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ABSTRACT. Mitochondria act as a focal point for upstream apoptosis signals by releasing cytootirome
into the cytosol, leading to the activation of caspases and subsequent cell death. Members of the Bcl-2
protein family regulate this phenomenon by heterodimerization via the BH3 domain of proapoptotic
members opposing their pro- and antiapoptotic functions. The mechanism of cytoatirefease from
mitochondria and of its regulation remains controversial. In vitro binding studies of purified and biologically
active proteins should help in understanding the molecular mechanism of interactions and protein functions.
In this work, the Bcl-2-related antiapoptotic chicken protein Nr-13 was overexpressed as a highly soluble
recombinant protein which showed correct folding as judged by circular dichroism and fluorescence
spectroscopy. Purified Nr-13 inhibits caspase-3 activation{e@opusgg-derived cell-free system, and
neutralizes the proapoptotic activity of a synthetic peptide containing the BH3 domain of Bax. The latter
effect correlates with the high-affinity binding of the BH3 peptide to Nr-13 as monitored by the intrinsic
tryptophan fluorescence. On the basis of the structural similarity with Bgbutative residues involved

in this interaction were identified. Nr-13 exhibits a high-affinity interaction with cytochremaich is
prevented by preincubation with the BH3-Bax peptide. These findings are discussed with respect to a
model for the regulation of apoptosis in which a direct interaction between the antiapoptotic protein and
cytochromec may prevent the apoptosis.

Proteins of the Bcl-2 family are central regulators of  Bcl-2 proteins share up to four regions of sequence
apoptosis, and several of its members are evolutionarily similarity known as Bcl-2 homology domains BH1, BH2,
conserved in both vertebrates and invertebrateg)( Bcl-2 BH3, and BH4. Some Bcl-2 proteins contain a stretch of
proteins play important roles in embryogenesis, tissue hydrophobic residues at their C-terminus which is predicted
requelmg, and the immune response by acting as eitheriy pe a transmembrane domai).(Many proteins of the
"’?h'b'tors or promoters of apoptosia, 3). Aberrant EXpres- el family can interact with each other to form homo- or
sion of Bcl-2 proteins has been correlatec_i to many disease eterodimers. These interactions play important roles in the
such as autoimmunity, neurodegenerative disorders, and . ) . .
cancer 4). These proteins control cell survival through their opposing effects O_f proapqptohc (Bad, Bax, Bak, Bid, Bim,
effects on events such as mitochondrial release of proteins2nd BCl-%) and antiapoptotic (Bcl-2, Belix Bel-w, and Nr-
such as cytochrome or Smac/Diablo. The latter proteins 13) Bcl-2 proteins %, 5). The three-dimensional structures
are involved in the activation of caspases, the apoptosis-Of Bcl-x., Bid, and Bax have been determined, revealing a
associated cystein proteases. This activation initiates ancommon protein fold consisting of seven or eighbelices
execution and degradation phase upon which downstreamjoined by flexible loops of variable lengtfi{10). The BH1,
caspases become activated and catalyze the morphologicaBH2, and BH3 domains are in spatial proximity and form
and biochemical changes leading to apoptoj$( 6). an elongated hydrophobic cleff)( The antagonistic effects
of the proapoptotic members depend on the binding, via their
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Cytochromec is the most prominent member within the GGGCTCTCTGAAG-3introduced aNdd site. The PCR-
mixture of proapoptotic proteins sequestered in mitochondria. generated DNA fragment was cloned into thiéd and Pst
Following translocation of proapoptotic proteins to the outer sites of the ampicillin-resistant vector pT7-7 (a vector based
membrane, mitochondrial release of cytochraneea critical on the T7 polymerase expression system) encoding six His
step in apoptotic signal transduction since besides Apaf-1 it codons followed by a stop codon downstream of Hsd
is one of the components required for activation of caspase-9site. The plasmid was transformed ifiischerichia colstrain
and formation of the apoptosome complex in the cyto§pl (  DH5a, and ampicillin-resistant colonies were isolated.
This process has been studied extensively, leading to theResistant colonies were grown to allow large-scale produc-
development of several models for cytochromeelease, tion and purification of the plasmid. Its proper construction
including an increase in the mitochondrial outer membrane was confirmed by DNA sequencing.
permeability (4), and involvement of specific channels, Overexpression and Purification of Nr-13he plasmid
called permeability transitiorLf). Although the antiapoptotic  was transformed int&. coli strain C41(DE3)24). A freshly
members of the Bcl-2 family can antagonize the effect of transformed colony was inoculated into 500 mL of ¥T
apoptotic proteins through heterodimerization, several other medium containing ampicillin (22g/mL) and grown at 37
mechanisms of regulation have been proposed for the°C to an ORQyo of 0.6—-0.8 before induction with 0.7 mM
antiapoptotic members. These include prevention of the lossisopropyl-p-thiogalactopyranoside. After overnight incuba-
of mitochondrial membrane potential by either stimulation tion at 37°C, cells were harvested by centrifugation. The
of proton efflux (L6) or maintenance of ATPADP exchange  pellet was suspended and incubated for 30 min &€ 4n
(17). Overexpression of Bcl-2 inhibited apoptosis and 10 mL of lysis buffer [20 mM Tris-HCI (pH 8.0), 20%
blocked the release of cytochronse(18, 19). A voltage- glycerol, 500 mM NacCl, 0.1% Triton X-100, 5 mM PMSF,
dependent anion channel, which is part of the permeability 5 mM dithiothreitol (DTT), 10 mM imidazole, 1 mg/mL
transition pore, plays a critical role in the release of lysozyme, and 250 units/mL Benzonase (Merck)]. Fractions
cytochromec (20). Bax or Bak induces an efflux of (1 mL) were disrupted by sonication for & 7 s. After
cytochromec by opening this channel, whereas Beletoses  centrifugation at 120Gfor 20 min, the soluble fraction was
it by binding to it. The mechanism by which cytochrome  applied onto an 0.5 cmx 2 cm Ni-NTA—agarose column
is retained in the intermembrane space, however, remains(Qiagen) equilibrated in lysis buffer without lysozyme and
obscure. Understanding this mechanism is therefore anBenzonase. The column was washed with 20 mM Tris-HCI
important step toward the elucidation of the pathway of (pH 8.0), 20% glycerol, 100 mM KCI, 5 mM DTT, 0.5 mM
apoptosis regulation. PMSF, and 20 mM imidazole, and Nr-13 was eluted with

