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Proliferating cellular nuclear antigen (PCNA) is a toroidal-

shaped protein that is involved in cell-cycle control, DNA

replication and DNA repair. Parasitic protozoa are early-

diverged eukaryotes that are responsible for neglected

diseases. In this work, a PCNA from a parasitic protozoon

was identified, cloned and biochemically characterized and its

crystal structure was determined. Structural and biochemical

studies demonstrate that PCNA from Entamoeba histolytica

assembles as a homotrimer that is able to interact with and

stimulate the activity of a PCNA-interacting peptide-motif

protein from E. histolytica, EhDNAligI. The data indicate a

conservation of the biochemical mechanisms of PCNA-

mediated interactions between metazoa, yeast and parasitic

protozoa.
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1. Introduction

Proliferating cellular nuclear antigen (PCNA) is an evolu-

tionary conserved protein that is involved in the cell cycle,

chromatin remodelling, DNA repair and nuclear DNA repli-

cation (Maga & Hubscher, 2003; Ivanov et al., 2006). PCNA is a

multifunctional protein; however, it is better known for its role

as a sliding clamp that interacts with replicative DNA poly-

merases in order to increase their processivity. PCNA also

interacts with proteins involved in DNA repair such as FEN1,

DNA glycosylases and DNA ligase I, cell-cycle control

proteins such as p21, CCK2 and cyclin D, and chromatin-

remodelling proteins such as DNA methyltransferases (for

recent reviews, see Stoimenov & Helleday, 2009; Tsurimoto,

1998). PCNA is composed of three subunits that assemble to

adopt a ring-shaped structure. PCNA oligomerization differs

between archaea and eukaryotes: PCNAs from eukaryotes

assemble as homotrimers, while in crenarchaeota such as

Sulfolobus sulfataricus PCNA assembles as a functional

heterotrimer (Williams et al., 2006; Dionne et al., 2003; Krishna

et al., 1994; Chia et al., 2010). Despite this evolutionary

divergence, the toroidal structure of PCNA is highly con-

served in humans, yeast, plants and archaea (Strzalka et al.,

2009; Chia et al., 2010; Krishna et al., 1994; Matsumiya et al.,

2001). Each monomer of PCNA is composed of two globular

domains connected by an inter-domain connecting loop

(IDCL; Krishna et al., 1994). Thus, trimeric PCNA forms a ring

with pseudo-sixfold symmetry. The inner surface of the ring is

composed of 12 �-helices, whereas the outer surface is com-

posed of 54 �-sheets and three IDCLs (Ivanov et al., 2006).

The inner part of the PCNA ring consists of positively charged

amino acids oriented to interact with the sugar-phosphate

backbone of double-stranded DNA. This structural organiz-

ation permits PCNA to encircle DNA while allowing lateral

movement and provides a scaffold for the assembly of asso-

ciated proteins.

http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=hv5182&bbid=BB47


PCNA interacts with its multiple protein partners mainly

through its IDCL via a consensus motif that is present in its

interacting proteins and named the PCNA-interacting protein

box (PIP box). The PIP box has a QXX(M/L/I)XX(F/Y)(F/Y)

consensus sequence and adopts a 310-helical structure

(Moldovan et al., 2007). Besides this interaction, PCNA can

alternatively bind to interacting proteins using additional

regions such as its C-terminus, the centre loop and the back-

side loop (Mayanagi et al., 2009).

