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Abstract

The structural peculiarities of a protein are edato its biological function. In the
fatty acid elongation cycle, one small carrier photshuttles and delivers the acyl
intermediates from one enzyme to the other. Theerdras to recognize several enzymatic
counterparts, specifically interact with each oérth and finally transiently deliver the
carried substrate to the active site. Carry ouhsaicomplex game requires the players to
be flexible and efficiently adapt their structucethe interacting protein or substrate. In a
drug discovery effort, the structure-function relaships of a target system should be
taken into account to optimistically interfere witk biological function. In this doctoral
work, the essential role of structural plasticity key steps of fatty acid biosynthesis in
Plasmodium falciparunms investigated by means of molecular simulatidriee key steps
considered include the delivery of acyl substraaed the structural rearrangements of
catalytic pockets upon ligand binding. The grouegel bases for carrier/enzyme
recognition and interaction are also put forwarlde Btructural features of the target have
driven the selection of proper drug discovery tpaldhich captured the dynamics of
biological processes and could allow the ratioregdigh of novel inhibitors. The model
may be perspectively used for the identification nmivel pathway-based antimalarial

compounds.



“ma guai a chi cede alla tentazione di scambiaraun
ipotesi elegante con una certezza”
Primo Levi. Il Sistema Periodico, 1975
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Prologue

Bad Air

Until the mid-nineteenth century, most scientistsught that noxious swamp gases caused
malaria, indeed the word means “bad air” in italidn

Malaria remains a major and growing threat to thblip health and economic development of
countries in the tropical and subtropical regiohthe world.

This dissertation does not count for explicitirotduce the malaria burden; for this aim, the reader
will find better satisfaction looking at the refapes listed at the end of this sessioh.The
general aspects of fatty acid biosynthesi®lasmodium falciparumvill be briefly discussed in
the following pages and some recall can be fouadgthe argumentation of each chapter.

I will focus my dissertation on the advances that tolecular simulations | carried out may have
brought in understanding some molecular aspectfhenbiology of fatty acid biosynthesis in
parasites. This biological understanding is intesgtawith a computational drug discovery effort
aimed at the design of small molecules endowed thighcapability to interfere with the fatty acid
production inPlasmodium falciparumThe organization of each chapter will be likeiyigar to
that of a scientific article. The results discusse@ach chapter are used as starting point for the
following one. First, the substrate delivery issseintrinsic properties of the carrier is discussed
Then the delivery of substrates is considered faomider standpoint which takes into account the
way the carrier and its counterpart may interact] gecognize each other. Structural plasticity is
found to play a critical role in each of the absteps and is therefore taken into account to addres

the computational medicinal chemistry part of tfissertation.






1. Introduction: the type II fatty acids biosynthesis

The synthesis of fatty acids is organized into tstinct biosynthetic pathways based on the
enzymes involved. In mammals and fungi, the fattid biosynthesis machinery resides on a
single multifunctional polypeptide with multiple tae sites (Type I}# This multifunctional
ensemble is supposed to be a product of an evoaridlow resulting from the fusion of genes
encoding individual monofunctional enzym@ésThese monofunctional enzymes constitute the
Type Il systent®*8

Malaria parasite and other members of phglumapicomplexa harbor a relict plastid, known as
apicoplast, homologous to the chloroplast of plamd algae. The apicomplexan, together with
plants and most bacteria use a dissociated Tyjadtyl acids biosynthesis (FAS II) consisting of at
least nine separate polypeptides, each of whiely mave a dimeric, tetrameric or higher order of
quaternary structuré. A key feature of the FAS Il is the presence ofrl, acidic and highly
conserved acyl carrier protein (ACP) that shutdiéshe covalently bound fatty acyl intermediates
from one enzyme to the other.

Newly synthesized ACP must be converted fromajts into holo form, by the attachment of a
prosthetic group in order to participate in fattgida biosynthesis. This posttranslational
modification is catalyzed by ACP synthase whicingfar a 4’-phosphopantetheine group from
coenzyme A (CoA) to a conserved serine residueherACP. The acyl intermediates are bound
through a thioester linkage to the sulfhydryl o€ throsthetic group. Fatty acids biosynthesis
begins at the acetyl-CoA carboxilase (ACC). Thessalbe acetyl-CoA is converted to malonyl-
CoA and the malonate group is transferred to ACPnlajonyl-CoA:ACP transacylase (FabD) to

form malonyl-ACP.
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Figure 1. An insightful portrait of Type Il fathcal biosynthesis elongation cycle. Picture adafieah White et af®.

Note the central role of the Acyl carrier protef&QP).

A Claisen condensation assisted [bketoacyl-ACP synthase Il (FabH) initiates a cythat
elongates the acyl-ACP by two carbons unit for eaghle until a saturated fatty acid of 16 or 18
carbons is made (the elongation cycle has beeghiisily depicted by White et &f.as shown in
Figure 1). The first reaction in this cycle is tl@DPH-dependent reduction ffketoacyl-ACP to
B-hydroxyacyl-ACP by3-ketoacyl-ACP reductase (FabG), and thenptgdroxyl intermediate is
dehydrated to vyield trans-2-enoyl-ACP catalyzed Igither p-hydroxydecanoyl-ACP
dehydratase/isomerase (FabA)pehydroxyacyl-ACP dehydratase (FabZ, which is thejua -

hydroxyacyl-ACP dehydratase Rlasmodium The last step of the cycle is the NADH-dependent



reduction of the double bond in the trans-2-eno@PAintermediate by an enoyl-ACP reductase |
(Fabl) or by other analogue reductases. The praafu€abl reduction, enoyl-ACP, is the substrate
for the subsequent elongation cycle by condensatitim malonyl-ACP catalyzed either 3¢
ketoacyl-ACP synthase | (FabB) [pketoacyl-ACP synthase Il (FabF). Palmitic acid,ifestance,
formed by reiteration of this cycle can be eithéongated by another set of enzymes or
channelized for the formation of phospholipids atiter molecules. All Type Il systems have this
basic set of enzymes to initiate and elongate eltgins, and the diversity of products is achieved
by variation on this them®: %

Even if similar, different gene variations and gemgression regulate in various organisms the

fatty acids chain length, branches and saturatsdfurated balanc@.
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2. Mechanical features of Plasmodium falciparum acyl carrier

protein in the delivery of substrates

The Acyl Carrier Protein (ACP) is a key element in the biosynthesis of fatty acids being responsible
for the acyl group shuttling and delivery within a series of related enzymes. The molecular
mechanism of the delivery process is poorly known, and its characterization is essential for the in-
depth understanding of the biosynthetic machinery. A steered molecular dynamics approach has
been applied to shed light on the putative delivery pathway, suggesting the small a3-helix to act as
gatekeeper for the transfer process. Preventing the delivery mechanism would be an innovative

strategy for the development of pathway-based antimalarial compounds.

Plasmodium falciparun{Pf) infections are the most widespread and lethahfof Malaria.
Despite the centenary effort to eradicate or contw disease, more than one third of the human
population lives in endemic areas with an estim&idl billion of infections annually resulting
in about two millions of death®

The recently disclosed type Il fatty acid synth€Bi&S-11) pathway ofPf is offering attractive
targets potentially enabling the discovery and tgweent of efficacious and selective
antimalarial agents. FAS-II system relies on a atigdive process that exploits a series of
individual enzymes that are, indeed, structuralffecent from the multifunctional type | fatty
acid synthase (FAS-1) system of humang\ key feature of the FAS-Il is the presence ofrel
(~ 9 kDa), acidic and highly conserved Acyl Carrignotein (ACP) that shuttles all the acyl
intermediates from one enzyme to the other. Thé swystrates are bound to ACP through a
flexible arm formed by the serine-bound prosthetiosphopantetheine (4’-PP) group (Figure

1a)® Nevertheless, ACPs are also known to play a fumséah role in numerous other
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biosynthetic pathways in which acyl transfer staps required:® The geometric properties of
several conformationally distinct ACPs have beetemained by X-ray crystallography and
NMR.2**These experimental data have suggested thatwg@ptasticity is an intrinsic feature
of this protein family, providing a possible expdgion for ACPs’ capability to recognize
multiple enzyme partners and transiently delivex #tyl group to the active sites of these

enzymes?

a) o o
o o\>/ /QL S (CHzl
\P/ ﬁ/L ; hihEs
;o/ \3 OH 40 oH

prosthetic group (4'-PP) B-hydroxydecanoyl

Figure 1. a) 2D structure of the acylated 4’-phosphopantethé®P) prosthetic group in tHehydroxydecanoyl-
ACP. b) Overall fold of ACPs; the3-helix (residues 57-62) is depicted in yellow tubeBinding mode of th@-
hydroxylated substrate (carbon atoms in cyan) after MD equilibration compared to the decanoyl talbs

(carbon atoms in light green) reportedsincoli crystal structure (pdb code: 2fae).

ACP structures are composed of fadinelices delimiting a lipophilic core that form$mding
pocket for fatty acids. Helix2 has highly conserved residues and plays a maierin ACP-
protein interactions (Figure )whereas the shou3-helix does not have a conserved folding
among the published ACP structures and, accordirtbig protein portion was observed to

experience a helix-loop conformational equilibriim PfACP* Moreover, the analysis of
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experimental and computational studies suggestegrbtein region between helice® ando4

to be part of the putative ACP/enzyme interfft€. The functional implication of the above
mentioned structural features are yet unrevealednwbbserved from the standpoint of the
delivery of substrates.

X-ray structures of acylated ACPs have shown tieethter-bound acyl-chain to be embedded
into a tunnel-like hydrophobic cavity (Figure 1@)hich can harbor acyl substrates of different
length!**° Notably, the reactive center of the acyl substisteuried in the hydrophobic core of
the carrier, and thus inaccessible to catalytiovéiets of FAS-1l enzymes. Therefore, delivering
the substrate from the inner ACP core to the FA&yme active site is a mandatory event for
each biosynthetic step. The molecular understandingACP’s ability to deliver substrates
together with the ability of drug designers to ifeee with this process might be a new strategy
for the development of innovative FAS-II inhibitottsat could behave as pathway modulators
rather than single-enzyme blockers.

Limited structural information about the complexAEP with biological counterparts and the
mechanism of substrate delivery is currently awélia®?’?® Recently, Leibundgut et &,
addressed the delivery issue discussing the crgstatture of yeast fatty acid synthase (FAS-I
type) system with its ACP stalled at one catalgtmmain. They have suggested a general
switchblade-like mechanism in which the 4’-PP aretivetrs the acyl chain flipping from the
ACP core into the catalytic domain active $itédowever, even though ACPs share the same
structural motif in the acyl-substrate binding wegi when compared to the FAS-Il ACP, the
yeast ACP domain (~ 18 kDa) has four additionakfninal a-helices, which take part in the
interaction with the catalytic domain. Thereforéffedtences in the recognition and delivery

process between FAS-1 and FAS-II systems are lit@lgccur. Furthermore, substrate delivery
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is a dynamic process, and the detailed but stati@y)picture requires to be complemented with
other approaches that are able to directly capthiee dynamics of the biomolecule under
investigation.

