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Abstract

DNA replication requires processivity factors that allow replicative DNA polymerases to extend long stretches of DNA. Some
DNA viruses encode their own replicative DNA polymerase, such as the white spot syndrome virus (WSSV) that infects
decapod crustaceans but still require host replication accessory factors. We have determined by X-ray diffraction the three-
dimensional structure of the Pacific white leg shrimp Litopenaeus vannamei Proliferating Cell Nuclear Antigen (LvPCNA). This
protein is a member of the sliding clamp family of proteins, that binds DNA replication and DNA repair proteins through a
motif called PIP-box (PCNA-Interacting Protein). The crystal structure of LvPCNA was refined to a resolution of 3 A, and
allowed us to determine the trimeric protein assembly and details of the interactions between PCNA and the DNA. To
address the possible interaction between LvPCNA and the viral DNA polymerase, we docked a theoretical model of a PIP-
box peptide from the WSSV DNA polymerase within LvPCNA crystal structure. The theoretical model depicts a feasible
model of interaction between both proteins. The crystal structure of shrimp PCNA allows us to further understand the
mechanisms of DNA replication processivity factors in non-model systems.
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a-helices in each monomer leads to a pseudo six-fold symmetry in
the trimer comprised of 12 o-helices [13]. The inner face of the
toroid has an array of basic residues positioned to provide
favorable electrostatic interactions with the DNA-phosphate
backbone. This structure allows PCNA to slide freely on DNA,
once is assembled into DNA by the clamp loading complex [14].

In most cases, PCNA-interacting proteins contain a short

Introduction

Proliferating Cell Nuclear Antigen (PCNA) is a member of the
sliding clamp family of DNA-replication accessory proteins. Their
functions are critical to processes such as cell cycle control,
chromatin remodeling, gene expression, apoptosis, and DNA
repair [1,2,3,4]. In most organisms PCNA is a homotrimer, in

which its three subunits adopt a doughnut-shaped structure in a
head-to-tail arrangement; this toroidal structure is extremely
conserved in protozoa, humans, yeast and plants [5,6,7,8,9]. In
bacteria, the PCNA homologue is called f clamp, that is formed
by a homodimeric assembly with a six-fold symmetry forming a
toroidal structure similar to most PCNAs reported [10]. Only few
organisms have a non-canonical homotrimeric structure as in the
crenarchaeon  Sulfolobus  solfataricus and in the model plant
Arabidopsis, where their PCNA are formed by heterotrimers
[11,12].

The structure of PCNA is comprised by two o+ domains
joined by an inter-domain connecting loop (IDCL) [7]. The
PCNA molecule interacts with DNA by the inner face of the ring,
which is composed by o-helices. Therefore, the arrangement of the
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sequence motif called PIP-box, which makes hydrophobic contacts
with PCNA and has a consensus amino acid sequence QXX(M/
L/DXX(F/Y)F/Y) [15]. However, there is also a novel PCNA-
interacting motif (APIM) with an apparent consensus amino acid
sequence MD(L/R)W(L/V/I)2(K/R) which is present in proteins
involved in DNA repair and cell cycle control during genotoxic
stress, the APIM motif was identified by bioinformatics analysis in
about 200 nuclear proteins [16]. PCNA interacts with multiple
protein partners and despite each PCNA binding protein has its
specific contact site, most of them bind mainly through
hydrophobic pocket formed by the IDCL, central loop and C-
terminus in PCNA [17].

It is known that some encode their own DNA
polymerases and processivity factors as observed in T4 and

viruses
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Table 1. Data reduction and refinement statistics from LvPCNA structure.
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DATA SET

LVPCNA

Space group

Data collection

Refinement statistics

Unit-cell parameters (A)

Resolution range (A)
Unique reflections
Roneas”
Completeness (%)
I/o(l)

Redundancy

Rwork/Rfree(s96)
R.M.S.D. form ideal
Bond length (A)
Bond angles (°)
Ramachandran plot, residues in
Most favored regions
Additionally allowed regions

Outliers

(@]

a=144.57, b=83.38, c=7431 B=117.6"_
40.0-3.0 (3.1-3.0)

