
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Structure of the Open Reading Frame 49 Protein
Encoded by Kaposi Sarcoma‑Associated
Herpesvirus

Hew, Kelly; Veerappan, Saranya; Sim, Daniel; Cornvik, Tobias; Nordlund, Pär; Dahlroth,
Sue‑Li

2017

Hew, K., Veerappan, S., Sim, D., Cornvik, T., Nordlund, P., & Dahlroth, S.‑L. (2017). Structure
of the Open Reading Frame 49 Protein Encoded by Kaposi's Sarcoma‑Associated
Herpesvirus. Journal of Virology, 91(2), e01947‑16‑.

https://hdl.handle.net/10356/84995

https://doi.org/10.1128/JVI.01947‑16

© 2017 American Society for Microbiology (ASM). This paper was published in Journal of
Virology and is made available as an electronic reprint (preprint) with permission of
American Society for Microbiology (ASM). The published version is available at:
[http://dx.doi.org/10.1128/JVI.01947‑16]. One print or electronic copy may be made for
personal use only. Systematic or multiple reproduction, distribution to multiple locations
via electronic or other means, duplication of any material in this paper for a fee or for
commercial purposes, or modification of the content of the paper is prohibited and is
subject to penalties under law.

Downloaded on 23 May 2023 11:01:28 SGT



Structure of the Open Reading Frame 49
Protein Encoded by Kaposi’s Sarcoma-
Associated Herpesvirus

Kelly Hew,a Saranya Veerappan,a Daniel Sim,a Tobias Cornvik,a Pär Nordlund,a,b,c

Sue-Li Dahlrotha

Division of Structural Biology and Biochemistry, Nanyang Technological University, School of Biological
Sciences, Singaporea; Department of Oncology-Pathology, Karolinska Institutet, Stockholm, Swedenb; Institute
of Molecular and Cell Biology, Agency for Science, Technology and Research, Singaporec

ABSTRACT Herpesviruses alternate between the latent and the lytic life cycle.
Switching into the lytic life cycle is important for herpesviral replication and disease
pathogenesis. Activation of a transcription factor replication and transcription activa-
tor (RTA) has been demonstrated to govern this switch in Kaposi’s sarcoma-
associated herpesvirus (KSHV). The protein encoded by open reading frame 49 from
KSHV (ORF49KSHV) has been shown to upregulate lytic replication in KSHV by en-
hancing the activities of the RTA. We have solved the crystal structure of the
ORF49KSHV protein to a resolution of 2.4 Å. The ORF49KSHV protein has a novel fold
consisting of 12 alpha-helices bundled into two pseudodomains. Most notably are
distinct charged patches on the protein surface, which are possible protein-protein
interaction sites. Homologs of the ORF49KSHV protein in the gammaherpesvirus sub-
family have low sequence similarities. Conserved residues are mainly located in the
hydrophobic regions, suggesting that they are more likely to play important struc-
tural roles than functional ones. Based on the identification and position of three
sulfates binding to the positive areas, we performed some initial protein-DNA bind-
ing studies by analyzing the thermal stabilization of the protein in the presence of
DNA. The ORF49KSHV protein is stabilized in a dose-responsive manner by double-
stranded oligonucleotides, suggesting actual DNA interaction and binding. Biolayer
interferometry studies also demonstrated that the ORF49KSHV protein binds these oli-
gonucleotides.

IMPORTANCE Kaposi’s sarcoma-associated herpesvirus (KSHV) is a tumorigenic gam-
maherpesvirus that causes multiple cancers and lymphoproliferative diseases. The vi-
rus exists mainly in the quiescent latent life cycle, but when it is reactivated into the
lytic life cycle, new viruses are produced and disease symptoms usually manifest.
Several KSHV proteins play important roles in this reactivation, but their exact roles
are still largely unknown. In this study, we report the crystal structure of the open
reading frame 49 protein encoded by KSHV (ORF49KSHV). Possible regions for protein
interaction that could harbor functional importance were found on the surface of
the ORF49KSHV protein. This led to the discovery of novel DNA binding properties of
the ORF49KSHV protein. Evolutionary conserved structural elements with the func-
tional homologs of ORF49KSHV were also established with the structure.

KEYWORDS Herpesvirus, Kaposi’s sarcoma-associated herpesvirus, KSHV, ORF49,
structural biology

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a human herpesvirus. Herpesvi-
ruses are a group of large double-stranded deoxyribonucleotide (dsDNA) viruses of

which KSHV is the most recently identified human herpesvirus. KSHV has been found
to be the causative agent of human cancers and lymphoproliferative diseases, including
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Kaposi’s sarcoma, primary effusion lymphoma, and multicentric Castleman’s disease
(1–3).

All herpesviruses exist and propagate indefinitely in their hosts by having two
distinct life cycles—the latent and the lytic life cycles (4). During the latent life cycle, the
virus exists as a circular episome tethered to the host cell chromosome. The latent life
cycle is characterized by limited expression of herpesvirus proteins, which are usually
associated with maintenance of the viral episome and host immune evasion (5).
Occasionally, the virus may be reactivated from the latent to the lytic life cycle, and
disease symptoms usually surface. Even though the process of reactivation is not well
defined, the overall determining factor is a shift in immune response brought about by
immune suppression related to factors like organ transplants or AIDS, fever, stress, UV
light exposures, and even menstruation (6–12). During the lytic life cycle, the full
repertoire of herpesvirus proteins is expressed in a cascaded fashion, starting from the
immediate early genes to the early genes and finally the late genes (13). New infectious
virus particles are assembled and subsequently released upon host cell lysis (14).

KSHV encodes a protein called replication and transcription activator or RTA. RTA is
a transcription factor that has been determined to be the molecular switch responsible
for reactivation and is sufficient to drive the expression of all KSHV lytic genes (15–17).
Another KSHV-encoded protein, the open reading frame 49 protein (ORF49KSHV), has
been shown to upregulate the transcriptional activity of RTA (18). The protein ho-
mologs of ORF49KSHV in Epstein-Barr virus (EBV) and murine herpesvirus 68 (MHV-68)
display similar effects in the respective viruses (19–22). ORF49KSHV has been demon-
strated to enhance lytic replication in KSHV, while the lack of the ORF49MHV-68 protein
has been shown to attenuate viral growth of MHV-68 (23). It is likely that the comple-
menting effects of ORF49KSHV and its homologs on the lytic switch protein RTA are
important for the lytic replication in the gammaherpesvirus subfamily.