In the present work, the dynamics of the delivergchanism of the3-hydroxydecanoyl
substrate byPfACP was computationally investigated using a Stkdvlecular Dynamics
(SMD) approach. Analyzing the trajectories and firee profiles, we were able to identify the
lowest resistance pathway for the substrate dgligescess. In addition, our simulations pointed
out both the role o&3-helix as gatekeeper for the substrate transtergss, and the effect of the

substratg-hydroxylation on the enzyme recognition.

average RMSD (&)
B

}%]

a) ’ 10 20 30 reddierumber B0 60 70 80

Figure 2. a) Root mean square fluctuation (RMSf) of ACP backbone along the whole MD simulation (red
line), and RMSf of up-to-date available crystalstures ofE. coli ACP after @ superposition (dotted gray line). b)
Stereo view of thegd-hydroxydecanoyl-ACP (white ribbon) as it appeditera8 ns of MD. The prosthetic group
(cyan) lies on the mouth of the fissure betweeicheh2 anda3. The highly flexible portion going from 53 to &

magenta. The decanoyl-ACP crystal structure (iegredb code: 2fae) is shown for comparison.
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In SMD simulations, which have been widely and sgstully applied to explore the

properties of non-equilibrium processes of biomoles?®*

a moving harmonic potential is
used to induce a motion along a reaction coordindte free end of a virtual spring is moved at
constant velocity, while a set of “pulled atomsttaahed to the other end of the spring, are
subject to steering forces. The applied forcesdatermined by the extension of the spring, and
can be monitored throughout the entire simulatibthe pulled atoms can easily advance along
the selected reaction coordinate, the applied fascesmall and its profile is rather flat.
Conversely, if the pulled atoms encounter hindraaloag the pathway, the force increases to
allow the pulled atoms overcoming energy barridgrgs resulting in quite relevant drops in the
force profile. Based on the magnitude of the exkftece, it is possible to determine how easily
a pathway can be cours&tf®

The simulations of the covalently boufidhydroxydecanoyl-ACP complex were performed in
explicit water, using the CHARMR# force field and the program NAMD[see Appendix (Ap)
for details]. To get insights into intrinsic propes of the system, the complex was first
simulated for 8 ns of unrestrained MD. The avensgae of RMSD calculated for the backbone
along the whole simulation time was 2.9 A. Noneaths| the region including residues 53-62
showed high flexibility (RMSf up to 8 A, red plon iFigure 2a) reflecting the higher ratio of
conformational diversity observed by superimpogdh@ crystal structures (dotted grey plot in
Figure 2a). During the free MD simulations tfehydroxyacyl moiety of the bound ligand
behaved like a fishing float inside the lipophitiore, and the acyl moiety fluctuated assuming
several conformations, according to the existentemaltiple low-occupancy conformers
observed in the crystal structure of decanoyl-ACPhe substratg-hydroxyl group was able to

interact with several polar residues (mainly thekbane of D59, A60, and 163) lining the
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entrance of the ACP binding cavity. As a resulg ffkhydroxydecanoyl was less buried in the
protein core when compared to the experimentalpomed decanoyl analogue. This had the
consequence that the prosthetic group (4’-PP) wae melaxed and able to fluctuate among
several conformations. Figure 2b shows the prastedup protruding towards the solvent, self-
docking at the upper fissure between helig2sanda3. In such a conformation, the FAS-II

enzymatic counterparts might still recognize thesawvedn2-helix, selectively interact with the

prosthetic group, and establish connections wititgim segment 53-62. Roujenikova et™al.

proposed that the fairly flexible prosthetic armynaaopt a set of different conformations, likely
related to the carried acyl substrate, to allownogk interaction of acyl-ACP intermediates to
partner enzymes. However, the MD simulations ditiprovide any mechanistic explanation of
the delivery process. This is likely a consequenfchigh potential energy barriers implicated,
which cannot be sampled by ns-time-scale simulatidio overcome this drawback, we applied

SMD (Figure 3) to drive the substrate along seveustive reaction coordinates (see Figure 3a).
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Figure 3. a) Acyl-ACP and the delivery pathways investigatéde arrows represent the pulling directions @ th
applied forcesb) Correlation of the pulling velocity with the rupe force. At 1.5e-06 A/fs the process is close to
equilibrium. ¢) Mechanical work done on the systeafculated by numerical integration. d) Force pesfiof the
investigated pathways at 1.5e-06 A/fs. For sakelafity the curves are obtained averaging the ®meery 30

points.

Based on the inspection of the structural featwkeshe reported acyl-ACPs, and on the
aforementioned experimental daf%® several delivery pathways were initially considere
However, some of them were discarded because loérethey generated unlikely structural
distortion or were scarcely in agreement with thailable experimental dat&?® Two main
putative delivery pathways were finally investiga{&igure 3a): the first one accounting for the

substrate exposure through the fissure formed ligdsen2 anda3 (path 1); the second one

18



accounting for a sword-unsheathed-like mechaniswhich the substrate is unthreaded away in
a parallel direction with respect to the major afishe binding pocket (path 2). Since for path 1
a protein conformational rearrangement was requiaed considering critical the role of the
pulling direction, three slightly different sub-pat(path 1a, 1b, and 1c) were investigated. For
path 2, preliminary investigations revealed that melevant protein conformational
rearrangements were required, and that slight noadiibns of xyz components of the pulling
direction provided very similar force profiles (s@&@). Hence, we assumed that the chosen
pulling direction in path 2 was likewise represémtof the sword-unsheathed-like mechanism.

In SMD, the pulling velocity \{) largely influences both the results of simulasicand the
profile of the applied forces. Ag decreases, the pulled atoms have more time tolsatmg
conformational space and to search for lowesttaesie path along the selected direction. At the
same time, the non pulled atoms can relax folloviirgmovement of the pulled atoms, and thus
reducing the friction rate of the process. As shawrfFigure 3b, a lowering of the pulling
velocity resulted in a decrease of the observeturagorce likely because of the reduction of
non-equilibrium effect§?** Remarkably, at the pulling velocity of 1.5e-06 /& plateau was
observed, pointing to this pulling rate as the mappropriate one to minimize the friction
influence on the delivery process. Moreover, ahsaislow pulling velocity, some spontaneous
and SMD-unrelated conformational changes of ACRdcalso be sampled.

In Figure 3d and 3c, the force profile and the naeatal work done during each simulated
pathway are shown, respectively. For each pathiveeyforce profile correlated well with the

rupture and formation of interaction between thiggoung substrate and the binding site residues;

a detailed description of the events is reportefpgn
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The system in both path 1a and 1b encounteretdvediahigh hindrance in the early ns of
simulations because the substrate moved againsiettye portion of the cleft formed - and
a3-helix, and lined by th@2-a3 loop. Here, thex3-helix could not spontaneously follow the
pulled atoms and as a consequence the exertediforeased.

In path 1c (Figures 3 [blue line] and 4), the fopeefile was much flatter than in paths 1a and
1b. We observed an initial force peak (~200 pNuFeg3d) due to the breaking of an H-bond
network involving the substrafeOH and the backbone oxygen of A60 and 163. Theswthole
process evolved with a force less than 100 pN.rénst electrostatic interaction involving tfe
OH group and the side chain of D59 occurred betwekeb-2.5 ns (Figure 4c). Concertedly, a
slow “gate opening” was manifested by the incregslistance between V41 and A60 (see also
Figure 1b). The flatness of the applied force peofndicated that both the pulled substrate and
the constraint point were concertedly moving, amel decreasing of the overall vdW contacts
meant that the substrate was leaving the bindingycguite slowly. The lack of a significant
rupture point in the force profile suggested tha substrate did not encounter any relevant
resistance despite the remarkable shift of dBéhelix. This was possible because, during the
substrate pulling, the ACR3-helix could spontaneously rearrange, allowing substrate
exposure. This observation was in good agreemehthwith free MD and experimental dat3,

26 which pointed tax3-helix as one of the most dynamic segments of Aicture (Figure 2a).
Noteworthy, in the same simulation time scale,he free MD, it was sampled both the helix

folding of residues 19-26 and the partial unfoldaighe short:3-helix (see Ap).
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Figure 4. a) Snapshots isolated from the SMD trajectory dachim Path 1c at (i) 300 ps, (ii) 1.6 ns, (iigshs, and
(iv) 7 ns. The blue arrow in (i) shows the pullidgection and in (iii), the double end arrow indiesthe opening
movement of the fissure formed by helie&sanda3. b) Evolution of the distance between & V41 and A60. ¢)

Electrostatic and vdW interaction energies betwierp-hydroxydecanoyl moiety and the protein residuesngu
the SMD.

Path 1 delivery hypothesis was then compared to pato investigate if a sword-unsheathed-
like mechanism could provide a flatter force pmfiAs shown in Figure 3d (magenta line), the
unthreading of the substrate had a magnitude eefosimilar to that registered for path 1b and
higher than that observed in path 1c. Such a mesmapoorly complied with an ACP-enzyme
interface comprising bothi2-helix and its connection twm4-helix. However, a sword-
unsheathed-like mechanism could be proposed fomeez, whose interactions with ACP more

extensively involve thel-u2 loop connection®%
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In summary, our simulations suggest that the satesttelivery through the cleft betwee?-
anda3-helix is a feasible pathway that exploits intitnsonformational plasticity of ACP (path
1c). We also show that ACP portion including thepgaonnecting helices2 anda3 and then3-
helix itself can play a critical role in both theeldery and, as previously reported, the
recognition processe&2° As hypothesized on the basis of X-ray experim&nitswe also point
out the ability of the prosthetic group to functias label for the acyl-intermediates carried by
the ACP. Such aspects are related to ACP plasacitymay account for a mechanism in which
ACP and its enzymatic counterparts minimize thevestl exposure of the lipophilic substrate
moiety. The delivery model would include an ACPAane interface formed by ACP helice2
anda3; it might be hypothesized that a slight confoiioral change of the3-helix could easily
allow the substrate to glide into the correspondingyme active site.

Can we use the above uncovered features of ACRldress the development of innovative
antimalarial compounds? This study sheds lighttenfunctional and plastic features of ACP
and attempts to contextualize them in the proteaigin interactions network occurring in the
FAS-II system. During the elongation cycle, ACPyane interactions and the delivery of the
acyl substrate to the active site are compulsagsstor fatty acid production. These processes
are currently subject of drug discovery efforts.tiis respect, blockers of substrate delivery
would function as pathway-based antimalarial conmgisurather than single FAS-II enzyme
inhibitors. The design of a delivery-blocker midig achieved through a strategy that considers
as template-structure for a lead-candidate thabmegf thea3-helix usually interacting with2.
The interaction of such a mimetic compounds WACP would interfere with the gate opening
function managed by the2/a3 cleft. Moreover, the low-resistance delivery pels here

investigated might be used as starting point fath&r studies aiming at identifying local energy
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minima along the reaction coordinate. As mattefaof, our simulations suggest that, while the
substrate transiently leaves the carrier core ngptanvard the catalytic partner, the ACP core
itself might become a peculiar binding pocket farai molecules able to interfere with the
relocation of the substrate into the carrier. Lilsayif the conformational “transient” state of the
acyl-ACP is an highly populated energy minimum, pnebability to block the delivery process

would dramatically increase.

M ethodological details

Starting from the first NMR conformer (out of 20) e holo structure ofPfACP (pdb code:
2fq0), the prosthetic group carryingdenydroxydecanoyl substrate was built using the $yk8/
molecular modeling suite of program (Tripos Ind., Suis, MO) and manually docked at the
acyl binding pocket of the carrier using as tengtae binding solution of the high resolution X-
ray structure of E. coli decanoyl-ACP (pdb code:ae2f The covalently bound-
hydroxydecanoyl-ACP complex was first energy-mirzed in gas phase for 1000 steps using
the conjugated gradient method keeping fixed theklbane atoms and restraining the side chain
with a 10 kcal mot A spring constant. The complex was then solvated ait0 A thick layer

of water using the solvate package of VMD and seéNancations were added to neutralize the
system. The simulations were performed using paribdundary conditions and long-range
electrostatics calculated by using the particletmEsvald (PME) method with a charge grid
spacing < 1A. A cutoff of 10 A was used for van d&mals and short-range electrostatic
interactions with a switching function started al 80 ensure a smooth cutoff. Time integration
step of 2 fs was used and the length of all bondslving hydrogen atoms was fixed using the
SHAKE algorithm. The solvated system was minimizeth the conjugate gradient method for
1000 steps restraining the heavy atoms of the jpretith a force constant of 10 kcal rifof?,
followed by 1000 steps with a force constant otalknol* A and finally fully minimizing the
system for further 1000 steps. The insertion offtfiydroxydecanoyl moiety in thefACP core
produced only slightly reorientations in the sid@ios of residues shaping the cavity, with the

minimized structure having an average overall rhesg than 0.5 A. Six subsequent steps were
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used to heat the system from 1 to 300 K. Every 45hp system was heated up by 50 K and
correspondingly the alpha-carbon were graduallgstmained (till 2 kcal mal A?) starting from

a 6 kcal mot A harmonic restraint force constant. In these doyaition steps, constant volume
was maintained and the temperature was controlled.angevin dynamics with a dumping
coefficient of 5 p&. The system was subsequently switched to the éswidi-isobaric (NPT)
ensemble once the temperature was stabilized aK3@uring the switching, a soft harmonic
restraint of 2 kcal mdl A was still applied to the €atoms and gradually turned off in the next
60 ps. The constant pressure control was applied) tise Nosé-Hoover Langevin piston method
and 1 atm was set as target pressure. The systelwvedvfor further 100 ps and the final state
was used as starting point for both SMD study aee MD production.

