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INTRODUCTION

Double-stranded DNA replication starts with the bind-

ing of an initiator protein to a specific nucleotide

sequence, termed the origin. Proteins that bind to repli-

cation origins of cells, virus, and plasmids are known as

origin binding proteins (OBPs). OBPs facilitate local dis-

tortion or unwinding of the origin DNA and nucleate

the assembly of the DNA replication apparatus through

specific interactions with other replication proteins. One

of the OBPs, Epstein-Barr virus nuclear antigen 1

(EBNA1) from the Epstein-Barr virus (EBV), binds spe-

cifically to origin sequences and relies on other factors to

accomplish the unwinding. EBV is an ubiquitous human

gamma herpes virus that is associated with several dis-

eases and malignancies. The crystal structure of EBNA1

free or bound to DNA revealed a particular fold, an eight

stranded dimeric b-barrel where each monomer contrib-

ABSTRACT

The Epstein-Barr nuclear antigen 1 (EBNA1) is essential

for DNA replication and episome segregation of the viral

genome, and participates in other gene regulatory pro-

cesses of the Epstein-Barr virus in benign and malignant

diseases related to this virus. Despite the participation of

other regions of the protein in evading immune response,

its DNA binding, dimeric b-barrel domain (residues 452–

641) is necessary and sufficient for the main functions.

This domain has an unusual topology only shared by

another viral origin binding protein (OBP), the E2 DNA

binding domain of papillomaviruses. Both the amino acid

and DNA target sequences are completely different for

these two proteins, indicating a link between fold conser-

vation and function. In this work we investigated the fold-

ing and stability of the DNA binding domain of EBNA1

OBP and found it is extremely resistant to chemical, tem-

perature, and pH denaturation. The thiocyanate salt of

guanidine is required for obtaining a complete transition

to a monomeric unfolded state. The unfolding reaction is

extremely slow and shows a marked uncoupling between

tertiary and secondary structure, indicating the presence

of intermediate species. The Gdm.SCN unfolded protein

refolds to fully soluble and spherical oligomeric species of

1.2 MDa molecular weight, with identical fluorescence

centre of spectral mass but different intensity and different

secondary structure. The refolded spherical oligomers are

substantially less stable than the native recombinant

dimer. In keeping with the substantial structural rear-

rangement in the oligomers, the spherical oligomers do not

bind DNA, indicating that the DNA binding site is either

disrupted or participates in the oligomerization interface.

The puzzling extreme stability of a dimeric DNA binding

domain from a protein from a human infecting virus in

addition to a remarkable kinetically driven folding where

all molecules do not return to the most stable original spe-

cies suggests a co-translational and directional folding of

EBNA1 in vivo, possibly assisted by folding accessory pro-

teins. Finally, the oligomers bind Congo red and thiofla-

vin-T, both characteristic of repetitive b-sheet elements of

structure found in amyloids and their soluble precursors.

The stable nature of the ‘‘kinetically trapped’’ oligomers

suggest their value as models for understanding amyloid

intermediates, their toxic nature, and the progress to amy-

loid fibers in misfolding diseases. The possible role of the

EBNA1 spherical oligomers in the virus biology is dis-

cussed.
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utes with four antiparallel b-strand (Refs. 1 and 2, Fig.
1). This fold is remarkably similar to that of the papilloma-

virus E2 DNA binding domain, another viral OBP and tran-

scriptional regulator.3 This structural homology was unex-

pected as the proteins share no sequence homology and the

Epstein-Barr and papillomaviruses are not evolutionary

related. We have been investigating the folding mechanism

of the human papillomavirus type 16 (HPV16) E2 DNA

binding domain4–8 and we now address the folding mecha-

nism of EBNA1 in an attempt to understand topological

conservation in distant viral proteins.

EBNA1 is the only EBV protein required for the repli-

cation and stable maintenance of EBV genomes in

latently infected cells. EBNA1 is known to play three im-

portant roles that require specific binding to EBV DNA

sequences in the latent origin of replication (oriP): the

initiation of DNA replication, viral DNA segregation, and

transcriptional activation. A protease-resistant domain in

the C-terminus of EBNA1 (amino acids 452–641) is

required and sufficient for DNA recognition and dimeri-

zation of EBNA1.9,10 Analyses of the DNA binding

properties of EBNA1, EBNA1452–641, show it to be virtu-

ally identical to full length EBNA1 in terms of DNA

binding affinity, specificity, and cooperativity.11,12

The fact that EBNA1 and E2 share similar topology

and are OBPs suggests a link between the unusual folding

topology and the function. Studies of the folding mecha-

nism of monomeric proteins have been the major focus

in efforts to describe the protein folding.13,14 Significant

insights have been gained from monomeric folding sys-

tems regarding the intramolecular forces responsible for

the productive formation and stabilization of secondary

and tertiary structures. In contrast, the folding of oligo-

meric proteins is often more complex and requires the

formation of secondary and tertiary structure as well as

productive quaternary interactions necessary for biologi-

cal function. Folding experiments on large, oligomeric

proteins demonstrated the complexity of this coordina-

tion of multiple levels of structure formation.15–17

Good smaller oligomeric folding models of coupling of

secondary, tertiary, and quaternary structure are dimeric

proteins, for example, the P22 Arc repressor18,19 and the

GCN-4-derived leucine zipper peptides.20,21 Some

dimers have the particularity that the folding of each

monomer depends on the formation of the interface of

the dimer. However, just as with monomeric systems,

larger dimers tend to follow more complex folding mech-

anism, with transient kinetic intermediates and some-

times parallel pathways. Examples include the C-terminal

domain of papillomavirus E2,22 ketosteroid isomer-

ases,23,24 Escherichia coli Trp repressor,25–27 glutathione

transferases,28,29 and bacterial luciferase.30–32

In the present work, we investigate the folding properties

of the DNA binding domain of EBNA1 (EBNA1452–641).