14802 (1128)

0.094 (0.415)

93.3 (97.0)

10.69 (3.57)

2.96 (3.10)

0.2648/0.3108

0.01
1.489

666(87.32%)
83(10.83%)
14(1.85%)

Chain B

Chain A

Values in parenthesis represent the statistics at the highest resolution bin.
*Rmeas is a redundancy-independent version of Ryymm: Rmeas= Y \na/Ma—=1 " ifla—=lnil/Yn Y ™"ilni where i =1/np Y™l
doi:10.1371/journal.pone.0094369.t001

C-terminal

Figure 1. Crystal structure of Litopenaues vannamei PCNA. The PCNA molecule is arranged as homotrimer and each monomer is shown in
different color. The most important parts for protein-protein interaction of each monomer: Interdomain Conecting Loop (IDCL), Central Loop and C-

terminal are labeled.

doi:10.1371/journal.pone.0094369.g001
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Central Loop

L.vannamei MFEARLVQGSLLKKVLEAIKDLLNEASWDCADSGIQLQAMDNSHVSLVSLNLRAEGFDKY 60
D.melanogaster MFEARLGQATILKKILDAIKDLLNEATFDCSDSGIQLQAMDNSHVSLVSLTLRSDGEDKFE 60
H.sapiens MFEGRLVQGSILKKVLEALKDLINEACWDISSSGVNLQSMDSSHVSLVQLTLRSEGEFDTY 60
A.thaliana MLELRLVQGSLLKKVLESIKDLVNDANFDCSSTGFSLQAMDSSHVALASLLLRSEGFEHY 60
S.cerevisiae MLEAKFEEASLFKRIIDGFKDCVQLVNFQCKEDGIIAQAVPDSRVLLVSLEIGVEAFQEY 60

FER 3 DLiEEEIIEGLIAER I g 13 o ® S ol PR Sk 8
L.vannamei RCDRNLIMGMNLTSMSKILKCAANDDIITMKAQDNADTVTFMFESPNQEKVSDYEMKA 120
D.melanogaster RCDRNLSMGMNLGSMAKILKCANNEDNVTMKAQDNADTVTIMFESANQEKVSDYEMKI 120
H.sapiens RCDRNLAMGVNLTSMSKILKCAGNEDIITLRAEDNADTLALVFEAPNQEKVSDYEMKI 120
A.thaliana RCDRNLSMGMNLGNMSKMLKCAGNDDIITIKADDGGDTVTFMFESPTQDKIADFEMKI 120
S.cerevisiae RCDHPVTLGMDLTSLSKILRCGNNTDTLTLIADNTPDSIILLFEDTKKDRIAEYSLKI 120

FE X w FRamX tekavak,, 0 A gohm ks s ko mavkde o gpmmes s SO

IDCL

L.vannamei LDQEHLGIPETDYACVIKLPSGEFARICRDLSQFGESIVIACTKEGVKFSAAGDIGTANI 180
D.melanogaster LDQEHLGIPETDFISCVVRMPAMEFARICRDLAQFSESVVICCTKEGVKEFSASGDVGTANI 180
H.sapiens LDVEQLGIPEQEY|SCVVKMPSGEFARICRDLSHIGDAVVISCAKDGVKFSASGELGNGNI 180
A.thaliana IDSEHLGIPDAEYHSIVRMPSNEFSRICKDLSSIGDTVVISVTKEGVKFSTAGDIGTANI 180
S.cerevisiae IDADFLKIEELQYDSTLSLPSSEFSKIVRDLSQLSDSINIMITKETIKFVADGDIGSGSV 180