To date, there is a lack of structural information on individual herpesviral proteins.
To increase the knowledge of the ORF49KSHV protein and its homologs, we sought to
characterize the protein by solving the crystal structure. Structural analysis of
ORF49KSHV revealed a novel fold with sulfate ions binding to the distinctively charged
protein surface. These data prompted DNA binding studies of the ORF49KSHV protein
using a thermal stability shift assay (TSSA) and biolayer interferometry (BLI). Both TSSA
and BLI were able to demonstrate nonspecific DNA binding by the ORF49KSHV protein
with low micromolar affinities. DNA binding may contribute to the function of
ORF49KSHV during lytic replication. By comparing the locations and interactions of
conserved amino acid residues in all homologs and also analyzing the secondary-
structure predictions, it is with confidence that we propose that all ORF49KSHV protein
homologs have the same overall fold and structure. It, however, remains to be shown
if all homologs display the same DNA binding properties as the KSHV protein.

RESULTS
Crystal structure of the ORF49KSHV protein. The full-length ORF49KSHV protein

(amino acids 1 to 301) was cloned, expressed, purified, and crystallized. The structure
was determined with the single anomalous dispersion (SAD) method and subsequently
refined at a final resolution of 2.4 Å (Table 1). There is one ORF49KSHV molecule in each
asymmetric unit, and each molecule comprises amino acids 10 to 300, with the
exception of a disordered region from amino acids 135 to 143. Two point mutations
(Q140P and Q179E) were identified in the amino acid sequence; both were verified by
DNA sequencing and determined to have occurred during cloning.

The ORF49KSHV protein has an elongated structure made up of 12 alpha-helices (Fig.
1a). A structural comparison of the ORF49KSHV protein against protein databases
showed that ORF49KSHV adopts a novel fold (24, 25). A long single helix, �3, spans the
entire length of the structure and kinks in the middle, creating a slight “V” shape with
a groove on one face of the protein surrounded by two pseudodomains. Pseudodo-
main 1 consists of the N-terminal part of �3 (residues 41 to 69) that creates a helical
bundle with alpha-helices �1 and �2 and �10 to �12 (Fig. 1b, top). Pseudodomain 2
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consists of the C-terminal part of �3 (residues 70 to 89) and helices �4 to �9 (Fig. 1b,
bottom). The entire protein is stabilized by coiled-coil interactions, and in both pseu-
dodomains, the majority of the helices are slightly twisted around each other (Fig. 1b).
The two point mutations mentioned above are located within a disordered surface loop
(Q140P) and the protein surface (Q179E), respectively, and do not seem to disrupt the
structural integrity of the protein or to affect the structural analysis of the ORF49KSHV

protein.
Three sulfate ions (S1 to S3) were successfully modeled into the positive spherical

electron densities on the surface of each ORF49KSHV molecule (Fig. 1a). These sulfate
ions are likely to have been contributed from the crystallizing solution. S1 is found near
the C-terminal end of the protein and is directly coordinated by His 270 and Arg 273
on �11 (Fig. 1c). S2 is located near �6 and �7 and is coordinated by Arg 160 and Arg
164 (Fig. 1d). S2 also binds to the main chain amide of Gly 157 and the side chain of
Ser 162 through a water-mediated interaction involving W19. S3 is located in a patch
of histidine residues on �12 and is coordinated by His 293 and His 296 (Fig. 1e).

An electrostatic potential surface map of the protein surface reveals that ORF49KSHV

has a clear charge separation. One face of the protein has three characteristically

TABLE 1 Data collection and refinement statistics

Parameter
Value for native protein
(PDB ID 5IPX)

Data collection statistics
X-ray source AS MX2
Wavelength (Å) 1.549
Space group C2221

Unit cell dimensions
a, b, c (Å) 87.6, 142.5, 71.2
� � � � � (°) 90

Resolution range (Å) 28.6–2.4 (2.5–2.4)a

I/�(I) 43.8 (11.0)a

Completeness (%) 100 (99.4)a

Redundancy 10.2 (10.2)a

Rmerge
b 4.7 (18.8)a

No of total reflections 35,329
No. of unique reflections 17,810

Phasingc

No. of sites 3
Initial FOM 0.27
FOM after DM 0.64

Refinement statistics
Rwork

d (%) 21.0
Rfree

e (%) 25.3
No. of protein residues 282
No. of solvent molecules 27
Ligand 3 sulfate ions
RMSD bonds (Å) 0.006
RMSD angles (°) 0.61
Ramachandran plot (%)

Favored regions 97.0
Allowed regions 3.0
Outliers 0.0
Rotamer outliers 1.0

aThe values in parentheses are for the highest-resolution shell (2.5 to 2.4 Å).

bRmerge �
��hkl�i|Ii�hkl��I��hkl�|�

��hkl�iI��hkl��
	 100, where Ii is the ith intensity measurement of reflection hkl and I�(hkl) is

the mean intensity measurement of the symmetry-related or replicated reflections of the unique reflection
hkl.

cFOM, figure of merit; DM, density modification.

dRfactor �
��hkl|Fobs�hkl��Fcalc�hkl�|�

��hklFobs�hkl��
	 100, where Fobs and Fcalc are the observed and calculated structure

factors, respectively.
eRfree is equivalent to Rfactor, but 5% of the measured reflections have been excluded from refinement and
set aside for cross validation.
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charged patches. On this face, there are two positively charged patches flanking a
negatively charged area in the middle (Fig. 2, side view 1). The opposite face of the
protein is also highly charged (Fig. 2, side view 2). One end of this face is largely
hydrophobic, while the other end is predominantly negative. The groove created by the
protein’s slight “V” shape is largely hydrophobic (Fig. 2, top view). Conversely, the
underside of the groove is highly charged with patches of negatively and positively
charged surfaces (Fig. 2, bottom view). Sulfate ions are found on the positively charged
surfaces of the protein.