We found it is extremely resistant to chemical denatur-

ants, temperature, and pH. The domain can be only

unfolded completely using guanidinium thiocyanate

(Gdm.SCN). The folding is reversible but the refolded

species is a spherical-shaped oligomer of 45 nm diameter,

as judged by atomic force microscopy (AFM). Circular

dichroism (CD), fluorescence spectroscopy, and light scat-

tering were used to characterize the oligomeric structure.

This oligomer is much less stable than the dimer and can-

not bind DNA, which strongly suggests a substantially dif-

ferent topology, product of a kinetically driven reaction.

EXPERIMENTAL PROCEDURES

Purification of recombinant EBNA1452–641

The EBNA1452–641 domain was expressed in Escherichia

coli BL21(DE3). Bacterial cells expressing EBNA1452–641
were grown in a Bio Flo110 Modular Benchtop Fermen-

tor (1.5 L) in Terrific broth at 378C to an absorbance of

0.5 at 600 nm, and EBNA1452–641 expression was induced

with 0.5 mM isopropyl b-D-thiogalactopyranoside, fol-

lowed 3 h later by the addition of 150 lg/mL of rifampi-

cin. After overnight postinduction the cells were har-

vested by centrifugation and suspended in 0.1 vol of the

lysis buffer (100 mM Tris HCl pH 6.8, 600 mM NaCl,

1.0 mM EDTA, 1.0 mM phenylmethylsulfonyl fluoride,

and 10 mM 2-mercaptoethanol). Cells were frozen at

2708C and then thawed and lysed by sonication at 08C
twice. The lysate was clarified by centrifugation at

20,000g for 20 min. The supernatant was then placed in

Figure 1
The dimeric b-barrel fold. Structure of EBNA1459–607 DNA binding domain

bound to DNA. Front view (Swiss PDB viewer software). Trp 464 and Trp 503

are shown in the figure.
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a 758C water bath until the temperature of the protein

solution reached the temperature of the bath. Heating

was followed by a 10-min incubation on ice. The super-

natant was clarified by centrifugation at 20,000g for 40

min and then loaded onto Heparin HyperD (BioSepra,

Villeneuve la Garenne, France) affinity column equili-

brated with buffer A (50 mM Tris-HCl (pH 7.2), 0.2M

NaCl, and 5 mM 2-mercaptoethanol), and washed with 5

column volumes of the same buffer and eluted with

0.15–1.0M NaCl linear gradient. The fractions that were

over 90% pure were pooled, dialyzed against buffer A

without 2-mercaptoethanol, and digested with thrombin

(1.5 units/mg of protein) at 378C for 7 h in order to

remove the 6xHis-tag. After digestion was stopped with

0.2 mM phenylmethylsulfonyl fluoride, the protein was

loaded onto a Mono Q ion exchange column (Pharmacia

Biotech, Uppsala, Sweden) equilibrated with buffer A and

washed with 5 column vol of the same buffer. The col-

umn was subjected to a 15 mL linear gradient from 0.2

to 1.0M NaCl in buffer A. The fractions that were greater

than 95% pure (as judged by Coomassie staining of 15%

SDS-polyacrylamide gels) were pooled, concentrated

using Centriprep-10 (Amicon, Bedford, MA), and loaded

onto a Superdex 75 gel filtration column. This procedure

yielded around 20 mg/mL of over 98% pure EBNA1452–641.

The purified protein was dialyzed against 25 mM Tris

HCl pH 7.2, 500 mM NaCl, 0.2 mM EDTA, 10% glyc-

erol, and 5 mM 2-mercaptoethanol, and stored as a

150 lM solution at 2708C after snap freezing in liquid

nitrogen. Protein concentration was determined using an

extinction coefficient of 4.19 3 104M21 cm21.

Size exclusion chromatography

Gel filtration experiments were performed in a Super-

dex 75 (3 3 103 to 7 3 104 Da range, Pharmacia Bio-

tech) and in a Sephacryl S-500 (2 3 104 to 8 3 106 Da

range, Pharmacia Biotech) column at 1 mL/min, previ-

ously equilibrated in the same buffer Tris 25 mM pH 7.5

and 0.2M NaCl. Absorbance at 280 nm was recorded.

EBNA1452–641 samples were centrifuged 15 min at

10,000g before injection. For Gdm.SCN experiments,

both protein samples (30 lM) and the column were

equilibrated at the indicated denaturant concentrations

before injection (figure in supplementary material).