PCNA has been biochemically and structurally character-

ized in higher eukaryotes, including humans (Almendral et al.,

1987), yeast (Bauer & Burgers, 1990) and plants (Strzalka et

al., 2009), and archaea (Williams et al., 2006). However, no

structural studies of PCNA from protozoan parasites have

been carried out to date. Protozoan PCNAs that have been

biochemically characterized to date include PCNAs from

Plasmodium falciparum, Toxoplasma gondii and Leishmania

donovani (Kilbey et al., 1993; Patterson et al., 2002; Guerini

et al., 2000; Kumar et al., 2009). P. falciparum and T. gondii

contain two different PCNA genes in their genome, whereas

L. donovani contains one PCNA gene. Phylogenetic studies

suggest that although some PCNAs from archaea assemble as

heterotrimers, all PCNAs have diverged from a homotrimeric

ancestor followed by gene duplication and specialization

(Chia et al., 2010). These findings suggest the possibility that

PCNAs from protozoan parasites such as P. falciparum and

T. gondii may assemble as a mixed heterotrimer, as has been

demonstrated to occur in vitro in Arabidopsis thaliana

(Strzalka et al., 2009).

Entamoeba histolytica is an early-branching protozoan

parasite that is responsible for amoebiasis, a disease that

affects close to ten million people worldwide and causes

approximately 100 000 deaths annually (Stanley, 2003). The

genome of E. histolytica indicates that this protozoan parasite

may perform DNA-associated processes, such as those

involved in DNA replication and DNA repair, in a fashion

similar to higher eukaryotes (Clark et al., 2007). However, few

DNA-binding proteins from this parasite have been identified

and biochemically characterized. As a first step towards

understanding the replication process in this parasite, we

here report the biochemical and structural characterization of

PCNA from E. histolytica (EhPCNA).

2. Material and methods

2.1. In silico identification of EhPCNA

In silico identification of EhPCNA was carried out by a

BLAST search of the Pathema database (http://pathema.jcvi.org/

cgi-bin/Entamoeba/PathemaHomePage.cgi) using the amino-

acid sequence of human PCNA (HsPCNA) as a query. A

hidden Markov model consisting of 84 amino-acid sequences

of PCNAs from different organisms was constructed using the

program HMMER v.2.3.2. Hidden Markov analyses of the

coding sequences of E. histolytica were used to test for the

possible presence of multiple genes of PCNA in the parasite’s

genome.

2.2. Cloning of full-length EhPCNA

The 789 bp coding sequence of EhPCNA was amplified

from genomic DNA of E. histolytica strain HM1-IMSS.

The PCR primers were 50-GGTCGGAATTCCATATGTG-

TGCTTTCCACGCCAAATTTAAAG-30 (forward) and 50-

GGTCTTGGATCCTTACTCTTGAGGTTCATCTTCTTC-30

(reverse). These primers contained restriction sites for NdeI

and BamHI restriction enzymes, respectively (the recognition

sequences are shown in bold). The purified PCR product was

digested and ligated into a modified pET19 vector in which

the thrombin site was modified to a PreScission Protease site.

Positive clones were confirmed by automated DNA sequen-

cing.

2.3. Expression and purification of EhPCNA

Escherichia coli BL21 (DE3) Star was transformed with the

pET19-EhPCNA plasmid and plated onto an agar plate

supplemented with 100 mg ml�1 ampicillin. A single colony

was used to grow a 100 ml overnight LB culture supplemented

with 100 mg ml�1 ampicillin, which was then used to inoculate

a 4 l culture. This culture was further grown at 310 K until

it reached an OD600 of 0.8. Heterologous expression was

induced by adding IPTG to a final concentration of 0.5 mM.

The induced cell culture was centrifuged at 6000 rev min�1 for

15 min and the pellet was resuspended in 100 ml lysis buffer

(50 mM Tris–HCl pH 7.5, 100 mM NaCl, 0.01% Triton X-100).