DNA binding studies of the ORF49KSHV protein using a TSSA and BLI. The DNA
binding abilities of ORF49KSHV were explored with different oligonucleotides, including
the KSHV promoter DNA sequences of viral interleukin-6 (vIL-6), kaposin, ORF57, and
polyadenylated nuclear RNA (PAN), as well as a random 28-mer (dsO28) and a random
14-mer (dsO14) oligonucleotide, using a TSSA (26). All oligonucleotides induced in-
creased thermal stability to the melting temperature (Tm) of the ORF49KSHV protein,
suggesting DNA binding by the protein. A 100 mM concentration of vIL-6 increased the
Tm of the ORF49KSHV protein by 4.97 (�0.07)°C (Fig. 3a). Similarly, kaposin, ORF57, PAN,
dsO28, and dsO14 also increased the Tm of the ORF49KSHV protein by 3.14 (�0.04)°C, 3.88
(�0.07)°C, 3.50 (�0.03)°C, 2.96 (�0.50)°C, and 2.37 (�0.18)°C, respectively (Fig. 3a). All
six oligonucleotides also induced a dose-dependent increment in the Tm of ORF49KSHV

protein (Fig. 3b). There was no detectable thermal stabilization by the oligonucleotides
on human isocitrate dehydrogenase (NADP) cytoplasmic protein (IDH1), a non-DNA-
binding citric acid cycle protein with a protein isoelectric point similar to that of
ORF49KSHV (Fig. 3a) (27).

FIG 1 Structure of the ORF49KSHV protein. (a) The ORF49KSHV protein has an elongated structure that is made up
of 12 alpha-helices. The long �3 spans the length of the protein and kinks in the middle, dividing the protein into
two distinct pseudodomains. (b) Each side of �3 interacts with a bundle of helices that are slightly twisted around
each other. (c to e) Three sulfate ions are found on the ORF49KSHV protein surfaces.
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DNA binding kinetics of the ORF49KSHV protein measured using biolayer interfer-
ometry (BLI) further verified its DNA binding abilities. The ORF49KSHV protein could bind
the promoter regions of vIL-6, kaposin, ORF57, and PAN with a Kd (dissociation
constant) of 2.56 (�0.08) 
M, 5.48 (�0.34) 
M, 9.05 (�0.82) 
M, and 2.58 (�0.07) 
M,
respectively (Fig. 4). However, the ORF49KSHV protein could also bind dsO28 with a Kd

of 5.35 (�0.82) 
M and dsO14 with a Kd of 5.68 (�0.44) 
M (Fig. 4).
Crystallization screening of ORF49KSHV with oligonucleotides has been attempted

but has so far been unsuccessful.
Sequence conservation in the ORF49 protein family. The KSHV- and MHV-68-

encoded ORF49 as well as the EBV-encoded Na protein are positional and functional
homologs with limited sequence similarities (Fig. 5a). In an attempt to identify the
important potential functional regions, the amino acid sequences of ORF49KSHV,
ORF49MHV-68, and Na protein were aligned. Identical and similar amino acids were
mapped onto the ORF49KSHV protein structure. Conserved residues are localized in

FIG 2 Electrostatic potential surface map of ORF49KSHV protein. Four different orientations of the protein show that
the surface of ORF49KSHV protein is characteristically charged with large areas of positively charged (blue),
negatively charged (red), and hydrophobic (white) surfaces. Sulfate ions (S1 to S3), shown as spheres, are found
binding to the distinctively charged protein surfaces of ORF49KSHV.

FIG 3 DNA binding studies of ORF49KSHV using TSSA. (a) The melting temperature (Tm) of ORF49KSHV protein was
increased by the KSHV promoter regions of vIL-6, ORF57, PAN, kaposin, and two unrelated oligonucleotides, dsO28

and dsO14, in the TSSA. However, this was not observed with the control protein IDH1, which is a non-DNA binding
protein (27). (b) ORF49KSHV with various concentrations of oligonucleotides (vIL-6, ORF57, PAN, kaposin, dsO28, and
dsO14) showed a dose-responsive increment in the Tm (ΔTm) of ORF49KSHV. The stabilization effects on ORF49KSHV

appear to be higher with vIL-6, followed by ORF57, PAN, Kaposin dsO28 and dsO14, but the degrees of stabilization
are not significantly different.
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hydrophobic regions along the interacting surfaces of the alpha-helices and most likely
play a primarily structural role (Fig. 5b).

DISCUSSION

Reactivation into the lytic life cycle is important for the production of new infectious
herpesvirus particles in the host and hence the survival of the virus (14, 28). In KSHV,
this is governed by the transcriptional control facilitated by RTA, and studies have
demonstrated that ORF49KSHV and its homologs are able to cooperate with RTA to
enhance its transcriptional activation (13, 16–18, 20–22). However, the underlying
mechanism of this process is still unclear, with limited functional studies and lack of
structural information.

The structure of the ORF49KSHV protein was determined to obtain a better under-
standing of its role in the herpesviral life cycle. The ORF49KSHV protein has an elongated
novel fold, and its surface shows a clear charge separation, suggesting several sites for
interactions with other proteins and/or charged molecules (Fig. 1 and 2). The structure
of ORF49KSHV is not conserved as DNA binding domains of typical transcriptional
activators/repressors (24, 25). However, the presence of sulfate ions on its positive
surfaces prompted us to investigate the ORF49KSHV protein’s potential DNA binding
properties with oligonucleotides harboring the KSHV promoter regions upregulated by
RTA (Fig. 1 and 2) (26). DNA binding was first investigated with a TSSA, which we have
previously used successfully to identify DNA binding for viral proteins (29, 30).

A typical dose-responsive increase in protein stability in the presence of different
oligonucleotides suggests that the ORF49KSHV protein is able to bind dsDNA in vitro
(Fig. 3). Even though the stabilizing effects seem to be slightly stronger with the KSHV
promoter DNA sequences than the unrelated oligonucleotides, the difference in Tm is
too small to clearly indicate a preference for the promoter sequences (Fig. 3b). BLI also
demonstrated similar binding affinities of the ORF49KSHV protein with all the oligonu-
cleotides. Even so, these preliminary results suggest that the ORF49KSHV protein is able
to bind DNA of various lengths and sequences.

ORF49KSHV has been shown to increase transcriptional activation in cooperation
with RTA (18). Studies with its MHV-68 homolog, ORF49MHV-68, suggested that this
cooperation is likely due to interactions between ORF49MHV-68 and RTA (21). Since

FIG 4 Biolayer interferometry sensograms of the binding of different concentrations of ORF49KSHV protein (10 
M, 5 
M, 2.5 
M, 1.25 
M, 0.63 
M, and 0 
M)
with the KSHV promoter regions of vIL-6, ORF57, PAN, kaposin, and two unrelated oligonucleotides, dsO28 and dsO14. The perpendicular line in the middle of
the sensograms sections the association (left) from the subsequent dissociation (right) of ORF49KSHV protein.
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ORF49KSHV has been demonstrated to bind DNA in vitro, it is tempting to propose that
the upregulation of RTA’s transcriptional activity by ORF49KSHV might also involve direct
DNA binding by ORF49KSHV. Obviously, in vitro studies do not necessarily imply that
ORF49KSHV will show its DNA binding properties in infected cells.