All simulations were performed with the moleculamdmics program NAMD 2.6 (Phillips et
al., 2005) using the CHARMM22 force field (MacKédret al., 1998) for proteins and the TIP3P
model for all water in the system (Jorgensen etl&i83). CHARMM compliant parameters for
prosthetic group together with th@hydroxydecanoyl substrate were generated using the
paratool plugin implemented in VMD (Humphrey et ,al. 1996.
http://www.ks.uiuc.edu/Research/vmd/). Missing paeters were estimated from similar terms
within the force field using an empirical/additimpproach. Mulliken charges were calculated at
the HF/6-31G* level of theory and refined by anglag order to preserve consistency with
CHARMM style charges (i.e., always ¢ 0.09).

SMD simulations were performed at constant pullietpcity using a steering velocity of 1.5e-
06 A/fs with a spring constant of 5 kcal Md\? (several velocities were further considered as
discussed later in the Appendix). Variation of demstanK of the harmonic restrain influences
the profile/fluctuation of the applied forces. Heree used a value of 5 kcal rifoA? that
coupled with an appropriategave a force profile in which it was still possitib notice a drop
of the forces, but at the same time permitted teental fluctuation of the pulled atoms to be
similar to the perturbation arising from the puljiforce.

Using as reference coordinates the structure oEthmli decanoyl-ACP (pdb code: 2fae subunit
A) the x, y and z- components of the normalized pulling direction eveior path 1a, -0.9388,
0.2181, 0.2665; for path 1b, -0.9198, 0.2927, (01264r path 1c, -0.8512, 0.4658, 0.2416; for
path 2, 0.0326, 0.9300, 0.3640. To avoid shiftihghe system during pulling, in path 1, the

alpha-carbons of protein going from residue 1 tonv@be harmonically restrained to their initial
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position using a 1 kcal mblA? spring constant and, in path 2 the restraints vepied to
residue portions 1-16 and 48-52.
The value of the exerted forcg€)(were outputted everyd() 1 ps of simulation and the work

W(t) :J'; F(t")vdt done on the system during the SMD was calculayeduimerical integration;

the pulling velocity ¥) was 1.5e-06 A/fs.

CHARMM force field topology for prosthetic group énsubstrate can be found at
http://pubs.acs.org/doi/suppl/10.1021/ci80029 7w ufile/ci800297v_si_001.pdf

Appendix
Pulling velocity and force profiles

To explore the influence of the pulling velocity tdme behavior of the system we tested four
decreasingv values starting from 1.5e-03 A/fs (0.003 A/timestépading to 1.5e-06 A/fs
(0.000003 A/timestep). For the higher velocity uiesdas possible to correlate the RMSD of the
protein with the magnitude of the rupture forcdcekated as mean of three individual simulation
for each path (Figure 1Ap-a), required for the sualbs exposure along each investigated
pathway. As shown, starting from the most “perttikigd pulling direction path 1a, the protein
was subjected to lower conformational rearrangergeitg toward the path 2 direction (Figure
1Ap-b). The reported RMSD of the whole protein atifureflected the deviation whose residues
57 to 62 were subject (Figure 1Ap-c). This mearsd #i higher velocities path 1la pushed the
substrate in the deep portion of the cleft formgd® anda3 helices and lined by thei2-03
loop connection. The protein could only suffer thistling having not the possibility to give into
the pushing atoms. As the pulling direction becdess drastic as it was in path 1b and 1c, the
substrate could find less opposition to its flowitepding to a decrease of the exerted force as
well as of the RMSD. In path 2, the conformatiosiailft of a3-helix was not remarkable and the
substrate could be easily threaded away.

As the pulling velocity is lowered one should expacdecreasing trend of the rupture force
because of the reduction of non-equilibrium effetitsFigure 1Ap-d this trend is shown, and a
plateau was reached whewn approached to 1.5e-06 A/fs. Around this velochyg hecessary

forces to extract thf-hydroxyacyl substrate became more similar amoegctiosen paths and
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an in-depth inspection of the system was requiRsmarkably, at the lower pulling velocity
used, the substrate took about 6-8 ns to be egttdotm the binding cavity. This was the same
simulation time scale we used in the free MD, whemas possible to sample both the helix
folding of residues 19-26, and the partial unfoidiof the short3-helix (see Figure 9Ap-d).
That means that, meanwhile the pulling force waglieg to the substrate atoms, the ACP
system was able to undergo some intrinsic confaomakt changes normally occurring without

any constraint.

T PATHIa ——

1400

1000

force (pN)

RMSD {nm)

PATH 1
PATH 1b
PATH 1c

PrE—

200 - =~ 4 01

1.50-06 1505 1 5e-04 1.5e-03 0
pulling velocity {8 time (ps)

Figure 1Ap. Effects of the pulling velocity on the force pite$. A) Force profile obtained for the higher \ety
(1.5e-03 A/fs); calculated as mean of three indigidsimulation for each path. B) RMSD of the almiaabons of
the whole protein during the steering process @)dRMSD of the protein portion 57-62. Path la icekithe wider

movement respect to the other paths. D) Computatdire force as a function of several pulling vetiesi.

26



1200

] e

force (pN)

400 -

200 | //

o
o

10 15 20
time (ps)

Figure 2Ap. Effects of modification of pulling direction ohé force profiles in PATH 2. Force profiles obtaine

using a pulling velocity of 1.5e-03 A/fs, calcidtas mean of three individual simulation run.

Further details on the pathways

In Figure 3Ap, we report on the force profiles loé four pathways (paths 1a-c and path 2).

PATH 1b

force (pN)

PATH 1¢ | 800

i “‘I ’ b | |
‘ Al 1l ‘MN‘\.“.,L ‘ | o I

force (pN)

time (ns) time (ns)

Figure 3Ap. Force profiles of pathways investigated at 1.66A0fs. The green thick curve is obtained averaging
the forces every 30 points.
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PATH 1A. In Figure 4Ap, the path la is summarized in teofiferce profile, V41-A60 distance

between their alpha-carbons, and electrostaticvemdder Waals interaction energy between

ACP and theB-hydroxydecanoyl moiety of the substrate. The platebserved at 1.5-3 ns

(Figure 4Ap-a) was due to the breaking of H-bortérxction between thighydroxyl group of
the substrate and A60 and 163 backbone. Then, dilecaain followed the unfolding od3-
helix, being it still able to transiently establiah H-bond interaction with A60 and 163 (Figure

4Ap-d).
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-400

PATH 1a

distance (A}
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time (ns)
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interaction energy | kealimel)

30k
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PATH 18 vdW ImEn
PATH 1a elect InEn

W. 'M f'ul /

wdW interaction energy (keakmal)

PATH ta vdW IntEn P |

time (na)

time (ns)

Figure 4Ap. PATH 1A. A) Force profile obtained at= 1.5e-06 A/fs. B) Evolution of the distance betwé¢ke
alpha-carbons of V41 and A60 during SMD simulatio@$ Electrostatic and van der Waals interactiorrgy

between the-hydroxydecanoyl moiety and the protein during SKiBwlations. D) Magnification of the van der

Waals interaction energy contribution.
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PATH 1B. In Figure 5Ap, the path 1b is summarized. As shawnFigure 5Ap-b, an
opening/closure of the2-a3 fissure was observed. The process could be diviuéhree steps:
approach, transit, and escape. During the eargesththe simulation the acyl end was trapped
into a sub-pocket toward the-helix and formed by F29, L47, L44, and 18; thipkained the
force increasing despite both electrostatic and vdi&tactions remained constant. Around 1.6
ns the pulling force released the acyl group framgub-pocket and slowly it moved towards the
fissure formed by the juxtaposition @ andoa3 helices. In the simulation time-range from ~3.7-
6.5 ns, the substrate protruded into the fissunadd by 141, 144, 155 and A60, and by L40 and
163 (Figure 6Ap). Furthermore, the side chain 09 k&derwent a conformational change; F29
acted as lid maintaining the cavity core water-frEaally, in the third step, the substrate
completely left the binding cavity as suggestedbbth the decreasing of interaction energies and

forces magnitude.

800 T T T T T - = T T T
PATH 1B PATH 1b distance V41-AB0

A B

foree (pN)

distance (A}

= n s

= T
—

PATH,b veW IntEn
PATHb oiect IntEn

energy (keakmal)

interaction energy (kealimal)

vaW interaction

Figure 5Ap. PATH 1B. A) Force profile obtained at= 1.5e-06 A/fs. B) Evolution of the distance betwdke
alpha-carbons of V41 and A60 during SMD simulatioB$ Electrostatic and van der Waals interactiorrgn
between the-hydroxydecanoyl moiety and the protein during SKibwulations. D) Magnification of the van der

Waals interaction energy contribution.
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Figure 6Ap. Stereo view of the transient state sampled ih Pht(see text). The conformation of F29 relateth&o
fully embedded substrate is shown in transparemk gtick. Note the3-OH group of the substrate exposed to

putative metabolizing enzyme activity.
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PATH 1C. In Figure 7Ap, the path 1c is summarized. This wathis in-depth described in the

paper.
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Figure 7Ap. PATH 1C. A) Force profile obtained at= 1.5e-06 A/fs. B) Evolution of the distance betwékea
alpha-carbons of V41 and A60 during SMD simulatio@$ Electrostatic and van der Waals interactiorrgy

between thé-hydroxydecanoyl moiety and the protein during SEiBwlations. D) Magnification of the van der

Waals interaction energy contribution.

31



PATH 2. The unthreading of the substrate is summarizdeigare 8Ap. At the beginning of the
simulation the force average fluctuated to bothitp@s and negative values reflecting the
floating behavior of the substrate. TREOH of the substrate was found to interact with the
backbone carbonyl group of 163 (Figure 8Ap-d). As pulling evolved, another H-bond was
formed with A60 backbone and the exerted forcesemsrd till about 3.8 ns (Figure 8Ap-d). At
4 ns the acyl moiety started to leave the ACP esreevealed by the decreasing vdW contacts.
The outgoing of the substrate was related to aedsang of the V41-A60 distance reflecting the
core contraction as the substrate left its locatidaring the outgoing process the prosthetic

group was, finally, harbored in the moutho@fa3 helix cleft.
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PATH 2 PATH 2 distance V41-AS0
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Figure 8Ap. Path 2. A) Force proflle obtainedat 1.5e-06 A/fs. B) Evolution of the distance betwéles alpha-
carbons of V41 and A60 during SMD simulations. @@diostatic and van der Waals interaction enermgtyben
the B-hydroxydecanoyl moiety and the protein during SsIBulations. D) Monitored distances between H-bogdi

moieties.
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Monitored features of the free MD simulation

N
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Figure 9Ap. Monitored features of the free MD. A) Time depence of the RMSD calculated
for the Gu B) Evolution of distance between the alpha-casbohV41 and A60 during the
molecular dynamics simulation. C) Electrostatic aad der Waals interaction energy between
the B-hydroxydecanoyl moiety and the protein duringdhmeulation. D) Time dependence of the
radius of gyration calculated for the loop porti#26 that completed thehelix folding around
the 8" ns of simulation. Vice versa, the smaB helix partially unfolded into a loop at the

beginning of the simulation.
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3. ACP/FabZ interaction

The role of ACP’s a3-helix in the delivery of substrate is discussed in the context of the protein-
protein interaction between PfACP and PfFabZ. Several experimental observations reporting on the
ACP residues involved in interaction with enzymatic counterparts were taken into account and the

frame of the recognition and delivery process is also outlined.