Cells were lysed by sonication and the lysate was centrifuged

at 15 000 rev min�1 for 30 min at 277 K. The supernatant was

filtered through a 0.45 mm pore-size filter and passed through

a 5 ml Ni Sepharose High Performance column (GE Health-

care) previously equilibrated with lysis buffer. The first

column wash consisted of 75 ml lysis buffer, the second wash

consisted of 75 ml lysis buffer supplemented with 40 mM

imidazole and the third wash consisted of 75 ml lysis buffer

supplemented with 80 mM imidazole. EhPCNA was eluted

with 20 ml 50 mM Tris–HCl, 100 mM NaCl, 500 mM imida-

zole. The eluate was immediately dialyzed in 2 l of a solution

consisting of 50 mM Tris–HCl pH 7.5, 100 mM NaCl, 10 mM

DTT, 2 mM EDTA for 12 h. A second purification step was

performed using a DEAE anion-exchange column equili-

brated with 50 mM Tris–HCl, 30 mM NaCl and subjected to a

NaCl linear gradient from 100 to 800 mM. EhPCNA eluted as

a single peak between 400 and 500 mM NaCl. The histidine tag

of EhPCNA was removed by the addition of PreScission

Protease (GE Healthcare) using 0.1 mg protease per 10 mg

purified protein. Histidine-tag removal was carried out by gel

filtration on a Superdex 75 column (GE Healthcare) equili-

brated with 50 mM Tris–HCl pH 7.5, 100 mM NaCl. Deter-

mination of the multimeric state of EhPCNA was carried out

using a Superdex 200 size-exclusion column (GE Healthcare)

previously calibrated with molecular-weight standards in a

buffer consisting of 50 mM Tris–HCl pH 7.5, 100 mM NaCl.

The molecular-weight markers were thyroglobulin (670 kDa),

�-globulin (158 kDa), ovalbumin (44 kDa) and myoglobin

(17 kDa).
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2.4. Electrophoretic mobility-shift and nick-sealing activity
assays

DNA binding and enzymatic activity stimulation of

EhDNAligI by EhPCNA were investigated using an electro-

phoretic mobility-shift assay (EMSA) and an in vitro DNA-

ligation reaction as previously reported (Cardona-Felix et al.,

2010). Briefly, a double-stranded nicked DNA substrate was

formed by annealing a downstream 24-mer (50-CGCAGCC-

CACCTGCCCACCTACT-30) and an upstream 21-mer (50-

GGCCCTGCGCTAGTGCCAAGG-30) to a complementary

45-mer template strand. The upstream 21-mer was 50-labelled

with 100 mCi [�-32P]-ATP (3000 Ci mmol�1). Binding reac-

tions were assayed in a buffer consisting of 50 mM Tris–HCl

pH 7.5, 10 mM DTT, 5% glycerol, 30 nM 32P-labelled nicked

double-stranded DNA, 10 nM EhDNAligI and increasing

concentrations of EhPCNA from 20 to 160 nM and were

resolved by native polyacrylamide gel electrophoresis. Nick-

sealing activity assays were performed in a buffer consisting of

50 mM Tris–HCl pH 7.5, 10 mM DTT, 10 mM MgCl2, 0.5 mM

ATP, 30 nM 32P-labelled nicked double-stranded DNA sub-

strate, 10 nM EhDNAligI and 500 nM EhPCNA. The reac-

tions were incubated at 310 K and aliquots were taken at 0.5,

1, 2, 4, 8, 16 and 32 min and stopped by adding equal volumes

of stop buffer (90% formamide, 50 mM EDTA). Reactions

were electrophoresed in a 16% polyacrylamide/8 M urea gel

and the reaction products were detected by phosphorimagery.

2.5. Protein crystallography

The protein concentration was measured by Bradford assay

using bovine serum albumin dilutions as standards (Bradford,

1976). Protein crystallization screening was performed with

EhPCNA at a concentration of 5 mg ml�1 in 50 mM Tris

pH 7.5, 100 mM NaCl, 1 mM EDTA and 10 mM DTT using

the hanging-drop vapour-diffusion technique by mixing 1 ml

EhPCNA with 1 ml reservoir solution from commercial

screens. Thin crystal plates appeared overnight in a condition

consisting of 1.6 M sodium citrate tribasic dihydrate pH 6.5

and were used as seeds to grow single cube-shaped crystals

that were suitable for X-ray diffraction. The crystals were

cryoprotected by quick soaking in 1.6 M sodium citrate

tribasic dihydrate pH 6.5 and flash-frozen in liquid nitrogen.

