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Flap endonuclease-1 (FEN-1) is a structure-speci®c nuclease that

removes 50-overhanging ¯aps in DNA repair and replication. FEN-1

binds proliferating-cell nuclear antigen (PCNA), a DNA-clamp

protein, when processing Okazaki fragments during lagging-strand

DNA synthesis. Here, the crystallization of the complex between

human FEN-1 and PCNA is reported. The crystals were found to

belong to space group P212121, with unit-cell parameters a = 82.2,

b = 143.4, c = 246.7 AÊ , and contained one complex in the

crystallographic asymmetric unit. A diffraction data set was collected

to a resolution of 3.0 AÊ .
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1. Introduction

DNA replication in eukaryotes is a highly

coordinated process involving many proteins

that work cooperatively to ensure the accurate

and ef®cient replication of DNA (Waga &

Stillman, 1998). During this process, ¯ap

endonuclease-1 (FEN-1) plays a crucial role in

the removal of RNA primers during Okazaki

fragment maturation in lagging-strand DNA

synthesis (Goulian et al., 1990; Harrington &

Lieber, 1994a,b). FEN-1 belongs to the XPG-

like family of structure-speci®c nucleases,

which includes bacteriophage and bacterial

50-nucleases (Lieber, 1997). Flap-DNA

removal by FEN-1 is also essential during long-

patch base-excision repair (Klungland &

Lindahl, 1997). Thus, FEN-1 and its homo-

logues are central to processes in¯uencing

genome stability and early events that modu-

late cancer susceptibility and tumorigenesis.

Proliferating-cell nuclear antigen (PCNA),

which is well known as the `sliding clamp',

binds eukaryotic DNA polymerase � and plays

a key role in processive DNA synthesis

(Kelman, 1997). PCNA also binds FEN-1,

leading to the positioning of FEN-1 onto the

DNA and a 10±50-fold increase in FEN-1

nuclease activity (Cox, 1997; Lieber, 1997;

Kelman, 1997). Mutations in FEN-1 that

disrupt the PCNA interaction reduce the ef®-

cient cleavage of ¯ap DNA at the replication

fork, thus leading to the generation of long ¯ap

strands during DNA replication. These

unexcised ¯ap strands may form FEN-1-

resistant secondary structures, as would be

expected for short repeat DNA sequences. The

inability of FEN-1 endonuclease activity to

remove these sequences provides a speci®c

molecular basis for the observed expansion of

such short repeats in certain human cancers

and heritable genetic diseases. Consequently,

an understanding of the interactions between

FEN-1 and PCNA are critical from biomedical

perspectives.

Here, we report the ®rst crystallization and

preliminary crystallographic studies of human

FEN-1 complexed with human PCNA. Human

FEN-1 consists of 379 amino-acid residues

(42 kDa) and is believed to exist as a monomer

in solution (Kim et al., 1999). Human PCNA,

which consists of 261 amino-acid residues

(29 kDa), is known to form a trimeric ring that

contains a central hole used in its interaction

with DNA (Gulbis et al., 1996).

2. Materials and methods

2.1. Protein preparation

The FEN-1 expression plasmid pT7-hFEN-1

was transformed into Escherichia coli strain

BL21(DE3). Cells were grown at 310 K in

Luria±Bertani (LB) medium containing

100 mg mlÿ1 ampicillin. When the absorbance

at 660 nm (OD660) of the cell culture

reached 0.8, isopropyl-�-d-thio-galactopyr-

anoside (IPTG) was added to a concentration

of 0.5 mM to induce expression of the gene.

Cells were grown for an additional 5 h

following IPTG induction and were then

harvested by centrifugation at 6000 rev minÿ1

(Beckman J2-M1 JA10 rotor) for 20 min at

277 K. The expression plasmid for PCNA, pT7-

PCNA, was also transformed into E. coli strain

BL21(DE3). At an OD660 of 0.5, IPTG was

added to a concentration of 1 mM. After an

additional 12 h incubation, cells were then

harvested in the same manner as described

above.

Recombinant human FEN-1 was puri®ed as

follows. Firstly, the soluble portion of the cell
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extract was loaded onto a DEAE anion-

exchange column (Pharmacia) to remove

nucleic acids. The ¯owthrough fraction was

loaded onto a heparin column (Pharmacia)

and eluted using a linear NaCl concentration

gradient. Following gel ®ltration on a

Sephacryl S-100 column (Pharmacia),

protein fractions were applied to a

hydroxylapatite column. Finally, collected

fractions were loaded onto a MonoS cation-

exchange column (Pharmacia) and eluted

using a linear NaCl concentration gradient.

