 10956 Da, Corr?Spond'indicat{as add?ti]??i of both Mg and Mn%/*; E indicates exéesg
ing precisely to the polypeptide M-Reps. Therefore,in addition of EDTA to the MA* containing reaction before addition
vivo processing led to the desired N-terminal sequence of oligonucleotide F12.

containing methionine at position 1.

Protein yields for all constructs were very similar{50 w g ) " & e
mg/L culture), decreasing when produced isotopically labeled . e i
for NMR (3—6 mg/L culture). The longer polypeptides, g ¢ &
M-Repi-117 and M-Rep-124, with the Tag! tag, exhibited = ¢ o e
solubility problems at concentrations above 0.4 mM, while "2} o
the protein M-Rep_gs could be concentrated up t60.8 mM & R
and therefore was selected for structure determination. ¢’ o

M-Rep—gs became only available after the structure of &

M-Rep-g5 had been determined. All overexpressed proteins "7f o 3"°b;z o* . &

were monomeric in solution, as judged by gel filtration & -:'33,:?”5 © .
chromatography and analytical ultracentrifugation (data not - i A D gm
shown). Therefore, the addition of 22 or 29 amino acids at i.é‘: oty o' 0 ,5@

the C-termini of the longer proteins, T3gM-Repi-117 and 12p % d ar P w
Tag?-M-Repi-124, are not sufficient for ordered oligomer- o &« o o .

ization, although it cannot be excluded that these regions, . & ToT g o’;ﬁ

in the context of the complete Rep protein, are part of the = 0"

oligomerization domain. The reduced solubility exhibited by | o" L

these longer constructs as compared to their shorter coun- RO e 'HN (5, ppm)

terpart may indeed indicate a tendency for multimerization L . . :
by these C-terminal extensions.

FiIGURE 2: 2D H—1N HSQC spectrum of FBNYV M-Repgs (0.6
Endonuclease Actity Assays.The intergenic region of  mM in 20 mM sodium phosphate, pH 6.6, 0.6 M NaCl, 1 mM
all the DNA components of FBNYV contains the conserved DTT, 8% D,0). Backbone amide resonances are labeled according
nonanucleotide sequence that is an essential part of the origirf® "eSidue position in the protein sequence, and the side chain NH
for initiation of RCR. For the full length protein, the catalytic Signals are connected and labeled by residue type and number.
0 S gth pr , y Likewise, the side chain NH resonances of Trp and Arg residues
endonuclease activity has been describ@d Ify order to are labeled by residue type and number, and position in the side
evaluate whether the FBNYV M-Rep domains investigated chain. Folded signals in thé&N dimension are marked with
here werébona fideendonuclease domains possessing origin asterisks.
DNA cleavage activity, we used a 12 nucleotide fragment  Divalent Metal Effect on Endonuclease Adtlj. A re-
in the enzymatic assay (F12, see Experimental Procedures)guirement for M§" or Mn2* for efficient DNA cleavage had
that included the nonamer with the cleavage site. As shownbeen reported for full length Rep of the geminivirus
in Figure 1A, domains M-Repes, M-Rep—g5, Tag?-M- TYLCSV (39) and for M-Rep of the nanovirus FBNY\8J.
Rep-117, and Tag-M-Rep,—124 were catalytically active,  We therefore tested several different divalent metals using
cutting the F12 oligonucleotide at the'A phosphodiester ~ M-Rep-gs5 (Figure 1B). No cleavage occurred with CaCl
bond, and remaining bound to theghd of the 5 nucleotides  while MgCl, and ZnC} allowed the reaction to occur, but
(ACCCC, Figure 1A) of the substrate oligonucleotide. This only about 5% of the protein was converted to the adduct.
results in a slower migration on SB®AGE of the proteir Most effective was MnGJ| either alone or simultaneously
DNA adduct than that of the free protein (Figure 1A). with MgCl,, resulting in conversion of about 50% of the
Cleavage efficiency was ca. 50% for all three polypeptides, free domain into the covalent adduct. EDTA addition, as
thus 50% of the protein was converted to the DNA-bound expected, completely abrogated cleavage. This established
species. Since the shorter M-Reg construct was sufficient  that for M-Rep_gs divalent metals are needed and that the
for catalytic activity, all subsequent structural work was order of efficiency was M#ft > Mg?" = Zn?*, while no
carried out with this protein. cleavage was detected with Ta
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Table 1: Experimental Data and Structural Statistics of the 30 Conformers Representing the Solution Structure pfiM-Rep
A. NMR-Derived Constraints