2.6. Data collection and refinement

A single protein crystal was used to collect diffraction data

at 100 K using a MAR 300 CCD detector on the APS beam-

line LS-CAT 21-ID-D with 1.0� rotation per image. Diffraction

intensities were integrated and scaled in space group H3 using

MOSFLM and SCALA (Leslie, 1992). The search model used

for molecular replacement was generated with the program

Sculptor (Bunkóczi & Read, 2011) using human PCNA (PDB

entry 1vym, chain A; Kontopidis et al., 2005) as a template. A

unique solution was readily found with Phaser and structure-

factor data were analyzed with phenix.xtriage to detect outliers

and twinning (McCoy et al., 2007; Adams et al., 2010).

Rigid-body refinement, simulated annealing, individual

atomic coordinate and individual atom isotropic displacement

parameter refinement strategies were performed with

phenix.refine (Adams et al., 2010). Manual model adjustment

to improve the fit to likelihood-weighted electron-density

maps was carried out using Coot (Emsley & Cowtan, 2004).

Water molecules were added into difference electron-density

maps. The quality of the model was checked using the

MolProbity server (Chen et al., 2010; Table 1). Structural

models were rendered with PyMOL and UCSF Chimera

(Pettersen et al., 2004; DeLano, 2002).

3. Results and discussion

3.1. Cloning, expression and purification of recombinant
EhPCNA

A hidden Markov analysis using PCNA-related sequences

revealed only one positive score in the Pathema database

annotated as ‘putative proliferating cellular nuclear antigen’ in

locus EHI_128450 (data not shown). A single hit was obtained

during hidden Markov analysis, strongly suggesting that

E. histolytica only contains one PCNA gene in its genome,

which is named EhPCNA in this work. EhPCNA contains 262

amino acids and is annotated in the NCBI GenBank with

identification number XP_651510.1. Hidden Markov models

of PCNA were initially used to identify duplicated PCNA
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Table 1
PCNA crystal parameters and data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

Data collection
X-ray source APS LS-CAT 21-ID-D
Wavelength (Å) 0.9787
Data-collection temperature (K) 100
Resolution range (Å) 27.91–2.40 (2.53–2.40)
Space group H3
Unit-cell parameters (Å, �) a = b = 141.1, c = 49.2,

� = � = 90.0, � = 120.0
Matthews coefficient (Å3 Da�1) 3.3
Solvent content (%) 60
No. of measured reflections 55605 (8075)
No. of unique reflections 14275 (2087)
Completeness (%) 99.9 (100.0)
Multiplicity 3.9 (3.9)
Mean I/�(I) 10.7 (5.8)
Rmerge (%) 8.9 (15.7)

Refinement
Resolution range (Å) 26.66–2.40 (2.59–2.40)
Rwork† 0.148 (0.208)
Rfree† 0.193 (0.236)
Reflections, working 13521 (2708)
Reflections, free 713 (143)
Twinning fraction; operator 0.266; h, �h � k, �l
Molecules per asymmetric unit 1
Non-H atoms 1839
Water molecules 85
Average B factor (Å2) 28.1
R.m.s.d. bond lengths‡ (Å) 0.007
R.m.s.d. bond angles‡ (�) 1.027
Ramachandran favoured (%) 96.2
Ramachandran outliers (%) 0.0

† R =
P

hkl

�
�jFobsj � jFcalcj

�
�=
P

hkl jFobsj, where Fobs and Fcalc are the observed and
calculated structure-factor amplitudes, respectively. Rwork is for reflections from the
working set; Rfree is calculated with 5% of the reflections chosen at random and omitted
from refinement. ‡ Root-mean-square deviation of bond lengths and bond angles from
ideal geometry.



genes in Thermotoga maritima and an orthologuous PCNA

gene in vaccinia virus, therefore validating the use of this

approach to identify duplicated PCNA genes (Neuwald &

Poleksic, 2000; Da Silva & Upton, 2009). Amino-acid

sequence alignments with PCNAs from Saccharomyces cere-

visiae and Homo sapiens revealed that EhPCNA has 33 and

34% amino-acid identity to these PCNAs, respectively. This

percentage of amino-acid sequence resembles the amino-acid

identity observed between other PCNAs (Naryzhny, 2008).

