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Analysis of the Cruciform Binding Activity of Recombinant 14-3-81BP Fusion
Protein, Its Heterodimerization Profile with Endogenous 14-3-3 Isoforms, and Effect
on Mammalian DNA Replication in Vitro
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ABSTRACT. The human cruciform binding protein (CBP), a member of the 14-3-3 protein family, has
been recently identified as an origin of DNA replication binding protein and involved in DNA replication.
Here, pure recombinant 14-F3agged with maltose binding protein (r14-3-B1BP) at its N-terminus

was tested for binding to cruciform DNA either in the absence or presencg,ci EBP-enriched fraction,

by electromobility shift assay (EMSA), followed by Western blot analysis of the electroeluted-CBP
cruciform DNA complex. The r14-3£3MBP was found to have cruciform binding activity only after
preincubation with . Anti-MBP antibody immunoprecipitation ofk preincubated with r14-3&3

MBP, followed by Western blot analysis with antibodies specific tofhe, ¢, ¢, ando 14-3-3 isoforms
showed that r14-33MBP heterodimerized with the endogengtjs, and¢ isoforms present in theth

but not with they or o isoforms. Immunoprecipitation of endogenous 14£38m nuclear extracts (NE)

of HeLa cells that were either serum-starved (s-s) or blocked at #® & G/M phases of the cell cycle
revealed that at &S and G/M, the ¢ isoform heterodimerized only with theande isoforms, while in

s-s extracts, the 14-35& heterodimer was never detected, and the 144/B-Beterodimer was seldom
detected. Furthermore, addition of r14-3H8IBP to HelLa cell extracts used in a mammalian in vitro
replication system increased the replication level of p186, a plasmid bearing the minimal 186-bp origin
of the monkey origin of DNA replicationrs8, by approximately 3.5-fold. The data suggest that specific
dimeric combinations of the 14-3-3 isoforms have CBP activity and that upregulation of this activity
leads to an increase in DNA replication.

Origins of DNA replication contain inverted repeat whose crystal structurel{) matched the one predicted by
sequences (IR)which are associated with the initiation of the footprinting. CBP/14-3-3 is involved in mammalian DNA
DNA replication in mammalsl(—5) and are able to extrude  replication and associates in vivo with the monkey origins
into a secondary DNA structure known as a cruciform in of DNA replicationors8 andors12 in a cell cycle-dependent
vivo (6) and in vitro (/—9). Several studies have provided manner, the association being higher at théSGoundary
evidence that cruciform DNA plays a role in the initiation  (18—20). Furthermore, it was recently demonstrated that the
of DNA replication @, 10-13), and a cruciform DNA  yeast 14-3-3 homologues, Bmhip and Bmh2p, also have
binding protein (CBP) has been purified from Hela cell ¢ryciform binding activity and associate in vivo with the

extracts {4). Hydroxyl radical footprinting predicted a  5,tonomous replication sequence (ARS) 327 (
U-shaped structure for CBRLE), which was subsequently

identified as a member of the 14-3-3 family of proteii§)( The 14-3-3 family of proteins is expressed in all eukaryotic

cells and is mainly cytoplasmic, but members of this family
are also present in other cellular compartments, such as the
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M.Z-H. and G.B.P.). nucleus, mitochondria, and Golgi apparatmé, @9, 22).. A
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! Abbreviations: AB, acrylamide:bisacrylamide; ARS, autonomous 3-3 proteins are involved in many cellular mechanisms such
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electrophoresis; BPB, bromophenol blue; Cas, Crk-associated factor;as cell cycle control, mitogenic signal transduction, apoptotic

CBP, cruciform binding protein; DTT, dithiothreitol; ECL, enhanced Fe” death, agting as an adapter or chaperone elementl, and
chemiluminescence; EDTA, ethylenediaminetetraacetic acid; EMSA, in the formation of complex cross-talks between proteins.

electromobility shift assay; FACS, fluorescence-activated cell sorting; The degree of complexity in the regulation of 14-3-3

FBS, fetal bovine serum; IP, immunoprecipitate; IR, inverted repeat; . . . .
NE, nuclear extracts; NRS, normal rabbit serum; O/N, overnight; pgs, functions is due to the large number of proteins that interact
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The first study implicating the 14-3-3 family in the binding

Alvarez et al.

BN—PAGE. A blue native polyacrylamide gel electro-

to a biomolecule other than proteins, such as DNA, was that phoresis (BN-PAGE) was performed by preparing & #3%

by Todd et al. {6). By sequencing of isolated tryptic

acrylamide:bisacrylamide (AB) gradient with a 4% stacking

peptides, it was shown that the 70 kDa polypeptide, which gel. r14-3-Z-MBP before and after Factor XA digestion and

by Southwestern blot analysis was found specifically cross-

linked to cruciform DNA, belonged to the 14-3-3 family.

r14-3-F-MBP preincubated with 5 during different periods
of time (0, 2, 3, 9, and 18 h) were mixed with 1X native

Seven mammalian 14-3-3 isoforms have been identified l0ading dye sample buffer [77 mM Tris-HCI pH 6.9, 15.3%

B, v, & ¢ n, 7, and o), which can dimerize via their
conserved N-terminal region, forming homo- and het-
erodimeric combinations, a feature that allows this family
to coordinate multiple pathways within the cell7( 26—
29). The¢ andr mammalian isoforms have been crystallized
as dimers 17, 30). A specific repertoire for dimerization
between different 14-3-3 isoforms has been sugge&@d

glycerol, 0.012% bromophenol blue (BPB)]. Electrophoresis
was performed at 100 V until BPB reached the separating
gel and then at 500 V until BPB ran off the gel. The cathode
buffer (50 mM Tricine, 15 mM Bis-Tris, 0.02% Coomasie

blue G-250, pH 7 at 4C) was replaced by the same buffer

containing no Coomasie blue dye when the BPB was 1/3 of
the way into the separating gel. The gel, in which r14-3-

and evidence is accumulating, indicating that 14-3-3 isoforms 3-MBP before and after Factor XA digestion was loaded,

do not dimerize randomly28—32). Upon dimerization, 14-

was destained and photographed, whereas the gel, in which

3-3 proteins form a groove, which has been proposed to bethe r14'3':§'MBP/F|'H mixtures were |0aded, was transferred

the cruciform DNA binding domainl®).

In the present study, we analyzed the cruciform binding

activity of bacterially produced recombinant 14-84aring
an N-terminus maltose binding protein tag (r14-3NBP)
and its effect on mammalian in vitro DNA replication. The
r14-3--MBP was found to have CBP activity only when
preincubated with 5, a CBP-enriched flow through fraction

eluted by passage of HelLa cell total extracts first through

DEAE Sephadex and then through a heparin colut. (
Both r14-3-3-MBP and endogenous 14-3-Beterodimer-
ized with the endogenous 14-3-3 isoforfhande, but not
with the y or ¢ isoforms, and addition of r14-33MBP in

a mammalian in vitro DNA replication system resulted in
an increase of p186 replication.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Factor XA Digestion of Recom-

binant 143-3¢. The cDNA of 14-3-8 (kindly provided by
Dr. Aitken, University of Edinburgh, Scotland) was cloned
in the polylinker region of the plasmid pmal-c2X (New

to Immobilon-P membrane (Millipore) at 100 Vifd h at 4
°C, and the membrane was probed with anti-MBP antibody.
Analytical and Preparatie Electromobility Shift Assays
(EMSA) EMSASs were carried out as previously described
(14-16, 18, 19), with some modifications. For analytical
assays, increasing amounts (1, 10, and 100 ng) of pure r14-
3-3.-MBP eluted with either elution buffer ortk buffer,
Factor XA digestion products (10, 100, and 1000 ng), or 5

ug of Fry that had been passed through the amylose column

(positive control) were incubated with 0.3 ng%P-labeled
cruciform DNA (14) in the presence of the Elborough buffer
(33) [20 mM Tris-HCI pH 7.5, 1 mM 1,4-dithiothreitol
(DTT), 1 mM EDTA, 3% glycerol] and 100 ngL of poly-
dl-dC (Pharmacia) for 0.5 h at 4C. The mixtures were
subjected to 4% PAGE for 1.5 h at 180 V and r.t. in 1X
TBE buffer. The gels were dried and exposed for autorad-
iography O/N.

