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SUMMARY

The translation factor IF5A is a highly conserved protein in Eukarya and
Archaea carrying a unique post-translational hypusine modification.
Hypusination of IF5A requires the Deoxyhypusine Synthase (DHS)
enzyme which transfers the butylamine moiety from spermidine to IFSA
using NAD as a cofactor, forming a deoxyhypusine intermediate. IF5A is a
key player in protein synthesis, preventing ribosome stalling in proline-
rich sequences during translation elongation and facilitating translation
elongation and termination. Additionally, human elF5A has been shown to
be involved in various essential cellular processes and its overexpression
in cancer drives migration and metastasis, while inhibiting hypusination
exerts anti-proliferative effects. The hypusination pathway of IFSA is
therefore an attractive new therapeutic target. To this end, we have solved
the 2.0 A X-ray crystal structure of the archeal DHS-IFS5A complex,
revealing a hetero-octameric architecture and providing a detailed view of
the complex active site including the hypusination loop. This structure,
along with biophysical data and molecular dynamics simulations, provides

new insights into the catalytic mechanism of the hypusination reaction.
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INTRODUCTION

Hypusination is a post-translational modification that occurs
exclusively to the translation initiation factor SA (IFSA). The reaction is
carried out by two enzymes: Deoxyhypusine Synthase (DHS or DHPS)
and Deoxyhypusine Hydroxylase (DOHH). While the DHS catalyzes the
production of a deoxyhypusine (N-(4-aminobutyl) lysine) intermediate by
transferring the butylamine moiety from spermidine to a specific lysine
residue of IF5A, using nicotinamide adenine dinucleotide (NAD) as
cofactor (Joe et al., 1997; Wolff et al., 1997), DOHH hydroxylates the
deoxyhypusine giving rise to the hypusinated form of IFSA (Park and
Wolff, 2018).

IF5A is an evolutionary conserved protein, shared by Eukarya and
Archaea, which plays a crucial role in the process of protein synthesis. It
exerts its main function during translation elongation by facilitating
peptide bond formation thus avoiding ribosome stalling (Dever et al.,
2014; Gutierrez et al., 2013; Pelechano and Alepuz, 2017), but it has also
been implicated in translation initiation and termination (Manjunath et al.,
2019; Mathews and Hershey, 2015). In addition to its role as a translation
factor, it has been suggested to play a role in other processes such as RNA
binding, RNA turnover, nucleocytoplasmic transport, and even RNA
degradation in the case of the archaeal protein. Hypusination is a
prerequisite for most of these activities (Bassani et al., 2018; Hoque et al.,
2017; Romagnoli et al., 2022; Schrader et al., 2006; Valentini et al., 2002;
Wagner and Klug, 2007; Xu et al., 2004; Zuk, 1998).

Human IF5A exists in two isoforms, eI[F5A1 and elF5A2 both of
which undergo hypusination. They show distinct cell-specific patterns of

expression and have been implicated in many key cellular processes like



ageing, mitochondrial metabolism, autophagy, but also in several
pathological conditions like diabetes, viral infection and propagation,
neurodevelopmental disorders, and different types of cancer. The roles of
the two isoforms in all these processes have been described and reviewed
(Barba-Aliaga and Alepuz, 2022; Kulkarni et al., 2022; Park et al., 2022;
Sfakianos et al., 2022; Tauc et al., 2021). Overexpression of both isoforms
has been detected in several types of cancer and was shown to trigger cell
migration, invasion and metastasis (Nakanishi and Cleveland, 2016). In
particular, eIF5A2 is considered a potential oncogene as well as a
diagnostic and prognostic marker in several malignancies such as ovarian,
gastric and bladder cancer (Nakanishi and Cleveland, 2016). Furthermore,
reducing the levels of el[F5SA and DHS or inhibiting the hypusination
reaction has been demonstrated to exert a potent anti-proliferative effect,
leading to cell growth arrest and apoptosis (Nakanishi and Cleveland,
2016; Ning et al., 2020; Wu et al., 2020).

Based on these findings, the hypusination pathway is nowadays
considered a significant and promising therapeutic target. Various
compounds that inhibit both enzymes involved in the hypusination reaction
have been characterized (Nakanishi and Cleveland, 2016; Turpaev, 2018).
Among these compounds, N1-guanyl-1,7-diamineheptane (GC7) has been
identified as the most effective inhibitor of DHS, while Ciclopirox has
been found to be effective against DOHH activity. Unfortunately, most of
these compounds show several drawbacks like scarce selectivity or adverse
side effects (Turpaev, 2018). Therefore, designing new, more effective,
and more specific compounds capable of inhibiting hypusination and
overcoming these defects would be of fundamental importance. The design

of new inhibitors can be boosted by a detailed knowledge of the three-



dimensional organization of the three proteins and of the complexes they
form during the reaction.