Spectroscopy

CD measurements were carried out in a Jasco J-810

instrument (Jasco, Japan), far-UV spectra were collected

using a Peltier temperature-controlled sample holder in a

0.1 cm path length cell, with a protein concentration

range of 4–20 lM. Fluorescence emission spectra were

recorded on an Aminco Bowman spectrofluorimeter with

an excitation wavelength of 290 nm and measuring the

emission wavelength at 335 nm. Thioflavin T emission

spectra were recorded at excitation and emission wave-

lengths of 435 and 480 nm, respectively, at a protein con-

centration of 2 lM in 25 mM sodium phosphate buffer

pH 8 and 5 lM thioflavin T. For Congo red binding

experiments, a 400–600 nm spectrum of the buffer (10

mM Tris-HCl pH 8, 0.2M NaCl, and 1 mM DTT) plus

the protein solution (10 lM) was subtracted from a spec-

trum of the buffer (10 mM Tris-HCl pH 8, 0.2M NaCl, and

1 mM DTT) plus the protein solution (10 lM) plus Congo

red (5 lM). This spectrum was compared with the spec-

trum of buffer plus Congo red (5 lM), which have been

background-corrected by subtracting a spectrum contain-

ing only buffer (10 mM Tris-HCl pH 8, 0.2M NaCl, and

1 mM DTT). A red shift of the maximum Congo red ab-

sorbance from 480 nm to 500–510 nm and an intensity

increase were taken as indicative of positive reaction. The

absorbance spectrum was measured with a Jasco V-550

spectrophotometer at 258C.
Fluorescence measurements for DNA binding studies

were recorded in a Aminco Bowman series 2 lumines-

cence spectrometer assembled in ‘‘L’’ geometry. For fluo-

rescein anisotropy measurements, excitation was set to

490 nm with 4 nm band path and emission was recorded

at 518 nm. The temperature was kept constant at (25 �
0.1)8C through all experiments. For monitoring transi-

tions we use the center of spectral mass (CSM), where

we accumulate 10 scans and then calculate the wavenum-

ber in cm21 at which the area of the spectra is divided

in two identical areas. The spectrum of aminoacid tryp-

tophan molecule in solution yields three fluorescent

bands; if we add the changing environment in a protein

and add different residues in different environments, cal-

culating the maximum wavelength from a wide complex

spectra is not accurate enough.33 Fluorescence intensity

is subjected to bleaching and to electronic fluctuations.

Errors in CSM measurements are less than 5%.

Titrations were performed adding small amounts of a

concentrated solution of the protein to fixed amounts of

a concentrated solution of the DNA and allowed to equi-

librate for 2 min. In all cases, maximal dilution was 20%,

and the data were corrected accordingly.

Light scattering

The weight average molecular weight (Mw) of

EBNA1452–641-SOs was determined on a Precision Detec-

tors PD2010 light scattering instrument tandemly con-

nected to a high-performance liquid chromatography sys-

tem coupled to a LKB 2142 differential refractometer. In

general, 500 lL of EBNA1452–641-SOs (0.5 mg/mL) or

95–200 lL of EBNA1452–641 (0.5–4.2 mg/mL) was loaded

on a Sephacryl S-500 (Pharmacia Biotech) or a Superdex

75 (Pharmacia Biotech) column and eluted with 25 mM

Tris or 20 mM citrate/phosphate buffer, under different

pH, Gdm.SCN, and NaCl conditions. The 908 light scat-

tering and refractive index signals of the eluting material

E. Freire et al.
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were recorded on a PC computer and analyzed with the

Discovery32 software supplied by Precision Detectors.

The 908 light scattering detector was calibrated using bo-

vine serum albumin (Mw: 66.5 kDa) as a standard.

Atomic force microscopy

For AFM imaging, protein EBNA1452–641 and EBNA1452–641-

SOs were diluted to 2 ng/lL in buffer containing 10 mM

HEPES, pH 7.5, and 1 mM MgCl2. 20 lL of the mixture

were deposited onto freshly cleaved muscovite mica. Af-

ter 2–5 min, the sample was gently washed with 0.5 mL

milli-Q water to remove molecules that were not firmly

attached to the mica and blown dry with nitrogen. Tap-

ping-mode AFM was performed using a Nanoscope III

Multimode-AFM (Digital Instruments, Veeco Metrology,

Santa Barbara, CA) with a J-type piezoelectric scanner

with a maximal lateral range of 120 lm. Micro-fabricated

silicon cantilevers of 125 lm in length and a force con-

stant of 40 N/m were used (NanoDevices, Veeco Metrol-

ogy, Santa Barbara, CA). Cantilever oscillation frequency

was tuned to the resonance frequency of the cantilever

(280–350 kHz). After a period of 15–30 min of thermal

relaxation, initial engagement of the tip was achieved at

scan size zero to minimize sample deformation and tip

contamination. The images (512 3 512 pixels) were cap-

tured with a scan size of between 0.5 and 3 lm at a scan

rate of 1–2 scan lines/s. Images were processed by flatter-

ing using Nanoscope software (Digital Instruments) to

remove background slope. For the statistical analysis, the

diameter was measured in the middle of the height of

the cross-section.

