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Abstract

Hyperthermophilic archaeal viruses including Sulfolobus spindle-shaped viruses (SSVs) such as
SSV-1 and SSV-Ragged Hills exhibit remarkable morphology and genetic diversity. However,
they remain poorly understood, in part because their genomes exhibit limited or unrecognizable
sequence similarity to genes with known function. Here we report structural and functional studies
of E73, a 73-residue homodimeric protein encoded within the SSV-Ragged Hills genome. Despite
lacking significant sequence similarity, the NMR structure reveals clear similarity to ribbon-helix-
helix (RHH) domains present in numerous proteins involved in transcriptional regulation. In vitro
dsDNA binding experiments confirm the ability of E73 to bind dsDNA in a non-specific manner
with micromolar affinity, and characterization of the K11E variant confirms the location of the
predicted DNA binding surface. E73 is distinct, however, from known RHHs. The RHH motif is
elaborated upon by the insertion of a third helix that is tightly integrated into the structural
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domain, giving rise to the “RH3” fold. Within the homodimer, this helix results in the formation of
a conserved, symmetric cleft distal to the DNA binding surface, where it may mediate protein-
protein interactions, or contribute to the high thermal stability of E73. Analysis of backbone amide
dynamics by NMR provides evidence for a rigid core, and fast ps-ns timescale NH bond vector
motions for residues located within the antiparallel B-sheet region of the proposed DNA-binding
surface, and slower ps to ms timescale motions for residues in the al-a2 loop. The role of E73 and
its SSV homologs in the viral life cycle are discussed.

The last decade has seen resurgent interest in viruses outside traditional agricultural and
medical interests. Reasons include growing appreciation for their enormous abundance, their
huge impact on global carbon and nitrogen cycles, the recognition that viruses represent the
greatest reservoir of genetic diversity on the planet, and their central role in evolution, where
viruses clearly play a major role in horizontal gene transfer (1-3). In addition, roles for
viruses in several major evolutionary transitions have also been proposed, including
facilitating the development of DNA and DNA replication mechanisms (4) and the origin of
the eukaryatic nucleus (5). Finally, there is also considerable interest in viral genesis and
evolution in and of itself (3). In order to evaluate broad evolutionary hypotheses and
relationships between viruses, knowledge of viruses infecting the Archaea, the third domain
of life, is clearly essential.

Remarkably, the virosphere has now been shown to extend to almost every known
environment on earth, including the extreme acidic, thermal and saline environments where
archaeal organisms may dominate (6, 7). It is from these environments that the best studied
archaeal viruses have been isolated. However, relative to the bacterial and eukaryotic
domains, where more than 5,000 viruses have been studied in detail, archaeal viruses are
vastly understudied, with fewer than 50 viral species described in any detail (3).

The Crenarchaea and Euryarchaea are the most intensively studied archaeal phyla.
Euryarchaeal viruses are most frequently head-and-tail phages (8), although there are
notable exceptions (3, 9, 10). In contrast, viruses infecting the Crenarchaea exhibit
remarkably unusual and diverse morphotypes (3, 6, 7, 11). On the basis of these unusual
morphologies and their genetic diversity, crenarchaeal DNA viruses have been classified
into 10 viral families, with additional viruses awaiting assignment (3).

The Fuselloviridae (12-14), or Spindle-shaped viruses (SSV), which are ubiquitous in acidic
hot springs around the world, were among the first crenarchaeal viral families to be
recognized, and are important model systems for archaeal viruses. SSVs are generally
characterized by ~ 60 x 100 nm lemon-shaped virions, with tail fibers emanating from one
end, although some members show more pleomorphic morphologies, and package circular
double stranded DNA (dsDNA) genomes approximately 16 kbp in size (14). The genomic
sequence for SSV1 (15), the type virus for the fuselloviridae, contains 34 putative open
reading frames (ORFs). The virion has been shown to contain 5 proteins: VP1, VP2 and
VP3, and small amounts of D244 and C792 (16, 17). VP1 and VVP3 are putative capsid
proteins, while VP2 is a small DNA binding protein thought to be involved in packaging
viral DNA.

Importantly, only a few ORFs in these viral genomes show significant identity to genes with
known function. For SSV1, ORF D335 encodes an integrase (18) and has been
experimentally characterized (19-22), while B251 shows weak homology to DNaA (23).
More recently, improved bioinformatics approaches have also identified putative zinc finger
motifs in B129, C102a and A79, and suggest the presence of ribbon-helix-helix motifs in
C80 and E51 (17, 24, 25). Despite such predictions, bioinformatics approaches are currently
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unable to provide functional predictions for a large majority of the SSV1, and other
crenarchaeal viral proteomes.

However, because 3D structural similarities persist longer than similarities in genomic or
amino acid sequence (11, 26, 27), structural studies can identify distant evolutionary
relationships, or other structural features that, in-turn, suggest functional roles for these
proteins (11, 17, 27-35). Combined structural and biochemical work on fuselloviral proteins
have thus identified D63 as a potential ROP-like adaptor protein (11, 28), F93 and F112 as
winged-helix DNA binding proteins (17, 27), and SSV1 D244 and SSVRH D212 as
nucleases with similarity to Holliday-junction cleavage enzymes (34).