The 3D structure of the single proteins, from different organisms,
has been known for many years (Liao et al., 1998; Umland et al., 2004;
Wator et al., 2020), while the structure of a complex between elF5A and a
K329A mutant DHS has only recently been solved by cryoelectron
microscopy (cryoEM) at 2.8 A resolution (Wator et al., 2023). This
structure reveals only a single eI[F5A molecule interacting with all four
active sites of DHS tetramer, involving the hypusination loop of elF5A
and inducing subtle conformational changes in DHS. The latter study
provides first insights into the structural basis of the interaction between
DHS and eIF5A and clarifies the contribution of single residues involved
in the interaction, shedding light on the effect of DHS mutations related to
neurodegenerative disorders. However, it was obtained under spermidine-
saturated conditions with elF5 in substoichiometry amounts, leaving open
the question of the biologically relevant eIF5/DHS stoichiometry.

Here we report the X-ray structure of the archaeal IF5A-DHS
(alF5A-aDHS) complex at 2.0 A resolution showing four alF5A molecules
bound to aDHS tetramer core, as well as biophysical data supporting the
observed stoichiometry. In addition, we have used molecular dynamic
simulation to analyze the binding mode of spermidine, shedding light on
the catalytic mechanism of the hypusination reaction. Overall, our findings
provide novel insights into the molecular basis of this crucial post-
translational modification and may contribute to the development of new

therapeutic strategies targeting the hypusination pathway.



RESULTS AND DISCUSSION

Architecture of the al[F5A-aDHS complex

Recombinant aDHS and alF5A (Supplementary Fig. 1) were used
to solve the X-ray structure of the alFSA-aDHS complex at 2.0 A
resolution (Supplementary Table 1), showing a highly compact aDHS
tetramer bound to four alF5A. Each alF5A binds one aDHS monomer,
thus forming a turtle-like structure where the aDHS tetramer would be the
shell and alF5As as limbs (Fig. 1a). In agreement with already available
DHS structures (Liao et al., 1998; Umland et al., 2004; Wator et al., 2020),
the S. islandicus DHS is a homotetramer, with two tightly associated
dimers per asymmetric unit (Fig. 1b, Supplementary Fig. 2a). Therefore,
the enzyme can be considered as a dimer of dimers (A1-B1, B2-A2 on Fig.
1) with two distinct active sites at each dimer’s interface that are composed
by residues belonging from each of the two monomers (Fig. 1b). This
structural organization of DHS has been reported as the active form of this
enzyme (Liao et al., 1998). The core of each monomer contains a Rossman
fold (Supplementary Fig. 2a), typical of most dehydrogenases and binds
NAD, a cofactor of alF5A hypusination and copurified with the enzyme.
As previously described, the aDHS N-terminal end has a structural motif
called “ball-and-chain” in which the first N-terminal 35 residues constitute
the chain, while two a-helix turns (a1, Asn3-Lys9) form the ball (Liao et
al., 1998). Interestingly, this structural motif is positioned just below the
aDHS active site which is so free to receive and bind alF5A.
alF5A is made of two domains linked by an inter-boundary loop (Fig. lc,
Supplementary Fig. 2b) (Tong et al., 2009). While the C-terminal domain
of the four S. solfataricus alF5A and the hinge are mostly floppy and ill-

defined due to the lack of crystal contacts, the N-terminal domain



interacting with aDHS is clearly visible in electron density maps, including
the hypusine loop enclosing the lysine 36 (Lys36) which undergoes
hypusination by the aDHS enzyme (Fig. 2a). This suggests that, even in
absence of the spermidine substrate, it is properly structured to expose the
Lys36 for hypusination in the context of the aDHS-alF5A complex.

In the aDHS active site, NAD is bound at the A;/B; and A,/B»
dimers interface (Fig. 2b,c). In both dimers, the aDHS active site forms a
cavity established by four helices, a13 and a14 from one monomer and o9
and al2 from a second monomer. The N-terminal domain of each alF5A
binds the tetramer by leaning on dimers interfaces (Fig. la, Fig. 3a and
Fig. 3b), forming a buried area of 548 A? and 490 A? with each monomer
(Supplementary Fig. 3). Thus, the N-terminal domain of alF5A allocates
its antiparallel B, sheet comprising the hypusine loop within the cleft
formed at the aDHS dimer interface, thereby exposing the airsalys36 for
aDHS-guided hypusination in the narrow tunnel of the enzyme active sites
(Fig. 3b and Fig. 3c). In this structure, arsalys36 points toward key
residues for the hypusination reaction such as .pusHis244, .pusTrp283 and
apusLys285 (Fig. 3c¢).