RESULTS

Extreme resistance of EBNA1452–641 to pH,
temperature, and chemical denaturation

The far-UV CD spectrum of the EBNA1452–641 domain

has the characteristic bands for a-helix, namely at 208

and 222 nm [Fig. 2(a)], despite containing a significant

amount of b-sheet structure. The fluorescence spectrum

is consistent with tryptophan residues being buried from

the solvent, with a maximum at �330 nm (see below).

Analysis of the pH transition shows small changes in sec-

ondary and tertiary structure: 7% of the total change in

CSM upon global unfolding of the tryptophan and 17%

of the ellipticity change [Fig. 2(b)]. The far-UV CD and

fluorescence changes take place in parallel up to pH 4.2

where a biphasic behavior is observed for the ellipticity.

However, no indication of global unfolding is observed

since only at pH 2.2, the protein starts to loose its native

tertiary structure only partially: after 16 h at that pH, the

far-UV CD spectrum corresponds to a protein in a folded

conformation [Fig. 2(b), inset]. Light scattering experi-

ments at pH 3.6 and 7.0 (Table I) yield an identical mo-

lecular weight (44 kDa) and radius (3.5 nm), indicating

that at low pH, the protein remains as a rather compact

dimer.

The CD spectra at increasing temperatures present

small but significant changes, and a folded structure is

evident even at 908C [Fig. 2(a)]. A conformational tran-

sition corresponding to 28% of the change expected for

global unfolding takes place; however, with an apparent

tm of �558C [Fig. 2(a), inset]. This transition likely

involves a local rearrangement rather than global unfold-

ing by a small population of molecules.

To analyze the stability of EBNA1452–641 to unfolding,

we carried out chemical denaturation experiments using

Figure 2
pH and thermal stability of the EBNA1452–641 dimer. (a) Temperature-

dependent conformational changes monitored by CD from T 5 108C to

T 5 908C. [EBNA1452–641] 5 6.5 lM. Buffer: Phosphate 10 mM pH 7. Inset:

temperature-dependent changes monitored by CD at 222 nm. (b) Fluorescence

and CD changes in the pH transitions of EBNA1452–641. CSM was calculated

from fluorescence emission between 300 and 450 nm. Inset: pH dependent

conformational changes monitored by CD from pH 2.2 (continuous line)

through 7.4 (dashed line). [EBNA1452–641] 5 4 lM. Buffer: citrate/phosphate

25 mM and NaCl 0.2M.
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guanidinium chloride (Gdm.Cl) at pH 3.0, 7.0, and 10.0,

following the changes in the CSM of the fluorescence

spectrum [Fig. 3(a)]. As a comparison, we carried out a

Gdm.Cl unfolding experiment for the DNA binding do-

main of HPV16 E2 at pH 7.0 in identical conditions to

EBNA1452–641. Unlike EBNA1452–641, the E2 DNA binding

domain displays a complete unfolding transition with a

[Gdm.Cl]50% of 2.7M, compared to 6.3M for the

EBNA1452–641 domain [Fig. 3(a)].

In an attempt to observe a phase indicative of a disso-

ciation of the dimer, we carried out the same experiment

and monitored anisotropy of the tryptophan residue. The

transition takes place in absolute parallel with the main

transition followed by CSM [Fig. 3(b)]. In addition, we

carried out gel filtration experiments of EBNA1452–641
preincubated at different representative Gdm.SCN con-

centrations each chromatographed in the indicated dena-

turant concentration. There is no evidence of a monomer

being formed at any condition, and there is only one

peak in all conditions, indicating a fast exchange between

folded and unfolded species (see supplementary materi-

als). The elution volumes, taking folded dimer and

unfolded monomer as extremes, were plotted [Fig. 3(b)]

and considering the low resolution of the technique

change concomitantly with CSM and anisotropy.

Unfortunately, Gdm.SCN precludes the use of far-UV

circular dichroism.

The dimeric domain displays an unusually high stabil-

ity towards Gdm.Cl, and the solubility of the salt limits

the possibility of obtaining a clear baseline for the

unfolded state. This high stability is evident even at the

extreme pHs 3.0 and 10.0. We switched to a stronger

denaturant, guanidinium thiocyanate (Gdm.SCN), so

that a complete transition could be obtained, and a clear

unfolded state baseline is observed [Fig. 3(b)]. A 2-h

incubation appears to be enough to complete the global

unfolding process, but a small shift in the 24-h experi-

ment might suggest some degree of a slower unfolding

phase (not shown). Surprisingly, there is no concentra-

tion dependence of the unfolding transition in the con-

centration range of 0.1–5 lM (not shown). Although

Gdm.SCN allows the observation of the full transition, it

introduces too much noise for the determination of the

change of the ellipticity upon unfolding. In any case, at

Table I
Molecular Weight and Size Determination of EBNA1452–641 Species by Light

Scattering

Molecular weight (Da) Radius (nm)

pH 7.0 43,680 3.6
pH 3.6 44,180 3.5
pH 7.0, 4M Gdm.SCN 19,200 n.d.
pH 7.0 Refoldeda 1,230,000 19

aEBNA1452–641-SOs.