SO g TR s W 3y A wm ¢FRY e ¥ ¥y o 5 wEa Nl
L.vannamei KLAQTSSVDKEEEAVVIEMQEPVTLTFACRYLNMFTKATPLSPQVSLSMSPDVPLVVEYA 240
D.melanogaster KLAQTGSVDKEEEAVIIEMQEPVTLTFACRYLNAFTKATPLSTQVQLSMCADVPLVVEYA 240
H.sapiens KLSQTSNVDKEEEAVTIEMNEPVQLTFALRYLNFFTKATPLSSTVTLSMSADVPLVVEYK 240
A.thaliana VLRONTTVDKPEDAIVIEMKEPVSLSFALRYMNSFTKATPLSDTVTISLSSELPVVVEYK 240
S.cerevisiae IIKPFVDMEHPETSIKLEMDQPVDLTFGAKYLLDIIKGSSLSDRVGIRLSSEAPALFQFD 240

r * oz gRE Rk Eek, ¥y s FogFE F o oeoar Fopoiug
C-terminal
L.vannamei IGEIGHIRYFL 260
D.melanogaster IKDLGHIRYYL 260
H.sapiens IADMGHLKYNL 261
A.thaliana VAEMGYIRYYL 263
S.cerevisiae LKS-GFLQFFL 258
* H * %k k%

Figure 2. Amino acid sequence alignment of PCNAs. The figure shows the high identity and similitude of L. vannamei PCNA with other species.
Important domains for PCNA-protein interactions: Central Loop, Inter-domain Connector Loop (IDCL) and C-terminal are in colored boxes (blue, red
and green respectively) and tagged.

doi:10.1371/journal.pone.0094369.9g002

human

shrimp

Figure 3. Electrostatic surface view of PCNA from shrimp Litopenaeus vannamei and human. The positively charged regions are colored in
blue and negatively charged regions in red. The central channel is identified as a highly positive charged hole where the double-strand DNA can slide
through it.

doi:10.1371/journal.pone.0094369.9g003
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Figure 4. Aligment of best-scoring models of PCNA-WSSV PIP box complex from docking. The model shows the final seven poses for the
PIP-box peptide (cartoon) docked into the binding site of LvPCNA (surface representation). Tagged residues are from PCNA and form the cavity for
peptide interaction. Side chains of the consensus PIP-box residues are shown as gray lines.

doi:10.1371/journal.pone.0094369.9g004

RB69 bacteriophages or human viruses like herpes simplex and
cytomegalovirus [18]. However, in some cases, pathogens like the
Simian Virus 40 and bacteriophage T7 use proteins from their
host as processivity factor for their genome replication [17,19].
The White Spot Syndrome Virus (WSSV) is a DNA virus that
affects the shrimp aquaculture industry around the world
[20,21,22]. It has been reported that this WSSV encodes its own
DNA polymerase [23,24], and we have demonstrated that WSSV
ORF514 encodes a bona fide DNA polymerase. In witro, this
polymerase had a low processivity, although the presence of a PIP-
box in its sequence and the absence of putative processivity factors
in the virus genome suggest that it utilizes a host processivity factor
[24,25,26]. We have recently reported the cDNA sequence,
recombinant overexpression, purification and crystallization of the
shrimp Litopenaeus vannamer PCNA [25,27]. Moreover, others and
ourselves have reported its gene expression during viral infection
[25,28,29,30]. Herein we report the x-ray structure analysis of the
first crustacean recombinant PCNA (LoPCNA) and a model where
PCNA interacts with viral DNA polymerase PIP-box as an

approach toward structural understanding this feasible interaction.

Materials and Methods

LvPCNA purification and protein crystallization

Overexpression of recombinant LoPCNA was carried using F.
coli BL21 SI system and co-expression with chaperones was needed
to obtain high yield of soluble recombinant protein. Metal affinity
chromatography method was used for purification. Detailed
description of overexpression, purification and LyPCNA crystalli-
zation methods were previously reported [27].

Successful crystallization condition was: 300 mM CaCly.2H,0,
100 mM sodium HEPES pH 7.5 and 30% v/v PEG 400. Thin
hexagonal shaped crystals of approximately 0.1x0.6 mm were
suitable for X-ray diffraction. The LoPCNA crystal belonged to the
(12 space group with unit-cell parameters = 144.6 A, 5=83.4 A,
c=743 A, p=117.6° [27].