The modification of lysine arsalys36 into deoxyhypusine occurs
with the participation of a spermidine and of a NAD molecules, substrate
and cofactor of the reaction, which also bind within the active site of DHS.
The internal cavity of aDHS active site is accessible through a 24 A long
tunnel that narrows at the site of interaction between the NAD
nicotinamide ring and the sidechain of .pusLys288. As the tunnel is formed
in between the two monomers of the aDHS’s dimer, the NAD molecules
bound in the active site of each aDHS’s dimer are very close to each other,

being located at 3.0 A between the two O3’ atoms that establish a



hydrogen bond. The two nucleoside moieties of the NAD molecule form
nine hydrogen bonds with residues belonging to one aDHS monomer,
while only three hydrogen bonds are formed with the second aDHS
monomer through the NAD phosphate groups. (Fig. 3d).

alF5A

alF5A

A2

alF5A alF5A

C-terminal domain

N-terminal domain

Hypusine-containg loop

Fig. 1 | The overall structure of alFSA-aDHS complex. (a) alF5A-aDHS complex is
shown as surface representation in three distinct orientations (front, side and bottom view).
alF5A and individual aDHS monomers are differently colored and labeled. (b) Front view
of the aDHS tetramer represented as ribbon with yellow stars indicating the location of the
active sites at each dimer interface. (¢) Front view of alF5A represented as ribbon; the
location of the hypusine-containing loop, N-terminal domain and C-terminal domain are
indicated. For b and ¢ the color scheme is the same reported in a.



Fig 2. | Crossed-eyes stereo view of the alFSA hypusine loop and the NAD binding
pocket of aDHS. (a) The 2Fo-Fc electron density map contoured at 1.2c level is shown
around residues 33 to 41 of alF5A. (b-¢) Different views of the 2Fo-Fc electron density
map contoured at 1.2 ¢ level is shown in grey around NAD and in blue around residues of
monomers Al (in dark grey) and B1 (in beige) of aDHS.



Fig 3. | aIF5A and NAD interacting with aDHS. (a) Ribbon representation of alF5A-
aDHS complex used to indicate: (b) the interaction interface between aDHS and alF5A; (c¢)
hypusination site airsaLys36 within the aDHS active site; (d) the interaction between one
NAD molecule and two aDHS monomers inside the active site. Key residues are shown as
sticks. For all panels, the color scheme is the same reported in Fig. 1. The dashed lines
represent H-bonds.

Comparison of the X-ray structure with human complex

The recent resolution of the human complex structure (Wator et
al., 2023) has enabled us to make a direct comparison with it, in order to
verify the conservation of the interaction, as well as the individual
structure of the two proteins (Fig. 4a.,b,c). The two complexes exhibit a
different stoichiometry, with only one elFSA molecule bound to the DHS
tetramer in the human complex (Wator et al., 2023), compared to archaea,
which instead presents four molecules of alF5A bound to a single tetramer.
From a structural perspective, the archaeal complex remarkably fits the

human structure, including the alF5A-aDHS interaction, the hypusine loop
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conformation, and the NAD binding site in the active site (r.m.s.d. =0.97
A between 221 atom pairs) (Fig. 4a,b.c), however with some significant
differences located in the external parts of the DHS tetramer. Archaeal and
human DHS and IF5A sequences and structures were also compared
separately. Using amino acid alignment with the program M-COFFEE
(Wallace, 2006) (Supplementary Fig. 4 and Supplementary Fig. 5),
sequence identity and similarity were found to be 28.1% and 47.6 % for
DHS and 26.3% and 46.7 % for alF5A, respectively. Regarding IFSA, the
overall root mean square deviation (RMSD) is 1.9 A for 91 aa; The N-
terminal domain contains the majority of conserved sequences, with an
identity and similarity of 35.7% and 54.3%, and an RMSD of 0.7 A for 50
amino acids when compared to its human counterpart (PDB ID 3CPF)
(Tong et al., 2009); the C-terminal domain, on the other hand, is less
conserved. Moreover, the alpha-helix found in some Eukaryal organisms,
including humans, is absent in the C-terminal domain (Fig. 4d). The
residues composing the hypusination loop (Gly35-Lys36-His37-Gly38),
ordered in the present alF5A-aDHS complex structure, are strictly
conserved in the human protein (Gly49-Lys50-His51-Gly52)
(Supplementary Fig. 4), but were not observed in the human elF5A X-ray
structure due to a lack of crystal contacts (Tong et al., 2009).

Superposition of S. islandicus DHS with H. sapiens DHS (PDB ID 6XXH)
(Wator et al., 2020) showed both structures are highly comparable (Fig.
4e; Supplementary Fig. 6, Supplementary Fig. 7 and Supplementary Fig.
8), with an RMSD of 1.0 A for 229 aa. Although S. islandicus and H.
sapiens DHS have similar overall structures, a significant difference is
located in the Pro76-Thr95 region, where in human enzyme a two-turn

alpha-helix (composed of Ser78-Asn86 residues) is found but not present
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in the S. islandicus DHS (Fig. 4¢). This extra region is highly flexible and
superposition with some of the H. sapiens structures shows that this helix
may collide with the interacting alF5SA in the present complex (Fig. 4e).
Moreover, the previously described “ball and chain” domain (Liao et al.,
1998; Umland et al., 2004; Wator et al., 2020), which blocks the entrance
to the active site in H. sapiens DHS (Liao et al., 1998) and allows the
active site to be free in subsequently reported structures (Umland et al.,
2004; Wator et al., 2020), is also present in the aDHS structure (Asn3-
Gly35). It is positioned just below the active sites, allowing alF5A to bind
the enzyme freely.