For preparative EMSAs, a similar protocol was followed.
500ug of Fry was preincubated with either 100 ng of pure
r14-3-Z-MBP or elution buffer at £C O/N, and either of
these mixtures or 50Q,g of freshly prepared 4 (not

England Biolabs), which produces maltose-binding fusion preincubated O/N) were then reacted with 50 ng®%i-
proteins, using EcoR1 and Xbal restriction sites. The restlabeled cruciform DNA 14) in Elborough buffer 83) and

of the procedure was followed as previously descriti. (
The r14-3-3-MBP, in which the MBP tag is at the amino
terminal end of the 14-3&3protein, was eluted from the
amylose column with either elution buffer [20 mM Tris-
HCI, 200 mM NacCl, 1 mM ethylenediaminetetraacetic acid
(EDTA), 10 mM maltose] or f buffer (14) [0.01 M KH,-
PO, pH 7.4, 0.15 M NaCl, 2.5 mM EDTA, 1 mM phenyl-
methylsulfonyl fluoride (PMSF), 1 Complete minitablet
(Roche) per 10 mL of buffer solution] containing 10 mM

100 ng/mL of poly-dI-dC for 0.5 h on ice. The reaction
mixtures were loaded on a 4% polyacrylamide gel and
subjected to electrophoresis at 180 V for 1.5 h, and the gel
was wet-exposed O/N. The two bands corresponding to the
CBP—cruciform DNA complexes were excised from the gel,
subjected to isotachophoresis), concentrated with a YM-

10 concentrator (QIAGEN) to a final concentration of
approximately 0.5:g/uL, and mixed with 1X SDS loading
sample buffer (50 mM Tris-HCI, 100 mM DTT, 2% SDS,

maltose. A high degree of purity was detected in several 0.1% BPB, 10% glycerol). The same procedure was followed
fractions by a 12% sodium dodecyl sulfate polyacrylamide for mixtures of r14-3-8-MBP (100 ng) and f (500 ug)

gel electrophoresis (SDSAGE) followed by Coomasie
brilliant blue staining (data not shown). Approximately 2 mg
of fusion protein was mixed with 20g of Factor XA (New

that were preincubated for 0, 2, 3, 9, and 18 h.
Immunoprecipitation with Anti-MBP and Anti-13t3C
Antibodies.Approximately 500ug of Fry was precleared

England Biolabs) and incubated for 20 h at room temperature (PC) with 30uL of Protein-A agarose by incubation for 3 h

(r.t.). The digestion mix or equal amount offHas positive
control) were loaded onto the amylose column. Whilg F

at 4°C and centrifuged for 5 min at 1502 ug of r14-3-
3¢-MBP was added to 2/3 of the supernatant (R@)Rnd

was collected in the unbound fractions, the digestion productsincubated at 4C O/N; the remaining 1/3 of the PCrkrwas

were collected with elution buffer. Also;fwas loaded onto

kept as control. Either pg of anti-MBP antibody or same

an amylose column that had been previously loaded with amount of normal rabbit serum (NRS) was added to half

r14-3-Z-MBP, the Ry was flowed through, and the r14-3-
3¢-MBP eluted with elution buffer.

portions of PC-y + r14-3-3%-MBP, and the mixtures were
incubated fo 3 h at 4°C, followed by addition of 1%L of
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Protein-A agarose and a further incubation for 3 h. The harvested by centrifugation at°€ and lysed in hypotonic
mixtures were centrifuged for 5 min at 159t 4 °C. The buffer (20 mM Hepes-KOH pH 8.0, 5 mM KCI, 1.5 mM
immunoprecipitate (IP) was washed with RIPA buffer [1% MgCl,, 5 mM Na butyrate, and 0.1 mM DTT) with a 21G1
Nonidet P-40, 5% sodium deoxycholate, 0.1% SDS, 0.1 mM needle. Nuclei were collected by centrifugation at 1600
of PMSF, and 1 Complete Minitablet (Roche) per 10 mL of for 10 min at 4°C, washed three times with hypotonic buffer
buffer solution] three times and finally resuspended in 1X and resuspended in nuclear extraction buffer (15 mM Tris-
SDS sample buffer. Similarly, nuclear extracts (NE) prepared HCI pH 7.5, 1 mM EDTA, 0.4 M NacCl, 10% sucrose, and
from 2 x 10’ HelLa cells from each s-s, {5, and G/M 1 mM DTT), incubated at 4C for 0.5 h, and centrifuged at
cultures were processed as described above prior to incubai00 00@ for 40 min at 4°C. The supernatant (soluble nuclear
tion with either 1ug of anti-14-3-3 antibody or the same  proteins) was mixed with 1X SDS sample buffer to a
amount of NRS. IPs were collected, washed, and resuspendedoncentration of 2.8< 10* cellsiL (or 2.8 x 10* nuclei/

as described above. ul).

SDS-PAGE and Western Blotting36 uL of band-shift In Vitro DNA ReplicationIn vitro DNA replication assays
eluted CBP-cruciform DNA complexes; r14-363MBP were performed as previously described,(19, 36) with
eluted before and afterrfr was flowed through the column  some modifications. In brief, approximately 168 of HeLa
loaded with r14-3-8-MBP, anti-MBP, or anti-14-3-3 WCE were preincubated f@ h with elution buffer, or 0.75,
antibodies 1Ps, and HelLa whole cell extracts (WCE) or NE 15 or 7.5ug of r14-3-%-MBP, or the same respective
were mixed with 1X SDS sample buffer and loaded on a equimolar amounts of MBP. Approximately 150 ng of p186
12% SDS polyacrylamide gel. Electrophoresis was carried template DNA (8, 19, 37) and the rest of the reaction
out at 100 V for 20 min and then at 200 V for 30 min. The ingredients were added, and the mixtures were incubated for
contents on the gels were electrotransferred to Immobilon-P 1 h at 30°C. In addition, 100 ng of unmethylated pBluescript
membrane (Millipore) at 100 V fol h at 4°C, and the  KS+ (pBS) was added to each reaction to internally control
membranes were probed with anti-MPB (New England for differences in DNA recovery and Dpnl digestioh8(
Biolabs), anti-14-3-8 (Santa Cruz Biotechnology; SC 1019), 19). The replication products were purified by passing them
anti-14-3-F (SC 628), anti-14-3-3 (SC 731), anti-14-38  through QIAquick PCR Purification Kit columns (QIAGEN),
(SC 1020), anti-14-33(SC 7681), anti-14-3-3 pan antibody and 1/3 of each sample was digested with 1.5 U of Dpnl
(SC 1657), anti-Cas/p130 (SC 860), anti Crk Il (SC 289), (New England BioLabs), as described previousl, (19,
and anti-Orc2 (kindly provided by Dr. Bruce Stillman, Cold = 3g) for 1 h at 37°C. Both undigested and digested products
Spring Harbor Laboratory, NY) antibodies. Protemtibody  \vere resolved by electrophoresis in a 1% agarose gel for 15
complexes were visualized by enhanced chemiluminescence at 55 V, the dried gel was exposed to an imaging plate for
(ECL) using the Amersham ECL system, with goat anti- 5 h and the Dpnl resistant bands corresponding to the

rabbit (or anti-goat in the case of anti-14-8-Jlots) plasmid DNA forms Il and Ill were quantified by Image
horseradish-peroxidase (HRP)-labeled conjugated secondargauche (Fuji Photo Film Co., Ltd.), as previously described
antibody (Santa Cruz Biotechnology). (18, 19, 38). The optimal amount (units) of Dpnl required