Whereas the2-helix of ACP is thought to play the major role ACP-enzyme interactioris!
other ACP portions are likely involved in the piatgrotein binding process. Residues going
from 57 to 62 PfACP numeration) and forming the sha@-helix do not have a conserved
secondary structure among the available ACPs. NiMistigations oiPfACP have reported the
a3-helix to experience a helix-loop equilibrium whig turn formed a longer loop connection
betweeno2 anda4 helices. The high mobility of the ACP portion luding residues 53 to 62
was sampled in simulatiohsind is consistent with structural data discussethé previous
chapter. The putative physiological role of thetpor 53-62 was hypothesized in virtue of its
proximity to the recognition2-helix and considering its contribution in formitige boundary of
the cavity pocket hosting the acyl substrate. Meeeoseveral experimental and computational
studies aimed at the identification of the residueslved in the interaction of ACP with
enzymatic counterparts identify this portion, tdget with a2-helix, as being part of the
interacting ACP interface. Chemical shift perturtmatprotein NMR studies of the complex
ACP/FabA in Escherichia colihave indicated residues E53 and E60 as mediatothef
interaction® In the X-ray crystal structure &acillus subtilisSACP-AcpS complex,residues 154,
D56 and E60 of ACP are within an interacting diseafrom the AcpS. Zhang et &ldescribed

the “outsider” mediation of 154 in the ACP-FabGergction and hypothesized a role for tfze
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a3 loop in the conformational change associated Wi@lP binding. Using an environmentally
sensitive fluoroprobe, the interacting residueseiectively labeled myristoil-ACP with HlyC
were found to be located in thé-a2 loop,a2 helix anda2-04 loop 154, D56 and K61 Figure 1

resume the above experimental observation.

E&0 Chemical shift perturbation,
X-ray crystallography
on Bacillus subtilis ACP-AcpS

K61 environmentally sensitive

/ fluoroprobe

helix-loop conformational
equilibrium in PACP, NMR

D56 X-ray crystallography
oh Bacillus subtilis ACP-Acp3,
environmentally sensitive fluoroprobe

154 X-ray crystallography
on Bacillus subtilis ACP-Acp3,
environmentally sensitive fluoroprobe

( E53 Chemical shift perturbation

Figure 1. Crystal structure of E.coli decanoyl-ACP (pdb code: 2fae). The localizations of residues

(black arrows) involved in the interactions with enzymatic counterparts are shown.

Typically consisting of 70-100 residues, ACP belng a broad family of conserved carrier
protein. The acyl substrates are bound to ACP tir@uflexible arm formed by the serine-bound
prosthetic phosphopantetheine-P) group. ACP multiple sequence alignment (Fig2ag
revealed a high degree of identity centered onseiméne linking the 4PP group. Conserved
residues highlight their evolutionary functionalpartance: Asp36, Ser37, Leu38, Glu42, and

Glu48, 155, D57 and position 58 which is eithergaed by Glu or Asp. The lipophilic residues
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are mainly located in core region of the carrieilevkcharged residues tend to be at the protein
surface. Importantly, lipophilic amino acids linkeetcore pocket of ACP and allow optimal
hosting of the substrate acyl chain. However, hgtobic patches are usually present at protein
interface& ° and in the specific case of FAS-II they may actdanselectivity among different
ACP-interacting enzymes. The negatively chargedlues strongly influence the electrostatic
properties of ACP surface. The negative electrmspaitential distribution is focused on bath
anda3 helices, therefore increasing the capability @fPAto interacvia its a2-03 face with the
positively charged residues lining the active siterance of FAS-Il enzymés.

The functional role of the ACP portion includinglices a2 anda3 is also suggested by an
evolutionary conservation analysis of ACPs sequéRitpire 2d)-°*° Enzymatic activity as well

as protein-protein interactions are mediated bytehs of evolutionarily conserved residues
which are spatially related to each other. Accougntior the phylogenetic relations between
aligned protein and for the stochastic nature ofgtion'’ it is possible to assign a conservation
score for each residue of a protein sequence/ateidtigure 3d shows how the most conserved
regions (deep purple) of ACPs included tiZeanda3 helices suggesting their connection with
the biological function that the carrier proteirsha absolve.

Concordantly, enzymatic and vivo experiments have illustrated how acyl-ACPs frofifedent
species can be interchangeably used as substrdfe dnli FAS-Il system. Since charged and
lipophilic residues are conserved on ACPs surféicen ACP/protein interactions are likely

achieved through such a conserved set of electioatad/or hydrophobic contacts.
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a) [1] Plasmodium falciparum
[2] Escherichia coli
[3] Haemophilus influenzae
[4] Pseudomonas aeruginosa
[5] Bacillus subtilis
[6] Neisseria meningitidis
[7] Yersinia pestis (12

[8] Mycobacterium Tubercaolosis
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Figure 2. Acyl carrier protein from an evolutionary point of view. a) Sequence alignment of ACP
homologues using the structural matrix implemented in BODIL.18 b) 3D structure and c) electrostatic
potential surface for the same view.1® The range was from -8 (red) to 8 (blue) kyT/e. d) amino acids

are colored by their conservation level, with turquoise and purple indicating the most variable and

conserved residues respectively.

Whereas theu2-helix has been widely postulated to representexdgnition helix; 3 the
functional role ofu3-helix in the deliveryas well as in the recognition and interaction he t
enzymatic counterparts is here outlined for th&t fime.

In the ACP/FabZ interaction, the relevance of aatigg charge distribution on ACP surface is
confirmed by the observation that the binding turofd’fFabZ is surrounded by basic residues

such as R178, K180, K181 and K199 (Figure 3). Fablerlong range Coulombic electrostatic
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forces increase the rate of association rate ofoteip complexX® %! and the affinity of the

ACP/enzyme complexes is thought to be stronglyctgfit by electrostatic contributions.

Figure 3. Electrostatic potential surface of PfFabZ. The contours were drawn at 8 ko T/e (with red
negative and blue positive charge). In the cartoon model the catalytic residues Glul47 and His133

are shown.

We used a combination of docking algorithms to ielate the putative ACP/FabZ mode of
interaction. Typically, a protein-protein dockingpfpcol is composed by two subsequent phases.
In the first, called global search, the configuwaél space is sampled thoroughly using efficient
posing algorithms combined with low resolution gyefunctions. In the second phase, or local
search, the configurational sampling is limitedtiie surrounding of the top ranked outcomes
generated by the global search and a more acagatimg function is generally be used.

In figure 4 is shown a converged outcome of a dlsbarch docking dPfACP againsPfFabZ.
Given two interacting counterparts, the algoritramaed at finding docking transformations that
yielded good molecular shape complementarity betvtae macromoleculed: 2 Several top
ranked docking poses were further refined usingeerdetailed energy function and accounting

for side chain flexibility”* However, only for the pose shown in Figure 4a dsvobserved the
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typical energy funnel (Figure 4b) which is relatedthe presence of a stable energy minimum

surrounded by a broad region of attraction.

a) —~ o2
\

AGP/FabZ

Figure 4. Interaction model for the PFACP/PfFabZ complex. a) Is shown the protein complex which
generated b) the energy funnel. Protein-protein docking calculations were performed using the

7ZDOCK,22 PatchDock23 and RosettaDock?4 servers.

The binding mode is consistent with a delivery natbm in which thea3-helix is the
gatekeeper of the process. The ACP/FabZ interladermed by ACP helices2 ando3 and it
might be hypothesized that a slight conformatiareinge of the3-helix could easily allow the
substrate to move into the corresponding enzymeessite.

To gain further insight in the interaction procéstween the two macromolecules, preliminary

molecular dynamics simulations were performed. éatmries of the binding event were
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generated in vacuum to reduce the simulation time ta enhance the attractive electrostatic
contribution to the association of ACP aRfFabZ. Starting from the refined binding model,
ACP molecule was translated away from PfFabZ indilhection connecting their center of mass
(c.0.m). In turn, ACP’s c.0.m resulted about 15afttier its original docked position. Using a
dielectric constantej of 1 and 80, five independent short time (100@§) simulations were
performed for eacla value with a cut off 20A. Few alpha-carbons of Fafbere restrained to
their original position so that only ACP was freehpvable. One of the best ranked docking
solutions, which not generated any energy funnaf used as comparison term.

Because of the short simulation time used, theciestson of ACP and FabZ was sampled only
for the lowest value of. The distance between the c.0.m was monitoredgaioe simulations
(Figure 5) and only the funneled binding mode yeldo associating trajectories. Interestingly,

the trajectories converged into the original dogkiose.

ACP/FabZ distance (A)

0 25 Time (ps) 75 100

Figure 5. Lowering distance in the association beniPfACP andPfFabZ.
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What can be argued from such simulation8%helix of ACP is a small flexible protein portion
containing an high density of charged residues (EE9 and K61). The following scenario
might be hypothesized: the approaching ACP pdisis2 anda3 helices towards the active site
of FabZ. The active site of FabZ is surrounded tsitpvely charged residues that would have a
long-rage attractive effect on the acid residuess@mt on ACP surface. The dynamicso8f
helix might be perturbed by approaching the surfaicEabZ. Namely, ACP residues D57, and
E59 might tend toward FabZ even before the interadaf the two surfaces. The perturbation of
the a3-helix might trigger a conformational rearrangemin ACP structurg leading to the

exposure of the carried substrate.
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4. Conformational plasticity in Pf FabZ

This little chapter resumes and augments some conformationals studies which I started during
my master thesis and completed at the early stage of my PhD. It might be considered a trait
d’union between the previous and of the following chapter.

Crystal structure ascertainment of B-hydroxyacyl-ACP dehydratase (FabZ) from diverse organisms
suggested that a certain extent of structural plasticity may play a critical role influencing the
capabilities of the enzyme both to interact with ACP but also to harbor acyl-substrates with

different chain length. Hence, the hypothesis is investigated using Langevin dynamics simulations.

PfFabZ is theB-hydroxyacyl-ACP dehydratase that catalyzes thel tiep in chain elongation
during fatty acid biosynthesis. The biological ket form of PfFabZ is a dimer, with two
active sites symmetrically formed at the interfag@e catalytic residues are His133 and
Glul47' (where ’ indicates the residue of the syrtrioechain). Together with His98' they
form the only hydrophilic site in the otherwise qaletely hydrophobic active site.

Previous studidshave shown (Figure 1) that the effects of confdiomal changes of few
residues lining the active site pocket RiFabZ may have large effect on the shape of the
binding tunnel. In particular, the conformation Rifie169 highly influenced the extension of
the binding tunnel and accounts for the capabitityPfFabZ to metabolize substrate of
different chain length. Such conformational chamges thought to be likely induced upon
binding of hindered ligands. The inhibitory actwitof the bioflavonoid molecule,
amentofalvoné, was interpreted as proof of the concept fhitabZ might undergo various

conformational change upon ligand binding (Figuxe 1
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Figure 1. PfFabZ active site. Connolly surfaces according to small conformational rearrangement of

Phel69 (upper row). Structural rearrangement allowed proper docking of the large bioflavonoid

inhibitor (lower row).

Molecular dynamics simulations were employed tadslight on conformational properties of
PfFabZ structure. Several conformational ensembléseoénzyme were used as starting point

for the atomistic simulations. Few issues are rggoand shortly discussed below:

1) A large conformational change of th-$3 loop was sampled. The entity of such
rearrangement is shown in Figure 2. Fluctuatiorthéndistance between L168 and L96
were also sampled and were interpreted as theahand functional “breath” of the
protein structure.

2) Three phenylalanine residues (F169, F171 and F2#6rred as the triad of
phenylalanine) showed high mobility fluctuating amd a “stable” conformation. The
stable conformation corresponded to a native-sinmiég@rrangement of the triad in
which, Phel71 and Phe226 stack with a parallelkaiisol geometry and Phel69 and
Phe226 via an edge-to-face interaction.
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Figure 2. PfFabZ a2-83 loop conformational switching. a) Difference between conformations at Ons

(red) and 3ns (orange). b) Monitored Ca distance between L168-1.96 for five independent simulations

with different starting configuration.

Figure 3. Snapshot along a 3ns MD trajectory. (A) Initial configuration, (B) Phel71 slips away
from its position and occupies the catalytic environment nearby His133 and Glul47. Phel71
conformational switch is stabilized by m-ir interaction with Trp179 (not shown). (C) Phe226 lost the
interaction with Phe169. (D) Phel69 is less packed and populates a different conformation energy
minimum. Phel71 returns in its original position swaying with Phe226. After ~2.5 ns of simulation

a native like conformational ensemble is restored.
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Concluding, using molecular dynamics simulationsasafirmed the hypothesis arising from
crystal structure ascertainmeRfFabZ is conformationally versatile and its adapitybmay

account for functionality. The conformational plegy was associated mainly with a wide
loop breathing movement and with conformationalkctilations of the active site and in

particular of the phenylalanine triad.