According to previous structural and biochemical analyses (Lee et
al., 2001) the key residues within the DHS active site for hypusination
reaction in humans are His288 (proton donor/acceptor), Trp327 and
Lys329 (directly binding the butyloamine moiety from Spermidine). In S.
islandicus DHS, counterpart residues such as .pusHis244, .pusTrp283, and
apusLys285 are conserved, highlighting the importance of these residues
for hypusine formation. However, only .pusHis244 is well-defined in
electron density maps, while .pusTrp283 and .pusLys285 are likely floppy
in absence of the Spermidine substrate. In the DHS-IF5A interface, the
sequence alignment (Supplementary Fig. 4 and Supplementary Fig. 5) has
shown an identity of 28% and 40 % for DHS and alF5A residues
respectively involved in the mutual interaction. Concerning the binding
with NAD and Spermidine, the overall DHS residues involved in the
interaction are mostly conserved in human with an identity of 58.8% and

62.5 %, respectively (Supplementary Fig. 5).
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[IH. sapiens IFSA
3 S. solfataricus IFSA

/] ¥ H. sapiens exira
C-terminal alpha helix

domain _ g%

H. sapiens extra region
(Pro76-Thrag)

Hypusine-containing loop

Fig 4. | Archaeal and Human IFSA-DHS complex are structurally conserved. (a)
Superposition of the archaeal complex (same color code as Fig. 1) and the human one (PDB
ID 8AOE, in dark blue). (b) Close-up of the alF5A hypusine loop interacting with aDHS in
the archaeal complex (same color code as Fig. 1) crystal structure and human DHS (PDB
ID 8AOE, in dark blue) CryoEM structure. (¢) Close-up of the DHS tetramer catalytic core
showing the remarkable agreement between the aDHS (same color code as Fig. 1) crystal
structure and human DHS (PDB ID 8AQE, in dark blue) CryoEM structure. Differences are
restricted to the external regions of the tetramer. (d) Superposition of S. solfataricus IFSA
(green) with H. sapiens IF5A (silver); C-terminal domain, N-terminal domain, Hypusine-
containing loop and H. sapiens C-terminal extra alpha-helix are shown and labeled. (e)
Superposition of one S. islandicus DHS monomer (red) with H. sapiens DHS monomer
(silver). The other components of the complex are reported as surface representation and
labeled to better understand the spatial organization. H. sapiens extra region is indicated by
ared arrow.
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Recently, Ganapathi et al. identified rare variants in DHS
associated with decreased enzyme activity and reduced elF5A
hypusination (Ganapathi et al., 2019). To investigate whether the archaeal
complex could be used as a model for studying this condition (DHS
deficiency), we compared the corresponding residues in the human
(Asn173, Tyr305, and I1e306) to those in S. islandicus (.pusPhel33-
apHs Tyr261-.pusVal262). Notably, Tyr261 and Val262 are conserved in the
archaeal complex, given that Ile and Val are both nonpolar amino acids
(Supplementary Fig. 5). Furthermore, Phel33 is located at entrance of the
active site, while Tyr261 and Val262 are situated within the chamber
where the reaction takes place, explaining why hypusination is impaired in
these cases. Taken together, these elements, when comparing the human
complex to the archaeal complex of alF5SA-DHS, strongly suggest that the
latter can be considered a reliable model for its human counterpart and is

valuable for the design of novel hypusination inhibitors.

Biophysical and computational analyses of the aDHS-alF5A binding
Considering the different stoichiometry of IF5A between human
cryoEM complex and archaeal X-ray structure, we used Isothermal
Titration Calorimetry (ITC) to gain insights into the stoichiometry and
thermodynamics of the alF5A binding to aDHS. ITC is a true label-free
and in-solution technique providing the complete thermodynamic profile
of a binding interaction, including AH, AS, AG, K. and reaction
stoichiometry. It reveals the forces driving complex formation and
provides insights into complex formation. It is a perfectly complementary
approach to structural approaches that only offer a final snapshot of the