For future work, it would be interesting to investigate the potential phosphate
binding sites and also the DNA binding capacity in the presence of RTA through

FIG 5 Comparisons of ORF49KSHV protein homologs. (a) The sequence alignment of ORF49KSHV, ORF49MHV-68, and Na shows limited
sequence conservation among the three proteins. (b) The identical (red) and similar (pink) amino acids of ORF49KSHV, ORF49MHV-68, and
Na were mapped and shown on the structure of ORF49KSHV. These conserved amino acids are located along the interfaces of the
interacting alpha-helices.
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targeted mutations. As already mentioned, the sequence conservation between the
different homologs is very low, and the residues that are involved in the coordination
of the sulfate ions are not conserved. Instead, conserved residues seem to play
structural roles rather than functional ones. Even so, the protein structure of ORF49KSHV

constitutes the first structure to be solved of any of the ORF49 gammaherpesvirus
protein homologs. A comparison of the secondary-structure predictions for the Na
protein (data not shown) and the location of conserved residues indicate that Na and
ORF49MHV-68 have a fold and overall structure similar to those of ORF49KSHV.

In summary, the structure of ORF49KSHV has provided us with insights into the
protein, revealing a novel protein fold and potential interaction areas. DNA binding
studies of ORF49KSHV also indicate direct binding between the ORF49KSHV protein and
dsDNA. The DNA binding characteristics might be a part of the protein’s functional role
in the lytic replication of KSHV.

MATERIALS AND METHODS
Protein expression. ORF49KSHV was cloned as previously described into pNIC28-Bsa4 with an

N-terminal histidine tag to enable affinity purification and immunoblotting (31, 32). The starter culture
supplemented with 50 
g/ml kanamycin and 34 
g/ml chloramphenicol was inoculated with the
ORF49KSHV glycerol stock. The culture was incubated overnight at 37°C and 220 rpm. Ten milliliters of the
overnight culture was added to 750 ml of terrific broth (TB) supplemented with 50 
g/ml kanamycin, 34

g/ml chloramphenicol, and approximately 200 
l of antifoam agent. The cultures were grown in a
large-scale expression (LEX) system (Harbinger Biotech) and kept at a constant temperature of 37°C until
the optical density at 600 nm (OD600) reached 2 to 3. The cultures were cooled to 18°C, and expression
was induced with 0.5 mM isopropyl-�-D-1-thiogalactopyranoside (IPTG) overnight. The cells were har-
vested by centrifugation (4,500 � g for 10 min at 15°C) the next day. The pelleted cells were flash frozen
with liquid nitrogen, ground, and stored at �20°C. Unless otherwise stated, all reagents were from
Sigma-Aldrich.

Protein purification. The ground cell pellets were resuspended in ice-cold lysis buffer (100 mM
HEPES [pH 8.0], 500 mM NaCl, 10 mM imidazole [pH 8.0], and 10% glycerol) supplemented with 0.5 mM
tris(2-carboxyethyl)phosphine (TCEP), 0.1 mg/ml lysozyme, 1 
l/ml protease inhibitor cocktail (EDTA free;
Nacalai), and 125 U/ml benzonase (Merck Millipore) and sonicated. The lysates were clarified by
centrifugation (47,000 � g for 25 min at 4°C) and filtration through a 1.2-
m syringe filter. The filtrate
was loaded onto a preequilibrated 1-ml HisTrap HP IMAC column (GE Healthcare; 20 mM HEPES [pH 7.5],
500 mM NaCl, 10 mM imidazole, 10% glycerol, 0.5 mM TCEP), and the column was washed with 20 ml
of equilibration buffer and 15 ml of wash buffer (20 mM HEPES [pH 7.5], 500 mM NaCl, 25 mM imidazole,
10% glycerol, 0.5 mM TCEP). The protein was eluted with 5 ml elution buffer (20 mM HEPES [pH 7.5], 500
mM NaCl, 500 mM imidazole, 10% glycerol, 0.5 mM TCEP), and the eluate was loaded onto a preequili-
brated (20 mM HEPES [pH 7.5], 500 mM NaCl, 10% glycerol, 0.5 mM TCEP) gel filtration column (HiLoad
16/60 Superdex 75; GE Healthcare) directly. The eluted protein samples were collected in 2-ml fractions
and analyzed on 4 to 12% NuPAGE Bis-Tris gels. After size exclusion chromatography, the fractions were
analyzed on 4 to 12% NuPAGE Bis-Tris gels. The pure ORF49KSHV protein samples were combined, and 2
mM TCEP was added prior to protein concentration. The ORF49KSHV protein was concentrated to 6 mg/ml
using a 10-kDa MWCO protein concentrator, before being flash frozen with liquid nitrogen and stored at
�80°C.

TSSA. A thermal stability shift assay (TSSA) of purified ORF49KSHV protein with different oligonucle-
otides was performed using a real-time PCR (RT-PCR) machine (Bio-Rad) with a 96-well PCR plate
(Bio-Rad).

Lyophilized oligonucleotides (Integrated DNA Technologies) were solubilized with deionized distilled
water. Double-stranded oligonucleotides were prepared by mixing equimolar amounts of the comple-
mentary oligonucleotides (for vIL6, 5=-AAATGGGTGGCTAACCTGTCCAAAA and 5=-TTTTGGACAGGTTAGC
CACCCATTT; kaposin, 5=-GGAAATGGGTGGCTAACCCCTACATA and 5=-TATGTAGGGGTTAGCCACCCATT
TCC; ORF57, 5=-AGTGTAACAATAATGTTCCCACGGC and 5=-GCCGTGGGAACATTATTGTTACACT; PAN, 5=-
AAACCCCGCCCCCTGGTGCTCACTTT and 5=-AAAGTGAGCACCAGGGGGCGGGGTTT; dsO28, 5=-GCCCCACGC
CCCGGACCCGCGAGACTTT and 5=-AAAGTCTCGCGGGTCCGGGGCGTGGGGC; dsO14, 5=-TTTAAGATCAGTAC
and 5=-GCCCCACGCCCCGGACCCGCGAGACTTT).