total interproton 1248 total dihedral angles 110
intraresidue 177 ¢ 52
sequentiali(—j = 1) 340 @ 52
shortrange (ki —j <5) 168 x* 6
long rangei(—j > 4) 563 total no. of constraints 1358

total no. of constraints per residue 14.8

B. Structural Quality

1. Residual Violatiorts

upper limits lower limits van der Waals torsions
no. of violationg 19+ 6 (8; 33) 0+ 0(0; 0) 11+ 2 (7; 15) 0+ 0(0; 1)
max violation 0.27+ 0.06 0.02+0.01 0.21+0.03 3.76+ 1.08
(0.17; 0.39) (0.01; 0.04) (0.17; 0.31) (2.62;8.12)
CYANA target function (&) 1.77+0.23 (1.32; 2.17)
2. Ramachandran Statistics
30-conformer ensemble regularized mean structure
residues in most favored regions 75.5/81.7 76.3/82.1
residues in additional allowed regions 19.9/16.5 19.7/16.1
residues in generously allowed regions 3.3/1.8 2.6/1.8
residues in disallowed regions 1.3/0.0 1.3/0.0
C. Coordinate Precision (A, Mean/Pairwie)
folded domaif well-defined residués
N, C,, C 0.50+ 0.13/0.75+ 0.17 0.23+ 0.05/0.40+ 0.08
(0.32;0.83)/(0.31;1.24) (0.16;0.33)/(0.19;0.67)
all heavy atoms 0.95 0.13/1.37+ 0.17 0.70+ 0.12/1.03+ 0.15
(0.78;1.28)/(0.88;1.79) (0.52;0.97)/(0.66;1.41)

a Average values, standard deviation, and maximum and minimum values (in brackets) for the 30-conformer ensemble. Upper limit, lower limit,
and van der Waals violations are given in A, and torsion violations in degtéasnber of distance constraint violations larger than 0.1 A (upper
limits, lower limits, van der Waals), and torsional constraint violations larger thahThe 76/56 non-Gly, non-Pro residues in the folded/well-
defined region #118/7—34,39-68,85-118 of the 30 conformers and those of the regularized mean structure are considered separately. Values are
in percent Average rms difference between the 30-conformer ensemble and the regularized mean structure/pairwise rms difference between members
of the ensemble® The folded domain consists of 90 residues-88), excluding flexible N- and C-tails. The well-defined 70 residues include the
folded domain except 20 residues (388 and 69-84) located in flexible loops.

NMR Spectroscopy and Structure Determinatidine in the backbone assignments for these proteXdy Given
structural integrity of the three proteins was assessed by 2Dthe overall superior spectral quality and solubility of the
IH—15N HSQC spectroscopy. The spectrum for M-Rep shortest construct M-Reps, this protein was selected for a
is shown in Figure 2, and a comparison with those of the complete structure determination.
longer Tag-M-Repi-117, and Tag-~M-Rep,—1,4 proteins is Structure calculations were carried out using a large
provided in Supplementary Figure S1 (Supporting Informa- number of interproton distance constraints obtained from
tion). All three spectra display excellent dispersion, and the analysis of 2D NOESY, 30°N-edited NOESY, 4D'%C-
number of observed signals corresponds approximately toedited,*N-edited NOESY, and 4DB°C-edited,'C-edited
the expected number in each case. Virtually complete NOESY spectra, supplemented bg,¢) dihedral angle
assignments ofH, °C, and!®N resonances using standard constraints obtained from TALOS analysis of chemical shifts
3D and 4D triple resonance experiments on>N-and (and consistentJynne values from 3D HNHA), andyl
U-13C®N labeled samples have been reported for MRgp  dihedral angle constraints (Table 1). All X-Pro peptide bonds
and Tag-M-Repi-117 (24) and deposited (BMRB accession were found to bdéransbased on the observation @f-6/6’
numbers 7112 and 7218, respectively). For M-Repall sequential NOEs, with the exception of Pro90 that adopts a
expected backbone amide proton resonances are observedis conformation, as revealed by the presencecoefa
in the spectrum, with the exception of those of R3, C7, E47, sequential NOEs. The two cysteine residues, Cys7 and Cys9,
R69, M81, and K82. The NH resonance of the W8 indol  are reduced, as revealed by their characteri&gchemical
group (Figure 2) appears broad and exhibits an unusual shiftshifts of 30.3 and 29.7 ppm, respectivelyStrands as well
(HN, N: 8.7, 113 ppm), most likely caused by an interaction as their arrangement within thzsheet were identified by
with the side chain of K68, producing a catiem interaction, analysis of the interstrand backbone NOEs and confirmed
as observed in the structure of the folded domain (see below).by H—D exchange analysis of amide backbone resonances
Several Arg side chain HNresonances were also observed after dissolving the sample in,D (Figure S2). The final
(Figure 2). For the TaM-Rep,-117and Tag-M-Rep,-—124 ensemble of 30 conformers is well defined (Figure 3A) and
proteins (Figure S1), the signals were less dispersed andagrees well with all the NMR-derived geometrical con-
significantly overlapped in the central region of the spectrum, straints. No interproton distance or torsion angle violations
caused by the presence of the unstructured affinity tags, as>0.39 A and >8.2°, respectively, were observed. The
well as disordered parts of the extensions. This is reflected percentage of residues in the most favorable region of the
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A