In order to test the biochemical properties of EhPCNA, its

open reading frame was PCR-amplified from genomic DNA

and cloned into a modified pET19 vector. This modified vector

provides the technical advantage that the histidine tag can be

removed with a specific protease, leaving only three extra

amino acids (Gly, Pro and His) before the original N-terminal

methionine. Several E. coli strains were tested for the over-

expression of EhPCNA and the best results were obtained

with strain BL21 (DE3) Star (Cardona-Felix, data not shown;

Fig. 1b, lanes 1 and 2). Approximately 50% of the hetero-

logous induced EhPCNA was soluble in a lysis buffer with a

near-physiological salt concentration (Fig. 1b, lane 3). Histi-

dine-tagged EhPCNA remained bound to the nickel column
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Figure 1
Identification, cloning, expression and purification of EhPCNA. (a) Amino-acid sequence alignment of EhPCNA with PCNAs from H. sapiens and
S. cerevisiae. The structural elements present in PCNA are coloured as follows: the centre loop is coloured blue, the inter-domain connecting loop is
coloured red, the back-side loop is coloured violet and the C-terminus is coloured green. (b) Expression and purification of EhPCNA: 15% SDS–PAGE
showing samples taken during the expression and purification protocols. Arrows indicate the positions of EhPCNA and the histidine tag. (c) Purification
of EhPCNA after removal of the histidine tag: 15% SDS–PAGE analysis of EhPCNA purification by size-exclusion chromatography.



even after extensive washing (Fig. 1b, lanes 5–7). After one

purification step EhPCNA was approximately 95% pure

(Fig. 1b, lane 8); however, a second purification step with a

DEAE column was included in order to further increase the

purity of the EhPCNA before its crystallization. The histidine

tag of recombinant EhPCNA was efficiently cleaved using

PreScission protease (Fig. 1b, lane 9). To remove the histidine

tag and to eliminate putative DNA ligase activity arising from

bacterial contamination, a third chromatographic step using a

Superdex 75 column was performed. This gel-filtration column

efficiently separates recombinant EhPCNA from its histidine

tag (Fig. 1c). The recombinantly expressed EhPCNA migrates

as a protein of approximately 28 kDa on an SDS–PAGE gel

after removal of the histidine tag (Fig. 1c, lanes 4 and 5).

3.2. EhPCNA assembles as a functional homotrimer

To determine the functional assembly of EhPCNA, we

compared its elution profile using molecular-mass standards

in a Superdex 200 size-exclusion chromatography column.

EhPCNA eluted in two fractions corresponding to molecular

masses of 44 and 108 kDa. In relation to the elution profiles of

the standards, the molecular masses are close to the theor-

etically expected molecular masses of 28.5 kDa for monomeric

EhPCNA and 85.5 kDa for trimeric EhPCNA (Fig. 2a). The

anomalous migration of monomeric EhPCNA may be

explained by the fact that EhPCNA is a rod-shaped protein.

The more abundant peak that corresponds to 108 kDa may

correspond to trimeric EhPCNA (Fig. 2a). The ratio of

trimeric and monomeric PCNA species has been found to be

dependent on protein concentration (Zhang et al., 1995).

However, in our hands the relationship between the two

species was not altered at different protein concentrations,

indicating the possibility that monomeric EhPCNA may

correspond to a population that is unable to form trimers.