Figure 3
Chemical denaturation of EBNA1452–641. (a) Stability of EBNA1452–641 to

Gdm.Cl denaturation. In all cases the CSM was calculated from fluorescence

emission between 300 and 450 nm. Three different pH 3 (black circle), 7 (white

circle), and 10 (white square) were used for Gdm.Cl denaturation; stability of

E2 at pH 7 is also shown (black triangle). [EBNA1452–641] 5 [E2] 5 0.5 lM.

Buffers: 25 mM citrate/phosphate pH 3, and 0.2M NaCl, 25 mM bis-Tris HCl

pH 7, and 0.2M NaCl and 25 mM NaHCO3/Na2CO3, and 0.2M NaCl.

(b) Stability of EBNA1452–641 to Gdm.SCN denaturation. CSM of EBNA1452–641
was calculated from fluorescence emission between 300 and 450 nm at 2 h

incubation (white circle). Trp Anisotropy was measured at 2 h incubation (white

square). Protein concentration 2.5 lM; buffer, 25 mM bis-Tris HCl pH 7.0,

with 0.2M NaCl and 1 mM DTT. The elution volume (mL) of EBNA1452–641
was measured using a Superdex 75 column equilibrated at 0, 2.5, 2.7, and 4M

Gdm.SCN concentrations (black triangle). Injection: 200 lL of 30 lM protein

solution preincubated at the indicated denaturant concentrations. (c) Gradual

refolding of unfolded EBNA1452–641 at two different times, 2 h (white circle) and

24 h (black circle). [EBNA1452–641]initial 5 20 lM, [EBNA1452–641]refolded 5
2.9 lM, buffer, 25 mM bis-Tris HCl pH 7.0, with 0.2M NaCl and 1 mM DTT.
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the end of the transition (4.0M Gdm.SCN) the domain is

monomeric, as the molecular weight determined from

static light scattering unequivocally indicates (Table I).

To further investigate the unfolding transition, we deter-

mined the reversibility of the process by diluting

Gdm.SCN unfolded EBNA1452–641 gradually into different

concentrations of the denaturant. Figure 3(c) shows that

the unfolded EBNA1452–641 domain recovers its folded

CSM through an apparent identical route to the equilib-

rium unfolding process, suggesting an apparent revers-

ibility in terms of fluorescence properties and solubility.

The slow unfolding was directly investigated following

the time dependent changes after mixing the folded

EBNA1452–641 domain with Gdm.SCN. Both fluorescence

and circular dichroism were monitored and the data are

shown in Figure 4. A clear uncoupling of both probes is

evident, most of the fluorescence change takes place

before the ellipticity change, indicating that a loss in ter-

tiary structure precedes the global unfolding of the sec-

ondary structure. The fluorescence change fits to at least

two main exponential events accounting for 90% of the

amplitude, with rates of 0.010 � 0.0004 and 0.0012 �
0.0006 s21, and a much slower event not dissectable at

this stage. The ellipticity change involves one phase with

rates of 0.0019 � 0.0004 s21, in good agreement with

one of the fluorescence phases. Thus, there appears to be

a fast event with t1/2 � 69 s21 involving only changes in

tryptophan fluorescence, another event involving both

tertiary and secondary structure changes with a t1/2 � 9 min

from fluorescence and 6 min according to ellipticity

change.

Unfolded EBNA1452–641 refolds to soluble
large spherical oligomers

Despite the full CSM recovery, the fluorescence spec-

trum of EBNA1452–641 domain does not fully recover its

folded intensity [Fig. 5(a)]. This can represent only a

small change in a chromophore’s environment, but we

investigated the reversibility using CD. Upon dilution

and dialysis of the protein unfolded in 4.0M Gdm.SCN,

the far-UV CD spectrum corresponds to a folded species

but it is different from the starting folded domain [Fig.

5(b)]. The similarity in the aspect of the spectrum,

despite the substantial overall change in ellipticity, made

us consider an oligomerization process. The refolded

EBNA1452–641 domain runs in the exclusion volume of a

Superdex 75 (Pharmacia Biotech) gel filtration column

[Fig. 5(c)]. The soluble oligomeric species was found to

elute in the exclusion volume of various columns and

was included in a Sephacryl 500 (Pharmacia Biotech),

which allowed us to carry out a light scattering experi-

ment. The light scattering data provide an average molec-

ular weight of 1.23 � 0.09 MDa and an average radius of

19 � 2 nM (Table I). The plot of the radius versus elu-

tion time indicates a fairly monodisperse, thus homoge-

neous, size distribution.

Upon dilution of Gdm.SCN unfolded EBNA1452–641
into folding conditions, there is a slow fluorescence

change accompanying the refolding reaction [Fig. 5(d)].

Using exponential analysis as an approximation, the pro-

cess contains at least two phases: one accounting for 65%

of the fluorescent change with a rate of 0.003 s21 and

the other with a rate of 0.0004 s21. Because of the for-

mation of the oligomers, the detailed dissection of the

reaction is complex and not within the reach of the pres-

ent work. For similar reasons, since the protein does not

return to the dimeric folded state and because of the

irreversibility of the reaction, we cannot use standard

equilibrium analysis for the unfolding transition and

obtain free energies of unfolding as a measure of the

stability.