Ficure 3. Three-dimensional structure of FBNYV M-Reps. (A) Stereoview representation displaying best-fit superpositions of 30
conformers in the final ensemble (residues 5 to 95). Backbone heavy atoms are shown in black while side chain heavy atoms are displayed
in blue (H, K, R), red (D, E), brown (F, Y, W), green (A, |, L, P, V), yellow (C, M, S, T), and magenta (N, Q). (B) Ribbon representations

of M-Rep—g¢s. The central 5-strandeftsheet is shown in cyan, the helig in green, and the helix, carrying the catalytic tyrosine is

colored in yellow. The strands and helices are numbered and the N- and C-termini labeled. Loop residues exhibiting substantial flexibility
(**N{*H} NOE < 0.7) or nondetected NH resonances are colored in orange and magenta, respectively. Proline residues are colored in
black.

14

significantly affected by saturation transfeiQf, as several

w 2] amides exceeded the maximum theoretical value of 0.84 at
2 10 | | f“ I f M\}K/«, 70 MHz N frequency (Figure 4). Nevertheless, qualitative
Eos| f 'U“‘ h’."i’f‘ ‘wf W conclusions with respect to flexibility are not affected by
£ b, | this experimental artifact. Backbone amides with significant
B4 flexibility are represented in orange in the ribbon representa-
1 W 2 M 4 RESIDUE @@ T s 9 tion in Figure 3B. At the N-terminus Q4 and V%NI{H}
FiGURE 4: HeteronucleatSN{H} NOE values of the backbone =~ NOE < 0.6) are flexible, but 16 is clearly orderety{*H}
amides of FBNYV M-Rep gs. Errors are indicated as vertical lines  NOE > 0.7). Within the protein, two other relatively flexible
for each point. Secondary structure elements are indicated by grayregions {8N{*H} NOE values of 0.50.6) are noted. The
boxes. first comprises residues 3310 and connects strands and

Ramachandran map is 75.5%, and only 1.3% of residues are’s- 1he second region follows helix, including residues
found in disallowed regions. All pertinent structural statistics /1~ 72- At the C-terminus, residue E95 reveals increased
are provided in Table 1. A significant improvement of the flexibility (**N{*H} NOE of 0.55), although some tertiary
structure quality is obtained (82% in most favorable regions interproton NOEs have been observed between E95 and L21,
and none in disallowed regions) when the disordered regions,K26, and Y27. Taking these data together allows us to
35-38 and 69-84, are omitted. This part of the structure con_clude that for M-Repgs the well-folded domain contains
contains the only residue (S80) found in a disallowed region residues 694.
of the (,) map and one of the two (A37 but not K50) in Three-Dimensional Structure Descriptiorhe overall fold
the generously allowed region. The 30-conformer ensemble,of M-Rep,—gs is shown as a ribbon diagram in Figure 3B. It
as well as the average minimized structure, has beenconsist of fiveS-strands and twat-helices, arranged in a
deposited in the PDB under access code 2HWT. central 5-stranded antiparall@isheet §; (residues 813),
The boundaries of the folded domain of M-Reg were P2 (27—34), 53 (40—47), 84 (65—67), and3s (91—94); Figure
derived using the following criteria: flexible regions associ- S2), decorated on its periphery by twshelices, each one
ated with low heteronucledaPN{*H} NOEs (Figure 4) and  on a different side of th¢gf-sheet. Helixa; (54—58), the
devoid of long-rangéH—'H NOEs were considered to be loops connectingy to the strands in the centr@isheet (loop
outside the domain. In addition, relatively narrow resonance 3—o4 and loopa;—f4), and a long loop connecting strands
lines were present for the flexible N- and C-termini. S; andg, cover one face of the sheet. The other side of the
However, the experimental®N{H} NOE values were [-sheet is much more exposed, only partially covered by
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helix a, (76—79), preceded and followed by twashelical
turns (73-75 and 83-85), and its flanking loops. Although
the overall structure is quite well-defined, the precision is
lower in regions with a lower number of geometric restraints 'z
and these regions coincide with those for which increased &
motion was deduced from relaxation data. For example, the g—
variability in structure observed for the region connecting 116!