PLOS ONE | www.plosone.org

X-ray data collection and crystallographic analysis

Data collection from LsPCNA crystals was carried on beam line
X4C of the National Synchrotron Light Source (NSLS), Brook-
haven National Laboratory (BNL, Upton NY, USA), using a
MarCCD 165 detector. The complete data covered 140° in 280
images, it was split and integrated independently using XDS and
scaled together by XSCALE [31]. The phases were obtained by
molecular replacement in PHASER [32] using an homology
model of the LyPCNA amino acid sequence (GenBank
JN546075.1) as previously reported [25], based on the three-
dimensional structure of human PCNA (PDB entry 1VYM) [33].
LyPCNA refinement was carried out using the programs PHENIX
[34]. Since the resolution was 3 A rigid body refinement and non-
crystallographic symmetry between the monomers were imposed
during refinement and manual rebuilding was done in COOT
using 2F,-F. maps at 2 ¢ to adjust positions and rotamers [35].
The final structure was deposited in the Protein Data Bank with
accession number 4CS5.

Molecular docking of WSSV DNA polymerase PIP-box
into LvPCNA crystal structure

In order to visualize if LoPCNA could recognize WSSV DNA
polymerase via its putative PIP-box, we performed a docking
analysis using the software MOE 2102.10. The amino acid
corresponding to the PIP-box from WSSV DNA polymerase was
modeled by homology from residue 382 to 401, with the amino
acid sequence ERAIGOQHKILYYDIETTDKD. This template
was selected by similarity with the sequence of a PIP-box peptide
from Flap endonuclease 1 in complex with PCNA (PDB
1UL1)[36]. The final model for WSSV DNA polymerase PIP-
box was refined from 25 intermediate models under the default
parameters of the MOE homology modeling protocol using the
CHARMM27 force field for energy minimization. The PIP-box
binding site was defined from the resolved coordinates of LoPCNA
based on sequence identity on a multiple sequence and structural
alignment of several PCNA crystallographic structures in complex
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Figure 5. Model of L/PCNA bound to WSSV PIPbox-peptide. In all figures the peptide was shorten to the consensus sequence GQHKILYYDIE
that makes contact with LvPCNA. Panel A shows a LigPlot where the peptide interacts with LvPCNA through polar contacts (green dotted lines) and
hydrophobic interaction (). Panel B shows a cartoon of the peptide (yellow) posed on a LvPCNA monomer (blue), in red are identified the three region
that participate in protein-protein interaction. In panel C, a surface image of LvPCNA shows the hydrophobic pocket where the WSSV PIPbox-peptide
(yellow) is attached. In panel D, residues that participate in LvPCNA-peptide complex are tagged, side chains of residues from IDCL, Central Loop and

C- terminal are green colored and the peptide residues are yellow colored.

doi:10.1371/journal.pone.0094369.g005

with a PIP-box peptide or protein. A stochastic search of the best-
fitted positions of the WSSV PIP-box peptide over the LoPCNA
pocket was done using the MOE Dock platform under the
Induced Fit protocol. Ligand placement was performed using the
Alpha Triangle method and the London dG scoring function for at
least 80,000 poses. From this output, 30 non-duplicate poses were
retained for further refinement used to relax the poses by 500
iterations with the Force field scheme and the Affinity dG
rescoring function under the CHARMMZ27 force field. Duplicates
from the refinement process were removed and the best scoring 30
poses were retained for further analysis. The final file was used for
elaboration of figures and diagrams using CCP4mg [37,38].

PLOS ONE | www.plosone.org

Results and Discussion

Determination of the LvPCNA structure

Electron density maps calculated from the molecular replace-
ment initial model showed good coverage of the backbone and
followed the alpha helical trace of the protein. LsPCNA had the
cognate fold comprised by B-o-Bs5-0-B-B-B-IDCL-B-0-B5-0-B-B-B
topology with pseudo symmetry within each monomer. After
several cycles of refinement in PHENIX and manual rebuilding in
COQT, both R-work and R-free dropped, suggesting that the
refinement strategy was correct. Final refinement values were
Rwork 0.2648 and Rﬁ.ee(5%) 0.3108 (Table 1)

To determine the quaternary structure of LvPCNA we run this
purified protein at Img/ml into a Superdex 200 size-exclusion
chromatography column and compared its elution profile with
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Figure 6. Proposed interaction between LvPCNA and WSSV DNA polymerase. Lateral and frontal view of the theoretical model of the
polymerase is depicted with DNA. The PIP box is shown in red. PCNA is shown as an orange ring.