complex. ITC data at 30°C show that the aDHS-alF5A interaction is
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exothermic and strongly enthalpy-driven at this temperature (Fig. 5a), with
a binding affinity in the low micromolar range (Table 1). Data were
collected also at lower temperatures (25°C, 20°C and 5°C, Table 1,
Supplementary Fig. 9a) to evaluate the temperature-dependance of the
binding parameters and assess the heat capacity change AC,, of the binding
reaction (Fig. 5b). At 5°C, the interaction turns endothermic and is
entropy-driven due to a markedly negative heat capacity change of -635
cal.mol'. K., which is the hallmark of local folding coupled to binding
(Spolar and Record, 1994). Based on these data, the analysis of the number
of folded residues following binding yields an estimation of Rth=32
residues for the entire alF5A-aDHS complex. This estimation, purely
based on thermodynamic basis, is remarkably coherent with the
observation in the crystal structure of the eight residues Lys33 to Ala40 of
the four alF5A hypusine loop that are flexible in the free protein (Tong et
al., 2009), but become structured when bound to the aDHS tetramer. The
kinetics of the alF5A binding to aDHS were also investigated using
kinITC, an approach that obtains both kinetic and thermodynamic
parameters, providing on- and off-rates as robustly as surface plasmon
resonance approaches (Burnouf et al., 2012). The kinITC analysis of data
at 30°C yields ko= (6.5 £2.5) x 10° M L.s! and kpp= (1.74 £ 0.07) x 10
st (Supplementary Fig. 9b), indicating a rapid association between
partners and suggesting that the complex forms quickly, with a moderate
off-rate.

The ITC data also shows that the stoichiometric ratio between
aDHS and alF5A is close to 1.0, in agreement with the complex observed
in the crystal structure. The presence of complexes with a 4:4

stoichiometry was further assessed in more diluted solution by native mass

15



spectrometry (Supplementary Fig. 10) and synchrotron SEC-SAXS
analysis (SAXS results are discussed in Supplementary Data,
Supplementary Fig.11,12,13). To investigate whether varying the number
of bound alF5A molecules could lead to significant changes in the
structure and dynamics of the complex, we performed extensive molecular
dynamics (MD) simulations using various stoichiometric composition of
the complex (Supplementary Fig. 14). The overall stability of the complex
was assessed by computing the root mean square fluctuations (RMSF) on
the aDHS chains (Supplementary Fig. 15a). No significative difference
was found in presence or absence of interactions with alF5A and the
structural elements that form the fold of aDHS displayed low fluctuations
in all the simulations. The overall stability of the complexes was also
confirmed by the unaltered radius of gyration of the complex
(Supplementary Fig. 15b). The analysis of the al[FSA N-terminal domain
RMSD and the aDHS-alF5A number of contacts revealed that the dynamic
behavior of the complex at the protein-protein interface is not significantly
altered by the binding of a different number of alF5A chains
(Supplementary Fig. 14b,c). This was also confirmed by the monitor of the
variation of Solvent Accessible Surface Area (ASASA) that measure the

extension of the aDHS:alF5A binding interface (Supplementary Fig. 15c).
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Fig. 5 | Thermodynamic analysis of the al[FSA/DHS complex (a) ITC thermogram for
alF5A binding to aDHS at 30°C. (b) The temperature-dependence of AH following
complex formation. ACp is given by the slope of the linear fit. ITC data collection was not
feasible at 10°C and 15°C due to the anticipated AH values at these temperatures being too
low. Fitting of the temperature dependance of binding enthalpy with a linear regression
yields ACp=-363 cal.mol"l.K"!. Fitting of the temperature dependance of binding entropy
with a linear regression yields Ts=295.5 K, where Ts is the temperature where AS(T)=0.

Table 1. Summary of ITC data collected on the aDHS-alF5A complex.

Temperature AH -TAS AG Kd (pnM) N
() (kcal.mol™) (kcal.mol™) (kcal.mol™)
5 3.0+0.2 -11.1 -8.0 0.48£0.15 0.91+0.01
20 -6.1+0.3 -2.1 -8.1 0.96 +£0.19 1.04 £0.01
25 -9.5+0.2 1.3 -8.2 1.1£0.1 1.07 £ 0.01
30 -13.0+0.3 53 -7.8 25+0.2 1.06 £0.01

Specifically, the N-terminal domains of alF5A exhibit fluctuations
around the crystallographic position, resulting in RMSD values ranging
from 6 to 7A. However, these fluctuations do not impact the stability of the

interaction with aDHS. To further investigate whether these fluctuations
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differ when varying the number of bound alF5A molecules, we also
conducted principal component (PC) analysis of alF5A motion for the
aggregated simulated systems. The first two PCs describe the domain
fluctuation of alF5SA, which is more pronounced in the C-terminal domain,
located on the opposite side of the aDHS binding region. Upon comparing
the sampled region in the PC1 and PC2 subspace, it can be noted that the
behavior of all the simulated systems is similar (Supplementary Fig. 14d).
These analyses confirmed that binding of additional alF5A chains does not

significantly affect the already bound chains.