1164
1169|

1174

the 54 strand to then,-helix and the latter to th@s strand
(Figure 3A) correlates with the [oWPN{*H} NOE values
for amide resonances of residues-7b (in orange) and with

the absence of backbone amide resonances for residues 68

81, and 82 (in magenta), most likely resulting from exchange

with H,O and/or conformational exchange. Indeed, one could

envisage a “breathing” motion between tiehelix and the

174 3
e

910 900 890 880 870 HN(,ppm) 900 890 880 870

FiGURE 5: Region of the 2D'H—15N HSQC spectra of FBNYV

M-Rep—gs illustrating the decrease in signal intensity in the free
protein (A), upon addition of 0.4 (B), 0.8 (C), and 1.6 (D) molar
equivalents of MnGl Intensities (contour levels) were normalized,

179

B-sheet that may cause such conformational exchange.and resonances are labeled by residue number in the polypeptide

Removal of this region, residues -338 (loop 3,—f3) and
6984 (loop f4—fs, including ay), as well as the flexible
terminal tails from the calculation of coordinate precision,
results in a significant improvement (Table 1). In fact,
within the 30-conformer ensemble, the halixand the two
flanking 3;o helical turns are not populated consistently to

sequence.

any such altered flexibility had little effect on the cleavage
efficiency (Figure 1A). On the other hand, tlheg helical
turn contains two basic amino acids conserved in the M-Rep
of all members of the genusanavirus but not in those of

100%, but only 57%, 50%, and 43% of the conformers adopt BBTV. Together with other basic residues in that surface

the 76-79 helix, and the 7375 and 83-85 turns, respec-
tively.

Analysis of the chemical shifts for the extension constructs
Tag-M-Rep—117and Tag-M-Repi-124 in conjunction with
angular information derived frofynn, Values, allowed us

area of the protein these residues could potentially participate
in dsDNA binding, thereby influencing activity (see below).

Delineation of the M#™ Binding Site Since it was known
that Mg®™ or Mn?* ions were necessary for DNA cleavage
by the intact TYLCSV geminivirus Ref30) and for M-Rep

to qualitatively assess whether additional secondary structureof the nanovirus FBNYV), we delineated the binding site
elements or structured regions are present in these largefor Mn®" in the structure of the endonuclease domain of

proteins when compared to M-Reps, for which the 3D
structure was determined. TALOSY) analysis of both
longer proteins revealed that strafid is extended from

FBNYV M-Rep,-gs. Titration of the protein with increasing
amounts of MnGl (1:0, 1:0.4, 1:0.8, and 1:1.6 protein:Mn,
molar ratio) by 2D!H—'N HSQC spectroscopy readily

residue 95 to residue 98 and the presence of an additionarevealed those resonances that specifically broadened (Figure

helical turn,o, involving residues 103106. No significant
differences in chemical shifts were noted between?Fiy
Rep-124 and Tag-M-Repi-117. Apart from the C-terminal
residues of M-Rep.gs that are followed by the extensions
96—-117 and 96-124 in the longer constructs, the largest
variation in chemical shifts (illustrated in thiel—15N HSQC
spectra in Figure S1) between M-Reg and Tag-M-
Rep-117 (or Tag'-M-Rep-124) are consistently observed in

5) prior to an overall resonance broadening that made
detection difficult. The latter occurs since paramagnetic ions
also cause general broadening (due to intermolecular electron-
spin relaxation) of all resonances, in addition to the specific
line broadening experienced by amide resonances close to
the metal binding site. Examples of strongly and weakly
specifically affected amides as defined in Experimental
Procedures are resonances 84 and 41, respectively, while

three areas of the protein (illustrated in Supplementary Figureresonances 14, 32, and 42 are not affected (Figure 5).