HeLa Cell Culture and SynchronizatiortHeLa cells  for the digestion reactions was determined as previously
(monolayers) were cultured in ME&imedium (Gibco-BRL, described 19).

NY) supplemented with 10% fetal bovine serum (FBS,

Gibco-BRL) at 37°C and were either serum-starved or RESULTS

blocked at the @S or G/M phases, as previously described

(18, 19, 34) with some modifications. Log phase cells at 80%  Pure r143-3.-MBP Does Not Hae Cruciform DNA
confluence were serum-starved for 48 h and collectedsas G Binding Actiity. The cruciform binding (CBP) activity of
phase cells (hereafter termed serum-starved, or s-s, cells)pure r14-3-3-MBP protein was tested by analytical EMSA,
Log phase cells at 50% confluence were also serum-starved®s previously described4—16, 18, 19). Following incuba-
for 48 h, then 10% serum and 2 mM thymidine were added, tion of increasing amounts (1, 10, and 100 ng) of r14&3-3
and the cells were further incubated at%7 for 12 h. The MBP eluted in elution buffer with end-labeled cruciform
thymidine-based medium was then replaced by normal DNA in the presence of DNA blndlng buffer, no band-shift
medium with 10% FBS, and the cells were further incubated Was observed (Figure 1, lanes-2), by comparison to the
at 37°C for 9 h. For G/S synchronization, the cells (hereafter Mmigration of free cruciform DNA (Figure 1, lane 1).
termed G/S cells) were placed in normal medium, containing Similarly, no band-shift was observed when the same
10% FBS and 10 mM hydroxyurea for 12 h, while fos//@ amounts of r14-3-3MBP that was eluted with 45 buffer
synchronization cells (hereafter termed//@ cells) were ~ Were reacted with cruciform DNA (Figure 1, lanes#). In

placed in normal medium containing 10% FBS anggl ~ contrast, the two regular band-shifted complexi4 (6)
mL nocodazole. Synchronization was monitored by fluores- were observed when cruciform DNA was incubated with the
cence-activated cell Sorting (FACS) ana]ysis_ human CBP-enriched fractionﬁla, used as positive control

Preparation of HeLa Whole Cell Extract (WCE) and (Figure 1, lane 5). These results suggested that either pure
Nuclear Extract (NE)HeLa WCE and NE were prepared r14-3-F-MBP was not active because the MBP tag interfered
as described in35), with some modifications. In brief, for ~ With its dimerization domain or that it was inactive by itself
WCE, approximately 10cells were harvested by centrifuga- and required heterodimerization with an endogenous 14-3-3
tion at 4°C, resuspended in 1X SDS Samp|e buffer to a isoform to be activated as a cruciform blndlng prOtein.
concentration of 2.8& 10 cellsjuL, and sonicated at a 40% r14-3-3¢-MBP Digested by Factor XA Does Not Bind
amplitude for three periods of 30 s each, with resting periods Cruciform DNA.To analyze whether the presence of the
of 1 min in between. For NE, approximately “1¢€ells were MBP moiety at the N-terminus of r14-3:3aVBP interfered
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:, :I Factor XA digestion {Factor XA lane), indicating that

almost 100% of the recombinant protein was present in dimer

2 3 7
Cociform DNA I . ': i 6 i 8 form (r14-3-Z-MBP/r14-3-Z-MBP). Following digestion
o with Factor XA (Figure 2A,+Factor XA lane), four bands
rid3 S MBRn clution buffer could be detected: a band of approximately 140 kDa,
P h“:'r:' T corresponding to the dimeric undigested form of r14£3-3

¥ MBP; a faint band of approximately 100 kDa, corresponding
to the dimeric r14-3-3-MBP with one of the MBP tags uncut
(r14-3-Z-MBP/r14-3-%); a band of approximately 66 kDa,
corresponding to the dimeric r14-3-8ith both of the MBP
tags removed (r14-3é#14-3-%); and a band of ap-
proximately 40 kDa, corresponding to monomeric MBP
Ficure 1: Pure r14-3-83-MBP does not have cruciform DNA protein. These results indicate that r14<3MBP was
binding activity. Increasing amounts (1, 10, and 100 ng) of pure somewhat resistant to Factor XA digestion, that r148-3
r14-3-Z-MBP elute with either elution buffer (lanes-2) or Fry r14-3-F homodimer was produced, and that the MBP tag

buffer (lanes 6-8) were subjected to EMSA by reacting with . . . . .
labeled cruciform DNA (arrow; lane 1). Fiveg of Fry was used ~ did not interfere with the formation of the r14-3-3 dimer.

CBP-Crueiform
DNA complex

Cruciform DNA———

as positive control (lane 5), and the formation of the CBP To ascertain whether the Factor XA enzymatic action
cruciform DNA complexes is indicated (double arrow). produced at least one active cruciform binding protein
(A) combination, increasing amounts (10, 100, and 1000 ng) of
the purified digestion products were subjected to EMSA
o S analysis in DNA binding buffer. No band-shift was observed
" = (Figure 2B, lanes 35), by comparison to the migration of
% E free cruciform DNA (Figure 2B, lane 1), indicating the
n + absence of cruciform binding activity from the Factor XA
digestion mix. In contrast, #x collected from the amylose
— = |+——140 KDa (r14-3.35-MBP/r14-3-35-MBP) column produced the expected CBé&ruciform DNA com-
' |+—100 KDa (r14.3-3t MBPr14.3-32) plexes (Figure 2B, lane 2).
. r14-3-3¢-MBP Binds to Cruciform DNA After Preincu-
- | +—T0KDa (114337114330 bation with Fy. In view of the recent finding that the two
:- Saccharomyces cersiae 14-3-3 homologues, Bmhlp and
*® |«—40KDa(MBP) Bmh2p, require heterodimerization to exhibit strong cruci-

B form binding activity 1), we tested the ability of r14-3-
®) A 3¢-MBP to heterodimerize with endogenous 14-3-3 isoforms
present in iy and in this manner attain cruciform binding
activity. For this, iy was preincubated with either pure r14-
Cruciform DNA + + + + + 3-3;-MBP or elution buffer (O/N, £C), and the mixtures
were then incubated with labeled cruciform DNA (20 min,
4 °C) and analyzed by preparative EMSA. Freshly prepared
Fru - + - - - Fru was used as positive control for the O/N preincubation
and further EMSA and immunoblotting reactions. In each

rl4-3-3C-MBP - - + o+ o+

— case (Figure 3A) (i.e., whentk preincubated with r14-3-
CBP/Cruciform DNA [* 3¢-MBP (lane 2), with elution buffer only (fs preincubated,;
— lane 3), or not preincubated at all (freshly prepargg Rane
Cruciform DNA—s . . . - 4) was used), a band-shift was observed, indicating the
formation of the CBP-cruciform DNA complex, by com-