Spermidine binding mode

Subsequently, we examined the interaction between spermidine
and the aDHS-alF5A complex, as we hypothesized that this polyamine
could directly impact the enzyme's binding to alF5A. To investigate the
binding mechanism, we conducted molecular docking calculations of
spermidine using the Glide software. All the standard docking attempts,
however, failed to produce a pose within the aDHS binding site, probably
due to the steric hindrance of some protein sidechains. For this reason, we
attempt an induced fit docking (IFD) protocol that allows flexibility in the
active-site sidechains. Surprisingly, even though we allowed flexibility in
all the binding site sidechains and made only minor adjustments to a few
protein sidechains during this procedure, the resulting docking pose was
similar to the one observed in human DHS (hDHS) (PDB ID 6XXJ). In
this way, the resulting binding pose displayed some key features common
to the hDHS-spermidine complex. In particular, spermidine forms
anchoring interactions at both ends: on one side an H-bond with S197, a

salt bridge with D95, and a pi-cation interaction with W248; on the other
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side a salt bridge with E279 and an H-bond with the NAD molecule (Fig.
6a). Moreover, additional H-bonds with K285 and H244 stabilize the
central part of the molecule. Interestingly, this became possible thanks to
few side chains conformational changes: the shift of the arsaK36 towards
the outside of the binding site, a rotation of .pusK285 to form an
interaction with spermidine, a small adjustment of W248 to enlarge cavity
and to form a pi-cation interaction and, finally, the rotation of the bulky
W283 sidechain (Fig. 6b). All the other residues were not changed
significantly by the IFD calculation. It is interesting to note that the role of
the flexibility of the W283 sidechain was largely discussed in the recent
hDHS cryo-EM structure (W327 in hDHS) (Wator et al., 2023) and
appears to be relevant also for the spermidine binding in aDHS. Indeed, we
want to underline that W283 and most of the residues that moves to
accommodate spermidine in aDHS present a weak electron density in the
X-ray structure, that can be interpreted as high flexibility that allows
adaptation to the substrate. It is interesting to point out how organisms far
in evolution preserved the same binding mode features (anchors at the
opposite ends of the substrate and few H-bonds in the middle) despite
relevant changes in the residues that compose the binding site (Fig. 6¢,d).
Finally, we investigated the possibility of accounting for receptor
flexibility through an ensemble docking approach. To this end, we
performed standard docking on structures sampled during MD simulations
(details in Method section). These calculations did not produce any pose
with reasonable RMSD (lower than 2.5 A) from the human structure
(Supplementary Table 2). On the contrary, the IFD protocol on some of the
structures of the ensemble provided good poses (RMSD = 1.2A), that are

in line with the one described above. These results suggest a strong
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induced fit effect of the spermidine substrate on the aDHS binding site.
Furthermore, the binding between aDHS and alF5A, or aDHS and
spermidine, cannot coexist, highlighting the sequential nature of the

deoxyhypusine reaction rather than a concurrent process.
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Fig. 6 | Spermidine Induced Fit Docking pose in aDHS. (a) 2D ligand interaction
diagram showing all residues within 5 A from the ligand; (b) 3D representation of the
binding pose. Interactions are shown in dashed lines (H-bonds in magenta; salt-bridges
in red/blue pi-cation in red. (¢) Comparison of spermidine binding mode in aDHS
(colored sticks) and hDHS (grey sticks). (d) Comparison of aDHS binding site before
and after the Induced Fit Docking of Spermidine. Residues as resolved in the X-ray
structure are shown in grey, while after the Induced Fit Docking of Spermidine colored
according to their chain (aDHS light-blue and salmon, alF5A in green). Residues that
undergo substantial conformational changes are represented as bold sticks and labelled.
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CONCLUSIONS AND PERSPECTIVES

Although the deoxyhypusine synthesis reaction between DHS and
IF5A has been extensively studied from a biochemical and structural point
of view over the years, several aspects are still not fully understood. Here,
we present the first high-resolution crystallographic structure of the aDHS-
al[F5A complex from an archaeon and thoroughly characterize its
thermodynamics, kinetics, and stoichiometry. The complex is formed by
four alF5A molecules and a single aDHS tetramer. Each alF5A molecule
binds at the dimeric interface of the enzyme and interacts with the active
site almost exclusively through the hypusination loop, resembling a lock-
and-key mechanism.
Recently, the CryoEM structure of a human DHS-eIFSA complex was
reported (Wator et al., 2023). This complex exhibits high similarities and
striking differences with the archaeal complex from this study. The most
prominent difference lies in the 1:4 stoichiometry observed in the eIF5E-
DHS cryoEM structure, as opposed to the 4:4 stoichiometry in the present
alF5A-aDHS X-ray structure. Native mass spectrometry, ITC calorimetry,
as well as SAXS analysis reported here clearly show that the 4:4 archaeal
complex is formed in solution and cannot result from a crystal packing
artefact. Consequently, we wondered whether the different molecular
compositions of the complex between human and archaeal complexes
could somehow influence its stability or induce conformational changes.
To address these questions, we subjected the various possible complexes to
extensive molecular dynamics analysis, reaching the conclusion that each
composition (including 1:4 and 3:4 stoichiometries) is stable and
conformationally unchanged. Several factors in the experimental setup for