Methodological details

MD simulations were performed using NAMD with th&1l&@RMM22 force field for protein
and the TIP3P model for water molecules. The pnote&s immerged into a 10 A thick water
box leading to a system of about 32,000 atomscBliarine ions were added to neutralize the
system and PME was used for full electrostatic. Tatff was of 10 A with a switching
distance of 8 A. The time integration step was &id the SHAKE algorithm was therefore
used. The system was minimized for 3000 steps gtlhdeeleasing the harmonic restraints on
protein heavy atoms. The Langevin equation was tsegnerate the Boltzmann distribution
for canonical (NVT) ensemble simulations. A dampaougfficient of 5pg was used for the
whole simulation length. After the temperature \stabilized at 300K, the constant pressure
control was applied with the default Nos”e-Hoovangevin piston method and 1 Atm was set

as target pressure. The NPT simulation ran for 3ns.

1. Colizzi, F., Modeling conformational changediifrabZ. In 2005.
2. Perozzo, R., Personal Communication IC50=0.4aM.
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5. Atomistic simulations discern active from inactive ligands of the

B-hydroxyacyl-ACP dehydratase of Plasmodium falciparum.

Understanding ligand-protein recognition and interaction processes is of primary importance for any
structure-based drug design project. Several approaches combining molecular docking and molecular
dynamics simulations have been exploited to investigate the physicochemical properties of putative
complexes of pharmaceutical interest. Molecular docking is often able to rationalize the structure-
activity relationships of known inhibitors. However, it is well known that, even if the geometric
properties of a modeled protein-ligand complex can be well-predicted by computational methods, scoring
functions are prone to rank series of analogue ligands not in a consistent fashion with available
biological data.

In the unique B-hydroxyacyl-ACP dehydratase of Plasmodium falciparum (PfFabZ), the application of
standard molecular docking procedures was partially sufficient to rationalize the activity of previously
discovered inhibitors. Complementing docking results with atomistic simulations in the steered molecular
dynamics (SMD) framework, we could hypothesize a binding model able both to fully explain the biological
activity of known ligands, and to provide sufficient insight to address the design of novel enzyme inhibitors. To
our knowledge, this is the first time that SMD-derived force profiles have been proven to be useful to clearly

discern active from inactive compounds.

I ntroduction

Malaria kills more than one million people eachryaad is one of the major causes of death
in children in the developing world. Plasmodiuntiphrum infections are estimated to be about half
billion annually and continuously threaten liveswasdl as the economic-development opportunity of
countries in the tropical and subtropical zonethefworld.

Plasmodium species have two distinct replicatifg diycle forms in the mammalian host. The first
occurs in the liver following the inoculation ofelparasite by the bite of an infected mosquito.

Afterwards, an intense hepatic replication occurs the parasite invades the blood stream and here
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infects red blood cell and initiate the second icydplication. Blood stage infection is responsibl
for most of the malaria symptoms.

Development of antimalarial compounds is a critieald hanging emergence due to the high
incidence of drug-resistant parasite strains andesan effective vaccine is still lackihgexisting
alternative medications or prophylaxis are virtpalinaffordable in the countries affected most
seriously (ref). Malaria burden has stimulated stigators to seek out novel inhibitors and drug
targets. In the last years, the biosynthetic mamsfginnvolved in fatty acid production has been
looked at as a promising antimalarial target beeanfsthe different structural organization of the
enzymatic moieties between plasmodium and humagether with its structural peculiarities, the
parasitic fatty acid biosynthesis (FAS Il) is ess@rfor the membrane biogenesis necessary during
invasive stage. Recently, independent studies shegn that FAS Il plays a vital role in liver-
stages development and is not essential for thedbétage$. * Moreover, using knockout parasites
Vaughan et al. have demonstrated that the laclA&f IFrenders the pre-erythrocytic parasite unable
to successfully infect the mammalian host. In #genario, FAS Il inhibitors would be endowed
with the capability to interfere with the transitigtage in which the parasite moves from the liver
into the blood stream, and initiate red blood a@efection. Ideally, such a prophylactic strategy
might significantly contribute to malaria eradicati

The elongation of the acyl chain in FAS 1l is cat&ld by four key enzymes, FabB/F, FabG, Fabz,
and Fabl. The growing acyl substrate is covalebtdynd to the acyl carrier protein (ACP) which
shuttles and delivers the substrate from one enzpnbe other. The uniqughydroxyacyl-ACP
dehydratase of Plasmodium falciparupiHabz) catalyzes the dehydrationpeliydroxyacyl-ACP to
form trans-2-enoyl-ACP, and its three dimensiorielcture has been well characterized by X-ray

crystallography: ° Crystal structures ascertainment and comparisoeatea certain extent of
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structural plasticity in the substrate-binding megireflecting the functional role of metabolizing
acyl-substrates with different chain-lengBfFabZ structure has been described as a homodimer in
which each monomer adopts the typical "hot dogd,fathere six anti-parall¢l-sheets wrap around
a long centrabi-helix. The dimer forms two independent substrateling tunnels with the catalytic
sites at the interface. The whole substrate-binditgyis prevalently hydrophobic with the catalytic
amino acids His133 and Glul147' (from the other sithuogether with His98', representing the only
hydrophilic spots. Recently, Zhang et al. have alwscribed the X-ray crystal structure of
Helicobacter pylori FabZHpFabz)® Whereas the overall three dimensional structurdpsfabZ is
similar to other Fabz3,” it contains an additional two-turns helix4, which has not been
observed in similar structures, and which playseaupar role in shaping and rigidifying the
substrate-binding tunnel. Moreover, the short helixof HpFabZ is formed by extra residues, where
there is usually a flexible loop in other FabZ stures® Three different flavonoids, quercetin,
apigenin, and sakuranetin, have been co-crystdltinel solved in the binding site pFabZ? They
have been reported as competitive inhibitors agaipsabZ by either binding at the entrance of
substrate tunnel or nearby the catalytic site. H@wnesince the surrounding of the binding site of
HpFabZ is significantly different from those previbuseported and particularly frofafFabz, both

a different biochemical and structural behaviothaf same inhibitor is likely to occur. As a matwér
fact, apigenin has been reported to be a micromwolabitor of HpFabZ, while it is inactive against
Pfrabz® Therefore, the binding modes observed for flavdsaitHpFabZ active site are unlikely
exportable to other FabZ structures.

Flavonoids are a common component in human dieedimey are ubiquitously present in fruits and
vegetables as well as in different types of bewesadlavonoids are also reported as the major

bioactive component of several herbal preparatifors medical use. The understanding and
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characterization at the molecular level of theteraction with biologically relevant targets is of
primary importance in view of designing more potelerivatives and optimizing their medical
application.

Despite the three dimensional characterizatiofPidlabZ and structural information available for
other FabZ enzymes, no structure-based drug desigmpt of novel anti-malarial lead candidates
has been reported. Nevertheless, there are seesmeaht studies reporting on both synthetic and
natural compounds able to inhiifFabZ enzymatic activity’” ** In particular, Tasdemir et al. have
screened a large flavonoid library agaiRdtabz, finding competitive inhibitors showing mid t
low-micromolar activity. Despite the large numbef tested compounds, structure-activity
relationships (SARSs) interpretation for such aesewas found to be far from trivial, and therefare
systematic SARs study is still missing.

In this paper, taking advantage of the recent worklavonoid derivatives of Tasdemir et al., we
report on a structure-based computational appro@chvestigate putative modes of interaction of
such a flavonoid series witRfFabZ. In particular, combining molecular dockingdasteered
molecular dynamics (SMD) simulations, we proposiialistic binding mode able to shed light on
the hazy SARs of this series. The model of bindivas then perspectively exploited to identify
novel flavonoid inhibitors. Moreover, analyzing tsMD-trajectories and force profiles we were
able to discern active from inactive compoundsthebest of our knowledge, the present is the first

report on a systematic exploitation of SMD-forcefjpes in structure-based drug design.
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Results and Discussion

The hydroxy-flavone series

Among the flavonoids derivatives shown in Tableateblin (12) has been originally
considered the lead compound, and therefore itstsie is here taken as reference. The minimal
structural requirements needed to confer inhibietivity to the flavonoid scaffold is represented
by the hydroxy-flavone compounds (cmpds 2-5) shawRigurela and in Tablel. Biological data
reported in Table 1 suggested the favorable effentdPfFabZ inhibition by 6- and 7-hydroxy
substitutions 4 and5), while positioning a hydroxyl group in 5- and (2-and3) led to completely
loose the inhibitory activity. To provide a possil@xplanation of such a behavior, we used standard

molecular docking calculations and the obtainedlibigg mode is reported in Figure 1.
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Figure 1. The hydroxy-flavone series. a) Chemitalctures of b) 5-, 6-, and 7-hydroxyflavone (HE3rbon atoms in
green, in the catalytic pocket of PfFabZ. The grdetted curves highlight the steric clashes betwebf7’ and the 5-
hydroxyl group of 5HF. For each ligand the repn¢éative pose of the unique significantly populatagster is reported.
¢) Representation of the scoring function trendr @ docked poses. The concerted behavior of thekldnd the pink
lines shows that the more the 5-HF try to find wgti H-bond interactions the more clash penaltiesga@nerated as a

consequence of positioning the 5-hydroxyl groupdiose to the E147’ side chain.
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The docked compounds were embedded into the tueading to the catalytic dyad and shared a
similar interaction pattern, since the carbonylugref flavones formed a pivotal H-bond with the
backbone of Val143. The chromone ring interacteith Whe226 side chain, and the whole molecule
was surrounded by hydrophobic residues. The 5-p6-+-hydroxy substituent were involved in
interactions with Glul47 and His98 &ffFabZ binding site. We could detect that the 6- &nd
hydroxy derivatives established a network of H-bameractions with side chains of Glu147 and
His98 or with the backbone of Phel69, while they8Brbxy derivative although compatible for
interacting with Glu147, suffered from relevantrstelashes. Such repulsion was accounted for by
the scoring function and its nature was well désatiby the H-bond and steric-clash scoring (Figure
1c). Hence, the more the favorable H-bond intepacts sampled (ascending black line), the more
the steric clash term (violet line) increase. Asoasequence, when compared to 6- and 7-hydroxy
analogues, 5-hydroxy flavone obtained the lowestes¢red line) because the H-bond interaction
was abolished by the steric clash penalties. Silpjlehe 3-hydroxyl group of compouriclashed
against the backbone of G142 generating only loarest docking solutions (not shown). In
agreement with the experimental data, these repoits to a destabilizing role for the 3- and 5-
hydroxyl groups of the flavone core, whereas atéthend 7- position the same substituent is able to

efficiently interact withPfFabZ binding site.
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Tablel. Inhibition oPfFabZ by Flavonoids. (Adapted from Tasdemir €f)al.

ICsp (uM)

ICsp (M)

compd name FabZ compd name FabZ
1 flavone na 14 fisetin 2
2 3-hydroxy-flavone na 15 morin 8
3 S-hydroxy-flavone na 16 muyricetin 2
4 G-hydroxy-flavone 30 17 umngemni na.
5 T-hydroxy-flavone 20 18  isorhammetin na.
6 3.6-dihydroxy- na 19 ladanein na.
flavone
3,7-diyydroxy- fn.a. 20 genlowanin na.
flavone =
) . quercetin- ;
8 chrysin fn.a. 21 tetramethylother na.
7.8-dimethoxy-
9 galangin n.a. 22 -=-dumethoxy na.
U flavon
5. 4-dihydroxy-6.7-
10 apigenin n.a. 23 dimethoxy- na.
flavanone®
11 kaempferol n.a. 24  cirsimarnitin na.
5.7-dimethoxy-8-
12 luteolin 5 25 P 40
methyl-flavanone
13 quercetin 15
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Luteolin asreference compound: investigation of itsinteraction with PfFabZ.

The good agreement between scoring function outsoamel biological data was not any
longer observed when dealing with more complex difenrd derivatives (compounds 8-16 in
Tablel). Moreover, the geometric properties ofrdy@rotein complexes were rather different as a
consequence of multiple binding modes with simdaergy scores. This could be due both to the
ability of polyhydroxylated flavonoids to interaatith the biological counterpart in different and
degenerate way,but also to the difficulties of the scoring fuioct to discriminate amongst
equivalent binding modes.

