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Abstract

XIAP is multi-functional protein which regulates apoptosis acting as a direct caspase
inhibitor. It is overexpressed in cancer cells, where it antagonizes the pro-apoptotic action
of chemotherapeutics, and therefore it has become an important target for the treatment of
cancer. In cells undergoing programmed cell death, the pro-apoptotic protein Smac is
released by the mitochondria and binds to XIAP, thereby blocking caspase inhibition. Thus,
Smac is considered a master regulator of apoptosis in mammals. In this regard, several Smac
mimetic compounds have been developed to inhibit XIAP activity in cancer tissues. These
compounds have shown low efficacy, partly due to the lack of structural knowledge of the
XIAP-Smac interaction. In this work, through SEC-MALS and Circular Dichroism, we
provide the first biophysical characterization of the interaction between the full-length form
of XIAP and Smac, determining the stoichiometry of the complex and providing important
information to develop more effective XIAP inhibitors.
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1. Introduction

The X-chromosome linked Inhibitor of Apoptosis Protein (XIAP) is a multifunctional
multidomain cytoplasmic protein, which was first recognised as a potent inhibitor of
apoptosis [1,2]. XIAP is composed by three N-terminal zinc-binding BIR domains, a
ubiquitin associated UBA domain and a C-terminal zinc-binding RING domain [3]. XIAP
exerts its anti-apoptotic activity binding and inhibiting the effector caspases 3 and 7 through
its BIR2 domain [4-6], and the initiating caspase 9 through its BIR3 domain [7]. When the
cell has to undergo programmed cell death in response to apoptotic stimuli, such as DNA
damage and the activation of cell-surface death receptors, the caspase cascade is activated
by the release of cytochrome c¢ from the intermembrane space of mitochondria [8].
Cytochrome c associates with Apaf-1 inducing its oligomerization, which in turn leads to
the maturation of caspase 9 and consequently of the effector caspase 3 [8]. Another
important protein involved in the regulation of apoptosis released by mitochondria, is Smac
(second mitochondria-derived activator of caspases) also called DIABLO [9,10]. Smac
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eliminates the inhibitory effect of many proteins belonging to the IAP family, and thus it is
considered a master regulator of apoptosis in mammals [9,10]. More precisely, previous
data show that the wild type mature form of Smac (residues 56-2391-184) interacts with the
BIR domains of the proteins belonging to the IAP family through the N-terminal
tetrapeptide (A-V-P-I), exerting their inhibitory effects on caspases [11]. XIAP is
overexpressed in several types of cancer, in which it potentiates cell survival and resistance
to the pro-apoptotic chemotherapeutic drugs [12,13]. Therefore, XIAP has become a
promising target for the development of new anticancer treatments [12,14]. Specifically, the
class of Smac mimetics, i.e., molecules that mimic the interaction of the AVPI tetrapeptide
with the BIR2 and BIR3 domains of XIAP, have been extensively studied [15-19]. However,
several Smac mimetics taken into account display a reduced binding affinity for XIAP [13].
The first crystallographic structures showed that Smac forms a dimer which interacts with
the BIR2 and BIR3 domains of XIAP [11,20]. However, later on through gel filtration analysis
it has been estimated that in solution Smac behaves like an oligomer of approximately 100
kDa [9]. In accordance, a recent structural analysis obtained combining small-angle X-ray
scattering (SAXS) and light scattering with molecular modelling concluded that Smac
behaves like a flexible tetramer in solution [21]. Furthermore, it has been also shown that
Smac has an enhanced affinity for the BIR2-BIR3 construct with respect to the isolated
domains [22]. However, the interaction of Smac with the wild type full-length XIAP has
never been described, as the full-length form has only recently been purified [3]. In our
previous work, we demonstrated that full-length XIAP in solution forms a compact
homodimer of 114 kDa, where each subunit - composed of five folded domains separated
by unstructured linkers - retains a certain degree of internal flexibility [3]. Consequently, in
order to design even more potent IAP inhibitors, it is fundamental to determine the exact
stoichiometry of the interaction between XIAP and Smac as it takes place in the cell,
considering the physiologically active forms of both partners. In this study, we provide the
tirst biophysical characterization of the interaction between Smac and full-length XIAP,
through size exclusion chromatography combined with multi angle light scattering (SEC-
MALS) and circular dichroism (CD) analysis.