CryoEM sample preparation may have influenced the e[F5A stoichiometry
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in the human complex: (i) the presence of a large excess of spermidine, (ii)
the use of a two-fold molar excess of e[F5A vs DHS only, and (iii) the use
of a DHS mutant on the amino acid acceptor of the 4-aminobutyl group
(DHSX32°4) by the polyamine mentioned above. Consequently, spermidine
is "trapped" in the enzyme's active site, unable to fulfil its role and
hindering the subsequent binding with elF5A, as demonstrated by our
docking studies and Wator's findings (Wator et al., 2023). In the present
alF5A-aDHS complex, the wild-type enzyme was used and the complete
absence of spermidine in the experimental setup allows to achieve the
observed 4:4 alF5A-aDHS stoichiometry. Apart from this difference in
stoichiometry, the two complexes show remarkable structural similarities,
especially in the DHS active site and NAD binding pocket, underlining the
high similarity between the human and archaeal complexes.

In conclusion, our study, suggests that within a cell, the donation
of the 4-aminobutyl group by spermidine and its acceptance by IF5A is a
highly dynamic process. Indeed, it occurs rapidly, sequentially, and
continuously, ensuring the availability of the hypusinated protein to the
cell. Noteworthy, considering the high conservation between the human
and archaeal proteins, the present high-resolution structure of the alF5A-

aDHS complex is a valuable model for structure-based drug design.
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MATERIALS AND METHODS

For crystallization of the DHS-IFSA complex, we used proteins from
different yet closely related organisms that maintain their respective
proteins. S. solfataricus alF5A shows a 97.7% identity with the
corresponding protein in S. islandicus, differing only in three amino acids,
all belonging to groups with strongly similar properties (Supplementary
Fig. la). The same applies to aDHS; the two homologous proteins have an
identity percentage of 91.03%, with most of the differing residues

belonging to groups with similar properties (Supplementary Fig. 1a)

Expression and purification of recombinant S. solfataricus alF5A in E.
coli

The gene coding for S. solfataricus alF5A (ORF Ss00970) was cloned into
pMCSG7 expression vector using Ligation Independent Cloning (LIC) as
described previously (Aslanidis and de Jong, 1990) and used to transform
E. coli ROSETTA (DE3)/ pLysS cells. ORF Ss00970 was PCR amplified
using primers suitable for LIC cloning, (Forward: 5’-
TACTTCCAATCCAATGCCGCATAACGTACACG-3’; Reverse: 5’-
TTATCCACTTCCAATGCTTAACCCTAACTATT-3’; underlined

regions represent LIC tails). The cloned alFSA gene produces the full-
length initiation factor plus ten histidine residues at the N-terminus, a ten
amino acid peptide linker, and the specific cleavage site (ENLYFQ) for the
Tobacco Etch Virus (TEV) protease.

One of the positive colonies was inoculated in 2 1 of LB medium
containing 34 g.ml"! chloramphenicol and 100 g.ml"! ampicillin and grown

at 37 °C until an OD600 of 0.7 was reached, at this point the culture was
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induced by adding 0.5 mM IPTG. After 4 hours cells were harvested,
pelleted and resuspended in 20 ml of lysis buffer (50 mM Tris-HCI pH 7.8,
150 mM NaCl, 15 mM imidazole, ImM PMSF, 10 pg.mL"' DNase I, 25
ug.mL! lysozyme). Cells were disrupted by sonication and the lysate was
clarified by centrifugation at 100.000 g for 40 min at 4°C. To allow
binding of the His-tagged alF5A, the supernatant was loaded into a pre-
equilibrated PROTINO Ni-NTA column (Macherey-Nagel) installed on a
AKTA start chromatography system. Washing buffer (50 mM Tris-HCI
pH 7.8, 500 mM NaCl, 40 mM imidazole) was used to rinse the lysate and
beads until the absorbance signal (A280) reached the baseline. The protein
was then eluted in 4 ml of elution buffer (50 mM Tris-HCI pH 7.8; 150
mM NaCl; 250 mM imidazole) and digested with TEV protease to remove
the His-tag. TEV protease was added in a 1:50 (TEV/alF5A) ratio and
incubated overnight at 4°C. Therefore, the cleaved protein was purified
once more using a PROTINO Ni-NTA column that had excess of TEV and
HIS-tag. Purified alF5A was dialyzed in dialysis buffer (50 mM Tris-HCI
pH 7.8, 150 mM NaCl) overnight at 4°C and collected in small aliquots
stored at -80°C. SDS-PAGE was used to analyze all of the steps.