. L _ parison to the migration of free cruciform DNA (Figure 3A,
FiGure 2: Pure r14-3-3-MBP can dimerize but has no cruciform .
DNA binding activity. (A) Approximately 2 mg of r14-3{3MBP !ane 1). Thgse three Compl_e-xes (Flgure 3A, laneg)avere
(—Factor XA) was digested with Factor XAt+factor XA), and isolated by isotachophoresit5), subjected to SDSPAGE,
the digestion products were resolved by BRAGE. The consis- and immunoblotted with either anti-14-3-antibody (Figure
tency and molecular weight of the digestion products are indicated 3B) or anti-MBP antibody (Figure 3C). When the immuno-
(arrows). (B) Increasing amounts of Factor XA digestion products detection was performed with anti-14-3-&ntibody, the three

(10 ng, lane 3; 100 ng, lane 4; and 1000 ng, lane 5) were reacted | f d . d 14.3-3
with labeled cruciform DNA (arrow; lane 1) and subjected to EMSA complexes were found to contain endogenous 14-3-
on a 4% polyacrylamide gel. Fivey of Fry that had been flowed ~ (Figure 3B, lanes 24), as specific bands of approximately

through the amylose column was used as positive control (lane 2).30 kDa were detected. The same antibody also detected an
The position of the CBPcruciform DNA complexes is indicated  extra specific band at approximately 70 kDa (Figure 3B, lane
(double arrow). 2), corresponding to the fusion protein 14-3491BP. This

) ) ) band, however, was not present in the CRIPuciform DNA
with r14-3-F-MBP/r14-3-Z-MBP homodimer formation,  complex from the control reactions, either whep; Fvas
pure r14-3-3-MBP was subjected to BNPAGE before and  preincubated with elution buffer only (Figure 3B, lane 3) or
after digestion by Factor XA, which digests the MBP tag of when the complex was formed from freshly prepared F
the recombinant protein. The results (Figure 2A) show that (Figure 3B, lane 4). The 70 kDa band detected with anti-
only one band of approximately 140 kDa was present before 14-3-F antibody was also detected with anti-MBP antibody
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=9 _ o
(A} (B) = (D) &
. 2 =
i )
1 2 3 4 P :: )
3 2E
Cruciform DNA + + + ¥ T+ b1
12 3 4 A .
Freshly prepared Fru - - - + 2 3
' 7 - 70 KDa -
Fru pre-incubated - + + - 0 KR?W |r14.'_l.3.;.r.llTP'.' gy
r14-3-32-MBP - +
30 KDa——» | ouy —— —— w0 3035 KDa
nfimnie LI (all endogenous ]EL: .

Anti-14-3-3Z antibody blot Ants-14-3-3 pan

i B g A . antibody blot
() ’

T0KDa—+] [ =

frld-3.3 .- MEF)

Anti-MBP antibody blot

& SDS-PAGE
(E) & BN-PAGE (¥) o
- =
L T E £ = =2 o =
:‘j: = é[‘: f=THE o B L S - Y 2
AT 1 2 4 5 6
1 2 3 4 5 & 70 KDa—w| R
I 11433 MEF)
HQ:{ER?;.MBM::.3.3;_.MEP| *e0www
e - - -_—
M0KDa— & — - ;.;',%E_}!,,(LRHL4_3..3.;| -
(r14-2-55-MBFfendogencus 14-3.3)
Anti-MBP antibody blot Anti-14-3-3C antibody blot

Ficure 3: Pure r14-3-3-MBP binds to cruciform DNA after preincubation (O/N,°€) with CBP enriched fraction ). (A) A 4%
polyacrylamide gel EMSA showing three CBEruciform DNA complexes detected after reacting labeled cruciform DNA (lane 1) with
Fry preincubated with either r14-323VIBP (lane 2) or with elution buffer only (lane 3), or with freshly prepargg Bane 4). The three
CBP—cruciform DNA complexes (lanes-24) were excised from the gel and subjected to isotachophoresis followed by BSGE and
Western blot analysis with (B) anti-14-F&nd (C) anti-MBP antibody. The r14-3=3VIBP (70 kDa; lanes 1 and 2) and the endogenous
14-3-% (30 kDa; lanes *+4) protein monomers are indicated (arrow). (D) SEFAGE followed by Western blot analysis, with an anti-
14-3-3 pan-antibody, of r14-3c3MBP eluted from an amylose column before (lane 2) and after (lane 3) passagg tfréugh the
column. The position of the r14-3:3VIBP (arrow) and all endogenous 14-3-3 isoforms (double arrow) in the positive control (lane 1) are
indicated. Fry was preincubated with r14-353VIBP for 0, 2, 3, 9, and 18 h (lanes-B, respectively) before being subjected to either (E)
BN—PAGE followed by Western blot analysis with anti-MBP antibody or (F) SIPAGE followed by Western blot analysis with anti-
14-3-Z antibody. A r14-3-3-MBP/Fry mixture was used as positive control (lane 1). The position of the r1g-88P/r14-3-3-MBP
homodimer and the r14-3:3VIBP/endogenous 14-3-3 heterodimers in the-BM\GE and the r14-3{3MBP and endogenous 14-3-th

the SDS-PAGE are indicated (arrow).

(Figure 3C, lane 2) but not in the other two isolated whether endogenous 14-3-3 isoforms were simply sticking
complexes (Figure 3C, lanes 3 and 4), confirming the to r14-3-3-MBP in a loose association and not heterodimer-
presence of r14-33MBP in the CBP-cruciform DNA izing with it, r14-3-F-MBP was eluted from the amylose
complex. As a positive control for immunoblotting, a mixture column before (Figure 3D, lane 2) and after (Figure 3D, lane
of Fry and r14-3-3-MBP was immunoblotted with both anti-  3) passage ofr through the column, where r14-3-31BP
14-3-% and anti-MBP antibodies, and both endogenous and had been previously bound, and subjected to SBAGE
recombinant proteins were detected (Figure 3B,C, lane 1),and Western blot analysis with an anti-14-3-3 pan antibody.
as expected. No band corresponding to endogenous 14-3-3 isoform was
Parallel to the three complexes that were isolated from detected in either eluate (lanes 2 and 3) as compared to the
Figure 3A, r14-3-3-MBP protein alone was also subjected positive control, a mixture of 5 and r14-3-3-MBP (Figure
to electrophoresis in the same acrylamide gel (data not3D, lane 1).
shown). The region of the gel corresponding to the EBP To analyze the kinetics with which the 14-3-3 dimers
cruciform DNA complex was excised from this lane and exchange partners (i.e., how fast r14-{3XBP homodimers
subjected to isotachophoresi), followed by SDS-PAGE dissociate and associate with endogenous 14-3-3 isoforms)
and Western blot analysis with anti-MBP antibody. No r14- and whether at the same time rl4-348BP acquires
3-3.-MBP was detectable at this position of the gel, cruciform binding activity, iy was incubated with r14-3-
indicating that r14-3-83-MBP was present in the cruciform  3¢-MBP for 0, 2, 3, 9, or 18 h, and the mixtures were then
DNA—CBP complex (Figure 3AC, lane 2) because itwas subjected to either BNPAGE followed by immunodetection
bound to cruciform DNA (data not shown). To determine with anti-MBP antibody (Figure 3E) or preparative EMSA
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Ficure 4: r14-3-F-MBP dimerizes with endogenous 14-8;23, and{ isoforms. Western blot analysis of immunoprecipitate (IP) obtained
with either anti-MBP antibody (lane 3) or NRS (lane 4) frorypreincubated with r14-33MBP (A—F). (A) Anti-MBP; (B) anti-14-