2. Materials and Methods

2.1 Protein expression and purification

2.1.1 XIAP

Recombinant full-length XIAP was expressed and purified following an existing protocol
[3]. Briefly, the gene encoding full-length wild type XIAP (a.a. 1-497) was cloned in the
pDEST-His-MBP vector, which adds a GSF sequence at the N-terminus of the protein after
cleavage of the tag(computed MW: 56845 Da). The plasmid was used to transform E. coli
BL21 (DE3) Codon Plus RIPL cells, which were grown in LB medium supplemented with
100 pM ZnSO4 at 37 °C and 170 rpm until mid-log phase. The expression was then induced
with 750 pM IPTG, and the cells were grown overnight at 20° C and 170 rpm. The cells were
then harvested and re-suspended in 100 mL binding buffer (20 mM Tris, 1 mM of TCEP and
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5 mM of Imidazole, pH 8) supplemented with protease inhibitor tablets (Sigma-Aldrich)
and lysed by sonication (3 seconds ON, 9 seconds OFF, at 60% of amplitude for 40 minutes).
The clarified lysate was passed through a 5 mL HisTrap FF column (Cytiva) and the protein
was eluted with the elution buffer (20 mM Tris, 1 mM of TCEP and 500 mM of Imidazole,
pH 8). The N-terminal His-MBP tag was cleaved incubating overnight with TEV in dialysis
(5 L). As final purification step, XIAP was passed through a size exclusion HiL.oad 16/600
Superdex 200 pg chromatography column (GE healthcare Life Sciences) and was transferred
in the final buffer (20 mM Tris, 0.5 mM TCEP, pH 7.4).

2.1.2 Smac/DIABLO

The gene encoding the mature form of wild type Smac (a.a. 56-239) was cloned in a pET-
28b(+) vector which adds a methionine residue at the N-terminal and a LEHHHHHH tail
at the C-terminal of the protein (computed MW: 21961 Da). The plasmid was used to
transform E. coli BL21 (DE3) cells which were grown in LB medium at 37 °C and 170 rpm.
At mid-log phase the expression was induced with 750 pM IPTG and the cell culture was
grown for 5 hours at 37° C and 170 rpm. The cells were then harvested and re-suspended in
100 mL binding buffer (20 mM Tris, 1 mM of TCEP and 5 mM of Imidazole, pH 8)
supplemented with protease inhibitor tablets (Sigma-Aldrich) and lysed by sonication (3
seconds ON, 9 seconds OFF, at 60% of amplitude for 40 minutes). The clarified lysate was
passed through a 5 mL HisTrap FF column (Cytiva) and the protein was eluted with the
elution buffer (20 mM Tris, 1 mM of TCEP and 500 mM of Imidazole, pH 8). Finally, Smac
was passed through a size exclusion HilLoad 16/600 Superdex 200 pg column (GE
healthcare Life Sciences) and was transferred in the same final buffer of XIAP (20 mM Tris,
0.5 mM TCEP, pH 7.4).

2.2 SEC-MALS

SEC-MALS experiments were performed using a Superdex 200 10/300 GL column (GE
healthcare Life Sciences) at a flowrate of 0.75 mL/min. The instrument setup includes a
multi-angle light scattering (DAWN EOS, Wyatt Technology Corp.) with a quasi-elastic
light scattering detector (QUELS, Wyatt Technology) and a refractometer with extended
range (Optilab rEX, Wyatt Technology Corp.), connected to a high-performance liquid
chromatographer. The data were analysed with the ASTRA V (Wyatt Technology Corp.)
software.

2.3 Analytical gel filtration

The analytical gel filtration experiments were performed using a Superdex 200 Increase
10/300 GL column (GE healthcare Life Sciences) injecting 500 pL of protein sample and
eluting at 0.75 mL/min flowrate with 20 mM Tris, 0.5 mM TCEP, pH 7.4 buffer. The elution
fractions were collected and analysed by SDS-PAGE using Any kD™ Mini-PROTEAN®
TGX™ Precast Protein Gels (Bio-Rad).