The oligonucleotides were incubated at 95°C for 2 min and cooled at room temperature. Each well
contained 0.2 mg/ml of the ORF49KSHV protein, 5� SYPRO orange (Life Technologies), and 100 
M
oligonucleotides, marked up to a final volume of 25 
l with TSSA buffer (20 mM HEPES [pH 7.5] and 300
ml NaCl). Triplicate experiments were done, and TSSA buffer was added in place of the oligonucleotides
as blanks. The same experiment was repeated by replacing the ORF49KSHV protein with purified human
isocitrate dehydrogenase (NADP) cytoplasmic protein (IDH1) as a control. A dose-responsive TSSA of the
ORF49KSHV protein and the oligonucleotides was also performed similarly to that described above, but
with different oligonucleotide concentrations: 100 
M, 50 
M, 25 
M, 12.5 
M, 6.3 
M, 3.2 
M, 1.6 
M,
and 0 
M.

BLI. The DNA-binding kinetics of the ORF49KSHV protein with various oligonucleotides were
characterized with an Octet RED96 (ForteBio) biolayer interferometry (BLI) system at 25°C in the
assay buffer (10 mM phosphate [pH 7.4], 137 mM NaCl, 2.7 mM KCl, 0.1% bovine serum albumin
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[BSA], 0.01% Tween 20). 5=-biotinylated DNA oligonucleotides (IDT) were prepared as described
above. The biotinylated oligonucleotides were immobilized onto streptavidin biosensor tips, fol-
lowed by the measurement of BLI signals upon the association of different concentrations of the
ORF49KSHV protein (10 
M, 5 
M, 2.5 
M, 1.25 
M, 0.63 
M, and 0 
M) and the subsequent
dissociation of the ORF49KSHV protein into blank assay buffer. The dissociation constant (Kd) of each
DNA was obtained by fitting the full titration range of the ORF49 binding data with a 1:1 model of
association and dissociation functions (ForteBio).

Crystallization and data collection. The ORF49KSHV protein was crystallized by vapor diffusion in a
drop composed of 200 nl of the protein solution (6 mg/ml) and 100 nl of the crystallizing solution
containing 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES; pH 6) (Qiagen), 0.15 M ammonium sulfate
(Qiagen), and 15% (wt/vol) polyethylene glycol 4000 (PEG 4000) (Qiagen). The drop was incubated in a
96-well sitting drop Intelli-plate (Art Robbins) at 4°C. The native crystals were soaked in cryoprotectant
composed of 0.15 M ammonium sulfate, 0.1 M MES (pH 6), and 32% (wt/vol) PEG 4000 for a minute
before being flash frozen in liquid nitrogen.

ORF49KSHV protein also crystallized as a second crystal form in a drop consisting of 150 nl of protein
solution (6 mg/ml) and 150 nl of crystallizing solution containing 0.1 M MES (pH 6) (Qiagen), 0.2 M NaCl
(Qiagen), and 20% (wt/vol) PEG monomethyl ether (MME) 2000 (Qiagen). The drop was also incubated in a
96-well vapor diffusion sitting drop Intelli-Plate at 4°C. Derivative ORF49KSHV crystals were obtained by soaking
these crystals in the heavy-atom solution containing 10 mM gold(I) potassium cyanide (Hampton), 0.1 M MES
(pH 6), 0.2 M NaCl, 20% (wt/vol) PEG MME 2000, and 2 mM TCEP for 20 min. The crystals were subsequently
dipped into the cryoprotectant, which is made up of 0.1 M MES (pH 6), 0.2 M NaCl, 20% (wt/vol) PEG MME
2000, and 20% (vol/vol) glycerol, before being flash frozen in liquid nitrogen.

Diffraction data were collected at the MX2 Micro Crystallography beam line in the Australian
Synchrotron, Australia, using the Blu-Ice data collection software (33). The native and anomalous data
sets were collected using the native and derivative ORF49KSHV crystals at wavelengths of 1.0393 Å (gold
L-III edge) and 1.5492 Å, respectively. Both data sets were indexed and integrated separately with
iMosflm and scaled together with Aimless (34, 35).

Structure determination. The structure of ORF49KSHV was determined using the single-wavelength
anomalous dispersion (SAD) method with the anomalous data set. SHELX-C and -D were used for
substructure determination, heavy-atom positional refinements, and phase calculations (36). The phases
obtained were further improved by density modifications with SHELX-E (36). An initial ORF49KSHV model
was built automatically by ARP/wARP (37).

The native data set was used to obtain a higher-resolution native ORF49KSHV structure. The native
ORF49KSHV structure was determined with molecular replacement using phaser and the initial ARP/wARP built
model as the search model (37, 38). Inspection of the Fo-Fc electron density maps revealed three large
spherical positive densities on the surface of ORF49KSHV. Sulfate ions were modeled manually into the positive
electron densities using Coot and refined with phenix.refine (39–41). Further validation with a metal binding
site server could not identify any binding of metal ions to the positive electron densities (42).

The final model was obtained after multiple cycles of automated refinements with phenix.refine and
manual refinements with Coot (39, 40). The quality of the final model was validated using the compre-
hensive validation software from the PHENIX suite (43, 44). PDB2PQR and APBS from the APBS plug-in
in PyMOL were used to calculate and display the electrostatic potential of the protein solvent-accessible
areas of ORF49KSHV (45, 46). All figures of the ORF49KSHV structure were displayed with PyMOL (47).

Accession number(s). The final coordinates of ORF49KSHV were deposited in the PDB under structure
ID 5IPX.

ACKNOWLEDGMENTS
We thank Jürgen Haas (University of Edinburgh, United Kingdom) for providing the

full-length clone of ORF49KSHV and Chen Dan (Nanyang Technological University,
Singapore) for providing the recombinant purified IDH1 protein.

Portions of this research were undertaken on the MX1 and MX2 beam lines at the
Australian Synchrotron, Victoria, Australia, and the 13B1 and 13C1 beam lines at the
National Synchrotron Radiation Research Center, Taiwan.

REFERENCES
1. Soulier J, Grollet L, Oksenhendler E, Cacoub P, Cazals-Hatem D, Babinet

P, d’Agay M, Clauvel J-P, Raphael M, Degos L. 1995. Kaposi’s sarcoma-
associated herpesvirus-like DNA sequences in multicentric Castleman’s
disease. Blood 86:1276 –1280.

2. Chang Y, Cesarman E, Pessin MS, Lee F, Culpepper J, Knowles DM, Moore
PS. 1994. Identification of herpesvirus-like DNA sequences in AIDS-
associated Kaposi’s sarcoma. Science 266:1865–1869. https://doi.org/
10.1126/science.7997879.

3. Cesarman E, Chang Y, Moore PS, Said JW, Knowles DM. 1995. Kaposi’s
sarcoma-associated herpesvirus-like DNA sequences in AIDS-related
body-cavity-based lymphomas. N Engl J Med 332:1186 –1191. https://
doi.org/10.1056/NEJM199505043321802.