S3): (1) the N-terminal tail, including the first residue of
strandp; (residues 2-8); (2) the last half of stran@; and

the loopfs—a, connecting it to helixa, (residues 4346
and 48-53, respectively); and (3) the logh—a, and the
catalytic helixo, (residues 76:80). These areas are located
in the lower left region in the structure as displayed in the
left-hand side of Figure 3B, suggesting that elongation of
strandgs directs the polypeptide chain to run over the central
p-sheet. In addition, helical tures (103—106) likely packs

Intensity changes for all backbone and side chain amide
resonances upon manganese addition are provided in Supple-
mentary Figure S4. Care was taken to normalize the intensity
changes with respect to the number of scans and to the signal
intensity in the absence of metal to unambiguously identify
specific broadening effects beyond the general drop in
intensity of 1:0.82:0.59:0.32 observed along the titration
series for all the amide resonances (see Experimental
Procedures). No chemical shift changes were noted, indicat-

against the left part of the exposed face (left-hand side of ing that Mr* binding is weak. Titration with Mg ions was
Figure 3B) through its conserved leucine residue, possibly also carried out, and again, no chemical shift changes were

contacting the catalytic helig, and the loopg3;—a, and
Ba—ay, and thereby displacing the N-terminal flexible tail.
This potential packing of the helical tuog against the folded
domain is transmitted to relatively remote sites, that also
experience a significant variation in chemical shifts between

identified.

In the structure, the strongly and weakly specifically
affected NH and Nklatoms are shown as red (E36, N39
Q43, and D84) and orange (N3,3034, Q34, 140, and H41)
spheres, respectively, with Greek letters indicating the

the short and the longer constructs (see residues 63, 82, angosition of side chain NKHgroups (Figure 6). Amide sites

85 in Figure S3). This additional element not present in the
structure determined here could influence the flexibility in
the loopBs—ay, right before the catalytic heliat,. However,

that do not comply with the stringent cutoff criteria but show
indications of some specific broadening are 9, 11, 13, 33,
35, 37, 39, 66, 67, 83, and 85 (Supplementary Figure S4)
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- nomenclature, Figure 7). A major difference is the absence
4 of both theay-helix (red) and the3;—fs mini S-sheet ex-
{ { tension (purple) in FBNYV Rep, compared to the TYLCSV
) and PCV2 Rep domains, while helicas in FBNYV and
o, in PCV2 (green) are substituted by thg—/3- hairpin in
TYLCSV Rep (Figure 8A). The nanovirus Rep endonuclease
domain is the least decorated structure and remains the core
structure for all viral Rep endonuclease domains known to
date, including that of the Rep from the dependovirus AAV5
(42), which possesses a linear ssSDNA genome. This basic
fold is also common to the HUH motif-containing relaxase
proteins from conjugative plasmids, but they appear circularly
permuted with respect to the viral Rep domain structures
o . . (43), resulting in much lower DALEZ-scores 44) between
FicUre 6: Localization of amide sites affected by manganese q|axases and Rep domaii&= 0.7—1.8), in relation to the

binding in the structure of FBNYV M-Repgs. The strongly . .
affected sites are represented as red spheres, less affected ones fPMParison among relaxases= 28.0) or among the viral

orange, and borderline ones in gray (see text). Perturbegsidid Reps Z = 3.8-7.9; Supplementary Table S1). A quantitative
chain sites are shown as sticks in red or orange with thgdtibins evaluation of the structural similarity in the central 5-stranded