60 mg of puri®ed FEN-1 was obtained from

3 l of culture.

Recombinant human PCNA was also

puri®ed by sequential column chromato-

graphy. The soluble portion of the cell

extract was loaded onto a DEAE anion-

exchange column and eluted using a linear

NaCl concentration gradient. Protein frac-

tions were further puri®ed by Q-Sepharose

(Pharmacia), Sephacryl S-200 (Pharmacia)

and hydroxylapatite column chromato-

graphy. Finally, protein fractions were

loaded onto a MonoQ anion-exchange

column (Pharmacia) and eluted using a

linear NaCl concentration gradient. 3 mg of

puri®ed PCNA was obtained from 3 l of

culture.

The puri®ed samples were veri®ed using

N-terminal sequence analysis (M492;

Applied Biosystems) and matrix-assisted

laser desorption/ionization time-of-¯ight

mass spectroscopy (MALDI±TOF MS;

PerSpective). Peaks of 42 440 Da (calcu-

lated MW 42 462 Da) and 28 738 Da

(calculated MW 28 769 Da) were observed

for FEN-1 and PCNA, respectively. Puri®ed

proteins were stored at 193 K.

2.2. Crystallization

Crystallization screening was carried

out by the hanging-drop vapour-diffusion

method (McPherson, 1990) using commer-

cial crystallization screening solutions from

Hampton Research, USA: Crystal Screen

kits (1, 2 and Cryo) and Grid Screen kits

(ammonium sulfate, 2-methyl-2,4-pentane-

diol, polyethylene glycol 6000, PEG/LiCl

and sodium chloride). The protein-complex

solution was mixed in a 1:1 ratio with the

reservoir solution. One PCNA trimer has

three identical FEN-1-binding sites. We

attempted to crystallize 1:1, 2:1 and 3:1

(FEN-1:PCNA trimer) complexes, but failed

to obtain crystals from the 1:1 and 2:1

complexes. The 3:1 complex (hereafter

referred to as the FEN-1±PCNA complex)

was prepared by mixing protein solutions

containing 10 mM Na HEPES pH 7.8,

100 mM NaCl, 1 mM DTT and ®nal

concentrations of 0.36 mM FEN-1 and

0.12 mM PCNA. Complex formation was

con®rmed by two methods. Gel ®ltration

using a Sephacryl S-300 column (Pharmacia)

yielded a single peak corresponding to

230 kDa as estimated by protein size

markers. This value is close to the calculated

value (213 kDa) for the 3:1 complex.

Furthermore, dynamic light-scattering

measurements (DynaPro-801, Protein Solu-

tions) suggested that the solution was

monodisperse with a 220 kDa protein

complex estimated from the hydrodynamic

radius (60 AÊ ).

Using the Grid Screen kit, initial crystals

were obtained at pH 6 and 7 with 5%

polyethyleneglycol 6000 (PEG 6K) as

precipitant at 277 K. The conditions were

then re®ned by changing the pH (5.0±8.0 in

steps of 0.5) and the temperature (277, 283,

288 and 293 K) and using different PEGs

(PEG 200, PEG 400, PEG 1K, PEG 2K,

PEG 4K, PEG 6K, PEG 8K and PEG 20K).

Relatively large plate-shaped crystals (100�
100 � 10 mm) were found to grow at pH 6.5

using 12% PEG 1K at 283 K. However,

these crystals were still small and clustered

by stacking onto each other. To improve the

conditions, we tried adding metal ions,

organic compounds and detergents to the

crystallization solutions using Additive

Screen kits I±III and Detergent Screen kits

I±III (Hampton Research, USA). We found

that the crystal size and morphology could

be improved by adding n-hexadecyl-�-

d-maltoside or n-decyl-�-d-thiomaltoside.

After optimization of the crystallization

conditions, single crystals appeared in drops

containing 12.8 mg mlÿ1 protein complex

(0.06 mM), 50 mM Na MES pH 6.5, 50 mM

NaCl, 6%(w/v) PEG 1000 and 0.6 mM

n-hexadecyl-�-d-maltoside at 283 K. Crys-

tals grown under optimized conditions

reached their maximum size within a week

and had dimensions of 600 � 80 � 20 mm

(Fig. 1). The crystals obtained were washed

and dissolved in an aliquot of water in

preparation for analysis by 12.5%(w/v)

SDS±PAGE (Laemmli, 1970). SDS±PAGE

gels stained with Coomassie Brilliant Blue

con®rmed that the crystals contained both

FEN-1 and PCNA (Fig. 2). The crystals

diffracted to 2.8 AÊ resolution and belonged

to space group P212121, with unit-cell para-

meters a = 82.2, b = 143.4, c = 246.7 AÊ .