All calculations from light scattering assume a spheri-

cal shape of the oligomer; therefore, we wanted to con-

firm or discard assumptions on the molecular shape, and

we made use of AFM. The untreated recombinant folded

EBNA1452–641 dimer appears as regular bodies of spheri-

cal shape, with a diameter of 13 nm [Fig. 6(a)], com-

pared to 7 nm obtained from light scattering (Table I).

This discrepancy is expected since the small size of the

molecule under study approaches the size of the tip of

the microscope, which ‘‘deforms’’ the aspect of the mole-

cule, extending it.34 The EBNA1452–641 oligomers appear

as spherical with a 45 nm diameter in excellent agree-

ment with the 40 � 4 nm obtained from light scattering

Figure 4
Unfolding Kinetics of EBNA1452–641. Unfolding of EBNA1452–641 followed by

fluorescence emission at 335 nm (black circle) and raw ellipticity at 225 nm

(dots). [EBNA1452–641] 5 4 lM, buffer 25 mM bis-Tris HCl pH 7, and

0.2M NaCl.
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[Fig. 6(b), Table I]. Figure 6(c) shows a three-dimensional

image showing the regular shape of the EBNA1452–641
spherical oligomers (EBNA1452–641-SOs). In agreement

with light scattering results, the size and shape of the

oligomers appear highly homogeneous in all fields

inspected.

Stability, amyloid like properties, and DNA
binding of EBNA1452–641-SOs

Anisotropy titration experiments show that EBNA1452–641-

SOs do not bind the EBNA site DNA in the concentra-

tion range that the dimeric domain does [Fig. 7(a)]. In

addition, while the dimeric domain binds strongly to

heparin affinity columns (see materials and methods),

the oligomers do not bind at all (not shown).

The EBNA1452–641-SOs were tested for their stability

and were found, unlike the dimeric domain, to readily

unfold cooperatively at low concentrations of Gdm.Cl,

with an apparent [D]50% of 3.0M against 6.8M for the

dimer [Fig. 7(b)]. For a dimer that is so stable to ther-

mal or chemical denaturation, it is quite intriguing that

the Gdm.SCN unfolded protein fully refolds into an oli-

gomeric form that is substantially less stable. We consid-

ered that the DNA could direct the folding route to the

dimeric form if present at early stages of refolding. How-

ever, concentrations of EBNA1-DNA recognition site up

to 10-fold in excess of the protein, still yield EBNA1452–641-

SOs, as judged by gel filtration and AFM (not shown).

The presence of large oligomers with decreased a-heli-
cal content made us investigate the possibility of repeti-

tive b-sheet structure, as found in other spherical

Figure 5
Unfolded EBNA1452–641 fully refolds into large soluble oligomers. (a) Reversibility of EBNA1452–641 unfolding. EBNA1452–641 was fully denatured in 4M Gdm.SCN and

then diluted to lower the Gdm.SCN concentration to 0.4M to allow renaturation. CSM: 29,340 cm21 for the native protein (continuous line), 28,193 cm21 for the

unfolded protein (dotted line), and 29,228 cm21 for the refolded protein (dashed line). (b) CD spectra of EBNA1452–641 (dimer, dashed line) and of the refolded species

EBNA1452–641-SOs (spherical oligomers, continuous line). [EBNA1452–641] 5 11 lM and [EBNA1452–641-SOs] 5 14 lM. Buffer: phosphate pH 7, 10 mM, 0.185M NaCl,

and 1 mM DTT. (c) Gel filtration chromatography in a Superdex 75 Column of EBNA1452–641 (dashed line) and of the refolded species EBNA1452–641-SOs (continuous

line). [EBNA1452–641] 5 14 lM and [EBNA1452–641-SOs] 5 14 lM. Buffer: 25 mM bis-Tris pH 7, 0.2M NaCl, and 1 mM DTT. (d) Refolding kinetics of EBNA1452–641
in buffer 25 mM bis-Tris pH 7, 0.2M NaCl, and 1 mM DTT.
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oligomers.35–37 For this purpose, we used Congo red

and thioflavin-T, the reference dyes for repetitive b-sheet
structure found in amyloids. EBNA1452–641-SOs bind

Congo red as the 20 nm shift in the spectrum indicates

[Fig. 8(a)], and also produce a large fluorescence increase

in thioflavin T, indicative of binding of this fluorophore

[Fig. 8(b)].