Fast and inexpensive docking protocols have ofemmhlused in combination with accurate but more
computational costly molecular dynamics (MD) tecjuds to predict reliable ligand-protein
complexes? The synergistic combination of the two techniquas overcome the weaknesses of
each method taken alof&Molecular docking is usually used to rapidly explthe configurational
space of ligands providing MD simulations with maeadiable starting configurations, which are
then evolved along ns-trajectories. This approauh significantly allow reshaping of the receptor
conformation, therefore allowing induced-fit effeeind postprocessing analyses which lead to likely
discriminate among configurations with differenetimal stability** Notably, MD simulations of
ligand-protein complexes are often used to obtadmenaccurate energetic evaluation of bindihg.
1518 g5eeking out a general binding paradigm usefuhyodown rational SARs for the present series
of flavonoid derivatives, we therefore used MD diaions to assess the relevance of different
binding modes of the representative compod2d;Table 1).

Docking poses 012 at the binding site dPfFabZ were generated using a genetic algorithm, twhic

provides a population of ligand configurations ke treceptor binding site (Jones, 1997). The
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outcomes were then processed by a hierarchicabaggghtive clustering procedure, which has been
proven to efficiently reduce the dimensionality tbhe original dataset and to highlight the most
relevant docking poses. We obtained two clusteng significantly populated according to the

Chauvenet criterion, and the other less populatgdcbntaining the best ranked docking pose.
Together, the two clusters covered more than 90%ec$ampled configurational space.

The two modes of binding (hereafter referred tcAaand B, respectively) of2, corresponding to

the best ranked docking pose and the most poputete@re shown in Figure 2.

a) b)

best ranked solution most populated pose
binding mode A binding mode B

Figure 2. Molecular details of the binding modetresponding to the a) best ranked docking soludioth b) to the most
populated docking solution (His133 was not dispthi@ sake of clarity). Both binding models areéhgehown as they

appear at the end of a 3ns MD trajectory.

In both models]2 is embedded in the same region of the bindingogiteipying the tunnel entrance
in juxtaposition to the catalytically relevant ses Glul47’, His133, and His98'. In A, the catdcho
ring is buried, while in B, it is more solvent exgeal. In Figure 3a, the catechol moiety (the B ring)

pointed deep into the binding pocket with both lilgdroxyl groups in 3’ and 4’ establishing H-bond
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interactions with side chain of residues Glul47is133, His98, and backbone of Phel69. Several
lipophilic residues, such as the triad of phenylada (169, 171, and 226) shaped the cavity and
allowed the favorable docking of the flavonoid caoBgher polar groups of the ligand were poorly
involved in interactions with the protein and, arfcular, the 5- and 7-hydroxyl groups tendedéo b
partially exposed to the solvent bulk. The di-hydilated B ring of the molecule played a pivotal
role in dockingl2 at the enzyme. Vice versa, in the binding modevshm Figure 3b, the B ring
scarcely interacted with the protein, whereas tharsl 7-hydroxyl groups were embedded in the
binding pocket. As shown in Figure 3b, only theythtoxyl group was actually able to find H-bond
interactions with Glu147’ and His133, while the ydhoxyl and the carbonyl group were shifted
away from putative interacting residues (like Gldldnd the backbone of Vall143 or Gly142). This
was likely due to the lack of flavones bearing @iydroxyl groups to satisfy the sterical and
electronic features required for interacting wWitfiFabZ using the interaction pattern suggested by
Figure 1b for 6- and 7-hydroxy-flavone ligands.

In Figure 3a, the root mean square deviation (rméd® in A and B over 3 ns of MD simulations is
shown. “A” corresponded to the most stable but [essulated pose, while B corresponded to the
pose representative of the most statistically patedl cluster. The green plot (B), showed a less
stable evolution of the associated binding modelyireflecting the presence of a wider energy well
in which several local minima were separated bygnbarriers lower than the thermal enekgy,

and therefore accessible in the ns-time-scalemiilsitions. Such a behavior is consistent with the
most-populated-cluster-pose origin of the startingfiguration'’ The most populated cluster could
be a consequence of a region of the configuratigpake in which both sampling and scoring
converged more frequently when compared to othedibg modes. This is likely to occur if, for

instance, the sampled region corresponds to a wadleer than narrow, energy minimum (Figure
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3b). A narrow energy minimum, instead, is likelycmrrespond to the best ranked docking pose (red
plot in Figure 3), which exhibited a more stablmdi dependent evolution along the sampled
trajectory. Whereas we could assume a greater lpithstabilization for the narrow energy
minimum, the entropic contribution could be moréevant for a wide basin. However, this is
generally not accounted for when the energy ofnglsiligand-protein configuration is calculated.
Therefore, finding the narrower energy minimum digand-protein complex might be meaningless
when its entropy accounts for a sizeable fractibitsofree energy. In this regard, clustering may
help in detecting near-native states by determinvhgther or not a minimum is located in broad

energy basins which will be favored for entropiatibution’°

a) —
BEST RANKED ——
MOST POPELATED =

5} (M

Binding mode b) = less stable

rmsd (A)
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Binding mode a) - more stable

L L
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time (ns)

W\

Reaction coordinate

b)

energy

Figure 3. Qualitative differences between most peted (in green) and best ranked (in red) dockiogepa) Root mean
square deviation (rmsd) of the thermalized dockimges along 3ns of unrestrained MD trajectoriesSdéfematic
representation of the energy landscape along abitteay association coordinate. The most populgtede likely
belongs to a wider energy minimum in which simitanfigurations can easily interchange to each sthEhe best

ranked pose fall into a narrow minimum and poaontgichange.
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The analysis so far conducted well described tleenhl stability of each binding mode, but no
quantitative information about the depth of theefenergy wells was provided. In particular, we
were concerned whether the cluster population cpoiett to a remarkable increase of entropic
contribution for B when compared to A.

Various physic-based methods have been developddsaccessfully applied to quantitatively
characterize ligand-protein interactions, and tonstruct the free energy profile of the recognitio
and binding processés. ** The binding/unbinding of a ligand to a receptos, well as large
conformational rearrangements of a macromolecsl@ni event whose energy barrier is often too
high to allow its spontaneous sampling by ns-ticeles MD simulations. Among several possible
approaches to this issue, SMD allows one to appigna dependent external bias to encourage the
ligand to overcome energy barriers, and to sampbeedefined unbinding pathway. In the SMD
framework, the ligand is harmonically restraintat@onstant velocity moving point thus making it
possible to obtain the mechanical irreversible woekessary for the transition by integrating the
exerted force on the system along the unbindingticea coordinate. Furthermore, if the harmonic
restrain is large enough so that the ligand doésdnfi far from the biasing point, the Jarzynski
nonequilibrium work theoreffl can be exploited to discount the dissipated wark] to reconstruct
the free energy profile along the selected reactioordinate (potential of mean force, PME}?
Notably, SMD is emerging as a promising tool indsing protein-ligand recognition and

interaction®*
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The unbinding reaction coordinate.

Here, the unbinding reaction coordinate was ingastid using the Random Expulsion
Molecular Dynamics approach introduced by Luedenetrai.?> which shows the following unique
features in the SMD framework: i) low computatiooakt; ii) objective pathway search. Hence, an
unbiased search for ligand escape pathways is @aitsy reiterating individual SMD simulations in
which a randomly oriented force is applied to tigand in addition to the standard force field. By
collecting and clustering all the successful expulstrajectories ofl2 from the binding site of

PfFabZ it was possible to unambiguously identify pheferred ligand escape pathway (Figure 4).

Figure 4. Unbinding trajectories generated by Ramé@xpulsion Molecular Dynamics. The cyan segmeepsasent the
trail of c.o.m. of luteolin (carbon atoms in greesgcaping from the PfZabZ (purple, yellow and wiségtoons) binding
site. The unbinding trajectories, pathl, and patt@2respond to the more perturbing force appliethiwia REMD

session.
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The egress path was then used as reaction co@difigures 5) to reconstruct the PMF profile, and
therefore quantify the energy well-depth, of bigdimodes A and B obtained from molecular
docking. As shown in Figure 4, two ligand unbindpaeghways were identified without aaypriori
knowledge. Pathl, accounting for ligand escapeutiitathe most direct connection between the
ligand and the protein surface, and Path2 exptpitire flexibility of the loop connecting the certra
helix a2 to B3, an intrinsic plastic feature of PfFabZ structumeportantly, path2 was sampled only
few times using the highest values of perturbingdoand its occurrence tended to zero for smaller
forces (see Methods). Therefore, we selected thet neocurring pathway, pathl, as the
representative one for the unbinding event (FigireAlthough path2 was discarded from further
investigation in the current study, it is worthrtention how the “breathing” of the flexibte&-33
loop connection may play an important role in figgziing the interaction with the acyl carrier priote

and therefore the delivery of the substrate froendrrier core to the enzyme active site.

Figure 5. Luteolin docked into the binding siteRfFabZ. The red thick arrow represents the diraatibthe unbinding

reaction coordinate derived from averaging thestitgjries of pathl. The loop connectuyto 33 is labeled.
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PMF calculation.

Besides the unbinding reaction coordinate definjtioonstant-velocity SMD was used to
provide a detailed energy profile of the unbindr@cess. Although employing the Jarzynski's
equality (JE) eq. 1 allows in theory the irrevelsibvork to be discounted for any arbitrarily

irreversible process,

e A = im Nm<e‘ffW>N B=1/kT Thermal factor 1)

in practice, its direct application is limited Byetnumber of collectable trajectories together whtn

complexity of the biological system which oftendsao a standard deviatios) (of the work several

times higher thark,T.?° Estimation of the exponential averaé;e‘ﬁw> crucially depends on rarely

sampled trajectories corresponding to the left a@iGaussian work distributioff: >* 2*On top of
that, SMD pulling paths often sample the regioruatbthe peak rather than the tails of the Gaussian
work distribution. As the spread oefincreases, the probability to sample a regiorfrtan the peak
likely decreases and the accuracy in reconstrudtiegpotential of mean force is strongly biased.
Such a systematic statistical uncertainness has waeously treated in the last years leading to
more effective applications of the Jarzynski norilégrium work theorenf! 2> The cumulant
expansion approach has been widely applied 2’ to reconstruct the free energy profile of
biomolecular processes and here exploited to casribarenergy well depth of two putative binding
modes ofl2.

The cumulants up to the second order are shownwbg@tq. 2). Third and higher cumulants are

identically zero since within the stiff-spring apgimmation the distribution of work W is Gaussian.
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AFZ(W)-% gyt =( W2 )= W )7 )

Eq. 2 directly suggests that free energy differsnoetween states can be obtained averaging the
irreversible work( W ) and discounting its varianeg,’. Here, follows that higher irreversible

work trajectories are expected to have higher nagaso that discounting its value one can obtain

the sam@&F . Whereas with limited SMD trajectories one canedwine fairly accurately the

average worl«( W > the variance is generally underestimated dued@above mentioned sampling

limitations. The application of irreversible worlgbtained from forward and reverse SMD
trajectories, has shown to be a valuable approaclvercome the above shortcomifigs?®
However, the bidirectional approach is not strdmgtardly feasible in processes such as the
undocking of a ligand from an enzyme in explicitvent. For the reconstruction of the PMF, we
preliminarily tested several unbinding pulling rddalancing the needs for a proper sampling with
those of limited simulation time. We finally usedetextremely slow pulling velocity value of
0.5A/ns*" * Such a slow pulling rate was chosen consideriregpticuliar features of the binding
modes here investigated. In Figure 2 is shown hmgardless the binding mode selected, the
anchoring interaction between luteolin and PfFalag wepresented by hydroxyl groups of the ligand
H-bonding the hydrophilic catalytic residues andtipalarly Glul47’ with whom the interaction
was enforced by the net charge. The catalytic vesicdire located at the end of the tunnel entrance
and thus not easily accessible to solvent molecesggcially if luteolin physically occupies the
entrance itself. Nonetheless, the binding site lihia wide range of structural flexibility (e.dnet
“breathing” of thea2-3 loop connection), and beside the tunnel entraseegral water accessible
pathways might be available to create a catalyyicampetent environment around the active site.

Using a relatively high pulling velocity would gea&e more unlikely vacuum around the breaking
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interactions respect to a slower rate in which watelecules would be able to properly solvate the
interacting counterparts and assist the breakirtgeinteractions at a lower energetic cost. Sthee
irreversible work reflects the energy penalty falucing a system transformation at a faster vejocit
than its slowest relaxation rate, employing a slopelling velocity would not only reduce the
irreversible work done but would also capture mgit system peculiarities which would improve
the likeliness of the simulated event and thereefrheaning of its free energy profile.