3-3; (C) anti-14-3-3; (D) anti-14-3-F; (E) anti-14-3-3; and (F) anti-14-3-8. The presence of r14-3:3VIBP (70 kDa; panels A and B,

lane 3), endogenous 14-3-830 kDa; panel B, lane 3), 14-3¢330 kDa; panel C, lane 3), and 14-3-80 kDa; panel D, lane 3) protein
monomers in the anti-MBP antibody IP are indicated (arrow). The absence of $4g3el E, lane 3) and 14-33330 kDa; panel F, lane

3) protein monomers from the anti-MBP antibody IP is also indicated (arrow). The heavy (H) and light (L) chains of the anti-MBP antibody
are indicated (arrows; panels—). r14-3-Z-MBP (all panels, lane 1) and precleareg, Fall panels, lane 2) were used as positive control

for immunodetection.

(data not shown) followed by electroelution of the CBP
cruciform DNA complexes, SDSPAGE, and immunode-
tection with anti-14-3-8 antibody (Figure 3F). In the 0- and
2-h incubation mixtures, only the r14-Z=-31BP/r14-3-%-

antibody immunoprecipitation (Figure 4A), a specific band
of approximately 70 kDa was detected, corresponding to the
recombinant protein (Figure 4A, lane 3). Two other bands
were also detected when anti-rabbit antibody was used as

MBP homodimer was detected, as evidenced by the presencehe secondary antibody, corresponding to the heavy (H; 50
of a single band of approximately 140 kDa (Figure 3E, lanes kDa) and light (L; 25 kDa) chains of the anti-MBP antibody

2 and 3), whereas in the 3-, 9-, and 18-h incubation mixtures, present in the IP (Figure 4AE, lane 3). These bands were

a band of approximately 100 kDa was also present, in not detected when anti-goat antibody was used as secondary

addition to the 140-kDa band (Figure 3E, lanes6,
indicating the presence of r14-3-81BP/endogenous 14-
3-3 heterodimers. Similarly, the presence of r14&3MBP

in the CBP-cruciform DNA complex was detected only after
a 3-h incubation of f with r14-3-Z-MBP (Figure 3F, lanes

antibody (Figure 4F, lane 3). The r14-3-BI1BP protein was
used as positive control for the immunodetection performed
with anti-MBP antibody (Figure 4A,B, lane 1). Likewise,
precleared f, (PC-Fy) was used as control for the presence
of the 14-3-3 isoforms, against which specific immunode-

4-6), as the approximately 70-kDa band corresponding to tection was performed, and all five isoforms were detected
the r14-3-3-MBP was only present in the complexes isolated with their respective antibodies in this fraction, unlike MBP,
from the 3-, 9-, and 18-h incubation reactions. Again, a which was absent (Figure 48, lane 2). The presence of

mixture of r14-3-8-MBP with Fry was used as a control
for the Western blot analyses (Figure 3E,F, lane 1).

r14-3-3¢-MBP Heterodimerizes with Endogenous3-3
Isoformsf, €, and . To confirm that r14-3-3-MBP was

r14-3-Z-MBP in the IP was further confirmed by immu-
noblotting with anti-14-3-8 antibody, where an approxi-
mately 70-kDa band (corresponding to the fusion recombi-
nant protein) and an approximately 30-kDa band (correspond-

able to heterodimerize with endogenous 14-3-3 isoforms ing to the 14-3-3 monomer) were detected (Figure 4B, lane

present in y, thus attaining cruciform binding activity, an
immunoprecipitation with anti-MBP antibody was performed
using the ky fraction that was preincubated with r14-3-3
MBP, followed by immunodetection with antibodies specific
for each of the 14-3-3 isoform@ (v, €, &, ando) and for
MBP. The results (Figure 4) show that in the anti-MBP

3), indicating that r14-3-3MBP was able to heterodimerize
with the endogenous 14-3F3soform. Similarly, when the
immunodetection was carried out with anti-14-8&e®d anti-
14-3-3 antibodies, a specific band of approximately 30 kDa
could be detected (Figure 4C,D, lane 3), indicating that the
€ andg isoforms were also able to heterodimerize with r14-
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Ficure 5: Cell cycle-dependent expression and nuclear presence
of 14-3-3, v, ¢, £, ando isoforms. (A, part i) FACS analysis of
Hela cells at log phase and after serum-starvation (s-s) and block
to Gi/S and G/M phases of the cell cycle; (part i) Western blot of
WCE and NE from s-s, &S and G/M Hela cells probed with
anti-Crkll, anti-Cas/p130, and anti-Ku70 antibodies. The Crkll (40
and 42 kDa), Cas/p130 (130 kDa), and Ku70 (70 kDa) proteins
are indicated (arrow). (B) Western blot of synchronized WCE and
NE probed with anti-14-343 vy, €, ¢, ando and with anti-hOrc2p
antibodies; the position of the respective proteins is indicated
(arrow).

3 4

3-3.-MBP. The extra band of approximately 35 kDa detected
in the PC-ky with the anti-14-3-8 antibody (Figure 4C,
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(ii), lanes 5-8; anti-Crkll and anti-Cas/p130 antibody blots),
by comparison to the amount present in the WCE (Figure
5A (ii), lanes 1-4; anti-Crkll and anti-Cas/p130 antibody
blots); less than 0.5% of the total intensity after immuno-
detection was calculated for each protein (data not shown).
Furthermore, as a positive control for the Western blotting
analysis, immunodetection with an antibody against Ku70,
an abundant nuclear protein (188 and refs therein), was
preformed, and Ku70 was detected in all cell cycle phases
in both WCE and NE (Figure 5A (ii), lanes-B; anti-Ku70
antibody blot). The WCE and NE prepared from s-g/S3
and G/M cells were subjected to immunodetection analyses
for the 14-3-3 isoformg, v, ¢, £, ando and the exclusively
nuclear protein hOrc286), using their respective antibodies
(Figure 5B). When comparing the same number of cells, the
total expression per cell of all these 14-3-3 isoforms was, in
general, higher in the {65 and G/M cells (Figure 5B, lanes

3 and 4; all 14-3-3 blots), by comparison to their expression
in the s-s cells (Figure 5B, lane 2; all 14-3-3 blots), as was
their presence in the nucleus (Figure 5B, laneggall 14-

3-3 blots). In particular, ther and € isoforms were barely
detectable in the NE from s-s cells (Figure 5B, lane 6; anti-
14-3-3y and anti-14-3-8 antibody blots), whereas they were
both readily detectable ati& and G/M (Figure 5B, lanes

7 and 8; anti-14-3-3 and anti-14-3-8 antibody blots). Log
phase WCE and NE, used as control for the immunodetec-
tion, gave similar results to those obtained with the s-s
extracts (Figure 5B, lanes 1 and 5, respectively; all blots).
The expression of Orc2p, also used as control, did not change
throughout the cell cycle (Figure 5B, lanes4£, anti-hOrc2p
antibody blot) and was always nuclear (Figure 5B, lane8;6
anti-hOrc2p antibody blot), consistent with previous observa-
tions (35). The quantification of these 14-3-3 isoforms in

lane 2) has been previously detected and is characteristic ofhe nuclear extracts of the s-s,./6, and G/M cells,

human CBP 16, 19). In contrast, neither isoform (Figure

4E, lane 3) now (Figure 4F, lane 3) were detected when
the IP was immunoblotted with anti-14-3-&nd anti-14-3-

3o antibodies, respectively, suggesting that neither of these
isoforms was able to heterodimerize with r14-3MaBP.
None of the proteins (MBP or 14-3-3) was detected after
immunoprecipitation with NRS (Figure 4AF, lane 4).