Although various proteins of the Bcl-2 family exhibit the same buffer containing 100 mM imidazole. Fractions
structural and functional similarities, they harbor nonredun- containing Nr-13 as judged by SB®AGE were pooled and
dant roles in regulating cell survival and death in specific concentrated on Ultrafree Biomax membranes (Millipore)
tissues. Thus, it is important to identify the molecular with a cutoff of 5 kDa.
mechanism of action of each member of the Bcl-2 family.  The buffer of the concentrated samples was exchanged
This work has focused on Nr-13, an avian Bcl-2-related by gel filtration (PD10, Bio-Rad) with buffer A [20 mM Tris
protein, which was originally identified as an antiapoptotic (pH 8.0), 50 mM NaCl, 10 mM EDTA, 10 mM DTT, and
protein involved in tumor formation upon infection by Rous (504 2-propanol], and samples were applied to two 1 mL
sarcoma virus 41, 22). Nr-13 plays a major role in the  Q-Sepharose columns (Hi-Trap Q, Amersham Pharmacia
regulation of cell death in B-cells during the development Bijotech) in series. After elution, Nr-13-rich fractions were
of the immune system in the chicken burg8)( To elucidate  pooled, concentrated, equilibrated in buffer B [20 mM Tris
the molecular mechanism of its antiapoptotic function, we (pH 8.0), 10 mM EDTA, 10 mM DTT, and 5% 2-propanol],
used a recombinant Nr-13 protein purified to homogeneity gnd applied to another 1 mL Hi-Trap Q column. After
in its biologically active form. Here we show that the extensive washing, a linear gradient of 0 to 300 mM NaCl
recombinant protein acts as an inhibitor of apoptosis in a jn puffer B was applied. Fractions containing Nr-13 were
cell-free system and prevents the opposing effect of a pgoled, concentrated to-6 mg/mL on an Ultrafree Biomax
synthetic peptide derived from the proapoptotic Bax protein membrane, and stored at20 °C until they were used.
containing the BH3 domain. This prevention correlates with protein concentrations were determined by the method of
the high-affinity interaction between Nr-13 and the BH3 Bradford e5).
peptide. We also found that Nr-13 exhibits a high affinity Analysis of Purified Nr-13N-Terminal sequencing of Nr-
for cytochromec which competes with its BH3-dependent 13 \yas carried out on an Applied Biosystems 473A
interaction. This suggests that the release of cytochrome sequencer as described previoustg)( Mass spectra were
from mitochondria may be prevented by its direct interaction acquired using an electrospray API 16S Sciex (Perkin-Elmer)
with antiapoptotic Nr-13 and that Bax inhibits this interaction. jstrument. Drawing was made in 50% methanol containing

EXPERIMENTAL PROCEDURES 0.1% formic acid at a flow rate of ].,@L/h on a micro-ion-

Cloning and Generation of the Expression Plasmid. . . )
9 P 1 Abbreviations: AMC, amino-4-methylcoumarine; BH3-Bax, 29-

CDNA enco_ding Nr-13 lacking the _C;-terminal hydrophobic mer synthetic peptide containing the BH3 domain of Bax; CD, circular
region (residues 1157) was amplified by standard PCR dichroism; DTT, dithiothreitol; MMR, modified Ringer's solution;
using a full-length chick cDNA as a template. At the 3  ELISA, enzyme-linked immunosorbent assay; NATM:acetyltryp-

; _ tophanamide; NTA, nitrilotriacetic acid; PARP, poly(ADP-ribose)
end, the primer sequencéBTGCAGCTGCAGATTGCT polymerase; PMSF, phenylmethanesulfonyl fluoride; PT, permeability

TAAGGTACTGTT-3 introduced &Pst site, and at the's transition; SDS-PAGE, SDS-polyacrylamide gel electrophoresis;
end, the primer sequenceGAGATGTAGACATATGCC- TBS, Tris-buffered saline; VDAC, voltage-dependent anion channel.
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spray source as described by the manufacturer. Nr-13 wasto microtitration plates coated with lysozyme (Z&/well),
loaded onto a Vydac C18/m (4.6 mmx 250 mm) reverse-  as a control, was assessed under the same conditions.
phase column equilibrated in 35% acetonitrile and 0.1%  Fluorescence Spectroscoxperiments were performed
trifluoroacetic acid. The column was developed for 20 min on a SLM-Aminco 8000C spectrofluorimeter using band-
with a 35 to 70% acetonitrile gradient in 0.1% trifluoroacetic widths of 2 and 4 nm for excitation and emission, respec-
acid, and the eluted protein was passed directly into the masgively. Measurements were corrected for the wavelength
spectrometer. Analytical size-exclusion chromatography was dependence on the excitation light intensity using rhodamine
performed using the Superose 12 column (Amersham Phar-B in the reference channel. Fluorescence measurements were
macia Biotech) on a Waters 625 LC HPLC system. The performed at 25C after dilution of Nr-13 (final concentra-
running buffer was 5 mM MOPS (pH 7.5), 200 mM NaCl, tion of 0.4uM) in 1.2 mL of 20 mM Tris (pH 8.0), 0.1 M
and 2 mM DTT. After equilibration, 9Q«L of Nr-13 at a NaCl, 10% glycerol, and 1 mM DTT. The tryptophan
concentration of 0.45 mg/mL in the above buffer was loaded intrinsic fluorescence of Nr-13 was measured by scanning
onto the column. The column (24 mL) was run at a flow emission in the range of 312160 nm upon excitation at
rate of 0.4 mL/min for 60 min. Detection of the eluted protein 295 nm. Binding of either cytochronw its heme (microp-
was carried out at 280 nm. The column was calibrated with eroxidase from equine heart, Sigma), or BH3-Bax was
molecular mass standard proteins. For circular dichroism monitored by the quenching of emission fluorescence of Nr-
(CD) measurements, 40M Nr-13 samples in 20 mM Tris 13 produced by addition of increasing concentrations of
(pH 8), 10 mM EDTA, 5% 2-propanol, and 0.5 mM DTT ligand; spectra were recorded 10 min after addition of each
were used. CD spectra were recorded on a Jobin Yvon CD6ligand. In parallel assays, 0i@M N-acetyltryptophanamide
spectropolarimeter equipped with a temperature controller (NATA) was used instead of Nr-13 at the same ligand
using a 2 mmpath length quartz cell. The-helical content concentrations. Each spectrum (Nr-13 or NATA) was first
was estimated from the molar ellipticities observed at 222 corrected by subtraction of the buffer containing an identical
nm 27). concentration of ligand. Nr-13 spectra were then corrected