(The breaking of the anchoring interactions betwlegolin and PfFabZ was manifested by a drop
in the force profile and generally this coincidedthwthe highest rupture force along the whole
steered simulation. Notably, for binding mode Avis univocally possible to identify the rupture
point from the force profile, while for binding med a rupture point was generally more spread or

not directly deductible from the force profile ghe)

BEST RANKED ==

MOST POPULATED

PMF (kcal/mal)

1] 1 3 4 5

R (A)
Figure 6. Potential of mean force (PMF) along thbinding reaction coordinate of luteolin. The fexeergy profile of

the best ranked pose (binding mode A) and the pugstilated (binding mode B) are compared.

In Figure 6 is plotted the potential of mean foredative to the unbinding of luteolin as to the
interacting model A and B. The most populated dosadel B) would belong to a wider free energy

basin whereas the best scored pose (model A) &wrawer one. As shown in Figure 6 the width of
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the free energy basins was appreciably different accordingly the green plot corresponding to
docking model B described a wider energy well idiley a broader region of ligand attraction when
compared to the narrower red plot which is reldtethe binding model A. Notably, the free energy
well-depth associated to each of the binding maa\esstigated can be also deduced from Figure 6.
The unbinding of luteolin as it interacts with Pb&#Zaaccording to binding mode A required to
overcome an energy barrier of about 9kcal/mol waeithe interaction pattern of binding mode B
led to a flatter energy barrier of about 5kcal/mihereas the magnitude of the free energy barriers
here involved cannot be directly compéate the about -7 kcal/mol of standard binding feeergy
(estimated from the Ki=3aM'% which a low micromolar inhibitor such as luteolirould exhibit,

the free energy computations could be used as m@titatave tool to assess different binding models.
Hence, the higher energy barrier observed for theilog model A pointed out its interaction pattern
as the more stable and therefore its structurdufes were taken as reference to rationalize the
SARs of the flavonoids series shown in Tablel.sltwiorth to stress how the binding mode A
privileged the catechol portion of luteolin as tm®st important moiety in the interaction with
PfFabZ. Relating the free energy barriers to tvetal interactions herein involved, we can deduce
that at least two hydroxyl groups in the surrougdof the catalytic residues are needed for an

effective H-bond interaction network.

Rationalizing the SARs of luteolin derivatives.

The importance of bearing at least two hydroxylug® in the B ring of the flavonoid

scaffold is dramatically in agreement with the expental biological data reported in Tablel. In
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fact, all the flavonoids compounds not bearing sai¢bature are inactive. Exceptions to this ru&e ar
represented byt and 5, for which compounds molecular docking clearly gegted only one
plausible binding pose. In Figure 1b, it is possitd appreciate how and5 were able to establish
interactions with PfFabZ resembling the binding mdg&l of luteolin. The inactivity o8 together
with its structural rationalization shown in Figukb, suggest that the scaffold alone has no intrins
capabilities to properly interact with PfFabZ. Thesfor instance the case of chrisy8), (which has
no inhibitory activity, likely as a consequencetthabinding mode B-like is discouraged by the 5-
hydroxyl group and, at the same time, a binding enddike is not feasible since the B ring bears no
substituent. Apparently, adding one hydroxyl growgpstill not enough to reach a medium
micromolar activity. This is suggested by the inae@apigenin {0) in which the hydroxyl group in
the B ring is likely insufficient to establish aabte H-bond network in the catalytic environment.
The 5-hydroxyl group does not allow a stable B-lkeding mode and compounds such as luteolin
(12) or quercetin 13) are actives since they are able to properly corsgie the instability arising
from the presence of the 5-hydroxyl group with gnesence of the di-hydroxylated B ring able to
satisfy the energetic requisites for an effectivék& binding mode. Likely for quercetiid), the 3-
hydrohyl group in the chromone scaffold can furtbibilize the A-like interaction being it able to
point toward the backbone of residue Gly142 (Fidlag

In this light, we hypothesize the role of the (8-hyroxyl group as switcher or trigger between
binding mode A and B. One the one hand, if thedierd scaffold does not contain the (3-) 5-
hyroxyl group then a binding mode B-like is acckksivhile a binding mode A-like is discouraged
if the B ring does not contain at least the di-loygfation. On the other hand, if the (3-) 5-hyroxyl
group is preserved, then the molecule cannot biadhe B-like model and it will be a binder only

bearing a hydroxyl rich B ring.
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A similar argumentation might be put forward foe tfole of the 3-hydrohyl group in the chromone
scaffold. If the B ring is di-hydroxylated, as & in fisetin (4), then the ligand would better adopt
the A-like binding model with the 3-hydoxyl groumstively influencing the activity since no
clashes arise from this substituent introductionve® the above binding “rules”, then also the
inactivity of the various O-methyl derivatives cée rationalized (cmpd48-24). This is, for
instance, the case of isorhamneti8)( in which the O-methylation of the 3'-OH deprivése
molecule of its capability to form the proper H-blametwork typically borne by the catechol ring.
The hints arising from the computation were themglemented with further experimental data. We
were confident in understanding why, as suggesyettido experimental data shown in Tablel, it has
been possible to convert the inactive kaempfekd) (nto the active quercetirld, as well asl5 or

16) just adding one more hydroxyl group at the B riHgwever, the observed activity might also be
due to several factors that we may have fully negtk in this study, and therefore the observed
activity may not be directly connected to the bimgdimodel proposed in Figure 2a. To reduce the
range of speculation we further considered the dppity to get hints from the hypothesized
binding model to suggest a micromolar flavonoidiltor of PfFabZ not previously reported in the

literature (Figure 7).
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Figure 7. Transforming the inactive kaempferol ithe newly disclosed active rhamnetin. Note thes@nee of at least

two hydroxyl groups in the B ring and the 7-O-métsybstitution.
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The newly disclosed inhibitor rhamnetin,sie4.4uM (Personal Communication of Dr. Perozzo at
University of Geneva), bears a peculiar structteature that advances our understanding in linking
biological activity to model of interaction. Indeettie binding model shown in Figure 2a not only
suggested the primary role of the catechol ring &lsb pointed out the non critical role of
substituent at position 7 in the chromone core. Tgdroxyl group is not directly involved in any
interaction with the enzyme but it is also pointitggvard the entrance of the tunnel regions
suggesting a more sized substitution to be comleatitih activity. In contrast, in the binding model
B-like, the 7-hydroxyl group is instead the primamieracting moiety of the flavonoid scaffold and
substitution at this position would likely largehterfere with biological activity. In this respethe
7-O-methilated flavonoid inhibitor, rhamnetin, fill§ the gap in the structure-activity relationship
of luteolin derivatives reducing the range of spatton about the general validity of binding mode
A. Concurrently, as suggested by free energy calions, the activity of rhamnetin allowed to
firmly discard the hypothesis of binding mode Bgfltie 2b) for the flavonoid inhibitors bearing the

5-hydroxyl group together with a multi-hydroxylatBding.

Pulling away active from inactive compounds

Finally, we applied an extended SMD approach tth&rrcomplement the computational as
well as experimental studies discussed so farida&tly, we wanted to explicitly test the general
validity of the binding mode here proposed andhat $ame time evaluate the capabilities of the
SMD-approach as a drug discovery tool. SMD simafeti have been widely and successfully

applied to explore the properties of nonequilibriprocesses of biomolecul®sand whereas this
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methodology has been variously used to investigaid compare the feasibility of putative
unbinding pathways, this is the first time, to ¢&umowledge, that such approach is rather used to
compare the behavior of different ligands along shene unbinding path. SMD simulations were
performed on six representative flavonoid molecdis®ed in Figure 8a. Three actives, luteolin,
rhamnetin and myricetin and three inactive compgsukdempferol, galangin and apigenin were
collected together and, in turn, their structures waperimposed to that of PfFabZ-bound luteolin so
that their binding mode strictly resembled the shewn Figure 2a. After further equilibrating each
ligand-protein complex, an external force was aupin order to steer the ligand along the already
defined unbinding reaction coordinate (shown inuFég5). The applied forces could be monitored
throughout the entire simulation length and if fhaled ligand could easily advance along the
selected reaction coordinate, then the appliecefaras small and its profile rather flat. Conversely
if the ligand was more tightly bound to its recepamd it encountered more resistance along the
pathway, the applied force increased to overcoraesttergy barriers, thus resulting in quite relevant
drops in the force profile. We compared the maglatof the exerted force in the computational
attempt to keep apart likely binders from non bmsdén this particular case, since all the actati

of known flavonoids were quite similar we could gralize simply describing this approach as an
attempt to discern active from inactive compour@suld a trend in the force profile be manifested,
then the validity of the binding model proposed ligeolin might be likely extended to the whole
flavonoid series herein discussed.

The need to carry out a high number of simulatieasus to use a pulling velocity which allowed
the complete unbinding of the ligand in less th@A ps. However despite the high velocity, a good
resolution was still maintained as shown in Fig8te As shown in the figure, to induce the

unbinding of each of the inactive compounds it wasded to apply a force not higher that ~400 pN.
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The force profile corresponding to all the inactiveearly stacked together along the unbinding
trajectories. Relatively higher variability was ebged for the active compounds. Each force profile
likely reflected a slightly different interactioraftern which the compound established along the
unbinding process. The maximum exerted force taruhbach of the active flavonoids was at least

double (~800pN) the force needed for the inaciiyands.
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Figure 8. Comparison of force profile of differefdavonoids ligands. a) Chemical structures of tigs analyzed. b)
Force profiles deriving from pulling the ligand®ag) the unbinding reaction coordinate. For eaciniégthe plots show
the resulting mean values from averaging the fproéile from five individual SMD runs.
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Whereas it is unlikely to relate the slightly diéat biological activities of luteolin, myricetimd
rhamnetin, to the slightly different magnitude béir force profiles, it is interesting to note hail
the inactive compounds were similarly describedty same force profile shape. The inactive
kaempferol or apigenin do have one hydroxyl groopthe B ring which is pointing in the
surrounding of catalytic environment, deep into émérance tunnel. One would expect for them to
show an intermediate magnitude of the force prao@gpect to the inactive galangin which is totally
lacking of substituent on the B ring. However sirtbey are equally not able to establish a
productive interaction pattern with PfFabZ, they dqually exhibit a similar force profile.
Furthermore, one might deduct that passing from anan to a di-hydroxylated B ring could

definitely make the difference in terms of fruitfdtbond network interactions.

Conclusions

Structure activity relationships of a large seoéselated flavonoids were rationalized using
a combined docking and (steered) molecular dynaappsoach. MD trajectories of a ligand-protein
complex were not only able to suggest the relasitability among different binding modes but
allowed to take into account receptor flexibilithieh was pointed to be critical in FAS-1l enzymes.
The application of SMD to a ligand-protein systeffoveed to quantitatively discern between
binding modes of luteolin as well as to reconstrine whole binding event and its free-energy
profile. Using SMD-derived forces we were able tckpp active from inactive compounds. In this
context, it is worth to mention how the particufaatures of both the binding site, not extremely

buried, and the binding mode, few pivotal intenagtmoieties, gave us a good case study for testing
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our protocol. Further optimization might permitaetend the applicability of SMD-derived forces to
discern actives from inactives for several biolagjielevant targets.

In order to further validate the proposed bindingdes and to advance our understanding in ligand-
protein interaction, it would be extremely usefakk testing a higher number of luteolin derivatives
Below is reported a short table of molecule whagevidy against PfFabZ might strength the validity

of the binding model proposed.

¥© 277

Whereas compound 5 might sound as a naive provocdtiwould be interesting to understand how
much farther from the flavonoid scaffold we coulnl €@ompounds 1-4 would be endowed with the
capability to satisfy both binding model (A and Blompounds 3, for instance might allow further
quantifying the role of the 3-hydroxyl-group sintestructure resembles that of fisetin. Whereas th
mono-hydroxylation of the B ring have show to ba eaough to confer activity, it would be
interesting to test if the inactivity is positioejkendent or not.