Thus, according to the proportions of trimeric and monomeric

species in a Superdex 200 gel-filtration column EhPCNA

assembles mainly as a homotrimer in solution, although

approximately 8% of native EhPCNA exists as a monomer.

This result is in agreement with previous reports that indicate

that PCNAs from other species exist as a mixture of oligomers

in solution (Naryzhny et al., 2005, 2006).

3.3. EhPCNA enhances the binding of EhDNAligI to nicked
DNA and stimulates its nick-sealing reaction

PCNA stimulates the interaction between its protein part-

ners and DNA mainly through its PIP box. DNA-binding
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Figure 2
Biochemical characterization of EhPCNA. (a) EhPCNA is a homotrimer according to gel filtration. Purified EhPCNA was applied onto a Superdex 200
column depicting its oligomeric state by gel filtration. (b) EhPCNA stimulates the binding of EhDNAligI to nicked DNA. The migration of the complex
and free probe are indicated by arrows. (c) EhPCNA stimulates the nick-sealing activity of EhDNAligI. The reaction time course shows a comparison of
the nick-sealing activity of EhDNAligI in the absence (lanes 1–7) and in the presence of a molar excess (lanes 8–15) of EhPCNA. Nicked double-
stranded DNA substrate is depicted at the bottom of the panel.

Table 2
PIP-box-containing proteins from E. histolytica in comparison with related proteins from H. sapiens.

The consensus PIP-box sequence is QXX(M/L/I)XX(F/Y)(F/Y).

Protein H. sapiens GenBank ID E. histolytica Pathema locus GenBank ID

DNA ligase I 1 MQRSIMSFFHPKK AAA59518.1 1 MSKRQSLSRFFKPA EHI_111060 XP_657595.1
FEN1 332 GSTQGRLDDFFKVT NP_004102.1 328 KKAQGRLDSFFNVK EHI_099740 XP_651270.1
hMYH 509 MGQQVLDNFFRSH U6339 294 QIVHKEGDFIVLN EHI_010700 XP_653060.1
hMSH3 18 PARQAVLSRFFQS NP_002430.3 1 MSIQSKLKFKDGMF EHI_193340 XP_651951.1



proteins from protozoan parasites often diverge from those of

other metazoans. For instance, DNA ligase I from Apicom-

plexa does not contain a recognizable PIP box (Buguliskis et

al., 2007), whereas DNA ligase I from E. histolytica contains a

bona fide PIP box (EhDNAligI; Cardona-Felix et al., 2010).

Several other proteins from this parasite contain this inter-

acting motif but with deviations from the consensus sequence

(Table 2). Thus, as in other biological systems, EhDNAligI

may form a physical interaction with EhPCNA during the

sealing of Okazaki fragments (Tom et al., 2001; Mayanagi et al.,

2009; Pascal et al., 2006). In order to detect a putative physical

interaction between EhPCNA and EhDNAligI, we performed

an EMSA analysis in which we tested whether EhPCNA is

able to stimulate the binding of EhDNAligI to nicked DNA

(Fig. 2b). It has been observed that HsPCNA increases the

formation of a complex with nicked DNA substrate (Levin

et al., 2000; Tom et al., 2001). As shown for other PCNAs,

EhPCNA is unable to bind nicked DNA because it slides from

linear DNA (Yao et al., 1996), whereas EhDNAligI binds

tightly to phosphorylated nicked DNA as observed from the

band shift of the labelled probe (Cardona-Felix et al., 2010;