Here, we turn our structural focus to ORF E73 from SSV-RH (14). Though not among the
current set of 13 core genes common to all fuselloviruses (13), E73 and its orthologs are
found in six of the eight SSV genomes currently in the public data bases (13, 36), where
86% of the residues in SSV-RH E73 are strictly conserved in a multiple sequence alignment
with SSV2 79a, SSV4 73, SSV5 GP23 and SSV6 GP17. Identity falls to 31% between E73
and SSV1 E51, which lacks a C-terminal extension present in other SSV orthologs, but gene
synteny is conserved. Similarity to E51 is also noteworthy due to the work of Frols et al.
(24), who found that UV irradiation of the infected host results in a chronologically
regulated SSV1 transcription cycle. This begins with a small UV inducible immediate early
transcript, and ensuing expression of the 3 early transcripts, including T5 which encodes
E51. This is followed by late transcripts and subsequent viral production.

CD (37) and BLAST (38) searches with E73 do not identify conserved domains or
significant similarities to proteins of known function. However, more recent profile-profile
search methods like HHpred (39-41) suggest distant similarity to the ribbon-helix-helix
DNA binding motif within the N-terminus of E73 (17, 24, 25), and a C-terminal extension
of unknown function. Specifically, 4 of the top 5 hits from HHpred search (pdb70_2Mar12
database) map the first 50 residues of E73 to proteins containing the RHH motif, with e-
values of 7.4+1073 for ParG (42), 5.5+1072 for CcdA (43), 0.92 for Shigella flexneri yiiF
(Northeast Structural Genomics Consortium, unpublished) and 17 for PutA (44). Here we
report the NMR based structure and backbone dynamics of E73 that reveal an interesting
elaboration on a well known ribbon-helix-helix motif that we term the RH3 domain,
complemented with biochemical work that demonstrates a role for the E73 RH3 domain in
DNA recognition and confirms the predicted DNA binding surface. Potential roles for E73
as a transcriptional regulator early in the SSV life cycle are discussed.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification

Cloning, expression, and purification were carried out as previously described (45). For
uniformly 15N or tandem 15N and 13C labeling, transformed BL21(DE3) (Invitrogen)
bacteria were grown in minimal media supplemented with (1 g 15NH,4Cl and 2.5 g [13C]-
glycerol)/L, respectively, as described by Studier et al. (46).The vector containing the E73
K11E mutant was generated using the QuickChangell kit (Agilent). Expression and
purification of the variant protein was as described above.

Chemical and Thermal Stability

Guanidine hydrochloride (GdnHCI)-induced equilibrium unfolding was carried out by
monitoring the molar ellipticity at 222 nm on a Jasco J-810 spectropolarimeter (Jasco Inc.,
Easten, MD) at a concentration of 10 uM (monomer concentration as assessed by
absorbance measurements at 280 nm (OD,gg nm readings) in a buffer of 0.1 M KCI, 0.05 M
KoHPOy, pH 7.0 at 25°C. Similarly, thermal denaturation was followed by the change in
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molar ellipticity at 222 nm from 4 °C to 98 °C in a 1 cm path length cell with increasing
temperature at 1 °C/min. For both GdnHCI and temperature denaturation experiments,
ellipticity readings were normalized to the fraction of protein folded (ff) or unfolded (f,)
using the standard equation f¢=([0]- [0]./[0]-[0],) and fy,=(1-ff); where [6], and [6],
represent the ellipticity for the fully folded and fully unfolded species, respectively; [0] is
the observed ellipticity at 222 nm at a given GdnHCI concentration or temperature. Data
were analyzed assuming a two-state transition of a folded dimer to two unfolded monomers
without intermediates, consistent with denaturation profiles reported for the extremely
thermostable RHH gene product ORF56 from the Sulfolobus islandicus plasmid pRN1 (47).
AG,, (H20) and dissociation constant Ky were calculated as described in Zeeb et al. (48) and
Chao et al. (49).

NMR Spectroscopy

All protein spectra were recorded on a Bruker DRX 600 spectrometer at 312 K (39 °C) in a
50 mM potassium phosphate, 1 MM EDTA, 0.1 mM PMSF, 0.01% sodium azide buffer (pH
5.0) containing 5% (v/v) D,0 or 100% D,O (for acquisition of 3D 13C-edited 1H-1H-
TOCSY, 1H-1H-NOESY and 2D 1H-13C-CT-HSQC spectra) on E73 protein samples of 1
mM dimer concentration (as determined by Bradford assays and OD,gg nm readings).
Chemical shifts of backbone and side chain atoms were extracted from a series of double
and triple resonance NMR experiments including HNCA (50), HNCACB (51),
CBCA(CO)NH (52), C(CO)NH (53), HBHA(CO)NH (54), HCC(CO)NH (53), 1H-13C-CT-
HSQC (55) and HCCH-TOCSY (56) as reported in (45). 1H, 13C, and 1°N chemical shifts
were indirectly referenced to DSS. 1H/2H solvent exchange experiments were performed by
first lyophilizing 500 ul of a 1 mM (dimer) 1°N-labeled E73 protein in sample buffer
followed by resuspension of the lyophilized protein in the same volume of 100% DO, and
acquisition of a series of 2D 1H-15N-HSQC correlation spectra at subsequent time points
following protein resolubilization in D,O. A control lyophilization experiment was done
prior to the H,O/D,0 exchange whereby an 2D *H-15N-HSQC of the protein was recorded
following lyophilization and resolubilization in H,O and was found to be identical to the
2D 1H-15N-HSQC spectrum recorded in H,O/buffer of unlyophilized E73 indicating that the
protein structure is unaffected by the lyophilization process.