2.4 Circular Dichroism

CD experiments were performed on a JASCO J-810 spectrometer using a 0.1 cm quartz
cuvette containing 400 pL of protein solution. The spectra were recorded over wavelength
range 200-250 nm at 25° C. The unsmoothed spectra are the average of 5 scans and were
processed with the JASCO Spectra Manager software. The calculation of secondary
structures was performed using the BeStSel (Beta Structure Selection) web tool [23,24].

3. Results

3.2 SEC-MALS

SEC-MALS is an efficient technique for the characterization of protein mass, interactions,
oligomerization and aggregation state [25]. SEC-MALS analysis performed on Smac
allowed us to determine that in solution the protein forms a monodisperse species with an
average experimental molecular weight (MWayg) of 88 kDa (uncertainty 0.1%), which is
compatible with a tetrameric oligomerization state (Fig. 1a). Notably, the reported MWayg is
slightly lower than that previously reported by gel filtration (~100 kDa [9]) and by SAXS
and static light scattering experiments (90 kDa [21]), and is in excellent agreement with the
theoretical MW (87.8 kDa). SEC-MALS analysis of XIAP is consistent with our previous
finding [3], and confirms that XIAP in solution forms a homodimer of MWayg of 115 kDa
(uncertainty <0.1%, theoretical MW: 113.7 kDa) (Fig. 1b). Interestingly, the tetramer of Smac
elutes faster from the size exclusion column than the dimer of XIAP, even if it has a lower
molecular weight, thus explaining the higher MW previously reported by gel filtration
analysis. As a matter of fact, the conformational properties of each macromolecule can affect
the elution speed within the pores of the resin, and thus can happen that a protein with a
stretched conformation elutes earlier than a bigger, but more compact one.

Since Smac forms a tetramer in solution, we mixed 10 pM of XIAP (dimer concentration)
with 10 pM of Smac (tetramer concentration) and we performed SEC-MALS analysis on the
mixture. Such experiment demonstrated that the two proteins interact with a 2:4 monomer
stoichiometry (i.e., 1 XIAP dimer : 1 Smac tetramer) forming a single monodisperse species
with a MWayg of 209 kDa (uncertainty 0.1%), which is very close to the theoretical molecular
weight of the complex (201.5 kDa) (Fig. 1c). Mixing XIAP and Smac with a 2:1 monomer
ratio resulted in two distinct species in the chromatogram: one peak can be attributed to the
2:4 complex (MWavg 224 kDa, uncertainty 0.1%) and one belongs to the homodimer of XIAP
( MWayg 110 kDa, uncertainty 0.2%) (Fig. 1d). Finally, mixing XIAP and Smac with a 1:10
monomer ratio resulted in a single broad peak in the chromatogram (Fig. 1e). Analysis of
the light scattering data revealed that the peak has two components with different scattering
profiles, due to the overlap between the elution peak of the Smac with that of the complex,
with MWayg of 204 and 100 kDa (uncertainty 0.1%), consistent with the 2:4 complex and with
the Smac tetramer, respectively.

3.2 Analytical gel filtration



Analytical gel filtration experiments confirmed the results obtained through SEC-MALS.
Both Smac and XIAP are monodisperse in solution and their elution peaks resulted in a
single band at ~22 and ~57 kDa, respectively, when run on a denaturing and reducing SDS-
PAGE (Fig. 2a, b and e). Even in the case of the analytical gel filtration (which was
performed on a different column than SEC-MALS), the Smac tetramer eluted slightly earlier
with respect to the XIAP dimer, despite the higher molecular weight of the latter. The SDS-
PAGE analysis of fraction corresponding to the single elution peak of the complex (Fig. 2c)
displayed two separated bands (Fig. 2e), confirming that the two proteins form a 2:4
complex, which is disrupted under denaturing and reducing conditions. This is in
accordance with the fact that Smac interacts with the BIR domains of XIAP through non-
covalent interactions [11]. Similarly, the SDS-PAGE of the fractions corresponding to the
two peaks obtained by mixing XIAP and Smac in a 2:1 monomer ratio (Fig. 2d) confirmed
that they belong to the 2:4 complex and to XIAP, respectively (Fig. 2e).