Expression and purification of recombinant S. islandicus DHS from E.
coli

The S. islandicus aDHS ORF M1627 1306 gene was amplified by PCR
using 100 ng genomic DNA and the following primers: forward
5'AAAAGCATGCGCATAAATAGAGAGGACTTGTTAAAAAACCC3!
(Sphl restriction site) reverse
5'AAAAGGATCCGCTTAATAAAGACGCGGCCAAAATAGG3'
(BamHI restriction site). Amplified ORF was cloned in the plasmid pQE-
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70 (Quiagen), which gives the recombinant protein a C-terminal His-tag.
With the exception of the TEV cleavage, which was not possible to carry
out with this expression plasmid, His-tagged aDHS protein was purified
using the same procedure as for alF5A. The purified protein was O.N.
dialyzed against DHS dialysis buffer (50 mM Tris HCI pH 8.5, 500 mM
NacCl, 80 mM Imidazole, 10% Glycerol).

Isothermal titration calorimetry

ITC measurements were performed at 5°C, 20°C, 25°C and 30°C on a
MicroCal PEAQ-ITC (Malvern Panalytical). The ITC buffer was made
with 50 mM Tris, HCI pH 8.5, 150 mM NaCl, 50 mM Imidazole, 10%
Glycerol. In a typical experiment, 1.5 or 2 pul aliquots of alF5A at 5 mg.ml
! were injected into a solution of aDHS at 0.5 mg.ml™! in the 200 pl sample
cell. The delay between injections was set to 200-300 s. ITC titration
curves were analyzed using a single binding site model using
AFFINImeter (Pifieiro et al., 2019) and Malvern MicroCal PEAQ-Analysis

softwares.

Crystallization, data collection, structure refinement and model
prediction

Crystallization was carried out by the vapor diffusion method. Sitting
drops were set by mixing one volume of protein solution recovered after
ITC analysis (Da Veiga et al., 2016) (7 mg.ml') with one volume of
reservoir solution (200 mM sodium trihydrate acetate pH 8.0, 16% PEG
3350) and equilibrated against reservoir solution incubated at 4°C. Single
crystals diffracting anisotropically were obtained, cryoprotected by

soaking about 5 min into a cryoprotection solution made with Glycerol
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15%, PEG 3350 25%, and then flash-freezed into liquid ethane. Diffraction
data were collected on the X06DA beamline at the Swiss Light Source
synchrotron in Villigen, Switzerland and processed using XDS (Kabsch,
2010), autoPROC (Vonrhein et al., 2011) and STARANISO (Global
Phasing Ltd, Cambridge, United Kingdom.
http://staraniso.globalphasing.org/cgi-bin/staraniso.cgi). Initial phases were
obtained using molecular replacement with MOLREP (Vagin and
Teplyakov, 2010) using a aDHS tetramer model generated with ColabFold
as a search model (Mirdita et al., 2022). Four alF5A molecules were then
located and placed using Fourier difference maps (and the AlphaFold2
model as a starting model). Refinement was carried out using the PHENIX
package (Afonine et al., 2012) and model were built with Coot (Emsley et
al., 2010). Four NAD molecules, copurified with aDHS, were located and
placed at a later stage of the refinement based on Fourier difference maps.
Although the integrity of the purified alF5A has been confirmed by SDS-
PAGE (Supplementary Fig. 1) and mass spectrometry (Supplementary Fig.
10), the C-terminal domains of all four alF5A in the asymmetric unit are
not visible in the electron density map, not being stabilized by crystal
contacts and free to move in solvent channels. As a consequence, they
were modeled based on former IF5A structures and AlphaFold2 structure
predictions. No density is also visible for the residues 276 to 290 in the
four aDHS molecules in the loop connecting bB and bA. We attempted to
soak crystals in a stabilization solution containing the spermidine analogue
GC7 (Nl-guanyl-1,7-diamineoheptane), but without success since no
additional density was visible in Fourier difference maps. Coordinates of
the aDHS-alFSA-NAD complex have been deposited in the PDB database
(PDB ID 8PUT).
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Molecular docking

Docking calculations were performed using the Glide Software included in
the Schrodinger suite 2021-4. Initial trials were performed with the
standard XP protocol that does not account protein flexibility. However,
all this run did not produce any relevant pose. For this reason, Induced Fit
Docking (IFD) protocol was applied allowing the flexibility of residues
within 5 A from ligand, using the extended sampling protocol. At the
beginning of the calculation, the residues at 5 A from ligand and the grid
center was defined based on the spermidine position in the hDHS structure
(PDBID: 6XXJ). The best docking pose, with an IFD score of -61705.30
was selected as the best pose.

Ensemble docking calculation was performed after a cluster analysis of all
the chains in all the MD simulations based on the aDHS binding site heavy
atoms. The gromos clustering method was used to perform clustering with
a cut-off value of 2 A. The clusters with at least 30 frames (0.1% of all the
frames) were selected for the ensemble docking calculations, resulting in a
total of 19 clusters. Standard Glide XP docking was performed on all these

receptor conformations.
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