Peptide Synthesis and Cross-Linkidgsynthetic peptide,  for the inner-filter effect of the ligand, taking into account
BH3-Bax, withthe sequence VPQDASTKKLSECLKRIGDELD- the extent of the NATA fluorescence decrease in the presence
SNMELQR corresponding to residues -508 of human of a given ligand concentration. We verified that cytochrome
proapoptotic Bax containing the BH3 domain (underlined) c, which contains a single tryptophan that is completely
was synthesized usingr(9-fluorenyl)methoxycarbonyl chem-  quenched by energy transfer to the heme, does not exhibit
istry and the solid-phase metho@8|. The peptide was  any fluorescence by itself. Curve fitting of ligand binding
purified by reverse-phase chromatography on a C18 columnrelated to the fluorescence decrease of Nr-13 was performed
(10 mmx 250 mm) developed whita 0 to 53%acetonitrile/ using GraFit (Erithacus software). The GraFit program takes
0.1% trifluoroacetic acid gradient for 90 min. The correct into account the bound ligand to calculate free ligand
molecular mass was confirmed by mass spectroscopy (seeoncentrations and to determine the appakenvalues, as
above). described in detail elsewher2q).

For cross-linking experiments, Nr-13 (18/1) was incu- Caspase Inhibition Assay in Xenopus Egg Extracts.
bated for 10 min in the absence or presence of stoichiometricXenopusextracts were prepared by injection of 80 units of
amounts of BH3-Bax in 20 mM MOPS (pH 7.5), 0.1 M pregnant mare serum gonadotropin (Intervet) into mature
NaCl, and 2 mM DTT in a final volume of 2@GL, before female frogs to induce oocyte maturation followed 28 days
the addition of glutaraldehyde to a final concentration of later by injection of 600 units of human chorionic gonadot-
0.06%. The reaction was allowed to continue for 20 min ropin. One day after the last injection, eggs were harvested,
and stopped by the addition of electrophoresis sample bufferand the apoptotic extracts were prepared as follows. Jelly
and heating. Reaction products were analyzed by -SDS coats were removed by incubation with 2% cysteine (pH 7.8).
PAGE. Eggs were activated with 2 mg/mL calcium ionophore

ImmunoassayThe level of binding of Nr-13 was deter-  (Sigma) in 0.5 modified Ringer’s solution [MMR, 2.5 mM
mined by an ELISA using microtitration plates (Greiner) Hepes (pH 7.8), 50 mM NacCl, 1 mM KCI, 0.5 mM MgQ0
coated overnight with 2.ag of cytochromec (horse heart, 0.05 mM EDTA, and 1 mM CagJ. They were washed three
Sigma C7150) per well in 10 mM sodium phosphate (pH times with 0.25« MMR and four times with 10 mM Hepes
7.0). Nonspecific sites were blockeg b 1 hincubation at (pH 7.7), 50 mM sucrose, 100 mM KCI, 1 mM Mggand
room temperature with TBS [10 mM Tris (pH 7.2) and 0.15 0.1 mM CaC}. Ten minutes after activation, eggs were lysed
M NaCl] containing 1.5% bovine serum albumin. The plates by centrifugation at 150@dfor 20 min. The supernatant was
were incubated fol h with 100uL of various amounts of  supplemented with 2 mM ATP, 10 mM phosphocreatine,
Nr-13 in TBS containing 1 mM DTT, 0.5% bovine serum 25 ug/mL creatine phosphokinase, 7 mM MgC0.2 mM
albumin, and 0.05% Tween 20. After being washed with TBS leupeptine, and 10g/mL cytochalasin B. Extracts were spun
containing 0.1% Tween 20, the plates were incubated for 1 at 10000@ for 1 h, and the cytoplasmic layer containing
h with mouse anti-His antibody (Roche) followed by washing the cytosolic as well as light and heavy membrane fractions
and incubation (1 h) with peroxidase-conjugated anti-mouse (30) was collected and stored in aliquots-a80 °C.
antibody (Dako). After four washes, the binding of Nr-13 ~ The caspase inhibition assay was originally designed by
was detected by addition of peroxidase substrate [0.9 mM Cosulich et al. 1) to mimic the cleavage of poly(ADP-
2,2-azinobis(3-ethylbenzo-6-thiazolinsulfonic acid), 2.9 mM ribose) polymerase by caspase 3 in Xsmopusgg extracts.
H,0,, 0.1 M sodium phosphate, and 80 mM sodium citrate Caspase-3 activity was measured by assaying the cleavage
(pH 4.0)]. Absorption was measured at 405 nm with an of a fluorogenic peptide (Ac-DEVD-AMC) based on the
ELISA plate reader. When indicated, the binding of Nr-13 known cleavage-site sequence of poly(ADP-ribose) poly-
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merase (DEVEG) (32). Xenopusextracts were incubated A
in the presence of either Nr-13 (final concentration of 20

uM), BH3-Bax (20uM) and cytochrome (2.5uM), or the

buffer in which Nr-13 was stored (control experiment). At

different times, 1Q«L samples were removed and incubated

for 10.0 min at 25°C with 50 uM Ac-DEVD-AMC

(Calbiochem) in 50 mM Hepes (pH 7.5), 100 mM NacCl, 10

mM DTT, 1 mM EDTA, and 10% glycerol. After incubation,

samples were diluted to 2 mL with PBS. Cleavage of Ac-

DEVD-AMC was monitored with a fluorimeter using excita-

tion and emission wavelengths of 380 and 460 nm, respec- 12 3 4 5§
tively. Because of the high protein content of tkenopus

ws]

egg extract, Nr-13 was used in the micromolar range in these g‘*o":)U
assays.
RESULTS