doi:10.1371/journal.pone.0094369.g006

known molecular-mass standards. LvPCNA eluted in a complex of
approximately 90 kDa, indicating that this protein assembles as a
trimer in solution [27]. Accordingly to this previous result the
molecular replacement found a trimer in the asymmetric unit. The
backbone cartoon shows the canonical structure and although the
IDCL (residues 117-133) had poor electron density, the density
was conclusive to include the coordinates of those residues in the
final model (Figure 1). LPCNA amino acid sequence is highly
conserved among species (Figure 2) and is structurally similar
when compared with Drosophila PCNA [39], as it had a root mean
square deviation (RSMD) of 0.5 A for the o-carbon backbone.
The central hole is highly positive charged as shown in Figure 3
and has a diameter of 30.5 A, large enough to accommodate the
double helical DNA and slide freely on it.

Construction of LvPCNA-WSSV PIP-box model

A peptide sequence containing the WSSV DNA polymerase PIP
box was modeled and docked into the crystallographic structure of
shrimp PCNA, which is its natural host. The docking of PIP-box
peptide into the LyPCNA binding site was carried out at the
cognate region but without constraints to a specific position within
the pocket in a stochastic approach. It is remarkable that the
docking algorithm led to seven similar poses for the PIP-box
peptide into the pocket between the 30 best-scoring ones (Figure 4).
All this poses have an average RMSD of 2.2 A for the a-carbon
atoms of the entire peptides.

The peptide corresponds to a region of 20 amino acids from
residues 675 to 694 of the WSSV DNA polymerase ORF
(GenBank NP_478036). The peptide adopts an extended structure
with a single helical turn at the center of the consensus sequence
OHKILYY, very similar to other PIP-box peptides. This cognate
structure is seen in most PIP-box peptides, even in those which
showed a distinct pattern of contacts with a PCNA, such as in the
translesion polymerases (Poln, Polt, and Polk) and PCNA in
humans [40]. It seems that these differences in amino acid
sequence and contacts is the major way to determine the affinity of
a PCNA partner, and so the decisive process over the DNA
molecule [41].

The interactions between the PIP-box peptide and LoPCNA are
shown schematically as a LigPlot diagram (Figure 5, panel A) [42].
The PIP-box peptide interacts within each PCNA monomer
almost in the internal symmetry axis and almost perpendicular to
the IDCL loop as shown in cartoon (Figure 5, panel B). However,
this 1s a tight packing cavity as obtained by docking, where mostly
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hydrophobic interactions are leading the binding, the hydrophobic
cavity 1s represented in a surface image where the PIP-box peptide
1s positioned and drawn as sticks (Figure 5, panel C). This pocket
comes mainly from the IDCL (G127, P129, T131), central loop
(S43, H44, V45, L47) and from C-terminus (F250, 1251, A252,
P253, 1255) residues.

The interaction between peptide and PCNA is mainly
hydrophobic, only the H7 and K8 residues from the peptide
make polar contacts with PCNA residue A252 and S43,
respectively (Figure 5, panel A) and some intra-molecular
interactions were found within the PIP-box peptide. Main
hydrophobic contacts are between PIP-box residues G5, Q6,
Y11 and LoPCNA C-terminal domain 1251, K254, P253, 1255.
The LwPCNA central loop residues M40, V45, H44 make
hydrophobic contacts with 19, L10 of the PIP-box and only
P129 LyPCNA IDCL residue makes hydrophobic contact with
PIP-box Y12, the side chains of these residues are shown in
figure 5, panel D.