4. Preston CM, Efstathiou S. 2007. Molecular basis of HSV latency and reacti-
vation. In Arvin A, Campadelli-Fiume G, Mocarski E, Moore PS, Roizman B,
Whitley R, Yamanishi K (ed), Human herpesviruses: biology, therapy, immu-
noprophylaxis. Cambridge University Press, Cambridge, United Kingdom.

5. Zhong W, Wang H, Herndier B, Ganem D. 1996. Restricted expression of
Kaposi sarcoma-associated herpesvirus (human herpesvirus 8) genes in
Kaposi sarcoma. Proc Natl Acad Sci U S A 93:6641– 6646. https://doi.org/
10.1073/pnas.93.13.6641.

6. Segal AL, Katcher AH, Brightman VJ, Miller MF. 1974. Recurrent herpes
labialis, recurrent aphthous ulcers, and the menstrual cycle. J Dent Res
53:797– 803. https://doi.org/10.1177/00220345740530040501.

7. Andreoni M, Goletti D, Pezzotti P, Pozzetto A, Monini P, Sarmati L, Farchi

Structure of the KSHV ORF49 Protein Journal of Virology

January 2017 Volume 91 Issue 2 e01947-16 jvi.asm.org 9

 on F
ebruary 2, 2017 by N

A
N

Y
A

N
G

 T
E

C
H

N
O

LO
G

IC
A

L U
N

IV
E

R
S

IT
Y

http://jvi.asm
.org/

D
ow

nloaded from
 

http://www.rcsb.org/pdb/explore/explore.do?structureId=5IPX
https://doi.org/10.1126/science.7997879
https://doi.org/10.1126/science.7997879
https://doi.org/10.1056/NEJM199505043321802
https://doi.org/10.1056/NEJM199505043321802
https://doi.org/10.1073/pnas.93.13.6641
https://doi.org/10.1073/pnas.93.13.6641
https://doi.org/10.1177/00220345740530040501
http://jvi.asm.org
http://jvi.asm.org/


F, Tisone G, Piazza A, Pisani F. 2001. Prevalence, incidence and correlates
of HHV-8/KSHV infection and Kaposi’s sarcoma in renal and liver trans-
plant recipients. J Infect 43:195–199. https://doi.org/10.1053/jinf
.2001.0899.

8. Eltom MA, Jemal A, Mbulaiteye SM, Devesa SS, Biggar RJ. 2002. Trends in
Kaposi’s sarcoma and non-Hodgkin’s lymphoma incidence in the United
States from 1973 through 1998. J Natl Cancer Inst 94:1204 –1210. https://
doi.org/10.1093/jnci/94.16.1204.

9. Farge D, Lebbé C, Marjanovic Z, Tuppin P, Mouquet C, Peraldi M-N, Lang
P, Hiesse C, Antoine C, Legendre C. 1999. Human herpes virus-8 and
other risk factors for Kaposi’s sarcoma in kidney transplant recipients.
Transplantation 67:1236 –1242. https://doi.org/10.1097/00007890
-199905150-00007.

10. Glaser R, Pearson GR, Jones JF, Hillhouse J, Kennedy S, Mao H, Kiecolt-Glaser
JK. 1991. Stress-related activation of Epstein-Barr virus. Brain Behav Immun
5:219–232. https://doi.org/10.1016/0889-1591(91)90018-6.

11. Regamey N, Tamm M, Wernli M, Witschi A, Thiel G, Cathomas G, Erb P.
1998. Transmission of human herpesvirus 8 infection from renal-
transplant donors to recipients. N Engl J Med 339:1358 –1363. https://
doi.org/10.1056/NEJM199811053391903.

12. Whitley RJ, Roizman B. 2001. Herpes simplex virus infections. Lancet
357:1513–1518. https://doi.org/10.1016/S0140-6736(00)04638-9.

13. Sun R, Lin S-F, Staskus K, Gradoville L, Grogan E, Haase A, Miller G. 1999.
Kinetics of Kaposi’s sarcoma-associated herpesvirus gene expression. J
Virol 73:2232–2242.

14. Lukac DM, Yuan Y. 2007. Reactivation and lytic replication of KSHV. In Arvin
A, Campadelli-Fiume G, Mocarski E, Moore PS, Roizman B, Whitley R, Ya-
manishi K (ed), Human herpesviruses: biology, therapy, immunoprophy-
laxis. Cambridge University Press, Cambridge, United Kingdom.

15. Gradoville L, Gerlach J, Grogan E, Shedd D, Nikiforow S, Metroka C, Miller
G. 2000. Kaposi’s sarcoma-associated herpesvirus open reading frame
50/Rta protein activates the entire viral lytic cycle in the HH-B2 primary
effusion lymphoma cell line. J Virol 74:6207– 6212. https://doi.org/
10.1128/JVI.74.13.6207-6212.2000.

16. Sun R, Lin S-F, Gradoville L, Yuan Y, Zhu F, Miller G. 1998. A viral gene
that activates lytic cycle expression of Kaposi’s sarcoma-associated her-
pesvirus. Proc Natl Acad Sci U S A 95:10866 –10871. https://doi.org/
10.1073/pnas.95.18.10866.

17. Lukac DM, Kirshner JR, Ganem D. 1999. Transcriptional activation by the
product of open reading frame 50 of Kaposi’s sarcoma-associated her-
pesvirus is required for lytic viral reactivation in B cells. J Virol 73:
9348 –9360.

18. González CM, Wong EL, Bowser BS, Hong GK, Kenney S, Damania B.
2006. Identification and characterization of the Orf49 protein of Kaposi’s
sarcoma-associated herpesvirus. J Virol 80:3062–3070. https://doi.org/
10.1128/JVI.80.6.3062-3070.2006.

19. Hagemeier SR, Barlow EA, Kleman AA, Kenney SC. 2011. The Epstein-Barr
virus BRRF1 protein, Na, induces lytic infection in a TRAF2- and p53-
dependent manner. J Virol 85:4318 – 4329. https://doi.org/10.1128/
JVI.01856-10.

20. Hong GK, Delecluse H-J, Gruffat H, Morrison TE, Feng W-H, Sergeant A,
Kenney SC. 2004. The BRRF1 early gene of Epstein-Barr virus encodes a
transcription factor that enhances induction of lytic infection by BRLF1.
J Virol 78:4983– 4992. https://doi.org/10.1128/JVI.78.10.4983-4992.2004.