NMR Structure Calculations

Structure calculations were performed using the CNS v1.2 (57) ARIA v2.2 (58) software
programs with non crystallographic C2 symmetry (ncs.def) restraints to account for the fact
that E73 is a symmetric homodimer (45). The initial structure models were guided by 23
experimentally identified intermolecular 1H-1H-nOes (based on a hypothetical model of the
E73 RHH core domain) combined with 61 dihedral angle constraints generated by TALOS
based on chemical shift data (59). These models permitted the manual assignment of 527
interproton nOes. The assignment of ambiguous 1H-1H-nOes was performed with ARIA.
ARIA calculations proceeded in nine iterations of spectra calibration and assignment of
ambiguous and unambiguous H-1H nOes and estimates of resulting inter-proton distance
restraints followed by calculation of an ensemble of lowest conformational energy
structures. Values for the molecular dynamics and simulated annealing protocol (anneal.inp)
and the non-crystallographic symmetry (ncs.def) rotation matrix are reported in
Supplementary Table SO, and available as Supplementary Information. Following each
computational cycle, resulting structures were manually inspected and any restraint
violations analyzed and corrected. The ARIA calculations were repeated using NMR
assignments generated from previous ARIA iterations until convergence was achieved. For
the final set of calculations, 100 structures were generated and the 20 lowest energy
structures were selected for analysis. In total, 2,095 nOe-derived interproton distance
restraints, 244 dihedral angle restraints, and 100 hydrogen bond distance restraints (i.e. 2
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distance restraints were assigned per NH identified as being protected from H,O/D,0
exchange) were used as input for ARIA/CNS (Table 1).

The stereochemistry and quality of these structures was analyzed with PROCHECK-NMR
(60), MolProbity (61), Verify3D (62), Prosall (63), and electrostatic surfaces calculated with
the APBS program (64). An ensemble of twenty lowest energy conformers of E73 has been
deposited in the protein data bank, PDB ID 4aai, and code rdaaimr for the NMR restraints.
Figures were prepared with PYMOL (65). Structural homology was identified with the
DALI (66) SSM (67) web servers; superposition utilized the Least Square Alignment
protocol of Kabsch et al. (68) as implemented in LSQMAN (69).

15N NMR Relaxation Experiments

Backbone amide 15N NMR relaxation experiments including measurements of 1°N-T4, 15N-
T, and heteronuclear 1N-[*H]-nOe were conducted in duplicate on a Bruker DRX 600
MHz solution NMR spectrometer using standard NMR pulse sequences (70-72) at 312 K
and a pH of 5.0, in a manner analogous to our recent work with tryptophan repressor
variants (73, 74). Briefly, 1°N-T; relaxation profiles were sampled at eight different
relaxation delay time points of 40 ms, 96 ms, 200 ms, 400 ms, 600 ms, 1,000 ms, and 1,200
ms. 1°N-T;, relaxation profiles were sampled at eight different relaxation delay periods of 8
ms, 16 ms, 32 ms, 40 ms, 64 ms, 80 ms, 104 ms, and 152 ms, with the delay between the
series of 15N 180 degree pulses applied in the CPMG sequence set to 0.5 ms (75, 76).

The 15N-T; and 15N-T, data were collected using 512 complex points in the *H acquisition
time dimension (t,) and 256 complex data points in the 15N (t;) indirect time evolution
dimension, using a WALTZ-16 1°N-decoupling scheme during data acquisition. 1°N-T;
and 15N-T, were calculated from the series of NMR spectra using a two-parameter single
exponential decay function:

I(H)=L,exp(—t/T1 ) 1)

Where I(t) is the peak height after a delay time t and I, is the signal height at time t = 0.

Heteronuclear 15N-[1H]-nOes were measured using a water-flip-back 2D

heteronuclear H/1°N nOe pulse sequence and the results corrected for the finite repetition
delay according to the method of Grzesiek and Bax (71). For each amide, the 15N-[1H]-nOe
was established as the ratio of peak intensities (I/1,) from NMR data sets acquired with (1) or
without (l,) H presaturation. 1°N-[*H]-nOe spectra were recorded using 1024 and 256
complex data points in t, and t;, respectively, using 48 scans per t; increment. The 1°N-
[1H]-nOe experiments were recorded using a delay of 4.5 sec between scans to minimize the
introduction of systematic errors in measured 1°N-[*H]-nOes that could arise from
incomplete signal recovery and H,O saturation (71). For the datasets acquired with 1H
saturation, the 4.5 sec recovery delay incorporated a 1H presaturation pulse sequence
whereby a series of 90 psec pulses interspersed with a 50 msec delay were applied at an
radiofrequency field strength of 5 kHz for a time duration of ~ 4 sec.

To minimize the impact of magnetic field drift, 1°N-T, and 15N-[1H]-nOe data were
collected in an interleaved manner, while 2D 15N-T; datasets were acquired consecutively
using a list of shuffled relaxation delay time points.