One feature observed during the docking process is that the
algorithm produces several solutions or poses of the peptide into
LyPCNA, and the internal peptide sequence Q6-HKILYYD-114
has an RMSD smaller than 1 A for those poses (Figure 4). This
ensures that the computational docking is consistent and reliable,
until further confirmation by X-ray crystallography studies of the
complex LoPCNA with PIP-box peptide. To further envision the
interaction between LoPCNA and WSSV DNA pol, a theoretical
model of the polymerase was built around DNA (Figure 6) and a
ring with the average radius of the PCNA was drawn for an
estimation of the interaction and closeness of both proteins. In this
model the PIP box of WSSV DNA pol is in a position that
indicates that upon a conformation change it could interact with
LyPCNA. Whether a conformational change occurs in WSSV
DNA pol is necessary to produce the a tight interaction is
something to be further explored.

Conclusions

The crystal structure of the LoPCNA has the expected trimeric
ring shape, consistent with most of the eukaryotic PCNA reported.
The results from docking suggest that WSSV polymerase has the
capacity of binding the LoPCNA in the same way that most PCNA
binding proteins do. This possible interaction is predicted as
hydrophobic which has to be considered when proved experi-
mentally to elect the correct method. Despite the experimental
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phase of this interaction remains to be carried, it could lead to a
future investigations toward generate an antiviral strategy that
could prevent or disrupt this protein host-pathogen interaction,
resulting in poor viral DNA replication and diminishing the
pathogenicity of WSSV.

Acknowledgments

J.S. Carrasco-Miranda and A.A. Lopez-Zavala were supported by Ph.D.
fellowships from CONACyT (Mexicos National Science and Research
Council). R. Sotelo-Mundo acknowledges financial support from CON-
ACyT grant CB-2009-131859. L.G. Brieba acknowledges financial support
of CONACyT grant CB-2009-128647. We thank the staff at BNL-NSLS
beamlines X4C and X6A (Dr. John Schwanoff) for data-collection facilities.

References

1. Maga G, Hasbscher U (2003) Proliferating cell nuclear antigen (PCNA): a
dancer with many partners. Journal of Cell Science 116: 3051-3060.

2. Moldovan GL, Pfander B, Jentsch S (2007) PCNA, the maestro of the replication
fork. Cell 129: 665-679.

3. Dieckman LM, Freudenthal BD, Washington MT (2012) PCNA structure and
function: insights from structures of PCNA complexes and post-translationally
modified PCNA. Subcell Biochem 62: 281-299.

4. Indiani C, O’Donnell M (2006) The replication clamp-loading machine at work
in the three domains of life. Nat Rev Mol Cell Biol 7: 751-761.

5. Cardona-Felix CS, Lara-Gonzalez S, Bricha LG (2011) Structure and
biochemical characterization of proliferating cellular nuclear antigen from a
parasitic protozoon. Acta Crystallographica Section D: Biological Crystallogra-
phy 67: 497-505.

6. Chia N, Cann I, Olsen GJ (2010) Evolution of DNA replication protein
complexes in cukaryotes and Archaca. PloS one 5: ¢10866.

7. Krishna TSR, Kong XP, Gary S, Burgers PM, Kuriyan J (1994) Crystal
structure of the eukaryotic DNA polymerase processivity factor PCNA. Cell 79:
1233-1243.

8. Matsumiya S, Ishino Y, Morikawa K (2001) Crystal structure of an archaeal
DNA sliding clamp: proliferating cell nuclear antigen from Pyrococcus furtosus.
Protein Science 10: 17-23.

9. Strzalka W, Labecki P, Bartnicki F, Aggarwal C, Rapala-Kozik M, et al. (2012)
Arabidopsis  thaliana proliferating cell nuclear antigen has several potential
sumoylation sites. Journal of Experimental Botany: in press.

10. Kong XP, Onrust R, O’Donnell M, Kuriyan J (1992) Three-dimensional
structure of the B subunit of E. coli DNA polymerase III holoenzyme: a sliding
DNA clamp. Cell 69: 425-437.

11. Dionne I, Nookala RK, Jackson SP, Doherty AJ, Bell SD (2003) A
Heterotrimeric PCNA in the Hyperthermophilic Archacon Sulfolobus solfataricus.
Molecular cell 11: 275-282.

12. Strzalka W, Oyama T, Tori K, Morikawa K (2009) Crystal structures of the
Arabidopsis thaliana proliferating cell nuclear antigen 1 and 2 proteins
complexed with the human p21 CA€ terminal segment. Protein Science 18:
1072-1080.