DISCUSSION

Folding topology and function need not be related as

the number of folds determined to date is very small

when compared to the large number of biochemical

functions found in natural proteins. In the case of the

EBNA1 and HPV E2 DNA binding domains, they both

recognize specific DNA sites in their respective genomes

and perform similar functions in DNA replication, DNA

segregation, and transcription regulation. However,

their amino acid sequences are completely unrelated and

so are the base sequences they recognize. Thus, a conser-

vation of function is partial, but they share a unique

dimeric b-barrel fold, suggesting that there must be other

structural, possibly regulatory, events necessary for their

function, beyond the recognition of DNA at their

DNA binding sites. These events must, therefore, be

related to folding, stability, and/or protein–protein inter-

actions. With this in mind, we have been investigating

both DNA binding and folding mechanism of HPV

E2C4–6,8,22,38,39 and EBNA1.12

The unfolding of dimeric proteins, in particular those

with intertwined topologies such as the dimeric b-barrel,

Figure 7
Stability and DNA binding properties of EBNA1452–641-SOs. (a) Binding experiment performed by adding EBNA1452–641-SOs to a fixed amount of labeled

oligonucleotide Site 1 5-FAM (black circle). Binding of EBNA1452–641 dimer to the same oligonucleotide (white circle). (b) Stability of EBNA1452–641-SOs

oligomer to Gdm.Cl denaturation (black circle). Stability of EBNA1452–641 dimer to Gdm.Cl denaturation (white circle). CSM was calculated from fluorescence

emission between 300 and 450 nm.

Figure 6
AFM of EBNA1452–641-SOs. (a, b) EBNA1452–641 dimer and EBNA1452–641-SOs absorbed onto a freshly cleaved mica under 10 mM buffer Hepes pH 7.5, and 1 mM

MgCl2. Top view (x, y: 500 nm; y: 1 and 10 nm). (c) EBNA1452–641-SOs oligomer absorbed onto a freshly cleaved mica under 10 mM buffer Hepes pH 7.5, and 1 mM

MgCl2. Surface plot.
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is expected to depend on protein concentration given the

dissociation added to the unfolding equilibria. Although

this is the case for HPV16 E2C,4,22 the EBNA1452–641
domain does not show such dependence in the range

allowed by a highly sensitive probe such as fluorescence

(�0.1 lM EBNA1452–641). This suggests that the sum of

the interactions that hold the barrel interface are at least

as stable, and thus not dissectable, from those that hold

the global fold. The slow uncoupling of tertiary and sec-

ondary structure upon unfolding together with the lack

of protein concentration dependence suggest that the

uncoupling of tertiary and secondary structure does not

involve dissociation, or in other words, dissociation takes

place together with global unfolding of secondary struc-

ture. The kinetic unfolding results suggest the presence of

a dimeric intermediate where its tryptophan residues are

accessible to the solvent, typical of loss of compact terti-

ary structure. The slow nature of the process and the

strong uncoupling suggest that a characterization of such

intermediate is amenable using various spectroscopic,

even NMR, methods.

In fact, the fold is so stable that the SCN2 salt of gua-

nidine (the stronger chemical denaturant accessible to

standard laboratory use) is required to unfold it. Most

secondary structure is retained even at temperatures as

high as 908C and pH below 3.0. At pH 3.0, the domain

is still a dimer; we found no conditions where a mono-

mer could be isolated or even detected, other than at

high Gdm.SCN concentrations. However, the irreversibil-

ity in terms of the molecularity of the species and the

lack of information of the stoichiometry of the oligomers

precludes the analysis of the folding reaction in energetic

terms. It is interesting to note that the EBNA1 protein is

also extremely stable in cells, with no measurable turn-

over after 32 h.40 While the lack of EBNA1 turnover is

due at least in part to the central Gly-Ala repeat,41 it is

possible that the high stability of the DNA binding do-

main also interferes with EBNA1 processes by the protea-

some. On the other hand, the less stable DNA binding

domain of E2 does not appear to interfere with proteaso-

mal processing, since E2 is much more labile with a half

life of �50 min.42

The unfolding reaction yields a fully soluble species,

no aggregation is observed, and the CSM of the fluores-

cence spectra is fully reversible and through the same

apparent route in equilibrium refolding experiments.

However, the monomeric unfolded domain returns in

full to large spherical oligomers, thus the reaction is not

actually reversible since it does not return to the dimeric

native state. We were not able to obtain folded dimers

under different pH and protein concentrations, including

the addition of excess of specific DNA presence with the

intention to ‘‘guide’’ the folding. The refolding kinetics is

relatively multiexponential and involves oligomerization,

requiring a more detailed analysis due to its complexity.

Light scattering provided a value of �1.2 MDa for the

oligomers and a simple estimation based on the molecu-

lar weight of the EBNA1452–641 polypeptide only indicates

�57 monomers per mole of oligomer. However, a deeper

characterization would be required considering the com-

pactness of the oligomers and conformation of the

monomers. The sizes of the EBNA1452–641-SOs from light

scattering and AFM coincide in �40–45 nm spheres. The

slow nature of the process and the possibility of further

slowing it down by solvent manipulation or temperature

may allow to determine how and when the actual oligo-

merization takes place. The EBNA1452–641-SOs do not

bind DNA, and they are not capable of binding to

Figure 8
Congo red and thioflavin binding by EBNA1452–641-SOs. (a) Absorbance spectra of buffer (dashed line), EBNA1452–641 (dotted line), and EBNA1452–641-SOs (continuous

line) with 5 lM Congo red. (b) Fluorescence spectra of blank (buffer plus thioflavin T) (dashed line), EBNA1452–641 (dotted line), and EBNA1452–641-SOs (continuous

line) with 5 lM thioflavin T.
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immobilized heparin, unlike the folded dimer (not

shown). This, together with the substantial reduction in

the negative a-helical signal in the far-UV CD, suggests

that the secondary structure of the oligomers is different

from that of the dimers. There appears to be early events

that cause the unfolded monomers to arrange into

oligomers instead of the hyperstable dimers. These results

strongly suggest that the oligomers are assembled from

modified monomers rather than oligomerized dimers.