All relaxation data were processed using NMRPipe, NMRDraw and Sparky (77, 78). The
resulting 15N-T4, 15N-T,, and 1°N-[1H]-nOe data were then analyzed in terms of spectral
density functions as described by Bracken et al. (79) and more recently in Tripet et al. (74).
The data were also analyzed using the FastModelFree program (80) which interfaces with
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the ModelFree 4.0.1 program of Palmer and colleagues (81) and is based on the extended
model-free formalism developed by Lipari and Szabo (82, 83). The 1°N NMR relaxation
data have been deposited in the BioMagResBank (BMRB) under accession number 17069
and are also reported in Supplementary Tables S1-S3.

Electromobility Shift Assays (EMSA)

RESULTS

A library of nineteen 1,000 bp DNA fragments covering the entire SSV-RH genome was
generated by PCR and used to screen for E73 DNA recognition. To eliminate the possibility
of missing a binding site at the junctions, each 1,000 bp fragment (except for 1) overlapped
the previous fragment by 100 bp. The electrophoretic mobility of each DNA fragment in the
presence of E73 was analyzed on agarose gels. Each DNA fragment (100-200 ng) was
incubated in 20 ul of binding buffer (10 mM Tris-HCI, pH 8.0, 10 mM HEPES, 1 mM
EDTA, 50 mM KClI, 50 pg/ml bovine serum albumin, and 1,000 ng of unrelated DNA (300
and 600 bp fragments generated by PCR from the Staphylococcus aureus IsdB gene) for 30
min at 48 °C with increasing amounts of E73 (from 0 to 20uM). Loading buffer (5 ul of 20
mM Tris-HCI, 10 mM EDTA, 50% glycerol) was added, and 25 ul of the sample mixture
analyzed on a 1.2% agarose gel with 0.5X TBE running buffer. Samples were run at 135 V
for 10 min, followed by 1 hour gel migration at 100 V, and visualized under UV light
following sypro-gold (Invitrogen, Inc.) staining.

Thermostable Dimer

Previously reported biophysical characterization utilizing size exclusion chromatography,
analytical ultracentrifugation, dynamic light scattering and 2D 1H-15N NMR spectroscopy
indicated that E73 is a homodimer in solution with a molecular mass of 20 kDa (45). We
have now also assessed the stability of the E73 protein to chemical and temperature
denaturation. Chemical denaturation of E73 with guanidinium hydrochloride follows a two-
state unfolding process with a relatively high unfolding midpoint at 4.8 M (Fig. 1).
Consistent with these data, thermal denaturation analysis also showed the dimeric E73
protein to be extremely thermostable with a T,,, = 98°C (Fig. 1B insert). Calculation of the
free energy change for unfolding of E73 dimer (i.e. AG, (H»0)) yielded a value of 26.5 kcal/
mole with an m value of —4.3 kcal mol™1 M1, and a K estimate for protomer dissociation
from the E73 dimer of less than one picomolar.

Structure of E73

To determine the solution NMR structure of E73, sequential assignments of 1H, 13C and 15N
resonances of backbone and side-chain atoms were performed using well-established
heteronuclear (*H, 15N, 13C) multidimensional NMR experiments. Excluding the N-terminal
methionine, the previously reported backbone and side-chain resonance assignments were
nearly complete (> 97%) and have been deposited in the BMRB database under accession
number 16177 (45). 13C,, 13Cg, tH, chemical shifts, short range and sequential *H-'H nOes,
and amides protected from hydrogen-deuterium (H/D) exchange were used to identify
secondary structural elements of E73 (Supplementary Figure S1). Each E73 protomer is
comprised of an extended B-strand spanning residues 8 to 16 followed by three a-helices
designated al, 02, and a3 that span residues 18-31, 35-53, and 61-69, respectively.

We identified an initial set of 15 interprotomer 1H-1H-nOes consistent with formation of an
antiparallel B-sheet and 8 interprotomer 1H-1H-nOes orienting helix a2 close to helix a2'.
Using these and other intraprotomer restraints, torsion angle dynamics and simulated
annealing calculations using CNS v1.2 and ARIA v2.0 were conducted to determine an
initial 3D structure of dimeric E73 in solution. Subsequent rounds of manual and automated
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nOe assignments using ARIA yielded a final set of nOes (see Table 1) that were used to
determine a final ensemble of 20 lowest energy structures with CNS (Figure 2). This
ensemble indicated that the E73 dimer adopts a well-ordered conformation that spans
residues 10-69, with disordered C- and N-termini. RMSDs for the final set of E73 structures
relative to the mean structure was 0.50 A for backbone atoms of residues 10-15, 18-31, 35—
53, and 56-69, which correspond to the well-defined secondary structural elements of E73,
and 1.02 A for all heavy atoms (Table 1). The N- and C-termini of the protein are
disordered, as evidenced by the lack of short and long range H-1H-nOes and amide
hydrogen-deuterium (H/D) exchange (Supplementary Figure S1). 15N NMR relaxation
experiments (see below) also indicated that NH bond vectors of amides in these segments of
the protein undergo large amplitude ps-ns timescale motions, indicating that the N- and C-
termini of E73 are also very flexible.