13. Ivanov I, Chapados BR, McCammon JA, Tainer JA (2006) Proliferating cell
nuclear antigen loaded onto double-stranded DNA: dynamics, minor groove
interactions and functional implications. Nucleic Acids Research 34: 6023-6033.

14. McNally R, Bowman GD, Goedken ER, O’Donnell M, Kuriyan J (2010)
Analysis of the role of PCNA-DNA contacts during clamp loading. BMC
structural biology 10: 3.

15. Warbrick E (1998) PCNA binding through a conserved motif. Bioessays 20:
195-199.

16. Gilllam KM, Feyzi E, Aas PA, Sousa MML, Miller R, et al. (2009)
Identification of a novel, widespread, and functionally important PCNA-binding
motif. The Journal of cell biology 186: 645-654.

17. Tsurimoto T, Stillman B (1991) Replication factors required for SV40 DNA
replication in vitro. I. DNA structure-specific recognition of a primer-template
junction by eukaryotic DNA polymerases and their accessory proteins. Journal of
Biological Chemistry 266: 1950.

18. Zhuang Z, Ai'Y (2009) Processivity factor of DNA polymerase and its expanding
role in normal and translesion DNA synthesis. Biochimica et Biophysica Acta
(BBA)-Proteins and Proteomics 1804: 1081-1093.

19. Tabor S, Huber HE, Richardson C.C (1987) Escherichia coli thioredoxin confers
processivity on the DNA polymerase activity of the gene 5 protein of
bacteriophage T7. J Biol Chem 262: 16212-16223.

20. Bustillo-Ruiz MI, Escobedo-Bonilla CsM, Sotelo-Mundo RR (2009) A review of
pathogenesis and molecular strategies against white spot syndrome virus of
penacid shrimp. REVISTA DE BIOLOGIA MARINA'Y OCEANOGRAFIA
44: 1-11.

21. Escobedo-Bonilla CM, Alday-Sanz V, Wille M, Sorgeloos P, Pensaert MB, et al.
(2008) A review on the morphology, molecular characterization, morphogenesis
and pathogenesis of white spot syndrome virus. Journal of fish discases 31: 1-18.

PLOS ONE | www.plosone.org

Shrimp Proliferating Cell Nuclear Antigen

Beamline X6A is funded by NIGMS (GM-0080) and the US Department
of Energy (No. DE-AC02-98CH10886). We also thank technical biblio-
graphical support from Gerardo Reyna and computational technical
support from Felipe Isac-Martinez, Luis Leyva-Duran, Adalberto Mur-
rieta-Valenciana, José L. Aguilar-Valenzuela and Martin Peralta-Con-
treras, all of them from CIAD.

Author Contributions

Conceived and designed the experiments: RRSM LGB JSCM ERP AALZ
AAAF. Performed the experiments: JSCM AALZ AAAF. Analyzed the
data: JSCM AALZ AAAF VS KDG. Contributed reagents/materials/
analysis tools: VS KDG ERP RRSM LGB. Wrote the paper: RRSM

JSCM LGB.

22. Sanchez-Paz A (2010) White spot syndrome virus: an overview on an emergent
concern. Veterinary research 41: 43.

23. Chen L-L, Wang H-C, Huang C-J, Peng S-E, Chen Y-G, et al. (2002)
Transcriptional analysis of the DNA polymerase gene of shrimp white spot
syndrome virus. Virology 301: 136-147.

24. De-la-Re-Vega E, Garcia-Orozco KD, Arvizu-Flores AA, Yepiz-Plascencia G,
Mubhlia-Almazan A, et al. (2011) White spot syndrome virus ORF514 encodes a
bona fide DNA polymerase. Molecules 16: 532-542.

25. De-la-Re-Vega E, Muhlia-Almazan A, Arvizu-Flores AA, Islas-Osuna MA,
Yepiz-Plascencia G, et al. (2011) Molecular modeling and expression of the
Litopenaeus vannamei proliferating cell nuclear antigen (PCNA) after white spot
syndrome virus shrimp infection. Results in Immunology.