8

Overexpression and Purification of Chick Nr-1Bxpres-
sion of chick Nr-13 in the standaif. coli strain BL21DE3
was unsuccessful since the toxicity of the expression plasmid
prevented transformation &. coli host cells. To overexpress 1 | !
Nr-13 without cytotoxic effects, we successfully used the 5 10 1520
C41(DE3) strain Z4) that grew to a high saturation cell Time (min)
density. Nr-13 devoid of the hydrophobic C-terminal region
was expressed as a soluble protein. Due to the cloning
strategy, the recombinant protein contained two extra amino
acids (LQ) followed by a hexahistidine tag at its C-terminus.
However, the protein band hardly could be detected on
SDS-PAGE (Figure 1A, lane 2), and detection was only
possible by Western blotting (data not shown). Subsequently, —
Nr-13 was purified from the soluble fraction by affinity 0 10 20 30 40
chromatography on a NiNTA—agarose column eluted with Time (min)

100 mM imidazole. At this stage, the protein could be Ficurel: Purification and analysis of recombinant Nr-13. (A) The
visualized on SDSPAGE as a band migrating with an bacterial pellet obtained from a 500 mL culture Bf coli cells

; overexpressing the cDNA encoding Nr-13 was submitted to
apparent molecular mass of 18.5 kDa (Figure 1A, lane 3). different purification steps (see Experimental Procedures), and

Highly charged impuri_ties were first bound t(,) an ion samples from each step were analyzed by SBAGE: lane 1,
exchange column run in 50 mM NaCl upon which Nr-13  molecular mass markers; lane 2, total bacteria soluble proteins from
appeared in the flow-through (Figure 1A, lane 4). In the the supernatant; lane 3, protein eluted by 100 mM imidazole from

absence of NaCl, Nr-13 was bound onto a further anion @ Ni-NTA—agarose affinity column; lane 4, pool from the first

exchange column from which it was eluted with a salt Q-Sepharose high-performance column; and lane 5, purified protein
eluted from the second Q-Sepharose high-performance column at

gradient at~60 mM NaCl. To prevent precipitation due t0 0 M NaCl. (B) Analytical reverse-phase HPLC chromatogram
the low-salt conditions, 5% 2-propanol was added to the of purified Nr-13. The protein was loaded on a Vydac C 18 reverse-
elution buffer. This step removed further contaminating phase column, and detection was via UV absorbance at 214 nm.
proteins and resulted in rather pure Nr-13 (Figure 1A, lane (C) Analytical size-exclusion chromatogram of Nr-13. The purified

: ) protein (41ug/90 uL) was loaded on a Superose 12 column, and
5). Analysis by reverse-phase chromatography showed Bdetection was via UV absorbance at 280 nm. The arrow denotes

single homogeneous peak eluting at 17 min (60% acetoni-the void volume of the columnvk). The first and second peaks
trile) (Figure 1B). Approximately 0.5 mg of Nr-13 could be  were recovered within 3.5 and 5.2 min, corresponding to volumes
obtained fron 1 L of culture medium. of 1.4 and 2 mL, respectively. Bars mark the retention times for

. o . the standard proteins: a, bovine serum albumin (66 kDa); b,
Protein CharacterizationSequence comparison between f-lactoglobulin (35 kDa); and ¢, cytochronu(12.4 kDa).

Nr-13 and Bcl-x shows the presence of significant similari-
ties within the BH domains (Figure 2A). The hydrophobic jith the cDNA-derived sequence of chick Nr-13 devoid of
character of critical residues of Bcl-xinvolved in the its first methionine residue. When the C-terminal replacement
interaction with the proapoptotic BH3 domaif, (33) is LQHHHHHH and the removal of the initiating methionine
conserved in the Nr-13 sequence. In Bgl-these residues  gre taken into account, the recombinant Nr-13 protein
include P’ from BH3, V*?%, L**, and P*® from BH1, and  consists of 164 amino acids corresponding to a calculated
F19% in Nr-13, these residues correspond t8 from BH3, molecular mass of 17 768 Da. The same mass was deter-
V7, L7 and F? from BH1, and F°. The location of these  mined by mass spectrometry (Figure 3). Analytical size-
residues within the three-dimensional structure of Belsx  exclusion chromatography showed that the protein is present
shown either alone (Figure 2B) or in complex with BH3- iy two forms with apparent molecular masses of 70 and 18
Bax (Figure 2C;10). kDa (Figure 1C), representing a 1/5 ratio as determined by
N-Terminal sequencing of recombinant Nr-13 showed that integration of the chromatogram. The latter form corresponds
the sequence start is PGSLKE (Figure 2A), which is identical to monomeric Nr-13, while the former probably represents
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[ ol | | o2 ]
Bel-x_ 1 MSQSNRELVVDFLSYKLSQKG.59 . IPMAAVKQALREAGDEFELR
Chick Nr-13 1 MPGSLKEETALLLEDYFQHRAGGAA. . . .LPPSATAAELRRAAAELERR
BH4 BH3
[ a4 ] [ o5

Bel-x_ 101 YRRAFSDLTSQLHITPGTAYQSFEQVVNELFRD. GVNWGRI VAFFSFGG
Chick Nr-13 46 ERPFFRSCAPLARAEPREAAALLRKVAAQLEAEGGLNWGRLLALVVFTG
BH1

1 [ 06 i, ] I. o7 |
Bel-x_ 149 ALCVESVDKEMQVLVSRIAAWMATYLNDHLEPWIQENGGWDTFVELYGN
Chick Nr-13 95 TLAAATAESGCEEGPSRLAAALAAYLAEEQGEWLEEHGGWDGFCRFFGR
BH2

Bel-x_ 198 NAAAESRKGQERFNR.WFLTGMTVAGVVLLGSLFSRK
Chick Nr-13 144 HGSQPADQNSTLSNAIMAAAGFGIAGLAFLLVVR

A

FiIGURE 2: (A) Sequence alignment of chick Nr-13 (GenBank accession no. AF375661) and.Bdertical and similar residues are in

green and blue, respectively. The BH1, BH2, BH3, and BH4 domains are shown in red, purple, blue, and green, respectively. The helices
are denoted with boxes, based on the structure of BEFx For the purpose of alignment, residues-8® of Bcl-x_, corresponding to the

long loop, are missing. The number 59 replaces these residues. The amino acid sequence of Nr-13 obtained by N-terminal sequencing of
the protein is underlined and highlighted in red. Dots denote the conserved tryptophan residues. The arrow indicates the C-terminal end of
the recombinant protein. (B) A ribbon representation of Bcl-xL. The coordinates of Bcl-xL were obtained from Protein Data Bank entry
1MAZ. The helices are distinguished by different colors. The key residU8sFI®5, V126 130 and F49) forming the hydrophobic cleft

involved in BH3 binding are indicated, as well as conserved residu&§ W8l and W8, (C) Surface representation of the Bel-x