2.3. Data collection and processing

For X-ray data collection (Table 1), crys-

tals were transferred into a cryoprotective

solution containing 20%(v/v) PEG 200 and

reservoir solution [100 mM Na MES pH 6.5,

100 mM NaCl and 12%(w/v) PEG 1000] and

then mounted on a rayon loop for ¯ash-

cooling to 100 K using a Rigaku cryostat

with liquid-nitrogen vapour. A set of X-ray

Figure 1
Orthorhombic crystals of the FEN-1±PCNA complex
in 6%(w/v) PEG 1000, 50 mM Na MES pH 6.5,
50 mM NaCl and 0.6 mM n-hexadecyl-�-d-maltoside.

Figure 2
SDS±PAGE of the puri®ed proteins and the complex
crystals. A stained 12.5% polyacrylamide gel is shown
with molecular-weight markers (lane 1), puri®ed
human FEN-1 (lane 2), puri®ed human PCNA (lane
3) and the FEN-1±PCNA crystal complex (lane 4).

Table 1
X-ray diffraction data of the FEN-1±PCNA complex.

Beamline SPring-8/BL38B1
Detector ADSC Quantum Q4
Wavelength (AÊ ) 1.00
Temperature (K) 100
Oscillation range (�) 180 (1� � 180 images)
Space group P212121

Unit-cell parameters
a (AÊ ) 82.2 (3)
b (AÊ ) 143.4 (10)
c (AÊ ) 246.7 (15)

Resolution² (AÊ ) 50±3.0 (3.1±3.0)
Re¯ections, total/unique

[I/�(I) > 1.0]
228402/52176

Completeness² (%) 87.9 (64.5)
Mosaicity 0.3±0.5
hI/�(I)i² 13.7 (3.3)
Rmerge²³ (%) 7.9 (26.5)

² Values for the outer resolution shell are given in

parentheses. ³ Rmerge =
P jIi ÿ hIiij=

PhIii, where Ii is the

observed intensity and hIii is the average intensity over

symmetry-equivalent measurements.
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diffraction data for the FEN-1±PCNA

complex crystal was collected at SPring-8 on

beamline BL38B1 using an ADSC Quantum

detector system with a total oscillation range

of 180� and a step size of 1.0� with a frame

exposure time of 40 s. The wavelength was

set to 1.00 AÊ . Diffraction data were indexed,

scaled and merged using the programs

DENZO and SCALEPACK (Otwinowski &

Minor, 1997). The total number of observed

re¯ections was 228 402, which gave 52 176

unique re¯ections [I/�(I) > 1]. The resulting

data gave an Rmerge of 7.9% (26.5% for the

outer shell, 3.1±3.0 AÊ ) with a completeness

of 87.9% (64.5% for the outer shell). The

averaged I/�(I) value was 13.7 (3.3 for the

outer shell). The estimated mosaicity of the

crystal was in the range 0.3±0.5�. A

Matthews coef®cient (Matthews, 1968) of

3.4 AÊ 3 Daÿ1 was calculated assuming one

PCNA trimer and three FEN-1 monomers in

the asymmetric unit, which corresponds to

64% solvent content by volume.

The PCNA trimer has pseudo-threefold

symmetry perpendicular to the trimer ring

plane (Krishna et al., 1994; Gulbis et al.,

1996; Matsumiya et al., 2001). We calculated

self-rotation functions (Rossmann & Blow,

1962) to search for non-crystallographic

symmetry with several Patterson sphere

radii. However, we failed to ®nd signi®cant

peaks indicating threefold symmetry on the

maps. It might be that the positions of the

three PCNA subunits and/or the three

FEN-1 molecules bound to them deviate

strongly from the ideal equivalent positions

of threefold symmetry.

Human FEN-1 exhibits a relatively high

sequence identity to hyperthermophilic

archaeon FEN-1s: 38% identity to that from

Pyrococcus furiosus and 34% to that from

Methanococcus jannaschii. It may be

possible to build a starting model of human

FEN-1 by homology modelling based on the

crystal structures of these archaeal FEN-1s

(PDB codes 1b43 and 1a76; Hos®eld et al.,

1998; Hwang et al., 1998). Moreover, the

structure of human PCNA (PDB code 1axc;

Gulbis et al., 1996) is also amenable to

molecular replacement, although the PCNA

structure in our complex may be signi®cantly

different to that in an uncomplexed state.

Structural analyses by molecular-replace-

ment and/or MAD methods are in progress.
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