26. van Hulten MICW, Witteveldt J, Peters S, Kloosterboer N, Tarchini R, et al.
(2001) The white spot syndrome virus DNA genome sequence. Virology 286: 7—
22.

27. Carrasco-Miranda JS, Cardona-Felix C, Lopez-Zavala AA, de-la-Re-Vega E,
De la Mora E, et al. (2012) Crystallization and X-ray diffraction studies of
crustacean proliferating cell nuclear antigen. Acta Crystallographica Section F:
Structural Biology and Crystallization Communications 68: 0-0.

28. Li P, Zha J, Kong Y, Chen C, Sun H, et al. (2010) Identification, mRNA
expression and characterization of proliferating cell nuclear antigen gene from
Chinese mitten crab FEriocheir japonica sinensis. Comparative Biochemistry and
Physiology-Part A: Molecular & Integrative Physiology 157: 170-176.

29. Wu C, Séderhall I, Kim YA, Liu H, Séderhiall K (2008) Hemocyte-lineage
marker proteins in a crustacean, the freshwater crayfish, Pacifastacus leniusculus.
Proteomics 8: 4226-4235.

30. Xie Y, Wang B, Li I, Jiang H, Xiang J (2008) Molecular cloning and
characterization of proliferating cell nuclear antigen (PCNA) from Chinese
shrimp Fenneropenaeus chinensis. Comparative Biochemistry and Physiology Part B:
Biochemistry and Molecular Biology 151: 225-229.

31. Kabsch W (2010) XDS. Acta Crystallogr D Biol Crystallogr 66: 125-132.

32. McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC, et al.
(2007) Phaser crystallographic software. Journal of applied crystallography 40:
658-674.

33. Kontopidis G, Wu SY, Zheleva DI, Taylor P, Mclnnes C, et al. (2005)
Structural and biochemical studies of human proliferating cell nuclear antigen
complexes provide a rationale for cyclin association and inhibitor design.
Proceedings of the National Academy of Sciences of the United States of
America 102: 1871.

34. Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis IW, et al. (2010)
PHENIX: a comprehensive Python-based system for macromolecular structure
solution. Acta Crystallographica Section D: Biological Crystallography 66: 213~
221.

35. Emsley P, Lohkamp B, Scott WG, Cowtan K (2010) Features and development
of Coot. Acta Crystallographica Section D: Biological Crystallography 66: 486—
501.

36. Sakurai S, Kitano K, Yamaguchi H, Hamada K, Okada K, et al. (2004)
Structural basis for recruitment of human flap endonuclease 1 to PCNA. The
EMBO journal 24: 683-693.

37. McNicholas S, Potterton E, Wilson K, Noble M (2011) Presenting your
structures: the CCP4mg molecular-graphics software. Acta Crystallographica
Section D: Biological Crystallography 67: 386-394.

38. Winn MD, Ballard CC, Cowtan KD, Dodson EJ, Emsley P, et al. (2011)
Overview of the CCP4 suite and current developments. Acta Crystallographica
Section D: Biological Crystallography 67: 235-242.

39. Wang K, Shi Z, Zhang M, Cheng D (2013) Structure of PCNA from Drosophila
melanogaster. Acta Crystallographica Section F: Structural Biology and
Crystallization Communications 69: 387-392.

40. Hishiki A, Hashimoto H, Hanafusa T, Kamei K, Ohashi E, et al. (2009)
Structural basis for novel interactions between human translesion synthesis
polymerases and proliferating cell nuclear antigen. Journal of Biological
Chemistry 284: 10552-10560.

April 2014 | Volume 9 | Issue 4 | 94369



Shrimp Proliferating Cell Nuclear Antigen

41. De Biasio A, Blanco FJ (2012) Proliferating cell nuclear antigen structure and 42. Wallace AC, Laskowski RA, Thornton JM (1995) LIGPLOT: a program to
interactions: too many partners for one dancer? Advances in protein chemistry generate schematic diagrams of protein-ligand interactions. Protein engineering
and structural biology 91: 1-36. 8: 127-134.

PLOS ONE | www.plosone.org 8 April 2014 | Volume 9 | Issue 4 | 94369