As suggested by the initial bioinformatics work and secondary structure assignments from
the chemical shift index analysis, the structure of the E73 protomer is comprised of an N-
terminal -strand, followed by the three a-helices a1, a2 and a3. Collectively, the p-strand
and helices ol and a2 form a recognizable ribbon-helix-helix (RHH) substructure, with the
B-strand of each E73 protomer interacting together to form a short antiparallel B-sheet
(Figure 3). The B-strand and first alpha helix are connected by a sharp turn centered on
Aspl7. The solvent exposed al-a2 loop is similarly comprised of charged and polar amino
acid residues. Most noteworthy, the amino acid sequence in this loop deviates from the
conserved G-X-S/T/N motif found in the loop connecting the ol and a2 helices in the
canonical RHH motif (84). Hydrophobic side chains within helices al and o2 (e.g. Leu31,
I1e38, Val43 and Trp46) engage in numerous van der Waals contacts within the protein and
are responsible for forming a large portion of the E73 hydrophobic core.

This RHH substructure is augmented by a notable and intriguing embellishment, the
addition of a third helix (a3) that is tightly integrated within the RHH homodimer.
Specifically, helix a2 is followed by a sharp turn (a2-a3) that positions the a3 helix to run
back toward the N-terminus of al (Figure 3). Within the context of the homodimer, this
sharp 02-03 turn serves to fold the a3 helix over the o2" helix of the symmetry related
subunit. At the junction of the a1 and a3 helices, we find a constellation of hydrophobic
residues that include Phel6, Phe69, Phe70 and lle7’. These residues appear to position the
C-terminal end of the a3 helix toward the N-terminal ends of a1l and B’ in the symmetry
related subunit. The net result is that the a1, a2, and a3 helices from one subunit completely
encircle the a2" helix in the neighboring subunit (Figure 3). Similarly, the al’, a2’ and a3’
helices of the symmetry related subunit also encircle a2. This gives a tightly intertwined
dimer, one that cannot dissociate without significant rearrangement of the a3 helices.

We also note that the addition of a3 to the standard RHH fold creates a structural cleft distal
to the antiparallel B-sheet of E73’s RHH domain (Figure 4). The tight integration of this
third helix within the structural domain and the resulting cleft are features that, to our
knowledge, are unique to E73 and have not been observed thus far in structural studies of
the RHH fold (see below). The a2-a3 turn creates the upper ridges of this shallow, V-shaped
cleft, while the bottom of the cleft is formed by the intertwining of the a3 and a2 helices
(Figures 3 and 4). The a2-a3 loop is largely solvent exposed with the exception of Leu54
whose side-chain forms van der Waals contacts with Leu58 of helix a3’ and with Leu31 of
helix al'.

Structural Homology to Ribbon-Helix-Helix Proteins

DALI (66) and SSM (67) were used to search for structural homologs to E73. Significant
structural similarity was limited to ~ 45 residues within the  strand and helices a1 and a2,
which constitute the well-known RHH fold described above. However, considering the
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limited sequence identity, the E73 RHH substructure is quite similar to other bacterial and
viral RHH domains. Similar RHH folds identified by the SSM search included PutA [PDB
ID 2RBF, 1.52 A RMSD for 44 aligned residues with 16% sequence identity (85)], CopG
[PDB ID 1EA4, 1.55 A RMSD for 44 aligned residues with 18% sequence identity (86)], the
Avrc repressor [PDB ID IMYK, 1.56 A RMSD for 44 aligned residues with 14% sequence
identity (87)], and SvtR from Sulfolobus islandicus Rod-shaped Virus (SIRV1), another
hyperthermophilic crenarchaeal virus [PDB ID 2KEL, 1.71 A for 45 aligned residues
sharing 27% sequence identity, (88)]. As an illustration of the structural similarities of E73
RHH domain to that of other RHH proteins, a structural overlay of the RHH motif of E73
with PutA and SvtR is shown in Figure 5. However, none of the RHH proteins that are close
homologs of E73 show structural similarity beyond the core RHH motif.

Further scrutiny of the potential structural homologs returned by the DALI and SSM servers
did identify more distant proteins with an RHH substructure followed by an additional a-
helix. But none of these proteins incorporates the third helix in a manner similar to that seen
in the E73 RH3 fold (Figure 6). Specific examples of proteins with a third helix include
MetJ [PDB ID 1MJM (89)], the antitoxin FitA [PDB ID 2BSQ (90)] and the Mnt repressor
(PDB ID 1MNT, (91)). MetJ consists of a larger domain that incorporates the RHH
substructure, with a third helix that follows the RHH motif. However, the helix does not
pack against the RHH substructure, and clearly lacks structural equivalence with the third
helix of the RH3 fold (see Fig 6A and 6D). For the smaller FitA in the FitA/FitB toxin/
antitoxin complex, the RHH domain is followed by a 3™ helix that extends away from the
RHH domain to mediate interactions with FitB (Fig 6C). In the absence of FitB, the residues
in this third helix are disordered. While in MntR, an additional poorly ordered helix follows
the RHH substructure, but runs perpendicular to the o2’ helix, rather than crossing over it to
complete encirclement of the o2’ helix (Fig 6B).