displayed as spheres. B-sheet between the four different viral Rep domains and
and are shown in gray in Figure 6. The parts of the structure the two relaxases is provided in Supplementary Table S2,
affected by metal binding reside on the exposed side of therevealing a highly similar arrangement of strarftisto s
pB-sheet close to th@,—f; loop and the @ helical turn (FBNYV nomenclature), with rmsd values of backbone
following the catalytic helixa,. Given the fact that manga- heavy atom coordinates below2.0 A for all pairwise
nese is generally coordinated by six ligands in a regular comparisons. Inclusion of the catalytically essential tyrosine
octahedral arrangement, preferring oxygen atoms in ligandsand lysine residues (except for the relaxase TrwC, in which
rather than nitrogen and sulfusl), it is reasonable to  this residue is not present) in the structural comparison
propose that the side chains of residues E33, H41, and D84consistently increases the rmsd values (see below). This
coordinate the M# ion, given their spatial proximity (as indicates that the positioning of these two residueisaatd
well as the conservation in nanovirus Rep proteins, see belowi + 3 positions (at + 4 for AAV5 Rep and Tral) with respect
and Figure 7). Additional ligands could be® molecules to the conserveg@-sheet introduces a real and potentially
(41), or the affected residues E36 and Q43, although the important variation in the different structures. In fact, a
former amino acid would cause a significant conformational striking structural difference between the circovirus Rep
change, and the latter is, due to its chemical nature?{Mn endonuclease domain on the one hand and those of the
coordination is usually mediated by Asp, Glu, and His side gemini- and nanovirus Rep counterparts on the other is the
chains), a rare ligand for manganese. Nevertheless, givenorientation of the catalytic helix relative to the cenffedheet
the established role of the two conserved histidines in (Figure 8A): in the circovirus endonuclease domain this helix
divalent metal coordination for endonuclease domains be-runs almost parallel to th@-strands, whereas in the gemini-
longing to the HUH family 87, 42, 43) and the dramatic ~ and nanovirus domains the catalytic helix axis is oriented at
broadening caused by Mhin the side chain resonances of angles of~45° and ~70° relative to the centrgB-strand,
Q43 from the FBNYV domain (Figure S4), the role of the respectively. This may be related to the different positioning
glutamine residue conserved in nanovirus (and circovirus) of dsDNA recognition elements (iteron sequencé§))
Rep domains in metal binding (possibly in an alternative relative to the conserved nonamer sequence, the target of
mode with respect the HUH-containing domains) cannot be the endonucleolytic action. On the other hand, the currently
excluded. Studies with point mutants of the Rep domains available Rep endonuclease domains representing four virus
may aid in determining the precise role of the conserved families (and the relaxases) are structurally equally distant
glutamine residue in divalent metal ion coordination. This, from each other with no transparent evolutionary relationship.
however, requires a quantitative metal binding assay which  As can be seen from the comparison of structures (Figures
currently is lacking. 7 and 8B-D), residues in the conserved motifs I, II, and 1lI
Comparison of the FBNYV Master Rep Endonuclease (46) are generally located in structurally equivalent positions,
Domain with Those from Gemini- and Cirdauses. The although their side chain conformation differs between the
present structure is the prototype for a nanovirus master Repthree structures. Motif | residues are located onjfstrand
protein, given the high level of sequence similarity between (CFTL in FBNYV) with two of the residues pointing toward
FBNYV and a large number of nanovirus Rep endonucleasethe exposed surface of thsheet (C9 and T11) and the
domains, including that from BBTV, a virus from another other two (F10 and L12) toward the hydrophobic core of
genus in theNanairidae family (Figure 7). In contrast, the  the domain. As suggested previously for TYLCSMB), the
M-Rep endonuclease domain of FBNYV exhibits low hydrophobic residues in motif | contribute to the domain
sequence identity to the Rep sequence of the geminivirusarchitecture and stability while the two exposed residues (F/
TYLCSV (12%), while that of the circovirus PCV2 occupies C/V and T for the gemini-, nano-, and circovirus Rep,
an intermediate position with 30% sequence identity. Struc- respectively) can patrticipate in the recognition of the nucleic
turally, however, all endonuclease domains of these Repacid. The first, variable position, may allow for some degree
proteins are similar, with conservation of the secondary of specificity toward parts of the viral DNA other than the
structure element@i, B2, fs, fa Ps, and oz (FBNYV conserved nonanucleotide sequence.
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FiGure 7: Structure-based alignment of the Rep endonuclease domain sequences from the nanoviruses faba bean necrotic yellows virus
(FBNYV, Entrez protein database accession number 039828), milk vetch dwarf virus (MVDV, Entrez protein database accession number
NP_619769), subterranean clover stunt virus (SCSV, Entrez protein database accession num®2069R), and banana bunchy top

virus (BBTV, Entrez protein database accession number 8d2483), the circovirus porcine circovirus type 2 (PCV2, Entrez protein
database accession number AAQ94098), and the geminivirus tomato yellow leaf curl Sardinia virus (TYLCSV, Entrez protein database
accession number CAA43466). The secondary structure elements present in FBNYV,MsRielentical color coding as in Figure 3B),

as well as those in the extension Talyl-Rep;—117 (indicated with “...” and highlighted in pale blue and orange), together with those of the
previously determined structures of the Rep endonuclease domains of RO\&({ TYLCSV (L3) are displayed below the corresponding
sequences. The conserved RCR initiator protein sequence motifs 1, 2, and 3 are labeled above the alignment by 1111, *2*, and 33333,
respectively. Putative divalent metal binding residues are boxed and labeled above the alignment by an asterisk. The pale yellow bars
flanking helix a, in FBNYV indicate regions adopting ayghelix conformation (see text). Sequence identities (Iden.) and similarities
(Siml.) of the different sequences compared to the FBNYV Rep sequence are provided at the end of the alignment.