Bak-BH3 peptide. The coordinates of the complex were obtained from Protein Data Bank entry 1BXl.. &al-the Bak peptide are

shown in blue and red, respectively. Residu&and P46 are buried by the BH3 peptide, and the other hydrophobic residues are shown

in green (F%), yellow (L9, or white (V2. W137 and W81 are shown in magenta, and$¥cannot be seen in this view.

a tetramer as judged from its elution position. Assuming all intense negative bands at 208 and 222 nm which is

the loaded protein is recovered in two elution peaks (Figure characteristic for a prominent contribution of-helices

1C), we can estimate concentrations of x8 108 M (Figure 4A). The helical content of the protein as calculated

tetrameric Nr-13 and &% 107 M monomeric Nr-13 for the  from the ellipticity at 222 nmZ7) is ~55—60%. The P]0d

first and second peaks, respectively. The presence of Nr-13[6].,, ratio of 1.1 is indicative of noninteracting-helices

in both peaks was ascertained by SEFSAGE analysis (data  (34). Fluorescence spectra were recorded to estimate the local

not shown). environment of the tryptophan residues within the tertiary
To estimate the level of folding of the purified protein, structure. The intrinsic fluorescence spectrum of purified Nr-

the secondary structure of recombinant Nr-13 was determined13 showed that maximal emission was observed at 326 nm

by CD spectroscopy. The CD spectrum of Nr-13 displayed upon excitation at 295 nm (Figure 4B). For solution-exposed
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Ficure 3: Deconvoluted electrospray mass spectrum of purified @ o0k A cytochrome ¢
recombinant Nr-13. The eluted protein from the reverse-phase o
column (Figure 1B) was passed into the mass spectrometer. Mass g
spectra were acquired as indicated in Experimental Procedures. i 10
4
A 0 1 I 1
40000 0 1 2 3
30000 Incubation time (h)
. Ficure 5: Inhibition of caspase activation Kenopusegg extracts
T 20000 by Nr-13.Xenopusegg extracts were incubated in the presence of
CEJ either purified Nr-13 in 20 mM Tris (pH 8) containing 10 mM
S EDTA, 5% 2-propanol, and 10 mM DTT (Nr-13); the buffer in
o 10000 which Nr-13 was stored (control); the peptide corresponding to the
g BH3 domain of Bax in the same buffer (BH3-Bax); both proteins
o 0 at stoichiometric amounts (Nr-13/BH3); or cytochromeAt the
) indicated times, samples were withdrawn and caspase activation
~ -10000 was analyzed by cleavage of the fluorogenic substrate Ac-DEVD-
=) AMC, as indicated in the Experimental Procedures. Caspase
activation was detected by an increase in fluorescence emission at
-20000 460 nm upon excitation at 380 nm.
-30000 | . R . several hours3b). Consistently, Figure 5 shows that upon
200 210 220 230 240 250 incubation at 25C, controlXenopusextracts exhibit caspase
Wavelength (nm) activation afte a 3 h lagperiod. Addition of 20uM Nr-13
B at the beginning of the incubation prevented caspase activa-
—~ 1.200F tion, demonstrating the antiapoptotic activity of the purified

protein. The same results were obtained with a lower
concentration (M) of Nr-13 (data not shown). In contrast,

in the presence of BH3-Bax peptide, activation of caspase
occurred within 1 h. Given that heterodimerization can
modulate the activity of the apoptotic and antiapoptotic
proteins, we tested whether Nr-13 could inhibit the caspase-
activating effect of the BH3 domain of Bax. When stoichio-
metric amounts of Nr-13 and BH3-Bax peptide were
incubated withXenopusextracts, no caspase activation could
be observed withi 3 h ofincubation, indicating that Nr-13
Ficure 4: Circular dichroism and fluorescence spectra of Nr-13. strongly counteracts the BH3 effect (Figure 5). As previously
(A) CD spectrum of purified Nr-13 in 20 mM Tris buffer (pH 8)  gpserved 19), the addition of exogenous cytochrorogo

containing 10 mM EDTA, 5% 2-propanol, and 0.5 mM DTT. The . . . S
protein concentration was 4éM. (B) The emission fluorescence the extract results in an immediate activation of caspase-3.

of 0.4 uM Nr-13 (thick line) was recorded upon excitation at 295  High-Affinity Binding of Nr-13 to Cytochrome ¢ and BH3-
nm in 1.2 mL of buffer at pH 8 (see Experimental Procedures) and Bax Peptide.Previous reports suggested an alternative
corrected for buffer contribution. The fluorescence spectrum of 0.4 pathway for preventing apoptosis by the antiapoptotic
#M N-acetyltryptophanamide (thin line) was recorded under the e mpers of the Bcl-2 family: this implied a blockage of the
same conditions and corrected for buffer contribution. T .

release of cytochrome from mitochondria 18, 19). One

can hypothesize that such a blockage might result from a
tryptophan, as mimicked byl-acetyltryptophanamide, maxi-  direct interaction between the antiapoptotic proteins and
mal emission was found at 348 nm. This 22 nm blue shift cytochromec. To check this hypothesis, the direct interaction
indicates that the tryptophan residues of Nr-13 are localized between Nr-13 and cytochronewas investigated by an
within a hydrophobic environment. ELISA in which cytochrome or lysozyme, as an unrelated

Prevention of Caspase Actition by Nr-13 The biological protein, was incubated with increasing amounts of Nr-13

activity of the purified protein was assessed in a cell-free (Figure 6A). Nr-13 specifically bound to immobilized
system based aXdenopusegg extracts. This system presents cytochromec since a saturation binding curve was obtained
spontaneous activation of caspases after a lag period ofafter correcting for a low level of unspecific interactions as
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D
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a covalent complex which upon SB®AGE analysis