Total 143-3 Protein Expression and Nuclear Presence
Are Increased at @S and G/M. To determine that endog-
enous nuclear 14-3&3was also able to form heterodimers,
as the recombinant form was able to do with thand e
isoforms present in thetk, WCE and NE were prepared
from Hela cells that were either serum-starved (s-s) or
blocked at the @S or G/M phases of the cell cycle (Figure
5A (i)) and used to perform an anti-14-3-3nmunopre-
cipitation followed by SDSPAGE and Western blot
analyses, using anti-14-33y, ¢, ¢, ando antibodies. FACS
analysis (Figure 5A (i)) revealed that the distribution of cells
that were blocked at 65 was approximately 55% in G
23% in S, and 10% in @M; while the distribution of cells
blocked at G/M was 19% in G, 12% in S, and 44% in
G,/M; and that of s-s cells was 63% inyGL1% in S, and
15% in G/M. The NE prepared from these cells were tested
for cytoplasmic contamination by immunoblotting with
antibodies against two exclusively cytoplasmic proteins,
Crkll (40 and 42 kDa) and Cas/p130 (130 kDa; 38j. Only

calculated by band intensity and given in arbitrary units, is
summarized in Table 1.

Endogenous 18-3¢/3 and 143-3(/¢ Heterodimers Are
Present in the Nucleus aty& and G/M. An anti-14-3-
antibody immunoprecipitation was performed from the NE
of the s-s, @S, or G/M Hela cells. The results (Figure 6)
showed that anti-14-3&3antibody was able to immunopre-
cipitate the endogenousisoform (Figure 6, lanes 2, 5, and
8; anti-14-3- antibody blot) from the s-s, £5, and G/M
NE (Figure 6, lanes 1, 4, and 7; anti-14-8-&ntibody blot).

In contrast, although both the and theo isoforms were
present in the s-s NE (Figure 6, lane 1; anti-1483¢&hd
anti-14-3-% antibodies blots), only thes isoform was
immunoprecipitated (not always reproducible) by the anti-
14-3-Z isoform (Figure 6, lane 2; anti-14-333antibody
blot), whereas the isoform was not (Figure 6, lane 2; anti-
14-3-3% antibody blot), indicating that only the 14-3/8
heterodimer might be present in the s-s nucleus (Table 1).
The 14-3-3 isoform was not consistently detectable in the
s-s NE (Table 1 and Figure 6, lane 1; anti-14<3aBtibody
blot) and was not immunoprecipitated by the anti-14£3-3
antibody from this extract (Figure 6, lane 2; anti-143-3
antibody blot), while they isoform was detected neither in
the NE (Table 1 and Figure 6, lane 1; anti-14-3&htibody
blot) nor in the anti-14-3-8 antibody IP (Figure 6, lane 2;
anti-14-3-3 antibody blot) at the s-s stage. As the presence

trace amounts of both of these proteins were present in theof thee isoform increased by approximately 24-fold in/S

NE prepared from each phase of the cell cycle (Figure 5A

NE by comparison to s-s NE (Table 1 and Figure 6, lane 4;
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Table 1: Amount (Arbitrary Unit) of 14-3-3 Isoforms in HeLa Cell NErom s-s, G/S, and G/M Cultures and Participation in Heterodimers

with the 14-3- Isoform

14-3-3 isoforms/

cycle phase I} y € g o hOrc2p
S-S 8.5+ 1.5 0.16+ 0.1 0.75+ 0.3 2.9+0.8 9.6+ 3.1 15.64+ 2.3
Gi/S 26.2+ 3.4 4.5+ 1.8 184+ 2.1 27.5+ 2.9 42.0+ 5.8 17.1+£ 2.5
Go/M 479+ 4.2 128+ 2.7 39.5+4.3 68.4+ 6.4 479+ 6.4 17.7+ 3.6
dimerization with + - — N/D — N/D
Cins-s NE
dimerization with + - + N/D — N/D

£in Gy/S and G/M

aThe amount of the 14-3-3 isoformg-¢) corresponds to the Western blot band intensity quantified by Image Gauche (Fuji Photo Film Co.,

LTD) and therefore is given in arbitrary units. The amount of HOrc2p

in the nucleus at the three phases was used as‘a\umbean.extracts

(NE) prepared from s-s, £85, and G/M Hela cell cultures were subjected to SBBAGE, followed by Western blot analysis with anti-14-3:-3
Y, € G, and o antibodies® + indicates heterodimerization of these isoforms with 1453-3 indicates that these isoforms were not found in

heterodimers with 14-3€3 N/D indicates not determined.
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Ficure 6: Cell cycle-dependent nuclear presence of 1448-and
14-3-F/e heterodimers. NE from s-s (lane 1)4/S (lane 4), and
G,/M (lane 7) HelLa cells were immunoprecipitated with either anti-
14-3-% antibody (lanes 2, 5, and 8) or NRS (lanes 3, 6, and 9),
and the IPs were probed with anti-14-8;&nti-14-3-F, antil4-
3-3, anti-14-3-3, and anti-14-3-3 antibodies. The, 5, ande
isoforms (arrows) in the anti-14-33antibody IP from G/S and
G,/M NE and the¢ (arrow) andg (light arrow) isoforms in the
anti-14-3-3 antibody IP from s-s NE are indicated. The log phase
WCE lane represents the positive control for immunodetection.

anti-14-3-3 antibody blot), it was also immunoprecipitated
from the G/S NE by the anti-14-3-3antibody (Figure 6,
lane 5; anti-14-3-8 antibody blot), indicating the presence
of a 14-3-%/e heterodimer in the nucleus at this phase (Table
1). Thep isoform, present in the 85 NE at approximately
3-fold higher amount, with respect to s-s (Table 1 and Figure
6, lane 4; anti-14-343 antibody blot), was also immuno-
precipitated by anti-14-3&3antibody (Figure 6, lane 5; anti-
14-3-3 antibody blot), indicating that a 14-3F8 het-

erodimer also exists in the nucleus in this phase (Table 1).