The coincident CSM suggest that the level of burial of

the trp residues is similar and some regions may retain

substantial native conformation. The ability of the

oligomers to bind Congo red and thioflavin T indicates

the presence of repetitive b-sheet structure similar to

that found in amyloid fibers and their oligomeric soluble

precursors, something not found in the dimers. Several

proteins of different nature were described to self-assem-

ble into spherical oligomers,43–45 and this property can

also take place in natively unfolded proteins.35,46 In the

case of the EBNA1452–641 domain, there is no evident

implication in an amyloid route, and likely represents a

kinetically stable species, which shares properties with

amyloid oligomeric intermediates. In any case we have

not attempted to force an insoluble amyloid route, some-

thing that may potentially be attained.

In most cases, these structures emerge from existing

equilibria of folded states of proteins, where local unfold-

ing or marginally stable structures slowly self-assemble

into b-sheet oligomers that finally lead to the irreversible

formation of insoluble fibers.47 We have recently described

an amyloid route upon a very small solvent perturbation

in the HPV16 E2 DNA binding domain, which leads to the

formation of curly-like fibers, through the formation of

soluble intermediates with a large increase in b-sheet con-
tent.48 The E2 DNA binding domain is much less stable

than the EBNA1452–641 domain and this could be the basis

for which the latter can form the oligomeric species only

after substantial unfolding required for dissociation to

monomers. We previously determined that a partly folded

monomer of E2c could be possible.7

By comparing [Gdm.SCN]50% we can conclude that the

EBNA1452–641-SOs are much less stable than the dimers

but show cooperativity, which indicates compactness, sup-

ported by the full recovery of the CSM, indicative of trypto-

phan burial. However, no increase in b-sheet content is

observed from the CD spectra. An interesting aspect of the

EBNA1452–641-SOs is that they are stable and do not progress

into amyloid fibers in the conditions used so far. The EBNA1

SOs are therefore more amenable to characterization, in

contrast to the prefibrilar oligomers found in most amyloid

routes, which are difficult to study because of their transient

nature. Based on the substantial secondary structure change,

the lack of DNA binding capacity, and the lower stability of

the EBNA1452–641-SOs, we conclude that there is a large

conformational rearrangement in EBNA1452–641-SOs, which

must result in a rather different topology.

Irrespective of the biological implications, the recombi-

nant protein is synthesized in bacteria and readily

acquires its hyperstable dimeric b-barrel structure. How-

ever, the refolding from the unfolded polypeptide does

not yield the most thermodynamically stable species, but

completely assembles into oligomeric, albeit less stable,

species. This means that with the full sequence informa-

tion, and in the absence of putative folding accessory

proteins found in the bacterial cytosol, the protein does

not yield the dimeric highly stable form. Alternatively,

there could be co-translational N- to C-terminus directed

partial folding events that ensure the most stable dimeric

conformation. The folding kinetics is not fast, in fact it is

rather slow (t1/2 � 30 min), but still drives the molecules

into the oligomerization route, despite efforts at different

pHs, protein concentration, or the addition of specific

DNA to stabilize the early native conformation of the

DNA binding site.

Our results suggest that the folding of EBNA1 into the

dimeric form is assisted by proteins acting co-translation-

ally, or could occur directionally from N- to C-terminus.

However, it is possible that under certain circumstances,

such as high levels of viral gene expression, the folding

assisting machinery may not be able to cope with the

increased levels of polypeptides being synthesized. Such a

situation could occur in EBV lytic infection. Unlike the

other EBV latency proteins, EBNA1 continues to be

expressed in lytic infection, although its role on origin

binding is no longer required. It is possible that the

EBNA1 produced at this time may be in the spherical

oligomer form, which may fulfill a distinct function par-

ticular to lytic infection.

The extreme stability of this domain addresses funda-

mental issues of protein folding as to why the much less

stable oligomeric species are the product of the refold-

ing, clearly a kinetic as opposed to thermodynamically

driven reaction. An additional issue to be addressed is

why the EBNA1452–641 is so much more stable than the

HPV E2 dimeric b-barrel. Interestingly, the ‘‘kinetically

trapped’’ oligomers share properties with prefibrilar

amyloid intermediates and have the advantage of being

stable, which provide the prospect of a detailed charac-

terization. The recent report of a functional amyloid for-

mation supports the hypothesis that ‘‘amyloid’’ is an

evolved quaternary protein fold used by organisms from

bacteria to humans not exclusive of misfolding diseases

or pathological situations.49 Finally, the possible pres-

ence of the EBNA1452–641-SOs in infected cells and their

connection with the progress of disease remains to be

established through the development of selective tools

such as monoclonal antibodies capable of discriminating

conformers.
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