A B ’GSPG o migrates slower than Nr-13 (Figure 6C, lane 4). When Nr-
1S & 13 was treated with glutaraldehyde in the absence of BH3-
2 1 I 1 Bax, this band could not be observed (Figure 6C, lane 3).
0.8 The difference of migration between the complex and Nr-
= 1.6r o0 6- 13 corresponds to ca. 3 kDa which agrees well with the mass
< 4l c ] of 3300 Da of BH3-Bax as determined by mass spectrometry.
§ § 0.4 This corroborates the above data in which similar concentra-
;;0'5' < - tions of Nr-13 prevented the activation of caspases by BH3-
0 L . L . 0.21 Bax, indicating that the Nr-13BH3-Bax interaction is
0 1 N2 13 S 4 5 T biologically significant. Cross-linking experiments also
13 (ug) 0 1 2 3 4 indicated the presence of a dimeric form of Nr-13, since upon

glutaraldehyde treatment a faint band appeared corresponding
to a mass of 39 kDa (Figure 6C, compare lanes 2 and 3).
Although less intense, this band was also visible in the
presence of BH3-Bax. No band corresponding to a tetramer
could be visualized after cross-linking. Similar results were
obtained when ethylene glycol bis(succinimidyl succinate)
o8/ B i was used as an alternative cross-linker at a final concentration
o 1 2 3 4 s 20#”**‘6 of 0.9 mM (data not shown). Because of the presence of
Nr-13 (ug) e only two lysine residues within the Nr-13 sequence, the
g g cross-linked products may not be the result of collisional
cross-linking, even if this possibility cannot be completely
ruled out. The use of a cross-linking experiment to assess
FIGURE 6: Binding of Nr-13 to cytochrome and BH3-Bax. (A) binding of Nr-13 to cytochrome was unsuccessful since
In the top panel, 2.5%g of either cytochrome or lysozyme was  Cytochromec alone, containing 19 lysine residues, was cross-
adsorbed onto the plastic surface of an ELISA plate. After saturation linked into higher-molecular mass components (data not
of the nonspecific sites of the wells with 1% bovine serum albumin, shown). This may be attributed to collisional cross-linking

increasing concentrations of Nr-13 in a total volume of 100 . . . .
were added to the wells of microtitration plate. Afta 1 h due to the high primary amino group content found in

incubation at room temperature, the amount of Nr-13 bound to solid- Cytochromec. - .
phase cytochrome (upper line) or lysozyme (lower line) was The interaction of Nr-13 with both cytochrorseind BH3-

detected with an anti-His antibody followed by a peroxidase- Bax was further characterized by quenching of the Nr-13
conjugated second antibody, and addition of peroxidase substratgntrinsic tryptophan fluorescence. Incubation of @M Nr-

as described in Experimental Procedures. In the bottom panel, the B, . .
difference between the level of binding to cytochromand the 13 with increasing concentrations of cytochromied to a

level of nonspecific binding to lysozyme, which bears positive Marked quenching of Nr-13 fluorescence, suggesting a direct
charges similar to those of cytochrome is represented. (B)  binding to cytochrome [Figure 7B ©)]. The Nr-13 spectral
Cytochromec (1 ug) adsorbed to the wells was detected by anti- modifications showed a saturation dependence on cyto-
cytochromec antibody (lane 1, positive control) or anti-His antibody chromec concentration with a maximal quenching value of

(lane 2, negative control). Solid-phase cytochroen@ ©g) was . .
incubated fo 1 h with either Sug of Nr-13 (lane 3) or a mixture 2/ £ 2%. This value reflects the average of quenching of

of 5 ug of Nr-13 and 9.3:g (10-fold molar excess) of BH3-Bax  the three tryptophans. The observed quenching was not due
peptide (lane 4) in a total volume of 1@Q.. The amount of Nr-13 to fluorescence resonance energy transfer since the absor-
bound to the solid phase was detected with an anti-His antibody aspgnce of reduced cytochronsgwhich is very low between

described above. (C) Cross-linking of Nr-13 with BH3-Bax peptide. PRI )
Nr-13 (154M) in the presence or absence of BH3-Bax was treated 300 and 3.80 nm, may hardly overlap .W'th |ntr|nS|c_ fluo_res
with glutaraldehyde (final concentration of 0.06%) for 20 min before C€Nce emission spectra of Nr-13 (Figure 4B, thick line).
analysis by SDSPAGE and Coomassie Blue staining: lane 1, When Nr-13 was incubated under the conditions described

molecular mass markers; lane 2, Nr-13; lane 3, Nr-13 treated with above, with either the heme (0.2 and M) or insulin (0.4
glutaraldehyde; and lane 4, stoichiometric amounts of Nr-13 and uM) as a control (insulin does not contain any tryptophan
Sys?t}Eﬁxoftﬁiti?oZﬁfﬁnﬁéuéaéféﬂig{de' The arrow indicates the residue), no change in quenching of Nr-li_% was obser\(ed
(data not shown). Moreover, when quenching was studied
estimated from the lysozyme data. The binding curve reachedwith a recombinant W127F mut&ninder the same condi-
50% saturation at an Nr-13 concentration~ef x 10°7 M. tions that were used for wild-type Nr-13, no change was
The accuracy of the ELISA technique was ascertained by observed upon addition of cytochroroevithin the concen-
the absence of interactions between the anti-His antibodytration range used in Figure 7B. We verified by CD that
and cytochromee (Figure 6B, column 2), while the anti- this substitution does not modify the correct folding of the
cytochromec antibody efficiently binds to cytochrome protein. In addition, this mutant exhibited lower antiapoptotic
(Figure 6B, column 1). The level of Nr-13 binding to activity than wild-type Nr-13. This indicates that the
cytochromec was diminished by~70% when Nr-13 was  quenching observed for wild-type Nr-13 is not due to
preincubated with BH3-Bax (Figure 6B, compare columns unspecific binding of Nr-13 with cytochronee Curve fitting
3 and 4). using GraFit 29) resulted in an apparent dissociation constant
Binding of BH3-Bax to Nr-13 was monitored by cross- of (3.3+ 2.4) x 10°8 M. Half-maximal quenching [Figure
linking. Stoichiometric amounts of Nr-13 and BH3-Bax (15
uM each) incubated in the presence of glutaraldehyde formed 2A. Barthelaix and M. Moradi-Arfig unpublished observations.