In contrast, even though the amount of both ¢hend theo
isoforms in the @S NE increased by approximately 28- and
4-fold, respectively, by comparison to s-s (Table 1 and Figure
6, lane 4; anti-14-348 and anti-14-3-@ antibody blots),
neither isoform was immunoprecipitated by the anti-14-3-
3¢ antibody, suggesting that neither 14-8538nor 14-3-3/o
heterodimers were present in the nucleus @&GTable 1
and Figure 6, lane 5; anti-14-3+&ind anti-14-3-8 antibody
blots). Similarly, these two isoformg (and o) were not

detected at the £M IP (Figure 6, lane 8; anti-14-3s3and
anti-14-3-3 antibody blots) despite the fact that their nuclear
amount was increased by approximately 80- and 5-fold,
respectively, in @M (Table 1 and Figure 6, lane 7; anti-
14-3-3y and anti-14-3-8 antibody blots). Thes and ¢
isoforms were detected in both the/M phase NE (Table 1
and Figure 6, lane 7; anti-14-3&nd anti-14-3-8 antibody
blots), where their nuclear amount was increased by ap-
proximately 6- and 53-fold, respectively, with respect to the
amount in s-s NE (Table 1), and the/® IP (Figure 6, lane

8; anti-14-3-F and anti-14-3-8 antibody blots), indicating
that both heterodimeric combinations were present in the
nucleus at @M (Table 1). The anti-14-3{3antibody IP was
controlled with an immunoprecipitation performed with NRS,
and no trace of any of the 14-3-3 isoforms was detected at
each phase (Figure 6, lanes 3, 6, and 9; all blots). These
results are summarized in Table 1. WCE from log phase cells
were used as positive control for the immunodetection with
all the anti-14-3-3 antibodies (Figure 6, left-extreme lane).

r14-3-3C-MBP Increases in Vitro DNA Replication Adty
of HeLa ExtractsThe anti-14-3-3 antibodies against isoforms
B, v, €, &, ando were previously found to decrease in vitro
DNA replication because of interference with the formation
of the CBP-cruciform DNA complex 18, 19), while an anti-
cruciform DNA antibody was able to increase the basal level
of in vitro DNA replication @). Here, we analyzed the effect
of r14-3-Z-MBP on the in vitro DNA replication of p186,
using a mammalian in vitro replication systel®6). The
effect of preincubating increasing amounts (0.75, 1.5, and
7.5uq) of r14-3-Z-MBP with HeLa cell WCE was analyzed
(Figure 7). The products of p186 replication (not shown)
were quantified after digestion by Dpnl, a restriction endo-
nuclease that digests fully methylated DNA at the sequence
GmATC, as previously described & 19). Template p186
DNA, which is propagated in dambacteria, is fully
methylated and digested, while newly replicated p186 DNA
in damm mammalian cell extracts is resistant to digestion by
Dpnl. Preincubation of HelLa extracts with increasing
amounts of r14-3-3MBP progressively increased the level
of DNA replication, by comparison to the control reaction,
lacking addition of r14-3-3-MBP (Figures 7). While pre-
incubation with 0.75ug of the recombinant protein (ap-
proximately 0.5% of the total protein) had a modest effect
on pl86 replication (Figure 7, bar 2), the replication level
being comparable to the control reaction (1 relative unit), in

which Hela cell extracts were preincubated with elution
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Ficure 7: r14-3-F-MBP increases in vitro DNA replication. 150

ug of HeLa WCE (see Experimental Procedures) was preincubate

with either elution buffer (control; bar 1) or 0.7 (bar 2), 1.5
ug (bar 3), and 7.9 (bar 4) of r14-3-3-MBP or with respective
equimolar amounts of MBP (bars—%). The bars represent the
guantification of the p186 DNA bands that were resistant to
digestion by Dpnl (1.5 U, 1 h, 37C) after an in vitro replication
reaction.

buffer (Figure 7, bar 1), preincubation with 1 (ap-
proximately 1% of the total protein) increased in vitro DNA
replication by 3-fold (Figure 7, bar 3). By further increasing
the amount of r14-33MBP in the extracts 5-fold (ap-
proximately to 5% of the total protein), the replication
activity was only slightly further increased (Figure 7, bar
4). The level of in vitro replication activity was not changed
when increasing equimolar amounts (0.43, 0.86, an@dg)3
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to cruciform DNA or preventing the protein from dimerizing,

a requirement for attaining cruciform binding activiti/4

16, 18, 19). For this, the dimerization state of r14-3-81BP

was analyzed by BNPAGE followed by Coomasie staining
before and after digestion by Factor XA (Figure 2A), an
enzyme that cleaves the fusion protein at a translated
polylinker region between the r14-F3and the MBP tag
(New England Biolabs). It was observed that the fusion
protein was not completely digested by Factor XA, confirm-
ing a previous report and suggesting that the 14-3-3 portion
had the correct conformatioB1) since both undigested (r14-
3-3;-MBP/r14-3-3-MBP) and partially digested (r14-353
MBP/r14-3-3) products were detected as specific bands of
approximately 140 and 100 kDa, respectively. This result
indicated that the MBP tag did not interfere with dimerization
of r14-3-Z. The Factor XA digestion products, which

gcontained r14-3-8 dimers (rl4-3-8/r14-3-), had no

cruciform DNA binding activity either, while  collected
from the amylose column had, indicating that the lack of
CBP activity of r14-3-3-MBP was not due to its denatur-
ation by passage through the amylose column (Figure 2B).
Pure r14-3-3-MBP, however, was able to bind to cruciform
DNA after having been preincubated with=(Figure 3).

In a previous study2l), it was found that th&. cereisiae
14-3-3 homologues, Bmhlp and Bmh2p, were only able to
bind cruciform DNA when both isoforms were present in
theS. cereisiaenuclear extracts and not when either isoform
was present alone. These two independent findings suggested
that heterodimerization or a specific combination of 14-3-3
isoforms might be essential for cruciform DNA binding. The
14-3-3 dimer central groove, the proposed cruciform DNA

of MBP alone were preincubated with the HeLa extracts Dinding region 15), has a specific shape and size that allows

(Figure 7, bars 57).

DISCUSSION

cruciform DNA binding. CBP/14-3-3 binding to cruciform
DNA had previously been shown to be specific for the
cruciform structure and not its nucleotide sequeriee 16).

It has not been shown, however, whether CBP requires a

Cruciform structures, extruded from IR sequences, have specific alignment of its amino acids or whether the 3-D

been involved in the initiation of DNA replicatiorl{-5),

orientation of the side chain of the amino acids involved in

and a cruciform binding protein, CBP, has been previously cruciform DNA binding is relevant for CBP activity. The

purified from HelLa cells14). On the basis of microsequence

number of 14-3-3 isoform combinations that form het-

analysis of tryptic peptides, it was shown that CBP belongs erodimers with CBP activity may be limited. It has been

to the 14-3-3 family of proteinsl@). Here, we have produced
a fusion protein r14-3-3MBP and analyzed its ability to
bind to cruciform DNA, the conditions under which this

proposed that residues-26 of the N-terminal domain, the
dimerization interface region, of all 14-3-3 isoforms are
highly variable, limiting the number of possible homo- or

binding was possible, and the effect of this recombinant heterodimeric combinations forme2i 25). This restriction

protein on mammalian in vitro DNA replication.
The 14-3-8 cDNA was cloned in the plasmid pmal-c2X

might confer specificity to 14-3-3 functions, including
cruciform DNA binding. The presence of r14-3-81BP in

using the Xbal and EcoR1 restriction sites, having an MBP the isolated CBPcruciform DNA complex further con-

tag at the 5end. Bacterial expression and purification of
the recombinant 14-33MBP yielded a highly pure fusion
protein (data not shown). The pure r14-348BP had no
cruciform—DNA binding activity (Figure 1), in contrast to
the CBP-enriched fraction ¢, ref 16). Using a similar
cloning and expression strategy, Jones et previously
expressed in bacteria the 14-3-3 isoforemand 7, which
were both shown to be active, tkésoform by phosphory-
lation, using the protein kinase C (PKC) assay, andithe
isoform by inhibition of PKC assay3(). Thus, it was
unlikely that r14-3-3-MBP did not show cruciform binding

firmed that the MBP tag fused to 14-3-38lid not prevent
binding of r14-3-3-MBP to cruciform DNA and suggested
that r14-3-3-MBP was able to dimerize with certain
endogenous 14-3-3 isoforms and attain cruciform binding
activity. On the other hand, it has been reported that dimers
of 14-3-3 are stable and do not readily excharnzfg 28).