21. Lee S, Cho H-J, Park J-J, Kim Y-S, Hwang S, Sun R, Song MJ. 2007. The
ORF49 protein of murine gammaherpesvirus 68 cooperates with RTA in
regulating virus replication. J Virol 81:9870 –9877. https://doi.org/
10.1128/JVI.00001-07.

22. Noh C-W, Cho H-J, Kang H-R, Jin HY, Lee S, Deng H, Wu T-T, Arumugas-
wami V, Sun R, Song MJ. 2012. The virion-associated open reading frame
49 of murine gammaherpesvirus 68 promotes viral replication both in
vitro and in vivo as a derepressor of RTA. J Virol 86:1109 –1118. https://
doi.org/10.1128/JVI.05785-11.

23. Song MJ, Hwang S, Wong WH, Wu T-T, Lee S, Liao H-I, Sun R. 2005.
Identification of viral genes essential for replication of murine
�-herpesvirus 68 using signature-tagged mutagenesis. Proc Natl Acad
Sci U S A 102:3805–3810. https://doi.org/10.1073/pnas.0404521102.

24. Holm L, Rosenstrom P. 2010. Dali server: conservation mapping in 3D.
Nucleic Acids Res 38:W545–549. https://doi.org/10.1093/nar/gkq366.

25. Krissinel E, Henrick K. 2004. Secondary-structure matching (SSM), a new
tool for fast protein structure alignment in three dimensions. Acta
Crystallogr D Biol Crystallogr 60:2256 –2268. https://doi.org/10.1107/
S0907444904026460.

26. Song MJ, Deng H, Sun R. 2003. Comparative study of regulation of

RTA-responsive genes in Kaposi’s sarcoma-associated herpesvirus/
human herpesvirus 8. J Virol 77:9451–9462. https://doi.org/10.1128/
JVI.77.17.9451-9462.2003.

27. Dang L, White DW, Gross S, Bennett BD, Bittinger MA, Driggers EM,
Fantin VR, Jang HG, Jin S, Keenan MC, Marks KM, Prins RM, Ward PS, Yen
KE, Liau LM, Rabinowitz JD, Cantley LC, Thompson CB, Vander Heiden
MG, Su SM. 2009. Cancer-associated IDH1 mutations produce
2-hydroxyglutarate. Nature 462:739 –744. https://doi.org/10.1038/
nature08617.

28. Kenney SC. 2007. Reactivation and lytic replication of EBV. In Arvin A,
Campadelli-Fiume G, Mocarski E, Moore PS, Roizman B, Whitley R,
Yamanishi K (ed), Human herpesviruses: biology, therapy, immu-
noprophylaxis. Cambridge University Press, Cambridge, United
Kingdom.

29. Hew K, Dahlroth SL, Venkatachalam R, Nasertorabi F, Lim BT, Cornvik T,
Nordlund P. 2013. The crystal structure of the DNA-binding domain of
vIRF-1 from the oncogenic KSHV reveals a conserved fold for DNA
binding and reinforces its role as a transcription factor. Nucleic Acids Res
41:4295– 4306. https://doi.org/10.1093/nar/gkt082.

30. Dahlroth SL, Gurmu D, Schmitzberger F, Engman H, Haas J, Erlandsen H,
Nordlund P. 2009. Crystal structure of the shutoff and exonuclease
protein from the oncogenic Kaposi’s sarcoma-associated herpesvirus.
FEBS J 276:6636 – 6645. https://doi.org/10.1111/j.1742-4658.2009
.07374.x.

31. Savitsky P, Bray J, Cooper CD, Marsden BD, Mahajan P, Burgess-Brown
NA, Gileadi O. 2010. High-throughput production of human proteins for
crystallization: the SGC experience. J Struct Biol 172:3–13. https://
doi.org/10.1016/j.jsb.2010.06.008.

32. Stols L, Gu M, Dieckman L, Raffen R, Collart FR, Donnelly MI. 2002. A new
vector for high-throughput, ligation-independent cloning encoding a
tobacco etch virus protease cleavage site. Protein Expr Purif 25:8 –15.
https://doi.org/10.1006/prep.2001.1603.

33. McPhillips TM, McPhillips SE, Chiu HJ, Cohen AE, Deacon AM, Ellis PJ,
Garman E, Gonzalez A, Sauter NK, Phizackerley RP, Soltis SM, Kuhn P.
2002. Blu-Ice and the Distributed Control System: software for data
acquisition and instrument control at macromolecular crystallography
beamlines. J Synchrotron Radiat 9:401– 406. https://doi.org/10.1107/
S0909049502015170.

34. Leslie AGW, Powell HR. 2007. Processing diffraction data with mosflm, p
41–51. In Read R, Sussman J (ed), Evolving methods for macromolecular
crystallography, vol 245. Springer Netherlands, Dordrecht, The Nether-
lands.

35. Evans PR, Murshudov GN. 2013. How good are my data and what is the
resolution? Acta Crystallogr D Biol Crystallogr 69:1204 –1214. https://
doi.org/10.1107/S0907444913000061.

36. Sheldrick GM. 2010. Experimental phasing with SHELXC/D/E: combining
chain tracing with density modification. Acta Crystallogr D Biol Crystal-
logr 66:479 – 485. https://doi.org/10.1107/S0907444909038360.

37. Langer G, Cohen SX, Lamzin VS, Perrakis A. 2008. Automated macromo-
lecular model building for X-ray crystallography using ARP/wARP version
7. Nat Protoc 3:1171–1179. https://doi.org/10.1038/nprot.2008.91.

38. McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MDLCS, Read RJ. 2007.
Phaser crystallographic software. J Appl Crystallogr 40:658 – 674. https://
doi.org/10.1107/S0021889807021206.

39. Afonine PV, Grosse-Kunstleve RW, Echols N, Headd JJ, Moriarty NW,
Mustyakimov M, Terwilliger TC, Urzhumtsev A, Zwart PH, Adams PD.
2012. Towards automated crystallographic structure refinement with
phenix.refine. Acta Crystallogr D Biol Crystallogr 68:352–367. https://
doi.org/10.1107/S0907444912001308.

40. Emsley P, Lohkamp B, Scott WG, Cowtan K. 2010. Features and devel-
opment of Coot. Acta Crystallogr D Biol Crystallogr 66:486 –501. https://
doi.org/10.1107/S0907444910007493.