-
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7B (O)] is observed at-8 x 108 M added cytochrome.
The 4-5-fold higher value observed in ELISA experiments
might reflect changes due to binding of the protein to the
surface of the ELISA plate and/or to the fact that this
technique does not allow experimentation under equilibrium
binding conditions. A low concentration of ligand (7GV))
can induce significant quenching of Nr-13 tryptophan [Figure
30 a0 an 7B (0)]. However, such a quenching should occur at a lower
Emission wavelength (nm) Nr-13/ligand molar ratio and is not consistent with the high
Nr-13 concentration of 4 107 M used in this assay (as
measured by the Bradford assay for monomeric Nr-13 and
e+ estimated by Coomassie Blue staining of Nr-13 following
SDS-PAGE). This discrepancy is also observed when using
GraFit 29). The program required an Nr-13 concentration
of 0.1 uM instead of 0.4uM for calculation ofKp. Such a
discrepancy between the experimental and theoretical con-
; . . centration of Nr-13 might be explained assuming that the
Cytochrome ¢ interacting form of Nr-13 is a tetramer. The presence of
total concentration (10°7 M) tetrameric Nr-13 as found by gel permeation (see Figure 1C)
supports this suggestion.
) A marked quenching of Nr-13 intrinsic fluorescence was
also observed upon incubation with increasing concentrations
A% of BH3-Bax with a maximal value of 2& 2% (Figure 7C).
, An apparent dissociation constant of (2:81.5) x 108 M
" could be determined using a curve fitting program assuming
. . an Nr-13 concentration of 0.kM instead of 0.4uM,
: B:ISB &8 suggesting that the tetramer appears to be the interacting
total concentration (107 M) form. Half-maximal quenching was achieved atx610 8
M BH3-Bax (Figure 7C). When Nr-13 reached maximal
FiGure 7: Nr-13 binding to cytochromec and BH3-Bax as  quenching after preincubation for 15 min with BH3-Bax, no

monitored by quenching of the intrinsic fluorescence. (A) Inner- further reduction in fluorescence could be observed by
filter effect of cytochrome. The fluorescence spectrum of G

NATA was recorded after excitation at 295 nm in 1.2 mL of buffer, SuPSequent addition of increasing concentrations of cyto-
at pH 8.0, in the absence of cytochroméupper black line) orin ~ chromec [Figure 7B @)]. Only a low level of residual

the presence of increasing concentrations (0.1, 0.2, 0.3, 0.4, 0.5,quenching was observed, reaching 8% for high concentra-
0.6, and 0.8:M from the purple line for the lowest concentration tjons of cytochromee. This leads to the following sugges-

to the blue line for the highest concentration, respectively). Each ; : _
trace was corrected by buffer subtraction. The slight decrease intlons' ()) A conformational change of Nr-13 may occur upon

NATA fluorescence following addition of cytochronus typical binding of Nr-13 to BH3-Bax which alters its ability to bind
of the inner-filter effect which is due to the random absorbance of Cytochromec. (i) Given that both ligands, exhibiting similar
part of the exciting photons by cytochroree The highest cyto- Kp values, produced similar fluorescence quenching, an
chromec concentration (0.8(M) led to a slight decrease (up to exchange between ligands may occur which would not

8%) in NATA fluorescence. (B) Interaction with cytochroro@as : e ; ; ;
monitored by quenching of the intrinsic fluorescence of Ni-£3, ( induce any additional change in fluorescence. This residual

The fluorescence spectra of ¥ Nr-13 were recorded after exci- ~ duenching agrees with the prevention of Nr-13 binding to
tation at 295 nm in the presence of increasing concentrations of immobilized cytochromee in an ELISA (see Figure 6B).

cytochromec. Each spectrum was corrected by buffer subtraction. An apparent discrepancy exists between the 8% level of
The peak of intrinsic fluorescence emission was integrated betweenyagidqual quenching and the 30% level of residual binding of

310 and 380 nm and corrected for inner-filter effects of cytochrome . I . .
c determined on NATA fluorescence as described for pane®. ( Nr-13 to immobilized cytochromein ELISA experiments.

Nr-13 (0.44M) was first preincubated for 15 min in the presence T his higher level of rgsidual bin'ding may be explained by a
of 0.2 uM BH3-Bax, and then the fluorescence spectra of Nr-13 low level of unspecific interaction between Nr-13 and the
were recorded after excitation at 295 nm in the presence of increas-immobilized protein (as observed in Figure 6A), and/or an

ing concentrations of cytochromeas described above. Maximal exchange between ligands (cytochrooend BH3-Bax) for
and minimal quenching values as well as dissociation constants

were determined using GraFi9), taking into account a final binding to Nr-13 that may occur duringetl h incubation
concentration of 0.M for Nr-13. The traces are computed curves in the latter experiments.

generated with the GraFit software. They are characterized by the

following parameters: @) Fax = 95.4+ 1.8 andFm, = 68.6+ DISCUSSION

2.3 and @) Fpax= 97.2+ 1.2 andFy,, = 89.6 £+ 3.3. (C) Inter- . . . . .
action with BH3-Bax as monitored by the quenching of intrinsic The aim of this work was to purify the antiapoptotic

fluorescence. The fluorescence spectra of M Nr-13 were protein Nr-13 to homogeneity in its biologically active form
recorded after excitation at 295 nm in the presence of increasingto characterize the binding properties of this protein of the
concentrations of BH3-Bax. Each spectrum was corrected by buffer B¢l-2 family. Nr-13 was prepared and purified by (i) removal
subtraction. The peak of intrinsic fluorescence emission was of the putative C-terminal transmembrane domain to enhance

integrated between 310 and 380 nm and corrected for inner-filter - .. . . . L
effects of BH3-Bax. The computed curves present the following the solubility, (ii) fusion with a C-terminal hexahistidine tag,