The DNA Binding Site and Superpositional Docking

Least squares superposition was used to dock E73 on the structure of the PutA DNA
operator complex to produce a model E73/DNA complex (Figure 7A). This docking model
orients a positively charged surface at the E73/DNA interface, and places the anti-parallel
sheet within the DNA major groove where it is poised to make a number of base specific
interactions, as well as more generic interactions with the ribose-phosphate backbone
(Figure 7A). This superposition suggests potential base specific interactions mediated by
Lys11, Thrl3 or Alal5, while interactions with the ribose-phosphate backbone are likely to
be mediated by basic residues in the N-terminus of E73 including Lys5, Lys6, Lys9, Lys10
and perhaps Lys11. In addition, the main-chain amides at the N-terminal end of helix a2 that
do not participate in hydrogen bonding and the a2 helix dipole are also suggested to interact
with the negatively charged phosphate in the DNA backbone. Two side chains at the N-
terminal end of a2 may also be involved. Specifically, Arg33 and Thr36 might each interact
with the ribose-phosphate backbone. Alternatively, Thr36 could also make a base specific
interaction. In addition, the docking exercise also places the C-terminus of the a3 helix near
the ribose-phosphate backbone, and additional interactions between E73 and DNA could be
mediated by basic residues in a3, such as Lys73. Overall, with the exception of a3, this
structural arrangement is quite similar to that observed for the PutA and Arc repressor-DNA
complexes (85, 92). This further suggests that basic residues within the disordered N-
terminus of E73 will interact with the ribose-phosphate backbone.

E73 Binds dsDNA

A series of overlapping 1000 bp fragments covering the entire SSV-RH genome was
generated by PCR and used in an initial screen for potential E73 binding sites in the SSVRH
genome. Each 1000 bp fragment was incubated with increasing amounts of E73 (0-20 uM
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monomer, concentrations at which E73 is a stable dimer as assessed by CD and the thermal
denaturation experiments) and analyzed by agarose gel electrophoresis. In general, 1uM E73
shifted each of the 19 PCR amplified products. But as E73 concentrations fell below 1uM
(monomer), the DNA band shift was uniformly lost for each for each of the 19 fragments,
suggesting the shifts at higher concentrations were due to non-specific interactions. This was
confirmed with control experiments using unrelated plasmid DNA that also gave
approximate 1 uM dissociation constant. Thus, while we were unable to identify specific
E73 binding sites within the SSV-RH genome, this work does confirm the ability of E73 to
recognize dsDNA in a non-specific manner with relatively high affinity.

To verify the predicted E73 DNA binding surface, we then characterized the E73 K11E
variant in which Lys 11 has been replaced by a glutamic acid residue (Figure 7B) (see
Supplemental Figure S6). In comparison to wild-type E73 (lanes 2-5), the EMSA data show
that the K11E variant (lanes 7-10) has lost the ability to interact with dSDNA (up to a
monomer concentration of 20 uM). The lessened affinity is not due to a structural change,
since the K11E variant retains similar biophysical properties and, with the exception of the
NMR resonance of K11, exhibits an identical 2D-tH-1°N-HSQC spectrum to that of wild
type E73.

E73 Backbone Amide Dynamics

15N NMR relaxation parameters (2°N-T4, 15N-T, and 1°N-[*H]-nOe) were measured for 58
of the 70 assigned non-proline residue amides of E73. Data for the remaining 12 residues
were omitted from the analysis due to overlapped, very weak, or unobservable °N/*H NMR
resonances. The 15N NMR data (see Supplementary Figures S2-S4 and Supplementary
Tables S1-S2) were analyzed in terms of spectral density functions and the extended Lipari
and Szabo ModelFree formalism, which characterize the internal dynamics of the protein on
the ns-ps and us-ms time scale. As discussed in the Supplementary Information Section,
backbone amides in the well-ordered segment of the protein (residues 16-69) display
relatively uniform relaxation profiles that are typical of well-folded secondary structural
elements of a protein with limited internal dynamics, with a few residues deviating slightly
from these trends. More importantly, the 1°N NMR relaxation profiles of E73 are very
similar to what has been observed for other crenarchaeal viral proteins from
hyperthermophiles including the RHH proteins ORF56 (47) and SvtR (88) from Sulfolobus
islandicus. This is in contrast to what has been observed for the anti-toxin ParD protein
whose N-terminal RHH domain, although structured in solution, is more flexible on a ps-ns
timescale than E73, ORF56, or StvtR (93). ParD is also less thermostable than E73 (T, of
64°C) (94) supporting the notion that restricted internal dynamics is an important factor in
the thermostability of hyperthermophilic crenarchaeal viral proteins like E73.

DISCUSSION

Ribbon-Helix-Helix (RHH) containing proteins represent a large and diverse family of
proteins found throughout all domains of life, but are particularly common in bacteria,
archaea and their viruses where they typically serve as transcription factors (84). For
example, the RHH domain is found within larger multidomain proteins such as NikR, the
nickel-dependent regulator of nickel uptake in E. coli (95), and PutA, the proline utilization
flavoprotein (85). In addition to their RHH domains, these proteins contain associated
ligand-binding or catalytic domains. The RHH domain is also found as a standalone module.
Examples here include CopG, a transcriptional repressor that in turn represses plasmid
replication (96), the Arc repressor, whose DNA binding function initiates the switch
between the lytic and lysogenic states in Salmonella bacteriophage P22 (92), and SvtR, a
putative transcriptional repressor from the archeal rod shaped virus SIRV1 (88). Structural
homology analysis, however, (67, 97, 98) does not identify any RHH containing protein
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with a third helix structurally equivalent to the a3 helix in E73. The structure of E73 is thus
the first observation of the “RH3” fold, in which a third helix (a3) is utilized to complete the
encirclement of a2’ in the neighboring RHH subunit.