Motif Il (HUQ for nano- and circovirus, HUH for D107A that is unaffected in its endonuclease and nucleotidyl
geminivirus, where U denotes a large, hydrophobic amino transferase activities (B. Gronenborn and J. Brevet, unpub-
acid) is located on the centrgs-strand, with the two lished results). The general location of the divalent metal
conserved residues residing on the exposed face of the centradite is also consistent with the electrostatic surface potential
pB-sheet, and residue U buried in the hydrophobic core. The of the proteins (Figure 8E). Motif 11l (YXXKE/D) contains
two conserved histidine residues were proposed to bethe active site tyrosine (Y79 in the nanovirus), catalyzing
involved in divalent metal coordinatiod9), a conceptthat  DNA cleavage and nucleotidyl transfer reactioBs47), an
was supported by the structure of the endonuclease domairessential lysine48) and an acidic residue, the function of
of the dependovirus AAV5 Replp), that contained a 2 which remains undetermined. The catalytic tyrosine is located
ion coordinated by structurally homologous residues to the in all three cases in the so-called catalytic helix (yellow in
two histidines and a glutamic acid (H57, H59, and E49 in Figure 8A-D). The Tyr and Lys side chains point in a
TYLCSV, Figure 8B). Alternatively, results presented here similar direction toward the exposed side of thesheet,
for the structure of the nanovirus domain as well as data although in the nanovirus structure (Figure 8C) the tyrosine
recently reported for the circovirus domaR0f suggest that  is slightly further away from thg-sheet. The higher mobility
the first coordinating histidine could be replaced by an acidic observed for this region in the FBNYV Rep domain structure,
side chain in the Rep proteins of these viruses, reaching downcompared to the corresponding gemini- and circovirus ones,
to the exposed surface of tfesheet from the loop following ~ may allow for this residue to reach an equivalent position,
the catalytic helixa, (shown in yellow). In this way, metal  even if it is not structurally locked in.
coordination in nanovirus Rep would involve the side chains  Catalytic Mechanism and Substrate Recognition by Viral
of residues H41, E33, and D84 in FBNYV (Figure 8C), and RCR Rep Endonuclease DomaiBased on all the available
H57, E48, and E100 in the circovirus PCV2 (Figure 8D). In structural results and inspired by the catalytic mechanism
the model geminivirus structure shown in Figure 8B none of the biochemically and structurally related bacterial relax-
of the acidic side chains following the catalytic helix (D107 ases 88, 49) we propose a model for the cleavage reaction
or D109) points toward the presumed divalent metal site, performed by the viral Rep proteins. It consists of three
therefore most likely they will not be involved. This is steps: (1) binding and precise positioning of the phosphate
partially supported by the properties of TYLCSV Rep mutant group at the scissile bond, aided by the divalent metal ion
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Rep4-121 (TYLCSYV) M-Repz-95s (FBNYYV) Repz-116 (PCV2)

Ficure 8: Comparison of the three-dimensional structures of the viral RCR initiator endonuclease domains from the geminivirus TYLCSV
(PDB 1L2M, left), the nanovirus FBNYV (PDB 2HWT, center), and the circovirus PCV2 (PDB 2HWO, right). Ribbon representation (A):
pB-Strands in the centrdi-sheet are depicted in cyan aachelices in yellow, red, and green. Active site regions of TYLCSV (B), FBNYV

(C), and PCV2 (D) endonuclease domains, including residues in the conserved sequence motifs | (blue), Il (green), and Ill (red), as well
as putative metal binding residues not present in these motifs (black). Electrostatic surface representation (E) of TYLCSV (left), FBNYV
(center), and PCV2 (right). Negative and positive potentials are colored red and blue, respectively, with neutral regions in white. Secondary
structure elements are visible through the partially transparent surface and color coded as in A (generated with Swiss-Pdb\@8)yer 3.7 (

and the positively charged side chain of the conserved lysineby a properly positioned residue acting as a general acid (for
(K82 in Figure 8C). Interaction with the lysine will also example, H59 in TYLCVS, Figure 8B, although there is no
induce the appropriate polarization of the phosphodiester corresponding residue that could play that role in the
bond. This is followed by (2) the nucleophilic attack of the nanovirus and circovirus structures) creating the fre®i3.
hydroxyl group of the catalytic tyrosine residue (Y79 in Mutagenesis studies based on the three available Rep domain
Figure 8C) on the phosphate with formation of a pentaco- structures may lead to further insights into the mechanistic
ordinated phosphate intermediate. In the last step (3) thedetails of the endonuclease reaction catalyzed by Rep and
tyrosine hydroxyl proton is abstracted by a general base, for provide proof of this structure-based hypothesis.