There might be many other molecules which coulgitoposed for testing according to the results

discussed in this manuscript.
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Methodological Details

The 3D initial coordinates of PfFabZ were takemirthe apo x-ray crystal structure stored in the
Protein Data Bank (pdb code: 1z6b). Chain A anddBevselected to simulate the protein dimer and
the two disordered portions, with gaps not exceg@imesidues, of loops connecting andp3 and
betweerf}4 ap5 were rebuilt using standard parameters of thp tnodeling routine implemented in
MODELLER (ref). The structure of flavonoid liganess built and geometry optimized using the
Sybyl 7.3 molecular modeling suite of program (®spinc., St. Louis, MO). Molecular Docking
was carried out using theefault settinggparameters of Gold 3.0.1. The binding site debnit
included theyC of chain A Phel69 and every residue within 158t the 5-, 6-, and 7- hydroxy-
flavone series ChemScore was used to drive andthengenetic algorithm search. The preliminary
docking calculations on the whole flavonoid senieported Tablel were performed using both
GoldScore and ChemScore. Both, geometrical andngcarends were not observed (see text).
Docking poses for luteolin were obtained using bBthldScore and ChemScore and one hundred
poses were generated for each scoring function.kiDgcoutcomes were then aclapsterized
(clustered by means of the ACIAP program) and amig significantly populated cluster was
obtained (cardinality of 153). According to the @teanet criterion implemented in ACIAP, a cluster
is significantly populated only if its cardinality more than twice the standard deviation aparhfro
the average population value for that level of w®tieg. The second most populated cluster
(cardinality of 33) was the one containing the wasked pose of luteolin.

MD simulations the best ranked docking solutions of top-two pagaa clusters (poses A and B)
were selected and each ligand-protein complex wathdr investigated by means of molecular
dynamics as described below. The complex was salvaith a 8 A thick layer of water using the
solvatebox command of the LEaP program and thetreleeutrality was imposed by equally
distributing the excess total charge (+6) over 4666 atoms of the protein. Periodic boundary
conditions were applied and long-range electragtatiere calculated every time step by using the
Particle Mesh Ewald (PME) method. A cutoff of 10n&s used for van der Waals and short-range
electrostatic interactions with a smoothing swibchfunction starting at 8 A. Time integration step
of 2 fs was used and the length of all bonds inwghhydrogen atoms was fixed using the SHAKE

algorithm. The solvated system was minimized fodQL8teps restraining the heavy atoms, except
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waters, with a force constant of 5 kcal thdl?, followed by 1000 steps with a force constant of 3
kcal mol* A applied to the backbone and finally minimizing tnerestrained system for further
1000 steps. At constant volume, the system watidaim 1 to 300K by increments of 50 K every
15ps and correspondingly thecarbons were gradually unrestrained by lowerirgggpring constant
from 6 to 2 kcal mot A% The temperature was controlled by the Langeverniostat with a
dumping coefficient of 5 ps During the subsequent switching to the isothetismbaric (NPT)
ensemble, a soft harmonic restraint of 1 kcal mAI* was still applied to the & atoms and
gradually turned off in the next 60ps. The Langquiston method was used to set the target pressure
at 1 atm. The system evolved for further 3ns aondhfthe last 300ps were randomly sampled the
starting configurations for both unbinding pathwawestigation and SMD simulations. All
simulations were performed with NAMD 2.6 (Phillips al., 2005) using the ff99SB AMBER force
field for protein and the TIP3P model for all waiarthe system (Jorgensen et al., 1983). The
flavonoid ligands were optimized using the Gussias6ftware (Gaussian, Inc. Wallingford, CT) at
the B3LYP/6-31G* level of theory and partial atontbarges were assigned using the restricted
electrostatic potential fit (RESP) method. The gahAMBER force field (GAFF) was used for the
ligands and the corresponding topology end parasdiles were prepared with the antechamber

tool of the AMBER suite of programs.

Random Expulsion Molecular Dynam{REMD) method has been successfully used to disclo
putative ligand unbinding pathways in biologicaliglevant targets” ** The protocol allows a
strongly unbiased search at a relatively low comagomal cost. A randomly oriented force is applied
to the ligand atoms for a defined short amountroétstepaN. The force has constant magnitude
and accelerates the ligand in the context of tinelibg pocket. If the ligand encounters hindrance
during the route its average velocity will fall bel a pre-set threshold, or, in other words, it wok
cover in theN time steps the expected distangg. If this is the case, a new direction is chosen
randomly and maintained for furth®& steps, as long as the ligand find a path whichwallthe
coverage of they,, distance. The probability to sample the unbindewgnt likely depends on the
system structural peculiarities, on the type oérattions involved in the ligand-protein complex,
and finally on the combination of the adjustableapaetersf, N andrnyn. For the luteolin/PfFabZ

complex we tested three combinations of paraméisigg an expulsion rate ranging from 3% to
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41% (table below). For each combination, 100 indepet trajectories were generated. If no

expulsion was observed in the first 50ps, therrdinevas skipped and considered unsuccessful.

f (kcal/mol-A) N (timesteps) Fmin (A) expulsion rate (%) pw1/pw2 (%)
20 10 0.006 41 37/4
15 15 0.008 13 13/n.s
10 20 0.008 3 3/n.s.

Vashisth and Abrams have recently implemented Ranebgpulsion MD in NAMD via dcl script
interfacé’ which we properly modified to fit the needs of mystem. The force was applied to all
the carbon atoms of the molecule as well as toirttracyclic oxygen. The successful expulsion
trajectories were clustered and the componentadif eluster were then geometrically averaged to
obtain the representative path. Two ligand egredbways were identified (see text). Preliminary
investigations suggested the trend in the expulsaie ratio between pathl and path2 to be
maintained regardless the binding mode of luteadied as starting configuration.

Comparison of the force profiles among differentiveec and inactive flavonoids were performed
usingconstant-velocity SMvith a pulling rate of 5 x I0A/timestep and with a spring constant of
7 kcal/molA. Several pulling velocities were preliminarily tie$ and the one we chose gave the
better balance between resolution among differggaintls and simulation time length. The time
length of the simulations was 400ps which was cdffit to observe the complete ligand unbinding.
The mean force profile for each ligand was obtaibg@veraging the outcomes of five independent
runs. To avoid shifting of the system during pudlirthe a-carbons of residues from G186 to 1196
and from L207 to N214 on both chains A and B wearstrained to their initial position using a
spring constant of 1 kcal mblA2. The starting configurations for the luteolin detives were
obtained by superimposing the flavonoid scaffoldsl a&volving the resulting ligand-protein
complex for further 3ns. The number of water moleswas kept constant for both luteolin binding
mode investigation and flavonoids force profile gamson study.

The second order cumulant expansion of the JarZgnsguality was employed to compute the
potential of mean force (PMF) along the unbindiegation coordinate. Six independent trajectories,

each with length of 10ns, were generated for eatdolin binding mode. The value of the exerted

force F) was outputted everyd() 1 ps of simulation and the woli/(t) :J';'F(t')vdt' done on the

77



system during the SMD was calculated by numerig&gration; the pulling velocityw) was 0.0005
Alps (1 x 1@ Altimestep). The stiff spring approximation wasisfied by a spring constant of 7

kcal/molA 2.
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Concluding remarks

The elongation of the acyl chain in FAS Il is cgtad by four key enzymes, FabB/F, FabG,
FabZ and Fabl and for each elongation cycle theadeagth is increased by two carbon units.
Structural studies have shown that the binding cb#®CP is able to expantk central cavity in
order to accommodate the growing acyl cHai@omparison betweeapo (no ligand bound) and
holo (ligand bound) structures have shown that a higblyserved phenylalanine residue might
assist the harbouring of the acyl chain by switghimith different conformers.* Steered
molecular dynamics simulations discussed in thisselitation have induced the exposure
(delivery) of theB-hydroxyacyl substrate. During the trajectory, (@d”ath 1b) the egress of the
acyl chain was supported by Phe29. As shown ther€&id, the side chain of Phe29, which is
highly conserved in ACPs, underwent a conformatiah@ange in order to assist the outgoing
substrate; with this movement, Phe29 acted as &dhtaining the cavity core water-free and
therefore permitting the rapid relocation of thédstuate after the catalytic cycle. The avoided
solvation of the core would also increase the Btalof the ACP folding during the delivery

process.

Figure 1. The role of F29 in assisting the outga@ngstrate. The starting configuration, beforeabieformational

switch, of F29 is in transparent pink.
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AssumingPfFabZ as the enzymatic counterpart receiving thizeleld B-hydroxyacyl substrate,
then a structural modification is likely to occutea the substrate delivery by ACP. Phel69 has
shown high mobility both in experimental and théioced studies. Its conformational switches

reshaped the tunnel of the active site of FabZrenaarkable matter (Figure 2).

Figure 2. Role of F169 in shaping the binding pod{d’f FabZ. The green surfaces represent thesaitide volume

of the binding tunnel.

While it is still under debate whether or not eyl substrate has to be completely delivered to
the enzymatic counterparts, we suppose that tleeaibPhel69 might be equivalent to that of
Phe29 in ACP. That is, allow substrates of diffei@rain length to be optimally accommodated
in the binding tunnel. Phel69 was also observethftaence the packing of the active site
region. The mutation of any residue of the so-daffghenylalanine triad” into Glycine reduced
the thermal stability of the mutant respect to wikel type’ Different conformations of Phe69
may affect the packing of the active site and mattuthe “breath” (i.e. fluctuations of th&-o3
loop) of the structure. Fluctuation of th2-a.3 loop may also affect the size of the ACP binding
grow surrounding FabZ active site. In particulawider cavity has a bigger attraction on ACTP.

In virtue of the ACP/FabZ binding model | discussedlier in this dissertation; one might also
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hypothesize a role of the loop in facilitating tinensfer (delivery) of the substrate from the core
of the carrier into the enzyme active site.

The critical role associated with Phenylalaninedwss in ACP and FabZ enzymes was our
prompt to further investigate the structure of eneyg involved in FAS-II elongation cycle.
PfFabl, a NADH-dependent reductase, is probably tleeeninvestigated enzyme among the
biosynthetic pathway. Several crystal structureaaalable both in binary (with cofactor) and in
ternary (with cofactor and inhibitor) complexes.eTdiscertainment &?fFabl structures revealed
that, whilethe binding mode of the ligands is conserved,giaein structure differs for one
major component in the surrounding of the actite: dwo different populations of F368 side
chain were observed (Figure 3). The consequentmi®fFabl active site can assume a pocket-
like as well as a tunnel-like shape. The switclthie active site shape is fully controlled by

Phe368 side chain.

A ' z , \ M281

Figure 3. Active site of PfFabl. A) F368 closes poeket (pdb code: 1nhg). B) F368 is turned uptaedactive site
pocket is in the extended form (pdb code 1zsnhdih pictures triclosan (from 1nhg) is shown witlrmon atoms

coloured in green.

Whereas a large scale investigation should be echrdut before lay down any general

conclusion, this preliminary observation shows fifanylalanine residues laudly claim their key
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role in active site dynamics. This might be intetpd as follow: Nature provided cells with a
plenty of fatty acid bearing different saturati@vel and especially with different chain length.
Phenylalanine residues might have been privileggdNature in the accomplishment of
modulating the shape of fatty acid binging pockBtsenylalanine has the intrinsic capabilities to
act as “doorkeeper” as well as “tailor” of bindipgckets. Its fluctuation among few conformers
can generate sized tunnel from apparently smaitieavProtein entrances can be generated by
switching with only two conformers. Apparently, Ne¢ exploited Phenylalanine to optimize the
biosynthesis of fatty acids. We might thereof imageniversal role of Phe at fatty acid binding
site in order to adapt the shape of the pockeheosize of the fatty acid which is going to be
metabolized.

What is the relevance for drug discovery? Thenstd plasticity borne by phenylalanine might
be exploited to identify new lead compounds indbetext of fatty acid binding proteins. Below
is shown how the increased pocket sizé’tifabl might be employed to address the design of
“extended” ligands which might be able to cover trexeptor space generated by the

conformational switches of phenylalanine residues.

V222
R M281 =

e
V222
/ M281 A ] u
Y267 ’L Y277
{ 2

\\ 4
Y267 | /,-_J/

vy

e

84



A) Triclosan into the active site ¢ffFabl. B, C, D) Putative ligands able to take adeanaf the conformational

switch of F368 (not shown for sake of clarity).

I conclude this dissertation highlighting the valkfestaring at the same target from different
standpoints. The first would be the ambitious pectige of the “evolution”, the one that Mother
Nature has. It might allow identifying peculiar dat properties, interpreting structure-function
relationships. The second is the more affordabé, difficult, medicinal chemist standpoint
which would be able to take advances of the intripsoperties of a target (or of a biological
system) to rationally design more effective ligands
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