Fig. 2b, lanes 2 and 3). The presence of twofold, fourfold and

eightfold molar excesses of EhPCNA increased the population

of EhDNAligI stably bound to nicked DNA (Fig. 2b, lanes 4–

6). However, increasing concentrations of EhPCNA do not

produce a supershift of the EhDNAligI–DNA complex. The

same phenomenon has been observed for the interaction of

HsPCNA with HsFEN1 and HsDNAlig I (Tom et al., 2000,

2001), indicating that in all cases PCNA dissociates from

the ligase or nuclease complex during electrophoresis and

suggesting that the role of PCNA is to facilitate the initial

binding of DNA ligase I and FEN1 endonuclease to nicked

DNA. The complex between human DNA ligase I and

HsPCNA stimulates the nick-sealing activity of DNA ligase I

by threefold to fivefold (Tom et al., 2001). In order to test

whether EhPCNA also stimulates EhDNAligI nick-sealing

activity, we performed a time-course experiment with a 50-fold

molar excess of EhPCNA with respect to EhDNAligI. As

shown in Fig. 2(c), the nick-sealing reaction is stimulated

by approximately fourfold in the experiment with added

EhPCNA. EhPCNA is not able to perform nick sealing, nor is

it able to stimulate a non-PIP box contained in T4 DNA ligase

(Cardona-Felix, data not shown). Thus, EhPCNA causes

specific stimulation of EhDNAligI nick-sealing activity

throughout the reaction course. The similarity in ring size

between HsPCNA and HsDNAligI suggests that PCNA may

facilitate the transition of HsDNAligI from an extended

conformation to a closed conformation (Pascal et al., 2004).

However, from these kinetic experiments is not possible to

conclude whether the observed stimulation of the nick-sealing

activity of EhDNAlig I arises from an increase in substrate

binding or from an influence on the catalytic step, as has been

suggested for DNA nucleases and PCNA (Hutton et al., 2008,

2010).

3.4. Crystal structure of EhPCNA

EhPCNA crystallized in space group H3, contained one

molecule per asymmetric unit and diffracted to a resolution of

2.4 Å (Table 1). The crystal structure of EhPCNA was solved

by molecular replacement using the structure of human PCNA
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Figure 3
Monomeric EhPCNA is composed of two �-�-�-�-�-�-�-�-�-�-�
domains (cyan and blue) linked by an inter-domain connecting loop
(IDCL; red). (b) Crystal structure of monomeric EhPCNA. The inter-
domain connecting loop is coloured red, the centre loop is coloured blue,
the back-side loop is coloured green and the C-terminus is coloured
magenta. (c) Difference electron �A-weighted Fo� Fc annealed electron-
density map of the IDCL region contoured at 1.5�. The electron-density
map is superimposed on the final secondary structure of the IDCL from
residues Leu119 to Ser134. The N-terminal and C-terminal subdomains
of EhPCNA are depicted as ribbons and are coloured cyan and blue,
respectively.



(Gulbis et al., 1996) as a search model. The structure of PCNA

consists of two structural domains with �-�-�-�-�-�-�-�-�-�-�
topology joined by an inter-domain connecting loop (IDCL;

Fig. 3a). PCNA interacts with several proteins via specific

structural elements. Although the majority of the interactions

are mediated by the IDCL, the centre loop is important for

binding to cyclin D and the C-terminal extension is important

for binding to DNA polymerase " and replication factor C

(reviewed in Maga & Hubscher, 2003; Fig. 3b). Continuous

electron density was present during amino-acid tracing of

EhPCNA; however, regions in which no detectable electron

density was observed included residues 107–110, 186–193 and

the C-terminal residues 255–262. Residues Asp123, Ala124

and Asp125 were modelled as glycines because their side

chains could not be reliably modelled (Fig. 3b). The IDCL is

well defined in the EhPCNA crystal structure as observed in a

simulated-annealing Fo � Fc electron-density map, although

this loop could not be modelled in other PCNAs (Matsumiya

et al., 2001; Figs. 3b and 3c). The architecture of the IDCL

is similar to that observed in other PCNAs, indicating that

protein partners may interact with EhPCNA via a consensus

PIP box. Thus, EhPCNA may mediate similar protein inter-

actions to PCNAs from metazoans and yeast.