3.3 Circular Dichroism

Far ultraviolet (UV) CD spectroscopy is a frequently used technique for the assessment of
protein secondary structure in solution. Each protein has an intrinsic CD spectrum arising
from the amide backbone, which absorbs in the Far-UV. CD analysis performed over a
wavelength range of 200-250 nm showed that both Smac and XIAP are folded at 25° C,
temperature at which all the experiments in this study were performed. The secondary
structure contents of the proteins were estimated by fitting the CD experimental data with
BeStSel [23,24]. The CD spectrum of the Smac tetramer was best fitted with 57% a-helix and
25.8% random coil, with minor amounts of other secondary structures (Fig. 3a). The CD
spectrum of the XIAP dimer was best fitted with 23.8% a-helix, 17.4% P-sheet, 16.3% turn
and 42.5% random coil (Fig. 3b). CD spectra were then recorded on the complex formed by
XIAP and Smac, to assess whether the complex formation causes changes in secondary
structure composition. As expected, the contribution of Smac in the increase of the a-helical
content of the complex is clearly visible from the shape of the resulting CD spectrum, where
it is evident a decrease of ellipticity at 208 and 222 nm, typical of the increment of a-helix
[26,27] (Fig. 3c). Such increment is confirmed even by the fitting which indicates that the
complex is composed by 41.5% a-helix, 9.1% p-sheet, 12.5% turn and 36.9% random coil. In
order to monitor the decrease of ellipticity at 208 and 222 nm, XIAP has been titrated with
increasing equivalents of Smac, and CD spectra were recorded at each step (Fig. 3d). The
titration shows that there is a gradual decrement of ellipticity at 208 and 222 nm,
proportional to the amount of Smac added to the solution, demonstrating that the formation
of the complex does not induce a change in the overall secondary structure.

4. Discussion

XIAP is a fundamental inhibitor of apoptosis in human cells and has been extensively
studied in the last two decades [2,12,13]. Many trials were done and are still in progress in
order to design efficient inhibitors of XIAP as a treatment of malignancy [12,14-19]. To date,
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the most successful approach in vitro was based on the inhibition of the interaction between
XIAP and Smac by Smac mimetics [15,18]. Nevertheless, up to now all the trials were done
on single domains of XIAP separately, such as BIR2 or BIR3, because the full-length form of
the protein has only recently been obtained [3]. Furthermore, it has been previously
hypothesized that the design of more potent inhibitors should take in account the
interaction of the full-length XIAP with a tetramer of Smac [3,21]. This work provides the
tirst biophysical characterization of the interaction between the full-length form of XIAP
and Smac. Through biophysical experimental techniques, we first confirmed the previously
reported quaternary structures of isolated XIAP and Smac in solution [3,21]. Then, we
determined the exact stoichiometry of the interaction, showing that one homodimer of XIAP
binds one tetramer of Smac forming a 201.5 kDa complex. We also showed that the
interaction does not change the overall secondary structure content of the complex,
suggesting that the linkers between the domains of XIAP retain their flexibility in the
complex. Notably, complexes with different stoichiometries were not detected in any of the
experiments, independent of the molar ratios at which the two proteins were made to
interact. This implies that the intrinsic flexibility of the proteins involved does not modulate
the oligomeric state of the complex, unlike what previously suggested [21]. These data
provide clear and important information about the interaction of these two proteins, and
will open the way to further structural characterization of the complex through high-
resolution techniques, which is fundamental in order to design more efficient inhibitors of
XIAP.
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Figure 1: SEC-MALS experiments performed on a) Smac 10 pM (tetramer concentration); b) XIAP 15 pM
(dimer concentration); ¢) XIAP 10 pM (dimer concentration) + Smac 10 pM (tetramer concentration); d) XIAP
10 pM (dimer concentration) + Smac 2.5 pM (tetramer concentration); e) XIAP 5 pM (dimer concentration) +
Smac 25 pM (tetramer concentration).
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