The data presented here, however, are not in conflict with
those reports since it was found that at least a 3-h preincu-
bation time was required to observe both heterodimerization
(Figure 3E) and CBP activity (Figure 3F) in a r14-3-BIBP/

Fry mixture, and even after an 18-h incubation, only

activity because the polypeptide was not properly folded in approximately a quarter of the input r14-3-BI1BP had been
bacteria. One possible reason might be that the MBP tagheterodimerized (Figure 3E) or attained cruciform binding

(N-terminal located) was either interfering with the binding

activity (Figure 3F). The observed CBP activity of r14-3-
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3¢-MBP was not due to the presence of thg, buffer of the 14-3-3 isoforms in the nuclear compartment was
components since r14-FE3MBP eluted with ky buffer did dramatically increased at& and G/M cells, particularly
not react with cruciform DNA either (Figure 1). The fact that of they ande isoforms, by comparison to s-s cells. The
that no endogenous 14-3-3 was detected in r14-BABP y isoform, for instance, was barely detected in s-s NE, and

fractions eluted after the passage ef Ehrough an amylose  only trace amounts of the isoform were detected at this
column, where r14-33MBP was bound (Figure 3D), stage (Table 1 and Figure 5B). Their role in DNA replication
indicated that endogenous 14-3-3 isoforms present inthe F (18, 19, 52), as well as their interaction with the check-point
did not simply stick to r14-3-3MBP, but rather, they  proteins Cdkl and Ccd2%%—50) and with the cell cycle
heterodimerized with it. arrest protein p53&@) might relate to their increased presence
In support of this conclusion, we found that the recom- in the nuclear compartment at/S and G/M. The anti-14-
binant protein co-immunoprecipitated with three endogenous 3-3; antibody immunoprecipitation from the NE prepared
14-3-3 isoforms-3, €, and¢—after having been preincubated from s-s, G/S, and G/M cells produced similar results as
with Fry (Figure 4B-D), while other isoforms, such as its recombinant counterpart (Figure 6), confirming that
ando, did not interact with it. This result suggested that r14- endogenous 14-3&3also heterodimerizes with thande
3-3;-MBP needs to heterodimerize with the endogengus isoforms, while it does not with the or o isoforms (Table
and/or thee isoform to have cruciform binding activity.  1). The increased amount of these heterodimers at the onset
Dimerization of r14-3-3-MBP with the endogenoug of the S phase would be consistent with their role as DNA
isoform would be similar to a homodimerization of two 14- replication origin-binding proteins1@, 19). The same
3-3; polypeptides, and these dimers did not have cruciform heterodimers were also found at the onset of mitosis, where
binding activity (Figure 2B). Jones et a28) had previously  the nuclear amount of the 14-3-3 isoforms was slightly higher
demonstrated, by a similar method, that recombinant 14-3- (Figure 5B), suggesting that nuclear import of the 14-3-3
3¢ dimerized with endogenous 14-3-8nd heterodimerized  isoforms increases during S and &nd perhaps indicating
with endogenous 14-3£3 The 8 and ¢ isoforms have not  different roles of these proteins in the two phases. The
been shown before to form a heterodimer, but both are thepresence of 14-3-3 dimers in the nucleus at th@Gorder
only 14-3-3 isoforms found to interact with Raf-1 kina8g,( might be due to their role in the transition to mitosis.
40—-42), suggesting that in their role as chaperone proteins Finally, the effect of r14-3-83-MBP protein on in vitro
they may interact to bring two Raf molecules together, replication of p186 plasmid in Hela cell extracts was
supporting Raf/Raf dimer formation. In fact, it has been analyzed. Addition of the recombinant polypeptide to the
suggested that 14-3-3 reactivates Raf by promoting the system specifically increased the replication activity of the
formation of Raf dimers43). The ability of r14-3-3-MBP extracts by approximately 2-51-fold, while addition of MBP
to heterodimerize with thgg and ¢ 14-3-3 isoforms was  alone had no effect (Figure 7). Two previous pieces of
further tested with NE from Hela cells that had been either evidence suggested that stabilization of cruciform structures
serum-starved (s-s) or blocked at thg$sor G/M phases  at or near origins of DNA replication is involved in the
of the cell cycle. WCE and NE were prepared from these regulation of initiation of DNA replication: (1) anti-
cells and immunoblotted against 14-3-3 isoforfhy, ¢, &, cruciform DNA antibodies, when introduced into permeabi-
and o (Figure 5B) to monitor the expression and nuclear lized cells, increased DNA replication by-21-fold (4) and
presence of these isoforms throughout the cell cycle. The (2) anti-14-3-3 antibodies specific for tifg y, €, ¢, ando
NE contained some cytoplasmic contamination that did not isoforms, which interfered with the formation of the CBP
significantly alter the interpretation of the data since Cas/ cruciform DNA complex, inhibited the in vitro DNA
p130 (Crk-associated substrate) and Crk proteins, bothreplication activity of the HeLa extractlg, 19). The data
exclusively cytoplasmic39), were present in less than 0.5% presented in this study suggest that upregulation of at least
in NE from the s-s, @S, and G/M Hela cells (Figure 5A). one of the 14-3-3 isoforms involved in DNA replication
Cas/p130 has been reported to function as an adapter proteicould eventually lead to an increase in DNA replication
for Crkil to elicit cell migration response89) and interacts  activity in the cell. In particular, the exogenous addition of
with cytoplasmic 14-3-3 proteins upon cell adhesidd)( the & isoform to the in vitro replication system might increase
The presence of Ku70, an abundant multifunctional nuclear the chances of forming more active CBP molecules with its
protein that is also involved in DNA replicatior3®), was B and e partners. These data support the hypothesis that
tested as positive control for the Western blot analyses of cruciform stabilization at replication origins may facilitate
WCE and NE. Immunoblotting of the WCE and NE with origin recognition by proteins of the replication machinery
anti-14-3-3, y, €, o, and¢ antibodies revealed that the total  (4).
expression of all these isoforms was higher at tiS@nd Overall, the data presented in this study suggest that 14-
G2/M phases of the cell cycle, particularly the expression of 3-3(, in homodimeric combination, does not have cruciform
the o andy isoforms (Figure 5B). In addition to their role  binding activity and that this activity can be attained upon
in cell signaling pathways, which would require the cyto- heterodimerization with specific isoforms, such/ande.
plasmic presence of these proteins at all phases of the celln addition, the enhancing effect of r14-3-81BP on in vitro
cycle, their role as check-point proteiris3( 19, 45—51) may DNA replication suggests that upregulation of specific 14-
explain this increased expression. On the other hand,3-3 isoforms might lead to increased DNA replication
expression of the human replication origin binding protein, activity.
hOrc2p, whose expression and chromatin-bound state have
been shown to be stable throughout the cell cy8®),(was ACKNOWLEDGMENT
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