3.5. EhPCNA is a positively charged homotrimeric ring

EhPCNA forms a trimer around a crystallographic three-

fold axis. The trimer is composed of 12 �-helices in the inner

surface and six �-sheets in the outer surface. The assembly of

the trimer produces a central channel of approximately 34 Å

in diameter; within this assembly the inner 12 �-helices are

oriented to form a central hole that can encircle double-

stranded DNA. As in other PCNAs, EhPCNA has distinct

front and back sides, although PCNA interacts with protein

partners using only its front side (Fig. 4a). EhPCNA is an

acidic protein with an isoelectric point of 4.63; however, the

central PCNA channel contains 27 positively charged amino

acids (arginines and lysines) located in �A1, �B1, �A2 and

�B2 as depicted in a molecular-surface representation of its

electrostatic potential (Fig. 4b). These positively charged

amino acids are important for nonspecific interactions

between PCNA and the sugar–phosphate backbone of DNA,

as demonstrated by electron microscopy and X-ray crystallo-

graphy (McNally et al., 2010; Mayanagi et al., 2009).

3.6. Structural comparison of EhPCNA

Monomeric EhPCNA superimposes with PCNA monomers

from H. sapiens, S. cerevisiae and A. thaliana with r.m.s.d.s of

1.3, 1.7 and 1.8 Å, respectively, using the secondary-structure

matching (SSM) algorithm (Krissinel & Henrick, 2004) in

Coot (Emsley & Cowtan, 2004). The main structural devia-

tions are located at the IDCL (Fig. 5a). The structural differ-

ences at the IDCL may be related to its inherent flexibility

compared with the relative rigidity of the N- and C-terminal

domains. The PCNAs from S. cerevisiae, H. sapiens and

A. thaliana maintain the interface between subunits by an

interaction between two antiparallel �-strands. Specifically,

this interaction is formed by hydrogen-bond backbone inter-

actions between �D2 of one monomer and �I of the other

monomer. The conserved subunit–subunit interaction in

HsPCNA involves the formation of eight hydrogen bonds

(Krishna et al., 1994; Gulbis et al., 1996; Fig. 5b). In EhPCNA

we can identify seven hydrogen bonds between adjacent

subunits, although the N-terminus of EhPCNA �D2 is not

reliable in the electron-density maps, suggesting the possibility

that up to eight hydrogen bonds maintain the subunit interface

of EhPCNA (Fig. 5b). This in contrast to the subunit interface

of Pyrococcus furiosus, which only contains four hydrogen

bonds (Matsumiya et al., 2001). A global structural compar-

ison of PCNAs indicates that the overall architecture of

EhPCNA is similar to the structures of PCNAs from human,

yeast and plants, demonstrating the conservation of this

architecture in different eukaryotes (Fig. 5c). This is in

agreement with previous work, which indicated that the

processivity mechanisms are conserved between archaea and

eukaryotes (Matsumiya et al., 2001).
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Figure 4
Crystal structure of trimeric EhPCNA. (a) Ribbon representation of
EhPCNA as a crystallographic trimer. Subunit A is coloured grey, subunit
B is coloured blue and subunit C is coloured orange. The IDCL is
coloured red. (b) Electrostatic surface representation of EhPCNA.
Surface representation of EhPCNA showing its calculated electrostatic
potential. Positively charged segments are coloured blue and negatively
charged segments are coloured red. The highly positively charged central
channel corresponds to the double-stranded DNA-binding region.



4. Conclusions

We have determined the crystal structure and biochemically

characterized the processivity factor PCNA from E. histo-

lytica. This protein assembles as a homotrimer in solution and

is able to bind and stimulate the activity of EhDNAligI, a bona

fide PIP-box-containing protein. The crystal structure of

EhPCNA illustrates a conservation in fold, subunit–subunit

interactions and electrostratic distribution between the

structure of PCNA from E. histolytica and PCNA structures

from higher eukaryotes. Our data indicate that PCNA is a

structural platform that is highly conserved between parasitic

protozoans, yeast, plants and metazoans.

This work was supported by grants from CONACYT-
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