Interestingly, the tightly intertwined E73 homodimer would appear incapable of dissociating
into monomers without significant rearrangement of the a3 helix. At the same time,

the 1H/2H exchange and NMR 1°N-NMR relaxation data indicate that a3 is well ordered on
the surface of the E73 dimer, and is not particularly flexible (Supplemental Figures S2-S4).
Combined, these data and the intertwined nature of E73 structure suggest that the a3 helix
plays an important role in stabilizing an intrinsic E73 homodimer. In addition, because the
a3 helix increases the volume of the hydrophobic core, and because oligomerization is also a
well recognized contributor to thermostability (99), a3 is also likely to make a significant
contribution to the overall thermostability of E73 (Fig. 1). Thus, a3 clearly plays an
important structural role.

However, as evidenced by SvtR (88), RHH domains are clearly thermostable in the absence
of a3-like helices. Thus, functional roles for the a3 helix should also be considered.
Specifically, within the context of the E73 homodimer, the a2-a3 turn and the N-terminal
end of the 3" helix combine to form a two-fold symmetric cleft that is distal to the canonical
DNA binding surface of the RHH fold (Figure 4). This positively charged cleft is clearly the
largest pocket or cavity on the protein surface, and for this reason should be considered as a
potential ligand binding site (100, 101). We cannot say, however, whether this potential
ligand-binding surface is highly conserved, as the unusually high level of sequence
conservation among the E73 orthologs does not truly allow the discrimination conserved
surface features. If this is a ligand-binding site, its positively charged surface suggests it
would recognize a ligand with complementary negative charge. It remains to be determined
whether this might be a viral or host protein, nucleic acid, or a regulatory small molecule.

Using an electromobility shift assay (EMSA), we have screened the entire SSV-RH genome
for potential E73 binding sites using a series of overlapping 1,000 bp fragments (88). While
E73 is capable of shifting each of these fragments, it is unable to discriminate among them,
binding each of them with approximately 1 uM dissociation constants. This suggests a non-
specific binding interaction with viral DNA, perhaps due to electrostatic interactions of the
five lysine residues at the extreme N-terminus (i.e. K5, K6, K9, K10, K11) with the
negatively charged ribose phosphate backbone. A structural based alignment of the amino
acid sequence of E73 compared to the amino acid sequence of other RHH proteins also
highlights the unusual cluster of lysine residues at the extreme N-terminus of E73 that are
missing in other RHH homologs (see Supplementary Figure S5). It is interesting to note that
replacement of Lys to a Glu at residue position 11 abrogates non-specific DNA binding
providing supporting evidence for a functional role of the N-terminal lysine residues of E73
for DNA binding.

The observation of non-specific interactions with viral DNA leads us to postulate that
instead of regulating viral DNA expression, the true DNA targets of E73 may instead reside
within the host genome and that E73 may regulate expression of Sulfolobus host genes. This
conclusion is consistent with the rich abundance of putative transcription factors found in
fuselloviral genomes (11, 17, 27). However, a simple gene candidate approach is impractical
for screening the larger host genome, and strategies that evaluate the whole genome such as
ChlIP-on-Chip or ChlIP-Seq will probably be required to address this issue. We also note that
each of the stand alone RHH containing proteins showing greatest structural similarity to
E73, i.e. CopG, Arc Repressor, and SvtR, serve as transcriptional repressors. In light of the
minimal structural features present in E73, it is likely the E73 will also serve as a repressor,
targeting the host genome.

Biochemistry. Author manuscript; available in PMC 2013 April 3.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schlenker et al.

Page 11

This scenario would also be consistent with a recent microarray study that observed tight
temporal control of SSV1 gene expression and viral production following UV irradiation
(24). The process begins with expression of the immediate early gene B49, followed by
expression of the T5 and T6 early transcripts. SSV1 E51, an E73 ortholog is found in
transcript T5, and is thus expressed early in the viral life cycle. Were it to serve as general
repressor of viral transcription, this would be at odds with the continued temporal expression
of the viral genome and viral production. It is also at odds with a CopG-like function for
E73 and its homologs, suggesting that direct functional analogies to CopG, which represses
expression of the RepB nickase needed to initiate rolling circle replication, should be
avoided (6).