parameters:Fma = 98.8+ 1.6 andFmi, = 70.3+ 1.7. In panels  and (iii) use of a specia. coli host strain to prevent the
B and C, the total ligand concentration is indicated on the abscissa.problem of toxicity of the expression plasmid. The standard
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purification protocol consisting of affinity chromatography function of Nr-13 may dominate the proapoptotic function
followed by anion exchange chromatography proved to be of BH3-Bax and is consistent with the recently reported
insufficient which is probably due to the rather poor solubility capacity of Nr-13 to antagonize the death-inducing effect of
of Nr-13 and its tendency to aggregate with other proteins. Bax in yeast 42).
A second anion exchange chromatography step allowed the Studies using recombinant proteins suggest that both
preparation of the highly pure protein as ascertained by the homo- and heterodimers can be disrupted by interaction with
presence of a single peak upon reverse-phase chromatogrgpeptides derived from BH3 domains of Bax or Bak with an
phy. Elution of the purified protein on the reverse-phase apparent micromolar affinity 4@8). In accordance with
column required an acetonitrile concentration of as high as previous data on the binding of Nr-13 to BaR3], an
60%, indicating that the whole molecule was hydrophobic. interaction between BH3-Bax and Nr-13 is reported from
Both amino-terminal sequencing and mass spectrometrycross-linking experiments. This can be correlated with the
confirmed the identity of the purified protein as Nr-13 and above results on the function of Nr-13 in neutralizing the
showed that the initiating methionine was removed. Our data BH3-Bax effect. The affinity of this interaction was measured
support the idea that Nr-13 is structurally related to Bgl-x by quenching of the fluorescence emission of Nr-13 tryp-
and that recombinant Nr-13 adopts a nativelike conformation. tophan residues. A low apparent dissociation constant of 28
Consistent with the structure of Bcl-xwhich is 60% nM was determined, compared to the dissociation constants
o-helical (7, 10), CD studies indicate that Nr-13 has a55  reported for the interaction of either Bcl-xvith Bak- and
60% a-helical conformation. W and W8t of Bcl-x,, which Bax-BH3 (0.2 and 13(M, respectivel;10), or Bcl-2 with
are equivalent to W and W27 of Nr-13, respectively (see  Bax-BH3 (0.14 uM; 44) and to the above-mentioned
Figure 2), have been reported to be located in the vicinity affinities @3). While tetrameric Nr-13 seems to be the
of a hydrophobic BH groove with their side chains exposed interacting form trapping the BH3 peptide, it is likely that
in the central area of the groov&,(33). Consistently, this oligomeric state dissociates further into a heterodimer
tryptophans 83 and 127 of the BH1 and BH2 domains, containing monomeric Nr-13 since only the latter form is
respectively, seem to be located within a hydrophobic cross-linked with the peptide. This is as well supported by
environment as evidenced by the low wavelength for the 1/1 stoichiometry observed in other complexes formed
maximal fluorescence emission, 326 nm, which is markedly by antiapoptotic proteins and BH3 peptidé$,(43) and by
blue shifted (22 nm) when compared to that of solution- the model proposed below for the Nr-1BH3 complex.
exposed\-acetyltryptophanamide. Binding data may alternatively be explained assuming that
Critical functions of Bcl-2-like proteins are thought to be a substoichiometric amount of monomeric ligand induces a
modulated by the formation of dimer3§, 37). The proapo- change in the Nr-13 conformation, resulting in a change in
ptotic protein Bax was reported to form large oligomers, fluorescence. The structure of the BeBH3-Bak complex
while antiapoptotic proteins such as Bcl-2 and Bclwere revealed that the insertion of the BH3 domain into the
essentially monomeric3g, 39). A fraction of the Nr-13 hydrophobic cleft of Bcl-x is a key event in the het-
population (20%) running through a gel permeation column erodimerization procesd() (see Figure 2C). The complex
is found to be under a tetrameric state. When the pressureis essentially stabilized by four highly conserved hydrophobic
applied to the protein during chromatography which tends side chains of the Bak helix 8, L78, 18, and % pointing
to dissociate multimers is considered, it is likely that to the hydrophobic cleft of Bclix (10). By analogy, and
tetrameric Nr-13 represents more than 20% of the total Nr- because of the sequence similarity between BH3-Bak and
13 population. The presence of dimeric Nr-13 instead of the -Bax and the known structure of Bag)( a model can be
tetramer in cross-linking experiments may be explained proposed in which residues®. L, 1%, and L'° of Bax-
assuming that due to steric constraints the tetramer in solutionBH3 may direct their side chains to the hydrophobic cleft
is formed by two asymmetric dimers. The use of a diluted of Nr-13. According to this model, the high-affinity hydro-
protein solution and short times of incubatiat0), as well phobic interaction thus induces tight heterodimerization,
as the presence of a few reactive primary amino groups in producing complete disruption of the multimeric state of Nr-
Nr-13 (2 K), reduce the possibility of collisional interactions. 13. Residue Y°* has been reported to be crucial for the
The ability of Nr-13 to prevent caspase activation in a interaction of Bcl-x with BH3 (10), and a Y101K substitu-
cell-free system provides strong evidence that the moleculetion abolished this interactio®$). In Nr-13, however, the
is functionally active. Nr-13 might exert its antiapoptotic residue corresponding to'%is E* (Figure 2A); nonetheless,
activity at the mitochondrial level since iKenopusegg this seems not to interfere with its functional activity or its
extracts system caspase activation was reported to be due tbinding to the BH3 domain of Bax. Nr-13, as another
a spontaneous release of cytochroogom mitochondria antiapoptotic protein, is located at the outer mitochondrial
(19, 41). In agreement with our data, the BH3 domain from membrané, while Bax is translocated from the cytosol to
proapoptotic Bcl-2 proteins was reported to trigger apoptosis this membrane after induction of apoptog!§)( On the basis
in Xenopusegg extracts, likely by binding endogenous of this localization, our data suggest that in the physiological
proteins of the Bcl-2 family that may be present in the context, one of the functions of Nr-13 is to neutralize the
extracts 81). Our experiments of titrating the activity of ~Bax apoptotic activity via a BH3-dependent mechanism at
BH3-Bax peptide against exogenous Nr-13 show that the the mitochondrial level.
interaction of a BH3 domain with Nr-13 neutralizes the Blockage of cytochrome release from mitochondria by
ability of BH3 to trigger apoptosis. Interestingly, this the antiapoptotic members of the Bcl-2 family has been
interaction does not turn Nr-13 into a proapoptotic molecule; reported as an alternative pathway for the prevention of
on the contrary, it completely abrogates the ability of BH3
to induce apoptosis. This suggests that the antiapoptotic 2 A. Aouacheria and G. Gillet, unpublished observations.
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apoptosis 18, 19). However, the mechanism by which Bcl-2 ACKNOWLEDGMENT
proteins are able to block the release remains unknown. In
the study presented here, our data support a direct interactiorb
between Nr-13 and cytochrone In fact, the binding of
either immobilized or soluble cytochroneeo the well-folded
and active recombinant protein Nr-13 occurs with hig
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