41. Adams PD, Afonine PV, Bunkóczi G, Chen VB, Davis IW, Echols N, Headd
JJ, Hung L-W, Kapral GJ, Grosse-Kunstleve RW, McCoy AJ, Moriarty NW,
Oeffner R, Read RJ, Richardson DC, Richardson JS, Terwilliger TC, Zwart
PH. 2010. PHENIX: a comprehensive Python-based system for macromo-
lecular structure solution. Acta Crystallogr D Biol Crystallogr 66:213–221.
https://doi.org/10.1107/S0907444909052925.

42. Zheng H, Chordia MD, Cooper DR, Chruszcz M, Müller P, Sheldrick GM,
Minor W. 2014. Validation of metal-binding sites in macromolecular
structures with the CheckMyMetal web server. Nat Protoc 9:156 –170.
https://doi.org/10.1038/nprot.2013.172.

43. Chen VB, Arendall WB, Headd JJ, Keedy DA, Immormino RM, Kapral
GJ, Murray LW, Richardson JS, Richardson DC. 2010. MolProbity:

Hew et al. Journal of Virology

January 2017 Volume 91 Issue 2 e01947-16 jvi.asm.org 10

 on F
ebruary 2, 2017 by N

A
N

Y
A

N
G

 T
E

C
H

N
O

LO
G

IC
A

L U
N

IV
E

R
S

IT
Y

http://jvi.asm
.org/

D
ow

nloaded from
 

https://doi.org/10.1053/jinf.2001.0899
https://doi.org/10.1053/jinf.2001.0899
https://doi.org/10.1093/jnci/94.16.1204
https://doi.org/10.1093/jnci/94.16.1204
https://doi.org/10.1097/00007890-199905150-00007
https://doi.org/10.1097/00007890-199905150-00007
https://doi.org/10.1016/0889-1591(91)90018-6
https://doi.org/10.1056/NEJM199811053391903
https://doi.org/10.1056/NEJM199811053391903
https://doi.org/10.1016/S0140-6736(00)04638-9
https://doi.org/10.1128/JVI.74.13.6207-6212.2000
https://doi.org/10.1128/JVI.74.13.6207-6212.2000
https://doi.org/10.1073/pnas.95.18.10866
https://doi.org/10.1073/pnas.95.18.10866
https://doi.org/10.1128/JVI.80.6.3062-3070.2006
https://doi.org/10.1128/JVI.80.6.3062-3070.2006
https://doi.org/10.1128/JVI.01856-10
https://doi.org/10.1128/JVI.01856-10
https://doi.org/10.1128/JVI.78.10.4983-4992.2004
https://doi.org/10.1128/JVI.00001-07
https://doi.org/10.1128/JVI.00001-07
https://doi.org/10.1128/JVI.05785-11
https://doi.org/10.1128/JVI.05785-11
https://doi.org/10.1073/pnas.0404521102
https://doi.org/10.1093/nar/gkq366
https://doi.org/10.1107/S0907444904026460
https://doi.org/10.1107/S0907444904026460
https://doi.org/10.1128/JVI.77.17.9451-9462.2003
https://doi.org/10.1128/JVI.77.17.9451-9462.2003
https://doi.org/10.1038/nature08617
https://doi.org/10.1038/nature08617
https://doi.org/10.1093/nar/gkt082
https://doi.org/10.1111/j.1742-4658.2009.07374.x
https://doi.org/10.1111/j.1742-4658.2009.07374.x
https://doi.org/10.1016/j.jsb.2010.06.008
https://doi.org/10.1016/j.jsb.2010.06.008
https://doi.org/10.1006/prep.2001.1603
https://doi.org/10.1107/S0909049502015170
https://doi.org/10.1107/S0909049502015170
https://doi.org/10.1107/S0907444913000061
https://doi.org/10.1107/S0907444913000061
https://doi.org/10.1107/S0907444909038360
https://doi.org/10.1038/nprot.2008.91
https://doi.org/10.1107/S0021889807021206
https://doi.org/10.1107/S0021889807021206
https://doi.org/10.1107/S0907444912001308
https://doi.org/10.1107/S0907444912001308
https://doi.org/10.1107/S0907444910007493
https://doi.org/10.1107/S0907444910007493
https://doi.org/10.1107/S0907444909052925
https://doi.org/10.1038/nprot.2013.172
http://jvi.asm.org
http://jvi.asm.org/


all-atom structure validation for macromolecular crystallography.
Acta Crystallogr D Biol Crystallogr 66:12–21. https://doi.org/10.1107/
S0907444909042073.

44. Urzhumtseva L, Afonine PV, Adams PD, Urzhumtsev A. 2009. Crystallo-
graphic model quality at a glance. Acta Crystallogr D Biol Crystallogr
65:297–300. https://doi.org/10.1107/S0907444908044296.

45. Dolinsky TJ, Nielsen JE, McCammon JA, Baker NA. 2004. PDB2PQR: an
automated pipeline for the setup of Poisson-Boltzmann electrostatics

calculations. Nucleic Acids Res 32:W665–W667. https://doi.org/10.1093/
nar/gkh381.

46. Baker NA, Sept D, Joseph S, Holst MJ, McCammon JA. 2001. Electrostatics
of nanosystems: application to microtubules and the ribosome. Proc
Natl Acad Sci U S A 98:10037–10041. https://doi.org/10.1073/pnas
.181342398.

47. DeLano W. 2014. The PyMOL molecular graphics system, version 1.7.2.0.
Schrodinger, LLC.

Structure of the KSHV ORF49 Protein Journal of Virology

January 2017 Volume 91 Issue 2 e01947-16 jvi.asm.org 11

 on F
ebruary 2, 2017 by N

A
N

Y
A

N
G

 T
E

C
H

N
O

LO
G

IC
A

L U
N

IV
E

R
S

IT
Y

http://jvi.asm
.org/

D
ow

nloaded from
 

https://doi.org/10.1107/S0907444909042073
https://doi.org/10.1107/S0907444909042073
https://doi.org/10.1107/S0907444908044296
https://doi.org/10.1093/nar/gkh381
https://doi.org/10.1093/nar/gkh381
https://doi.org/10.1073/pnas.181342398
https://doi.org/10.1073/pnas.181342398
http://jvi.asm.org
http://jvi.asm.org/

	RESULTS
	Crystal structure of the ORF49KSHV protein.
	DNA binding studies of the ORF49KSHV protein using a TSSA and BLI.
	Sequence conservation in the ORF49 protein family.

	DISCUSSION
	MATERIALS AND METHODS
	Protein expression.
	Protein purification.
	TSSA.
	BLI.
	Crystallization and data collection.
	Structure determination.
	Accession number(s).

	ACKNOWLEDGMENTS
	REFERENCES