example the metal coordinating histidine residue (H57, H41, Prior to the cleavage reaction, Rep proteins have to locate
and H57 in TYLCSV, FBNYV, and PCV2 Rep, respec- the conserved nonanucleotide in the context of the replication
tively), and transferred to a nearby base (for example E36 competent viral dsDNA intermediate. As proposed for
in FBNYYV, Figure 8C, or homologous residues in gemini TYLCSV (13), partially validated for PCV2 by the charac-
and circovirus Rep, Figure 7). This results in formation of terization of a complex with viral dsDNA2Q), and clearly

the phosphotyrosine bond and the covalent adduct betweerestablished in a AAV5 RepdsDNA complex structuresQ),

the protein and the'dragment of the substrate sSSDNA. The a cluster of positively charged residues and positive elec-
leaving 3-fragment of the substrate ssSDNA is protonated trostatic surface potential is responsible for high affinity
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binding to specific dsSDNA sequences, be it the iterat (  spectrum of M-Rep g5 for increasing amounts of Mn@With

or other sequence elements. This positively charged surfacdinal protein:MnC} molar ratios of 1:0.4, 1:0.8, and 1:1.6
area is present in all three RCR viral Rep endonuclease(Supplementary Figure S4). DALI structural comparison
domains (Figure 8E) and involves the N-terminal and among the endonuclease domains from viral RCR Rep
C-terminal tails of the domains, the mifiisheet extensions  proteins and with those from the relaxases of bacterial
of the gemini- and circovirus Rep proteins, and the corre- conjugative plasmids (Supplementary Table S1). Atomic
sponding region of the nanovirus Rep (Figure 8A). Remark- coordinate differences of common structural elements in the
ably, the firstg-strand of the minf3-sheet extension thatis  endonuclease domains of viral RCR Rep proteins and from
present in the TYLCSV geminivirus Rep protein and the relaxases of bacterial conjugative plasmids (Supplemen-

preceding the motif | sequencg;( purple in Figure 7) was

tary Table S2). This material is available free of charge via

predicted to constitute an iteron related domain involved in the Internet at http://pubs.acs.org.

specific recognition of the viral dsDNA5Q). For the

nanovirus domain the surface electrostatic potential could REFERENCES

be even more positive in the context of the complete Rep
protein as evidenced by the potential packing ofthbelical

turn containing two conserved basic amino acids that are
present in the proteins extending beyond amino acid 95
(Figure 7; see above). Although direct experimental evidence
by EMSA experiments on complex formation is currently
only available for the circovirus PCV2, it is reasonable to
assume that similar dsDNA recognition and binding exists
for all viral RCR Rep proteins. Recognition of dsDNA
sequences that confer specificity of a given Rep protein for
its cognate genome may also position the conserved nona-
nucleotide (that is spatially distinct from the bound dsDNA
site) such that it contacts the exposed side of the central
p-sheet close to the catalytic residues (Figure-8B. The
electrostatic surface potential in this region is slightly
negative (Figure 8E); therefore the presence of a bound
divalent cation would be essential to allow binding of the
highly negatively charged nonanucleotide at the catalytic site.
The combination of high affinity binding of nearby dsDNA
sequences coupled with a transient and low affinity metal-
mediated binding of the single stranded region would result
in repulsion of the 5part of the nonanucleotide sequence
following Rep-mediated DNA cleavage and aid to displace
this sequence from the protein. In this manner, it would be
available to serve as a primer for subsequent DNA synthesis.
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Comparison of the 2BH—N HSQC spectra of M-Repgs,
Tag?-M-Rep,-117, and Tag-M-Rep;-124 (Supplementary
Figure S1). Schematic representation of the fi*etrands
in M-Rep-gs, indicating interstrand NOEs between backbone
protons that allow one to establish the topology and register
of g-strands in the 5-stranded antiparaltetheet, as well
as backbone amides resistant toDexchange (Supplemen-
tary Figure S2). Consensus chemical shift differences and
ribbon representation of the M-Rejgs structure, indicating
those residues that experience large differences in chemical
shifts in the extension construct Tadvi-Rep—117 with
respect to M-Rep.qs (Supplementary Figure S3). Histograms
depicting intensity changes observed for the backbone amide
and side chain amide resonances in the-15N HSQC
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