In conclusion, our structural and functional analysis of SSVRH E73 has revealed a unique
adaptation on the RHH fold that we designate RH3. The addition of the third helix results in
a tightly intertwined RHH homodimer, which in the case of E73 shows significant
thermostability, and a notable cleft distal to the canonical DNA binding site. Structural
similarity to CopG, the Arc repressor, and SvtR suggests that E73 is most likely to act as a
transcriptional repressor. However, the inability of E73 to discriminate a high affinity
binding site in the SSVRH genome suggests that rather than regulating transcription of the
viral genome, it will instead target elements of the host genome. Further, in conjunction with
the microarray study of Frols et al. on SSV1 (24), it appears this will occur early in the viral
life cycle.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
APBS Adaptive Poisson-Boltzman Solver
ARIA Ambiguous Restraints for Iterative Assignment
BMRB BioMagResBank database
CD Circular Dichroism
CPMG Carr-Purcell-Meiboom-Gill multipulse sequence
DIPSI decoupling in the presence of scalar interactions
dsDNA double-stranded DNA
EDTA ethylenediaminetetraacetic acid
EMSA electromobility shift assay
GdnHCI guanidine hydrochloride
HSQC heteronuclear single quantum coherence spectroscopy
IPTG isopropyl B-thio-galactoside
NMR nuclear magnetic resonance spectroscopy
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NOESY nuclear Overhauser enhancement spectroscopy
nOe nuclear Overhauser effect
ORF Open Reading Frame
PCR polymerase chain reaction
PDB Protein Data Bank
RHH Ribbon-Helix-Helix
RMSD root-mean-squared deviation
SSM Secondary Structure Matching
SSV-RH Sulfolobus spindle shaped virus - Ragged Hills
TBE buffer Tris/Borate/EDTA buffer
WALTZ Wideband Alternative-phase Low-power Technique for Zero residual
splitting
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(A) GdnHCI-induced unfolding of E73 monitored by CD at 222 nm at 25°C in 0.1 M KCl,
0.05M POy (pH 7) buffer with varying concentrations of GdnHCI. The fraction of protein
unfolded (f,) was calculated as described in experimental procedures. E73 protein
concentration was 10 pM. Insert (B) Temperature-induced unfolding of the E73 protein
monitored by CD at 222 nm in a 0.1 M KCI, 0.05 M POy, pH 7 buffer. Protein concentration
was 10 uM.
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Figure 2.

Family of accepted E73 structures. The wall-eye stereoview is shown for the overlay of the
backbone heavy atoms (N, Ca, C') of residues 10-69 for the 20 lowest energy structures and
was generated with the PYMOL software. The overlay of Ca backbone traces is colored in
grey for one of the E73 protomers, and in purple for the second protomer.
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Figure 3.

Ribbon representation of a representative conformer from the ensemble of 20 low energy
NMR structures of E73. The two respective chains of the E73 homodimer are colored gray
and purple. The secondary structure elements are labeled B (beta sheet; residues 11 to 16),
al (a—helix 1;— residues 18 to 32), a2 (o—helix 2; residues 35 to 53) and— a3 (a-helix 3;-
residues 57 to 71). The prime symbol denotes the second protomer chain.
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Figure 4.

Three distinct orientations of the electrostatic potential surface of E73 (blue = positive
charge, red = negative charge) calculated as described in the text. The top figures display the
different orientations of the ribbon diagram structure of E73 to highlight the orientations of
the electrostatic surfaces with respect to the secondary structural elements of the protein.
The color scheme for the two protomers is identical to that of Figure 3. (A) Electrostatic
potential surface of E73 highlighting the positively charged nature of the top cleft of E73
(arrow); (B) View of electrostatic potential surface of E73 rotated by 90° relative to the
orientation shown in (A), with the DNA binding surface of E73 pointing downward and the
protein cleft oriented at the top (arrow) and distal to the B-sheet; (C) Molecular surface of
E73 rotated by 90° relative to (B) and highlighting the positively charged nature of the
protein region engaged in DNA binding.
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Figure 5.

Structural similarity between E73 and other RHH-containing proteins. (A) Overlay of the
ribbon-helix-helix (RHH) domain of E73 (purple) with that of DNA-bound PutA (cyan,
PDB ID:2RBF); and in (B) with the RHH structure of the hyperthermophilic protein SvtR
(green, PDB ID:2KEL). All structures are shown in their ribbon representations. The 3"
helix of E73 has been omitted in this figure for clarity and to emphasize the close structural
similarities of the RHH motifs.
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Figure 6.

Comparison of the structure of E73 (A) with that of other RHH proteins containing a 3"
helix including (B) MntR (PDB ID:1MNT); (C) FitA (PDB ID: 2BSQ); and (D) MetJ (PDB
ID: 1IMJM). All structures are shown as ribbon representations with one protomer colored in
grey and the other colored in purple (E73), green (MntR), orange (FitA), or blue (MetJ). The
3" helix of the colored protomers is shown in red for all 4 proteins to highlight that the
orientation of the 3" helix in E73 relative to its RHH motif is unique to E73 and that all
three homologs have very distinct 34 helix topology.
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Figure 7.

(A) Ribbon representation of the E73 homodimer docked by superposition onto Put A DNA
(PDB ID:2RBF). The two protomers are colored in purple and grey, DNA is colored cyan.
Similar to PutA, the B-sheet interacts with the DNA major groove, and the N-terminus of
helix a2 appears to interact with the ribose. (B) EMSA demonstrating the loss of non-
specific viral DNA binding affinity by the E73 K11E variant. The E73-DNA intreaction was
followed by electromobility shift assay. Increasing concentrations of wild type E73 (lanes 1—
5) and the E11K variant (lanes 6-10) were incubated with 182 ng of SSVRH DNA (SSV-
RH oligonucleotides 2,900-3,900). Protein (monomer) concentrations were 0 uM (lanes 1,
6), 5 uM (lane 2, 7), 10 uM (lane 3, 8), 15 uM (lane 4, 9) and 20 uM (lane 5, 10). In contrast
to wild type E73, the K11E variant failed to shift DNA at any of the concentrations
examined (1-20 puM).
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